
01

University Free State

11111" IIIII 11111 IIIII 11111 11111 11111 11111 11111 11111 11111 11111 I1II11III1 11111111
34300000407969

Universiteit Vrystaat

';FXI'OJlb'\ I.,Hr!·!· till u,
I
L~Il~I.I(lf£E.h '::"U' I( \ 'I ',ll) "IIEJ.............-.. .._...._. -



PJLA'flEJLlE'f KrrNlE'f][C§ AND 1[JH[ROMBOGlENlE§][§

lBy

Herculaas FIredeIrik Kotzé

This thesis is submitted to meet the requirements for the degree

Doctor Scientiae (D.Sc.)

Department of Haematology and Cel! Biology
in the Faculty of Health Sciences

of the V niversity of the Orange Free State,
Bloemfontein

Republic of South Africa

.Iuly 2000

Mentor: Prof PN Badenhorst M.B.Ch.B, M.Med (Anat
Path), M.D. (Haem).



- ----------Universiteit van die
oronj e-vr 'stoat
BL r- 'p-ltITC' •

2 1 MAY 2001

uovs SASOLBIBLIOTEE~



'fABLE OF CONTENTS

Acknowledgements

Synopsis Page

1. Introduction
2. Platelet kinetics
3. Application of platelet kinetic studies in patients and baboon

models of thrombogenesis
4. Evaluation of target directed anti thrombotic agents
5. General conclusions

Supplements

5
11
18
20



ACKNOWLEDGEMENTS

This thesis is the culmination of work of a group of scientists who, over a period of years,

contributed much to make it possible. I am merely acting as their spokesperson. I applaud

them for their dedication, specialized knowledge and technical expertise.

There are people, each in his unique way, who influenced my career. My science teacher,

Mr Christo van Graan, had the ability to open horizons to a school child to think wider than

just science. Prof PJ Pretorius, the then Head of the Department of Physiology of the

Potchefstroom University for Christian Higher Education, instilled the love for physiology.

The late Dr NB Strydom, the then Head of the Human Sciences Laboratory of the Chamber

of Mines, taught me how important it is to work accurately in order to generate reliable

results. Prof A du P Heyns, former Head of the Department of Haematolgy, had the ability

to stimulate me not to just accept results but to attempt to extract their true meaning. Prof

PN Badenhorst, my mentor and Head of the Department of Haematology and Cell Biology,

allowed me the freedom to follow my instincts, and asked those questions that invariably

forced me to stop and reconsider the explanation extracted from the results.

I am deeply indebted to my colleagues, whom I would rather call my friends, who have

been members of the research team. Seb Lamprecht, Muriel Meiring, Henry Pieters,

Oubaas Pretorius, Jan Roodt and Veronica van Wyk contributed much of their time and

expertise to the research endeavours ..

Since most of the work represented here is interdisciplinary, members of many other

departments and facilities contributed. Prof Thys Latter, Head of the Department of

Medical Physics, needs special mention for his contribution with respect to improvements

in the methods of imaging and quantification of labelled platelets. I also thank the

members of the Departments of Medical Physics and Nuclear Medicine for their invaluable

contributions over a long period. Special mention must be made of Freek Potgieter and his

staff at the Animal Facility. They were always helpful in obtaining baboons, to care for

them and to lend a hand when needed. The patient studies were conducted in collaboration

with the Departments of Internal Medicine and Cardiothoracic Surgery. A special word of

thank you to the members who contributed.



Over a long period the South African Medical Research Council and the University of the

Orange Free State provided support for the studies. The Provincial Administration of the

Free State made it possible to attend international scientific meetings regularly and allowed

me to use sabbatical leave to work with renowned scientists to further my education.

Without these, I doubt if this thesis would have been possible.

Finally, I cannot begin to thank my wife, Alta and our children, Heléne, C.D., Paul and

Jana. They had to, and still do forgo much of my attention because of platelets and

thrombosis!

Herculaas Frederik Kotzé

September 2000.



1

Synopsis

This synopsis focuses primarily on platelet kinetics, the role of platelets in thrombosis and

the effect of inhibition of platelet function on thrombosis. It highlights our contribution to

these fields of study. Key references are given as footnotes. Our own publications are

cited in parentheses. For purposes of clarity, the publications are grouped under three

headings. Those in the first group deal with the methods that we developed to isolate a

representative and viable population of platelets from blood, to effectively label them with

In-Ill and to accurately quantify their in vivo distribution. They also address normal

platelet kinetics and explain what information can be deducted from kinetic studies.

Those in the second group describe how we used In-Ill-platelets as an investigative tool

to study various aspects of platelet function utilising several approaches in patients and

experimental animals. Those in the third group describe our contribution to assess the

effective use of agents developed to inhibit specific components of the thrombotic process.

lo Introduction

Blood platelets originate from megakaryocytes in the bone marrow and circulate as disc-

shaped fragments at a concentration of 150 - 400 x 109/1. Although by far the smallest,

they are biologically amongst the most active of the blood cells. They are pivotal to the

maintenance of haemostasis and vascular integrity and plays a key role in various

thrombotic processes.

2. Platelet kinetics

The term platelet kinetics include all the processes of platelet production, distribution,

utilisation, and destruction as well as the haemostatic mechanisms which control them. A

clear knowledge of these processes is useful to understand the mechanisms of

thrombocytopenia and the part platelets play in vascular diseases such as thrombosis,

hypercoagulability and interaction with foreign surfaces such as biomaterials. In order to

study these processes, platelets are preferably labelled with a radioisotope. I Since its

introduction in 1976/ In-Ill has become the platelet label of choice. It is a highly suitable

label for platelets and its high gamma production enables the imaging of the III VIVO

distribution of labelled platelets by means of a scintillation camera.'

I Le.S.H. Panel on diagnostic application of radioisotopes in Haematology: recommended methods for radioisotope platelet survival
studies. Blood, 50: 1137, 1977.
2 Thakur et al: Indium-III-labelled platelets: studies on preparation and evaluation of in vitro and in vivo functions. Thrombosis
Research, 9: 345, 1976.
J Heyns et al: Kinetics, distribution and sites of destruction of In-I I l-labelled human platelets. British Journal of Haematology: 44:
89,1980.



Platelet labelling: Since there is no suitable cohort label for platelets, one has to resort to

isolating them from a blood sample by differential centrifugation, thus obtaining platelets

of all ages. We have shown that a single step wash procedure isolates a platelet population

that does not represent the circulating platelet population. The mean platelet life span

(MPLS) of a population obtained by this method is significantly shorter than that of a

representative population, i.e. platelets of all ages isolated by a multi wash procedure [S-l].

Oxine and tropolone are chelates used to internalise the In-Ill. Labelling with In-l l l-

oxine is done in saline. In the case of In-l l l-tropolone, labelling is done in plasma. We

have shown that neither the medium of labelling nor the in vitro handling and manipulation

of the platelets during the labelling process have any adverse effects on their function and

kinetics [S-l - S-3]. Moreover, since the kinetics of labelled platelets are not affected by

the chelate used, results are comparable [S-2]. We also developed a method to isolate

sufficient platelets from the blood of patients with severe thrombocytopenia to enable us to

study the kinetics of autologous labelled platelets in these patients [S-4].

Determination of the MPLS: Since platelets of all ages are isolated by differential

centrifugation, the MPLS can be calculated from the disappearance of labelled platelets

from the circulation. There are numerous mathematical equations to calculate the MPLS.

We have evaluated these models, compared them with one another and also developed a

computer program (in Basic) to calculate the MPLS [S-5 - S-8].

Quantification of the in vivo distribution of labelled platelets: Initially the in VIVO

distribution of labelled platelets was determined using a cumbersome method.' This

necessitated the development of a simpler, but accurate method of quantification. The

geometric mean method of quantification was developed using a baboon model [S-9 - S-

12]. This requires the acquisition of an anterior and a posterior image of the whole body

by means of a scintillation camera, interfaced with a data processing system. The

proportion of injected labelled platelets in a particular organ is then calculated by dividing

the square root of the product of the anterior and posterior count rate in that organ by the

square root of the product of the anterior and posterior whole body count rate. By using

this approach, we are able to estimate the organ distribution of radiolabelled platelets to

within 3% of the true content [S-9]. We have also shown that, although some elution of

In-Ill from the liver and spleen takes place after senescent platelets are sequestrated in

these organs, it has no significant effect on the measurement of in vivo platelet kinetics [S-

2
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13]. In addition, the radiation dose from In-Ill, and contaminating In-114 M, is such that

relatively large amounts of radioisotopes can be used without exceeding the specified

maximum permissible dose."

In summary, we developed methods to isolate a representative population of platelets from

whole blood and to label them with In-Ill without adversely affecting their function. We

were also able to calculate the MPLS and to accurately quantify the in vivo distribution of

labelled platelets. This enabled us to study the in vivo kinetics of labelled platelets in

normal subjects, experimental animals and in patients who have increased platelet

consumption (see Part 20fthis Synopsis, page 5).

Normal Mean Platelet Life Span, Distribution and Destruction: In this section, which is

based on various studies that we performed [S-l - S-22], I want to summarise our

contribution to the knowledge of platelet kinetics. When labelled platelets are injected,

they circulate for 240 - 288 hours in humans and approximately 146 hours in baboons [S-l

- S-9, S-14 - S-18]. Much information can be derived from the shape of the survival curve

and the MPLS. Removal (sequestration) of platelets from the circulation either takes place

as an age-dependent process or as a result of increased destruction or random utilisation [S-

16 - S-18]. Age-dependent removal takes place at the end of the life span of a platelet and

the resulting survival curve best fits a linear function. If platelet removal is age-

independent, platelets of all ages are randomly removed and the survival curve best fits an

exponential function. Platelet turnover, as an estimate of platelet production, can be

calculated from the MPLS and platelet count and by correcting for the platelet pool in the

spleen.' This gives an indication of increased, normal or decreased platelet production

(see later).

Circulating platelets are distributed in two compartments. Approximately 33% of platelets

in humans and 15% in baboons are pooled in the spleen while the remainder is in the

circulation [S-I, S-9, S-13 - S-18, S-22, S-23]. The mechanism of pooling is unknown,

and may be related to the circulation in and perhaps the size of the spleen. Many platelets

apparently enter the splenic cords and flow through the sinuses. This delays their transit

through the spleen by 8 - 10 minutes so causing platelet accumulation out of proportion to

splenic plasma and red cell volume [S-14]. Those platelets present in the spleen are in

• Task group of the Committee of the International commission on Radiological Protection. Publication 26, Pergatnon Press, Elmsford,
New York, 1977.
'Harker and Finch: Thrombokinetics in man. Journal of Clinical Investigation: 48: 963,1969.



equilibrium with circulating platelets, and are freely exchangeable." It was believed that

platelets also pool in the liver since the recovery of injected labelled platelets in asplenic

patients is approximately 90%.7 By comparing the distribution of labelled platelets and

labelled red cells during the initial 90 minutes following injection, we could clearly show

that platelets only pool in the spleen [S-14]. Our results in healthy humans and baboons

further support the view that the size of the spleen has little effect on the size of splenic

platelet pool and that blood flow through the spleen is the important determinant [S-14].

Isolation and labelling of platelets cause a "collection" Injury [S-15]. With results

obtained by compartmental analysis, we estimate that the collection injury involve

approximately 10% of the labelled platelets. Of these, approximately 91% accumulate

transiently in the liver with a transit time of approximately 27 minutes. The remaining 9%

of the "collection injured" platelets accumulate transiently in the spleen with a transit time

of approximately 208 minutes [S-21, S-22].

When platelets reach the end of their life span in the circulation, the macrophages of the

spleen, liver and bone marrow recognise them as "old" and remove them from the

circulation [S-9, S-16, S-19, S-20]. The spleen and liver are the main sites of sequestration

of senescent platelets, with 38 - 40% and approximately 28% respectively. It was generally

accepted that the remainder are sequestrated by the macrophages of the bone marrow.' We

have shown in baboons that approximately 15% of the non-liver/non-spleen platelets are

present in the muscle, skin, intestines and kidneys [S-9], thereby indicating that the bone

marrow sequestrates approximately 15% of senescent platelets. The platelets not present

in the spleen, liver and bone marrow are most likely used to maintain vascular integrity.i

By using compartmental analysis, we estimated that this component is approximately Il %

[S-2I, S-23], similar to the estimate in patients with bone marrow hypoplasia."

The mechanism whereby macrophages recognise senescent platelets is not known.

However, there are strong indications that loss of sialic acid from the platelet membrane

plays a role and that recognition of senescence may well involve immunologic mechanisms

[S-I9, S-20]. A possible mechanism is that platelets lose sialic acid from their membranes

during their circulation in the blood and that this could expose senescent cell antigens.

I, Heyns et al: Kinetics and mobilisation from the spleen of In- I I I-Iabeled platelets during platelet apheresis. Transfusion: 25: 2 I5,
1985.
7 Heyns et al: Kinetics and fate of In-I I I-exine labelled platelets in aspicnic subjects. Thrombosis and Haemostasis: 44: 100, 1980.
• Hanson and Slichter: Platelet kinetics in patients with bone marrow hypoplasia: Evidence for a fixed platelet requirement. Blood: 66:
uos, 1985.
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Antibodies recognise and bind to these antigens to form an antibody-antigen complex.

Once sufficient antibody is bound to the platelet membrane, it signals that the platelet is

old. This signal is recognised by the macrophages and the senescent platelets are

phagocytosed. This hypothesis suggests that macrophages recognise senescent platelets as

"foreign" as part of performing their normal task of surveillance against foreign cells in

the circulation [S-19].

3. Application of platelet kinetic studies in patients and baboon models of

thrombogenesis.

Radiolabelled platelets also be used to study, at least in part, platelet involvement in

conditions characterised by increased platelet consumption, and to monitor treatment.

What follows are our attempts to study increased platelet consumption.

In order to determine the sensitivity of platelet function tests to diagnose in vivo platelet

activation and consumption, we inflicted limited and substantial injury to the vascular

endothelium of baboons [S-24]. The endothelium of a segment of the right carotid artery

was removed with a balloon catheter to inflict the limited injury while segments of the left

carotid artery, the abdominal aorta and left femoral artery were removed to achieve the

substantial injury. Of the nine tests evaluated, the most sensitive tests are measurement of

the circulating platelet aggregate ratio (sensitivity 0.63), plasma levels of beta-

thromboglobulin (sensitivity 0.63), and the estimate of the MPLS (sensitivity 0.50). The

positive tests clearly show that exposure of the subendothelium activates circulating

platelets; promotes the formation of platelet aggregates the circulation, and increases

platelet consumption.

Platelets deposit onto aortic aneurysms/ and Dacron prostheses that are commonly used in

aortofemoral reconstruction [S-25, S-26]. We have shown that the thrombogenicity of

arterial grafts is not the only cause of the increase in platelet consumption since the

shortening in MPLS did not correlate with factors known to be associated with graft

platelet deposition, i.e. graft size, peak graft radioactivity, and the time to attain peak

radioactivity. It is likely that concomitant atherosclerosis plays a substantial role in the

increase in consumption [S-26], a conclusion that we verified using compartmental

analyses [S-27].

9 Heyns et al: Kinetics and fate of In-I I I-oxine labelled platelets in patients with aortic aneurysms. Archives of Surgery: 117: 1170,
1982.



A study where we used compartmental analyses to determine the MPLS and dynamics of

platelet deposition onto aortic aneurysms and grafts is of particular interest [S-27]. In both

groups of patients the MPLS is comparably shortened, but the patterns of deposition of

platelets are markedly different. The aneurysms are more thrombogenic and accumulate

platelets more rapidly and to a greater extent than the grafts, thereby suggesting that the

MPLS should be shorter than in patients with grafts. However, the fraction of platelets

utilised by mechanisms other than the aneurysm or grafts, i.e. unrecognised sites of

vascular disease, differs markedly. Thus, in patients with aneurysms, this component is

approximately 17% of random platelet destruction compared to approximately 55% in

patients with grafts. This explains the comparable shortening in MPLS. The results clearly

show that useful information can be gathered from the sites of increased platelet

consumption by combining MPLS and imaging data, and that it is not always wise to use

only the MPLS to assess platelet participation in patients with vascular disease.

In non-human primates, the feeding of diets rich in saturated fat to non-human primates

promotes atherosclerosis, while decreasing dietary saturated fat or supplementing the diet

with n-3 fatty acid from fish oil may halt the progress of lesions or even cause them to

regress due to inhibition of platelet function.l" In vervet monkeys with confirmed

atherosclerosis, we have shown that platelet function is not inhibited after 20 months of

supplementation with fish oil [S-28]. MPLS is not longer, and the circulating platelet

aggregate ratio and in vitro aggregation in response to ADP and collagen is not affected.

In view of studies which showed that fish oil supplementation over the short term «1

month) inhibits platelet function, our results strongly suggest that the platelet inhibitory

effects of fish oil may have been transient, and that platelets probably adapt to the lower

levels of arachidonic acid in the platelet membrane. Interestingly, we found that

supplementation of both an atherogenic and therapeutic diet with n-6 fatty acids from

sunflower oil significantly lengthens the MPLS. This suggests that n-6 enrichment

regresses atherosclerosis, or, that platelet function is markedly inhibited by the n-6 fatty

acids.

We used a baboon model, where a shunt consisting of silicone rubber tubing that contains a

thrombogenic surface is implanted in the right femoral artery, to evaluate the

'" Fincham et al: Atherosclerosis: Chronic effects of fish oil and a therapeutic diet in nonhuman primates. Arteriosclerosis and
Thrombosis: II: 205,1991.

6
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thrombogenicity and subsequent embolisation from the thrombogenic surface [S-29]. In

this model, the microvasculature of the lower limb trapped emboli originating from the

thrombogenic surface. By using In-Ill-platelets, we could show that knitted dacron

(uncrimped external velour) material, but not reinforced expanded polytetrafluoroethylene

vascular graft material, is highly thrombogenic. In addition, micro embolisation from the

thrombus that formed on the dacron grafts caused occlusion of the micro circulation in the

lower extremity, as was evidenced by the accumulation of labelled platelets. It takes

approximately 24 hours for endogenous fibrinolysis to dissolve these microthrombi. This

model is therefore also ideally suited to assess the effectiveness of different fibrinolytic

treatment strategies.

A baboon model of arterial-type, platelet-dependent thrombosis was established where

thrombus formation and platelet deposition after exposure to a thrombogenic surface can

be studied under well-controlled conditions of blood flow and geometry [S-30]. This

model forms the basis of the studies in Part 3 of this synopsis (see page 11). In brief,

silastic arteriovenous (AV) shunts are implanted in the femoral vessels of the baboons.

These shunts neither shorten platelet survival nor cause measurable activation of platelets

or coagulation. Platelet-dependent arterial-type thrombus .formation, measured as the

deposition of In-Ill-labelled platelets, is induced using uncrimped, knitted Dacron

vascular graft material that is built into the wall of silicone rubber tubing (4 mm inside

diameter). Autologous blood platelets are labelled with In-Ill. Imaging and quantification

of the deposition of In-Ill-platelets are done as follows. Briefly, image acquisition of the

grafts, including proximal and distal silastic segments, is done with a Searle Pho

scintillation camera fitted with a high resolution collimator. The images are stored on and

analysed with a Medical Data Systems A3 computer, interfaced with the scintillation

camera. Dynamic image acquisition is started simultaneously with the start of blood flow

through the devices. An image of a 3 ml autologous blood sample is also acquired each

time that the grafts are imaged to determine circulating blood radioactivity (blood

standard). A region of interest of the graft segment is selected to determine the deposited

and circulating radioactivity in each of the dynamic images. Radioactivity in a region of

similar size in the proximal segment of the extension tubing is determined, and subtracted

from the radioactivity in the graft region to calculate deposited radioactivity. Platelet

deposition is expressed as the total number of platelets deposited.



Typically, when these grafts are exposed to native flowing blood, platelets rapidly deposit

and deposition reaches a plateau after 60 minutes. Intermittent graft placement, which

resulted in the destruction of approximately 15% of the circulating platelets each time it

was placed, did not alter the survival, alpha-granule contents, or dense granule contents of

those platelets that continue to circulate. This indicates that those platelets that did not

interact with the surface are not adversely affected. However, since about 75% of platelets

removed from the circulation are present in the thrombogenic surface when it is removed

after one hour, the possibility of reversible platelet interactions in addition to removal of

platelets by the thrombogenic surface by embolisation and lysis cannot be excluded.

However, since the viability and the function of the circulating platelet pool is not

adversely affected, such interactions must be almost totally reversible, or, affect only a

small portion of circulating platelets. It is important to note that aspirin and heparin do not

inhibit platelet-dependent thrombogenesis in this model. I I

Using this model, we showed that the blood platelet count, and not the blood flow rate, is

an important determinant of the number of platelets that will deposit, i.e. that will

determine the size of the thrombus [S-3l]. The results suggest that a doubling in the

platelet count will increase deposition by greater than twofold, whereas a doubling in the

blood flow rate will result in an increase of approximately 50% in platelet deposition.

Taking this onto account, one can speculate that a feasible way to treat patients at risk of

developing a thrombotic episode would be to reduce their blood platelet count.

Transient thrombocytopenia develops following intravenous injection of protamine

sulphate and we used In-Ill-labelled platelets to show that the thrombocytopenia is caused

by a transient accumulation of platelets in the liver [S-32].

Extracorporeal occlusive thrombogenesis IS a major problem associated with

haemodialysis, and standard unfractionated heparin is currently the anticoagulant of choice

to manage this. However, heparin does not completely prevent thrombogenesis while

complications such as thrombocytopenia, an increased bleeding tendency, osteoporosis,

increased lipolytic activity and changes in lipid patterns are associated with its long-term

use. In a study where we compared the use of heparin with that of recombinant (r-) hirudin

during haemodialysis, we showed that hirudin is a superior anticoagulant [S-33, S-34].

Effective dialysis with r-hirudin is achieved at a shorter activated partial thromboplastin

" Hanson and Harker. Baboon models of acute arterial thrombosis. Thrombosis and Haemostasis, 58:801, 1987

8
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time, i.e. the risk of bleeding is lower. Markedly less platelets also accumulate at the inlet

of the artificial kidney when r-hirudin is used, suggesting a smaller loss of hollow fibre

volume and perhaps more effective dialysis [S-33]. The use of r-hirudin also has a slight,

but favourable effect on complement activation, O2 saturation and lung-diffusion capacity

[S-34). The latter two observations may be a direct result of less platelet deposition in the

artificial kidney which can lead to the shedding of less micro-emboli. A matter for concern

with the use of r-hirudin is that it is excreted mainly by the kidneys and therefore has a

long half life in patients with renal failure [S-33). It can therefore accumulate in the

plasma with repeated use, which can increase haemorrhagic complications between

haemodialysis sessions. In baboons we showed that between 50% and 60% of injected r-

hirudin is excreted by the kidney. The sites of plasma elimination of the rest remains

unclear, although excretion into the bile may contribute significantly [S-35].

Thrombogenesis and occlusion of the extracorporeal circuit during cardiopulmonary

bypass surgery is currently prevented by the use of heparin. As in the case with

haemodialysis, heparin does not completely inhibit activation of platelets and coagulation.

This is evidenced by increases in the plasma levels of thrombin-antithrombin complexes,

the number of circulating platelet aggregates and deposition of platelets in the oxygenator.

When r-hirudin is used, none of these indices increase [S-36). The effective inhibition of

platelet-mediated thrombotic processes has important implications. There is a decreased

risk of end organ damage by embolising micro-aggregates and of oxygenator occlusion by

micro-emboli which, in turn, assure more effective oxygenation because a larger surface is

available for gas exchange.

Determination of the platelet kinetics in patients with immune thrombocytopenic purpura

(ITP) proved to be informative [S-37 - S-39). Based on the ratio of platelet sequestration

in the spleen and liver, patients with chronic ITP can be divided into those patients with a

splenic sequestration pattern (spleen:liver ratio> 1.4) and those with a diffuse pattern

(spleen:liver ratio < 1.4) [S-39]. We showed that those patients who have a diffuse pattern

of platelet sequestration had severe ITP, characterised by pronounced thrombocytopenia,

decreased platelet turnover (production) and prominent early sequestration in the liver.

Patients with predominant splenic sequestration, on the other hand, have a mild form of

ITP characterised by relatively high platelet counts and increased platelet turnover

(production) [S-38, S-39]]. We also showed that those patients with predominant splenic

sequestration best responded to treatment with intravenous gammaglobulin [S-39]. This is
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a useful finding, as it shows that platelet kinetic studies are able to predict which patients

that will respond to gammaglobulin, which is a very expensive drug. Unfortunately, the

sequestration pattern is not reliable to predict whether a splenectomy is indicated or not [S-

37].

Seven to 12 % of patients with HIV present with thrombocytopenia, which is postulated to

be due to increased peripheral platelet destruction, a defect in platelet production or a

combination of these. In a study where we measured the MPLS in patients with HIV with

and without thrombocytopenia, we found that patients with thrombocytopenia have

increased peripheral platelet destruction, in contrast to other studies where ineffective

platelet production was observed [S-40]. The platelet production is elevated, but is

insufficient to maintain a normal platelet count. These patients also have platelet

sequestration predominantly in the spleen. Of interest is the finding that some patients

with a normal platelet count may also have increased platelet production. This may be an

early subclinical phase m the development of full-blown HIV -associated

thrombocytopenia.

Patients undergoing cardiopulmonary bypass surgery loose approximately 13% of their

platelets. Of this, approximately Il % are lost through interaction with the innermost

active layers of the defoaming mesh of the oxygenator. "Spent" platelets are mainly

sequestrated by the liver [S-4l).

The MPLS is moderately shortened in patients with hypercholesterolaemia [S-42). Platelet

production is slightly elevated to maintain a normal platelet count, and the sites of

sequestration of platelets are not different from normal. The important finding in this

study is that platelet activation cannot solely be ascribed to hypercholesterolaemia, and that

concomitant atherosclerosis may contribute significantly to activation, similar to patients

with aortic grafts [S-25,S-26].

In patients with beta-thalassaemia with or without prior splenectomy, the MPLS is

markedly shortened [S-43). It strongly suggests in vivo platelet activation, probably

secondary to increased consumption in these patients. The results strengthens the view that

these patients may have a thrombotic tendency. Platelet activation can be secondary to

injury of the vascular endothelium caused by anaemia and hypoxia and/or to chronic
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haemolysis with continuous release of ADP and other thrombotic materials from

haemolysing red cells.

In this section, I attempt to show how In-Ill-labelled platelets and scintillation camera

imaging can be used as a tool to study the participation of platelets in thrombogenesis, and

that useful information can be gathered from this. Biomaterials can be tested for

thrombogenicity, antithrombotic drugs can be tested in various clinical and experimental

settings, and the causes of thrombocytopenia determined. Different models for the study

of thrombosis can also be developed in order to find answers to specific questions.

Determination of the MPLS has proved useful to elucidate the mechanisms of increased

platelet consumption. When determining the MPLS, one must always keep in mind that a

shortening in the MPLS reflects total platelet consumption, and not only consumption by

the thrombogenic surface or disease process studied. We have clearly shown in patients

with abdominal aortic grafts [S-25, S-26], aortic aneurysms [S-27], hypercholesterolaemia

[S-42] and beta-thalassaemia [S-43] that factors other than the disease itself increase

platelet consumption. This must therefore be taken into account when a shortening in the

MPLS is interpreted. Determination of the sites of sequestration of senescent platelets. is

useful only in patients with ITP [S-37 - S-39]. In the other studies where MPLS is

shortened, the sites of sequestration of platelets were normal and of little diagnostic value.

4. Evaluation of target directed antithrornbotic agents

The important role of platelets and thrombin in thrombogenesis and its sequalae of

myocardial infarction and stroke, together with the rapid expansion in our knowledge of

the structure-function relationships of the interactions between coagulation factors as well

as the interactions of the adhesive proteins with their receptors in the platelet membrane

(Figure 1) provided the impetus for the identification, synthesis and development of

compounds that target specific interactions in the thrombotic process. Through

collaboration with international scientists and pharmaceutical companies, we are in

position to obtain some of these agents and to test their effect on thrombosis in our baboon

model of platelet-dependent, arterial-type thrombosis [S-30].

Blood platelet function is almost exclusively regulated by receptors in the platelet

membrane [S-18]. In the context of this synopsis, two receptor families are important, i.e.

the glycoprotein receptors and the seven transmembrane receptors (Figure 1). The

glycoprotein receptors and their ligands both play an important part in platelet adhesion



(platelet -subendothelial interactions) and aggregation (platelet-platelet interactions).

e Gp IbNI/X-vWF-collageno Gp lallla-collagen
o Gp lib/Ilia -fibrinogen-Gp lib/Ilia

Subendothelium

Figure 1. A schematic representation of thrombogenesis. When endothelium is damaged, circulating von

Willebrand Factor (vWF) binds to exposed collagen and undergoes a conformational change to enable

platelet membrane glycoprotein (Gp) Ib/VflX to bind to it. This slows the progress of the platelet across the

damaged area. Platelets are anchored (adhesion) at the site when collagen binds to Gp Ia/IIa. Binding of

vWF to Gp Ib/V fiX activates platelets. This causes a conformational change in Gp IIbfllIa to enable

fibrinogen or vWF to bind to it. Fibrinogen or vWF also binds to adjacent platelets to form platelet

aggregates. Platelet activation also provides a negatively charged surface, through the "flip-flop" reaction,

for the coagulation complexes (tenase, prothrombinase) to bind to and so enhance the formation of thrombin

approximately 10 OOO-fold[SI8, S44]. The platelet agonists, thrombin, ADP and thromboxane A2' each has

its own seven transmembrane receptor.

Following platelet adhesion to subendothelium, the process of platelet recruitment into a

growing thrombus is mediated by three independent, but interrelated platelet agonists that

bind to their respective seven transmembrane receptors in the platelet membrane.

Thrombin, which is generated on the phospholipid surface of activated platelets, activates

the platelet thrombin receptor by a novel catalytic mechanism. ADP, secreted from storage

granules of activated platelets, initiates receptor signalling of surrounding platelets.

Thromboxane A2, formed via the platelet arachidonic acid metabolic pathways, induces

receptor activation.l ' It is now generally accepted that, at sites of vascular injury, thrombin

is the principal mediator of platelet recruitment and plays a major part in coronary

thrombosis, stroke, disseminated intravascular coagulation and thromboembolism. In

addition, thrombin is the only coagulation factor that transcends all levels (plasma, blood

12 Harker LA. Strategies for inhibiting the effects ofthrombin. Blood Coagulation and Fibrinolysis 5: S47, 1994.
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cells and fibrinolysis) and phases of haemostasis, from injury to healing. It also has several

functions that are of major importance in normal and pathologic conditions.l'' There is also

strong evidence that thrombin promotes atherosclerosis because it is a mitogen that

stimulates smooth muscle cell proliferation following vascular injury.

Recognition of the role of thromboxane A2 as a physiological modulator of thrombosis,

vasospasm and bronchospasm provided a strong incentive for developing thromboxane A2-

.. d 14antagornsmg rugs. Two approaches have been followed: the first is to prevent

thromboxane A2 formation by inhibiting thromboxane A2-synthetase, similar to the action

of aspirin. The second is to block the thromboxane A2receptor. BAY U3405 is a receptor

antagonist that effectively blocks the effects of thromboxane A2 on platelets and smooth

muscle cells. We have assessed the potential of BAY U3405 to inhibit acute platelet

deposition in a baboon model of aspirin-resistant I I platelet-dependent thrombogenesis.

Platelet deposition onto native Dacron vascular graft material and onto a thrombus that was

allowed to form for 60 minutes before treatment is inhibited by 33 and 58% respectively

[S-44]. These results are observed despite the fact that ex vivo platelet aggregation in

response to ADP and coagulation is not affected. Complete inhibition was not seen,

probably because the actions of thrombin and, to a lesser extent, ADP was not affected by

BAY U3405. The results strongly suggest that thromboxane A2-receptor blockade, and not

inhibition of thromboxane A2-synthetase, is the preferred approach to inhibit the effects of

thromboxane A2 on platelets.

The initial step in haemostasis and subsequent thrombus formation is platelet adhesion

through the subendothelial collagen-circulating vWF-platelet membrane Gp JbN/IX-axis.

There are many monoclonal antibodies that were developed to bind to Gp Ib to block the

binding of vWF to Gp lb. These antibodies effectively inhibit platelet adhesion in various

experimental settings in vitro. Unfortunately, they invariably cause almost immediate and

profound thrombocytopenia when injected into experimental animals. As a result, no

proper in vivo studies could be done to assess the effect of blockade of Gp Ib on

thrombogenesis. In one of the first in vivo studies, we assessed the effect of the Fab

fraction of 6B4, a monoclonal antibody that binds to Gp Ib to prevent the binding of

vWF, in the baboon model of arterial thrombosis [S-45]. When injected into baboons,

these fractions do not cause thrombocytopenia. Platelet dependent thrombus formation is

13 Fenton et al. Thrombin structure and function. Why thrombin is the primary target for antithrombotics. Blood Coagulation and
Fibrinolysis 2: 69,1991.
" Ogietree. Overview of physiological and pathophysiological effects of thromboxane A,. Federation Proceedings, 46: 133, 1987.
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dose-dependently inhibited by regulating the binding of vWF to Gp Ib with different

concentrations of Fab fractions. The finding that full inhibition could not be achieved at a

very high dose points to the important contributory role that Gp 1a/lIa plays in platelet

adhesion. It is also important to note that inhibition of platelet adhesion leads to the

formation of a much smaller thrombus than in control studies. This may have important

benefits in the treatment of acute thrombosis, since these effects were observed in the

absence of a bleeding tendency, i.e. the bleeding time was not prolonged by 6B4.

The binding of the adhesive proteins, fibrinogen or vWF, to Gp lib/IlIa in the platelet

membrane is the key event of thrombus growth. Binding of the adhesive proteins to Gp

lIb/IlIa is partly mediated by the amino acid sequence, Arg-Gly-Asp, in the primary

structure of fibrinogen or vWF [S-18]. We used a monoclonal antibody, MA-16N7C2,

which contains the Arg-Gly-Asp sequence, to study the effect of Gp lib/IlIa blockade on

acute thrombosis [S-46, S-47]. MA-16N7C2, injected as a bolus, inhibits platelet

deposition onto Dacron vascular graft material. The effect is dose-dependent and

prolonged. Ex vivo platelet aggregation in response to ADP and collagen is also inhibited

in a dose-dependent manner and the effect lasted for several days. The bleeding time is

prolonged on the day of administration of 0.3 mg/kg antibody. A prolonged bleeding time

is an indicator of faulty haemostasis. Of particular importance is the finding that receptor

occupation with the antibody could not predict the level of inhibition that was achieved.

For example, the anti thrombotic effect is stronger 24 hours after a dose of 0.3 mg/kg than

on the day of treatment with 0.1 mg/kg, despite the fact that the comparable numbers of Gp

lIb/IlIa receptors are occupied on resting platelets. There are two possible explanations for

this finding. First, with the high dose and after an extended period, occupied Gp lIb/IlIa

receptors may be internalised by the platelets. Upon platelet activation, these receptors

become re-exposed, but are unable to participate in thrombus formation since they are

blocked with MA-16N7C2. This is in contrast to unoccupied internal Gp lib/IlIa

receptors early after the low dose. Second, the platelet a-granules may become loaded

with antibody, especially after the high dose of antibody, which then would be secreted

upon platelet activation in a manner similar to normal mechanism of uptake and secretion

of, for example, fibrinogen. The results strongly suggest that putative "loading" of

platelets with an antithrombotic can be a viable approach to safeguard patients against

thrombosis.
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In vivo studies with potent antithrombins made it clear that thrombin is perhaps the most

important in vivo modulator of thrombosis and that inhibition of thrombin with

recombinant hirudin or D-Phe-Pro-Arg Chloromethyl ketone (PPACK) or its formation

with recombinant tick anticoagulant peptide (r-TAP) are effective strategies to prevent

acute thrombus formation.P:" We have confirmed this by using a slightly different

approach [S-48-S-51]. In our studies, a thrombus was allowed to form for 15 minutes

before treatment with recombinant hirudin or recombinant tick anticoagulant peptide was

started. The rationale was that the 15 minutes were enough to allow for normal

haemostasis following vascular surgery, and that such an approach will, at least in part,

negate the danger of developing a bleeding tendency as a result of the aggressive

antithrombotic treatment. Transient interruption of platelet deposition onto a fresh

thrombus for four hours with r-hirudin [S-48] and two hours with r-TAP [S-50] produces a

lasting and comparable effect on subsequent thrombus formation. After treatment was

stopped, the rate of platelet deposition is much slower than in untreated animals, the size of

the thrombus is markedly reduced and maximum deposition is reached at a later stage.

These benefits are achieved despite the finding that the effect of r-hirudin and r-TAP are

transient, and that after 20 - 30 hours, the thrombogenicity of the thrombus surface is

similar in treated and untreated animals. The mechanism through which the long term

benefit of a smaller, less thrombogenic thrombus surface is achieved is not clear. It can not

be the result of residual r-hirudin or r-TAP in plasma since the half lives of both r-hirudin

[S-35] and r-TApI6 are relatively short. It is possible that r-hirudin can bind to thrombin

and r-TAP to Factor Xa in the thrombus and so inhibit their activity. Another possible

explanation is that the thrombus undergoes autodegradation in such a manner that the

thrombus surface becomes less thrombogenic over time.

r-Hirudin dose-dependently inhibits platelet-dependent thrombosis [S-49]. Although we

could not define the mechanisms through which the inhibitory effect is brought about, our

results suggest that two mechanisms were responsible. The one mechanism, probably the

predominant one during the initial phases of thrombogenesis, is direct inhibition of

thrombin through the formation of the thrombin-hirudin complex. The second mechanism

is indirect. Once the complex is formed, it is reasonable to assume that there will be less

thrombin to activate platelets, resulting in a decrease in platelet activation. Since thrombin

15 Hanson and Harker. Interruption of acute platelet-dependent thrombosis by the synthetic antithrombin, D-Phenylalanyl-L-prolyl-L-
arginyl chloromethyl ketone (FPRCH2CL). Proceedings of the National Academy of Science, USA, 85:3184,1988.
16 Schaffer et al. Antithrombotic efficacy of recombinant tick anticoagulant peptide; a potent inhibitor of coagulation factor Xa in a
primate model of arterial thrombosis. Circulation 84: 1741, 1991.



mainly forms on the surface of activated platelets, it will follow that less thrombin will

form.

In this study [S-49], we were able to calculate the per cent inhibition of platelet deposition

and relate that to the plasma concentration of r-hirudin. The relationship is best described

by an exponential association function:

% Inhibition = 95(1 _e-0.23 x [r-hirudin1)

where n = 21 and R2 = 0.76. The relationship implies that platelet deposition will be

inhibited by 50% at a plasma concentration of 3.3 ug/rnl and by 80% at a concentration of

8.1 ug/ml r-hirudin. In view of the reproducibility of the results, one can calculate the rate

at which r-hirudin must be infused to maintain a plasma concentration that will result in a

given inhibition of platelet deposition.

No satisfactory methods exist by which antithrombotic therapy can be applied to sites of

vascular injury. Consequently, systemic anticoagulation remains the only option for the

prevention of occlusion of, for example, vascular grafts, angioplasty sites and intravascular

stents. Unfortunately, anticoagulation is associated with significant risk of haemorrhagic

complications. An ideal therapy would therefore provide an effective local antithrombotic

action, active only at selected sites, without altering systemic coagulation. We have

produced a local antithrombotic effect by topical application of PPACK [S-52]. PPACK

binds irreversibly to thrombin to inhibit its activity, and we used this characteristic to

achieve a local anti thrombotic effect. Pre-clotted Dacron vascular grafts were incubated for

10 minutes with PPACK (10 mg/ml) and then exposed to flowing blood in an

arteriovenous shunt [S-30]. When compared to control grafts, the pretreated graft

accumulated approximately 50% less platelets. Therefore, by using this approach, we

could attain anti thrombotic activity at the site where it is needed, without producing

systemic anticoagulation. In this study, we have shown that local therapy represents a new

concept in antithrombotic therapy with a wide range of potential clinical applications.

Numerous questions remain to be answered: how brief an exposure period is necessary,

what concentration is required, and will this influence development of neointimal

hyperplasia. Based on these results, devices were developed to provide effective local

antithrombotic therapy.l

17 Markou et al, A novel method for efficient drug delivery. Annals of Biomedical Engineering, 26:502,1998.
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Application of molecular biotechnology in the field of thrombosis and haemostasis

identified the molecular basis of the reactions in the coagulation cascade, platelet adhesion

and aggregation and fibrinolysis. The result is that the amino acid sequences of the

epitopes in proteins that bind to their substrates are known. We have used this knowledge

to design a multifunctional, antithrombotic peptide, PLATSAK [S-53] (Figure 2).

Factor Xa Arg- Fibrinopeptide A Hirudin
Staphilokinase cleavage Gly- (Phe27 - Arg35) (Pr048 - Leu64)

site Asp

~
~ ~releases peptide

at thrombus Binds to anion binding

H'
Binds to Gp IIb/llla site of thrombin
- inhibits platelet ~ - inhibits substrate bin ding

Actvates plasminogen
- promotes fibrinolysis
- targets the thrombus

aggregation
Binds to the active
site of thrombin

-inhibits proteolysis

Figure 2. A schematic representation of the functional domains of PLA TSAK

The peptide is designed in such a way that the staphylokinase, which is highly specific for

fibrin in fibrin clots, will bind to the thrombus and enhance fibrinolysis. Since the

thrombus and surrounding area are rich In coagulation factor Xa, the

antiplateletlantithrombin part will be released through Factor Xa cleavage to release it in

close proximity of the thrombus. Since PLATSAK is site directed, one can postulate that

much less of it will be needed to inhibit thrombogenesis, which in turn will decrease the

development of haemorrhagic complications. In vitro, PLATSAK displays potent

antithrombin and fibrinolytic activity. Antiplatelet activity, on the other hand, is not as

expected [S-53]. We have tested the in vivo effect of PLATSAK on arterial and venous

thrombosis in our baboon model [S-54]. PLATSAK inhibits both arterial and venous

thrombosis markedly. The results also strongly suggest that the Arg-Gly-Asp amino acid

sequence is effective to block platelet-platelet interaction in vivo, unlike the results

obtained in aggregation studies in vitro [S-53]. Our results also clearly indicate that

results obtained in vitro not always reflects the situation in vivo.

In conclusion, knowledge of the structure-function relationships and the use of molecular

biotechnology has resulted in the identification and development of numerous

peptides/proteins that target specific interactions in the thrombotic process. We and others
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have clearly shown that these agents are highly effective in managing thrombosis. In

addition, these studies taught us much about the mechanisms of interaction of the blood

coagulation factors with each other and their interaction with platelets. They also helped to

clarify the dynamics of platelet adhesion and aggregation. One of the major concerns

regarding the use of these peptides/proteins is the danger of causing serious haemorrhagic

complications since they virtually prevent normal haemostasis. This led to the approach of

local treatment at the site of injury/thrombosis, or, the start of treatment after normal

haemostasis has been attained following vascular surgery. Although these approaches

have not been tested in appropriate patients, it may well be worth our while to do it.

Another concern is immunogenicity of these agents since they are "foreign proteins" that

are injected. This complication can be negated by humanising mono clonal antibodies, by

using proteins that are too small to elicit an immune reaction, or, by using only the amino

acid sequence that binds and blocks the active site of the target. In spite of these possible

disadvantages, we are witnessing an era where it may become possible to effectively

manage thrombosis in patients who are at risk of developing thrombotic episodes. These

include patients undergoing vascular engraftment, arterial endarterectomy, stenting and

balloon catheterisation.

5. General conclusions.

Our main contributions in the field of normal platelet kinetics were to develop methods to

label a representative platelet population and to accurately measure its in vivo distribution

when reinjected. Application of these techniques enabled us to establish the MPLS and

size of the splenic platelet pool accurately, and to show conclusively that there is no other

pool for platelets in the body. We also established the sites of sequestration of senescent

platelets, and showed that approximately Il % of platelets are normally utilised to maintain

the vascular integrity. We further pointed to the important role of platelet membrane sialic

acid in determining platelet senescence and that the mechanism of recognition of senescent

platelets by the macrophages may well be immunologic.

In patient studies and the different experimental models that we used to study increased

platelet consumption, it became clear that determination of the sites of sequestration of

senescent platelets was of little diagnostic value when the increased consumption was due

to thrombogenesis. On the other hand, when increased consumption was immunologic in

nature, determination of these sites may be helpful to determine the approach to treatment

in patients with ITP. We also showed that determination of the MPLS alone may be of
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little value if it is not done in conjunction with image analysis of, for example, platelet

deposition onto Dacron vascular graft material or aneurysms. We have also shown that

direct inhibition of thrombin with r-hirudin, rather than indirect inhibition with heparin,

may be to the advantage of patients undergoing cardiac surgery and haemodialysis.

Determination of platelet turnover in patients with HIV infection may be helpful to identify

those patients that are at risk of developing thrombocytopenia since we could identify a

group of patients with normal platelet counts but increased platelet production.

We have conclusively shown that target-directed antithrombotic agents are potent

inhibitors of arterial thrombosis. Of special interest is our finding that inhibition of platelet

adhesion limits the size of the thrombus that ultimately forms when native flowing blood is

exposed to a collagen rich surface. Inhibition of platelet aggregation by preventing the

binding of fibrinogen to its platelet membrane receptor, Gp lIb/IlIa, or, direct inhibition of

thrombin and its formation are viable approaches to inhibit thrombosis. Of particular

importance is our finding that transient inhibition of thrombogenesis over the short term

has significant advantages with respect to the size and thrombogenicity of a thrombus that

forms following the inhibition. This can have major advantages in the treatment of

patients undergoing vascular engraftment, endarterectomy, stenting and balloon

catherization. We have also shown, both in vitro and in vivo, that it is viable to combine

different moieties of active peptides that inhibit different components of the thrombotic

process in such a way that the individual moieties retain there function.

Finally, the combination of blood cell biology, radioisotopes and the technology of the

scintillation camera and computer-assisted image acquisition and analysis enabled us to

study normal platelet kinetics and the kinetics and fate of platelets in patients with

increased consumption extensively. We also used these methods to investigate factors that

contribute to thrombogenisis as well as the effectiveness of anti thrombotic agents.
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from the whole blood. We compare the mean life span of this
labelled population with that of platelets isolated with the usual
single step differential centrifugation method. Since the results
differed, we suggest that it is important to harvest a total platelet
population for kinetic studies.
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Summary

A fully representative and viable platelet population was
isolated from the blood of 15 baboons by a multiwash procedure,
and labelled with In-I l l-oxine. The recovery of the total platelet
population in the circulation was 85% ± 9. Mean platelet life span
was 146 hr ± 13. Correcting for plasma radioactivity (always less
than 3.5%) did not significantly affect the estimate of platelet life
span (145 hr ± 16) or recovery (85% ± 12). Platelet survival
estimates, repeated at different times, were reproducible. In 5
baboons, platelets were also harvested by a single step differential
centrifugation. The mean life span of a representative platelet
population was significantly longer than that of platelets har-
vested by a single step. Recovery values of the representative and
non-representative population were similar. We conclude that it
may be important to harvest and label a fully representative
platelet population for kinetic studies. The proposed method is
simple and reproducible, and may be applied in studies in
humans.

Introduction

It has been proposed that newly formed platelets are large and
heavy, and that these platelets survive longer than small light
platelets (1, 2). It was also suggested that the younger platelets
are hemostatically more active (3). and are preferentially pooled
in the spleen (4, 5). It is also known that not all platelets are
harvested with the commonly employed single step differential
centrifugation method (6). and those platelets not harvested are
the larger. heavy population (1). Recently it has been shown that
platelet buoyant density, and possibly platelet volume, are not
important determinants of platelet age. and that platelet
heterogeneity is a function of thrombopoiesis (7-10). Neverthe-
less. it would seem important to harvest a platelet population
which fully represents those in the circulation for platelet kinetic
studies. This would ensure optimal interaction of labelled
platelets with thrombogenic surfaces and permit accurate kinetic
studies of the in vivo redistribution of platelets during their life
span.

In this study we report a simple method to isolate and label
with In-l l l-oxine a representative and viable platelet population
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Department of Haematology. P. O. Box 339 (G2). Bloemfontein 9300,
South Africa
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Materials and Methods

Experimental Animals

Fifteen baboons (Papio ursinus). weighing 18.6 ± 5.7 kg (± 1 SO).
apparently free of disease and in captivity for at least 6 months. were
studied. Anaesthesia was with intramuscular ketamine hydrochloride
(Parke-Davis), 10 mg/kg body mass.

The project was approved by the Ethical Committee of the University
of the Orange Free State.

Blood Collection

Venous blood was collected with a two syringe technique from the
femoral vein. Blood, 42.5 ml, was collected into a syringe containing
7.5 ml acid-citrate-dextrose , formula A (Fenwall, Baxter-Ttavenol
Laboratories Inc., Illinois).

Harvesting a Representative Platelet Population

The platelets were isolated and labelled with In-l l l-oxine as described
in detail elsewhere (11). All procedures were carried out at room
temperature. Briefly, platelets were isolated by centrifuging the blood at
180 g for 15 min. The platelet rich plasma was removed and the red blood
cells resuspended to their original volume in Plasmalyte B (Baxter,
Baxter-Ttavenol Laboratories Inc. Deerfield, Ill). Platelets were washed
from the red blood cell layer by centrifuging at 750 g for 3 min. The
washing procedure was repeated a total of 4 times. Platelets were
concentrated to a pellet by centrifuging at 750 g for 25 min. The platelet
poor plasma (PPP) was aspirated and the platelets resuspended in 4-5 ml
physiological saline. In-l l l-oxine (Radiochemical Centre, Amersham,
United Kingdom), 25 to 29 MBq, was added and the platelets incubated
at room temperature for 30 min. Two ml PPP was added. the platelets
concentrated by centrifuging at 750 g for 25 min, and the supernatant
decanted. The labelled platelets were finally resuspended in 5 ml PPP,
and not reinjected for at least 60 min.

Single Step Platelet Harvesting

Platelets were isolated by the usual single step differential centrifuga-
tion technique recommended by the ICSH (12).

Evaluation of Platelet Populations

A fully representative platelet population was harvested in baboons 1
to 6 and platelet life span determined. The reproducibility of this method
was assessed by repeating the study 2 months later.

Platelets were harvested by the single step technique in baboons I, and
7 to 10 and platelet life span determined. This study was repeated two
months after the isolation of a representative platelet population in the
same baboons.
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'00.Platelet Survival

The mean platelet survival time was estimated as recommended by the
ICSH (12).Blood was collected from the saphenous vein 5 min after
reinjection of the In-Ill-platelets, and thereafter daily for 7 days. Whole
blood radioactivity was measured, and the radioactivity in an aliquot of
platelet free plasma, prepared by centrifugation at 3000 x g for 30 min,
determined. Platelet life span was calculated by fitting the data points to a
gamma function (13).Platelet life span was estimated in two ways: from
whole blood radioactivity, and also after correction of whole blood
radioactivity for plasma radioactivity. The recovery of In-Ill-platelets in
the circulation at equilibrium was calculated from the blood volume,
assumed to be 63 mVkg body mass (14),and by back extrapolation of the
survival curve to zero time. Platelet turnover was calculated according to
the method of Harker and Finch (IS).

Other Platelet Tests

Platelets were counted with an electronic particle counter (Coulter
Electronics, Florida), and the percentage of platelets harvested was
calculated. Mean platelet volume was estimated with an electronic particle
sizer and channelizer as described by Corash et al. (1. 2). Viability of the
labelled platelets was assessed by their in vitro response to ADP (16),and
the labelled platelets were not reinjected unless lO or more platelets per
aggregate was observed.

Statistical Analysis

The significance of results were assessed with the t-test for paired data.
Results are given as a mean ± 1 SO.

Results

Harvesting, Labelling and Survival of a Representative Platelet
Population

The details of the results of platelet counts, mean platelet
volume, harvesting and labelling are summarized in Table 1. The
harvesting procedure was highly efficient and a mean of 97% of
those platelets present in the whole blood were isolated. There
was however, a loss of platelets, 30.0% ± 7, during the steps
when the platelets were concentrated and labelled with In-lll-
oxine. The mean volume of the harvested platelets, 5.10 fI ±
0.84, and the labelled platelets, 5.01 fI ± 0.68, did not differ
significantly CP >0.70). Platelet labelling efficiency was 83% ± 4,
and the final platelet product was minimally contaminated with
red blood cells and plasma proteins. The platelet concentrates
were contamined with less than 1 leucocyte per 200 platelets, as

Table J The results on platelet isolation and labelling

Parameter 'Total platelet 'Inefficiently
population harvested
(n = 15) platelets

Cn = 5)
.. I Blood platelet count (x 109/1) 371 ± 90 295 ± SJ

Labelling efficiency (%) 83 ± 4 82 ± 13
Platelet contamination (%) with
labelled

Red blood cells 1.4 ± 1.1 2.2 ± 1.6
Plasma proteins 2.1 ± 0.8 1.6± 1.3

In-Ill-platelets reinjected (x 109) 8.5 ± 3.3 2.5 ± 1.4
2Harvesting efficiency (%)

Final isolate 97 ± 4 28.0 ± 5.8
In-Ill-platelets 67 ± 6 19.4± 5.3

Mean platelet volume (fI)
Final isolate 5.10 ± 0.84 4.46±0.17
In-lll-platelets 5.01 ± 0.68 4.51 ± 0.34

, Values are given as a mean ± I SO.
2 Expressed as a percentage of platelets present in whole blood.
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Fig. J The disappearance of In-Ill-platelets in the 6 duplicate stud
where a total platelet population was harvested from the whole blo
Values are expressed as a percentage of total radioactivity injected.

assessed microscopically (results not given). In the 6 stud'
where the procedure was repeated after an interval of 2 man
platelet harvesting and labelling results did not differ significa
(p >0.10). The in vivo aggregation response to ADP was norn
10 or more platelets per aggregate, in all instances.

The composite disappearance curves of the In-Ill-plate
from the circulation was linear (Fig. I). Mean platelet life s
was estimated to be 146 hr ± 13 (Table 2). Recovery of labe
platelets in the circulation was 85% ± 9. Plasma radioactivity
3.5% ± 1.6 5 min after reinjection of the In-Ill-platelets.
remained less than 3% of that of whole blood throughout

Table 2 The recovery and survival of In-Ill-platelets in the circul

Baboon Total platelet population Repeat studies
Recovery Life span Recovery Life span
('Yo) (hr) (%) (hr)

I 93 181 90 161
2 93 144 87 159
3 84 158 85 153
4 80 127 83 131
5 87 149 86 143
6 85 134 81 138
'Mean 87 ± 5 149 ± 19 85 ± 3 148 ± I
± I SO
I 93 181 80 140
7 72 147 85 128
8 91 147 80 144
9 93 155 93 128
lO 93 137 92 137
2Mean 89 ± 10 153 ± 17 86 ± 6 135 ± 7
± SO
11 81 152
12 90 139 - -
13 76 138 - -
14 67 148 - -
IS 92 131 - -
JMean 85 ± 9 146 ± 13 - -
± I SO

, The mean ± ISO of the 6 repeat studies where a total
population was harvested.
2 The mean ± I SO of the 5 studies where platelets were also h
by a single step differential centrifugation.
J The mean ± I SO of the 15 studies where a total platelet popuia
harvested.



reproducible and may readily be applied for the study of platelet
kinetics in other species, including man. _

The multiwash isolation of the fully representative platelet
population was efficient, but the final concentration steps in the
labelling procedure caused a loss of about 30% of the harvested
platelets. This was, however, not due to a selective loss of a
specific subpopulation of platelets. since the mean volume of the
platelet population did not change. There were differences
between the platelets harvested by the single-step method and
those procured by the multiple-wash steps. Firstly, the mean
volume of the latter platelets was larger. Secondly. the mean life
span of the representative platelet population was significantly
longer than that harvested by a single centrifugation step. These
results indicate that the efficient harvesting of platelets will
include a relatively larger and young subpopulation of platelets
which are not isolated by the usual recommended methods. These
findings are in accordance with those reported by Corash et al. (1.
2). It has also been suggested that the large platelets are not
necessarily younger platelets. but rather platelets with a longer
life span (8). Our study was not designed to test this hypothesis. It
should be noted that our results differ from those reported by
Mezzano et al. (10) who found no difference in the mean platelet
survival of representative and inefficiently harvested platelet
populations. We have no ready explanation for the discrepancy,
but there are major technical differences in the methodology .
applied in our and their studies.

Recovery of the fully representative population in the circula-
tion did not differ from that of the platelets harvested by single-
step centrifugation. This would suggest that platelet size or
platelet age per se do not influence the size of the extravascular
platelet pool.

We have not compared the functional effectivity of the platelet
populations harvested by the two techniques. It seems reasonable,
however, to consider that the study of the kinetics of a representa-
tive platelet population offers advantages. Application of this
method will at least not lead to the exclusion of a sub population of
platelets which may be functionally more effective. This view is
strengthened by the recent reports that different subpopulations
may have different aggregation responses (18) and that their
granular content may vary (19). It is therefore important to study
platelet kinetics in disease states and the interaction of platelets
with foreign surfaces with a fully representative platelet popula-
tion.
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Fig.2 The disappearance of a representative (solid line) and non-
representative (broken line) population of In-Ill-platelets from the
circulation (n = 5). Values are expressed as a percentage of total
radioactivity injected.

\. platelet survival time. Correction of whole blood In-l11 radio-
activity for plasma radioactivity had no significant influence
(p >0.60) on the estimate of platelet recovery in the circulation
(85% ± 12) or mean platelet survival (145 hr ± 16). Platelet
turnover was 66 ± 18 x 109 platelets/litre/day.

In the 6 studies where platelet survival was repeated 2 months
later the results of the estimates of platelet recovery and mean
platelet life span did not differ significantly (p >0.10; Fig. 1;
Table 2).

Platelets Isolated by a Single Step Differential Centrifugation

Results are summarized in Table 1. In 5 studies with this
method 28.0% ± 5.8 of those platelets present in whole blood
were harvested. There was a further loss of platelets in the
labelling procedure and only 19.4% ± 5.3 of the total platelet
population was labelled. The mean volume of the labelled
platelets. 4.51 fl ± 0.34. was significantly (p <0.05) less than that
of the total platelet population, 5.04 fl ± 0.46.

The platelet labelling efficiency was 82% ± 13. The final
product was minimally contaminated with red blood cells and
plasma proteins. Labelled platelets aggregated normally with
ADP added in vitro. Disappearance of the labelled platelets from
the circulation was almost linear (Fig. 2) with a mean life span of
135 hr ± 7.

The mean life span of the single-step isolated platelet popula-
tion was significantly shorter than that of the total platelet
population in the same baboons (p «l.05). Recovery in the
circulation of labelled platelets, isolated by the multi- and single-
step techniques. did not differ significantly (p >0.10).

Discussion

A fully representative platelet population was harvested by a
multiwash technique. The harvesting and labelling procedures did
not affect in vitro platelet aggregation. The in vivo behaviour of
the labelled platelets was apparently also unaffected since recov-
ery of platelets in the circulation was normal and the disappear-
ance of labelled platelets from the circulation fitted a linear
function best. Also, the results obtained with this method were
similar to those reported for Cr-51-labelled platelets in other
baboon species (3. 14. 17). The multiwash technique is simple and
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chelate which permits labeling of platelets with rela-
tively high efficiency in a plasma medium (4).

There is a prevailing view (2-4) that tropolone is
superior to oxine because with the fanner, platelets are
labeled in plasma and not in saline. This is considered
the reason why the kinetics ·of "'In-oxine and IIIIn_
tropelene labeled platelets have been reported to differ
(1.3,10). Thus: it has been stated that '''In-tropolone
labeled platelets do not accumulate transiently in the
liver immediately after their reinjection (2,3). Also, the
recovery fraction of '''In-oxine labeled platelets in the
circulation was reported to be higher than these labeled
with "'In-tropolone (la).

However, this view has not been substantiated by
convincing scientific data. Indeed. the results of the few
well-documented studies have not clarified the issue.
For instance. Vallabhajosula et al. (11) conclude that
platelets labeled with Illln-tropolone in plasma are pre-
served beller in the circulation and have an equal or
longer lifespan than platelets labcled with IlIln·oxine in
.ACD-saline. Furthermore. there was evidence that the
IIlln-oxine laboled platelets were temporarily seques-
tered in the liver to a greater extent than those labeled
in tropolone. Hili-Zobel et al. (12) expressed a similar
view on the basis of, results in a rabbit model but were
not sure that these results can be extrapolated to human
conditions. In contrast, in a preliminary study. we
found no evidence that the results of our method of
labeling platelets with IlIln-oxine differs from those
with tropalone (13).

It is important to establish whether there is a differ-
ence between these two chelates. Indium-II I-exine is
widely used and marketed commercially as an approved
platelet label. If results with oxine do indeed differ
substantially from those of tropclone. it may, therefore,
have important economic implications. Furthermore,
the recommendation that either tropolone or oxine may
be used (1) will also need to be revised if the com-
mendable goals of standardization are to be attained.

We addressed this question by comparing, in normal
human subjects, the labeling efficiency and kinetics of
platelets labeled with IIlln-tropolone in plasma with
those of platelets labelcd with "'In-:oxine in saline. The

The elrect of the chelates oxine and tropolone, used to
label platelets. on the kinetics of indium-111- (!' 'In) labeled
platelets was studied in twelve normal human subjects.
Autologous platelets were labeled either in saline with 1"ln-
oxine or in plasma with '''In-tropolone. Mean platelet
lifespan was estimated by fitting the disappearance curve
of platelets from the circulation to the multiple hit and other
mathematical models. The in vivo distribution of platelets
was quantitatively imaged with a scintillation camera. The
In vivo recovery of "'In-oxine and '''In-tropolone did not
differ. and the mean platelet lIfespan was also similar ('''In-
oxine: 230 :!: 29 hr; '''In-tropolone: 226 ± 13 nr). At
equilibrium (90 min after reinjection of labe led platelets)
and at the end of platelet lifespan. "'In-oxine and "'In-
tropalone radioactivities in the spleen and liver were similar.
These results demonstrate that the results of kinetics
measured with l"ln-oxine or '''In-tropolone do not differ
significantly.

J Nucl Med 1991; 32:62-66

Indium-III ('"In) is the radionuclide recommended
by the International Committee for Standardization in
Hematology as the platelet label of choice (1). Although
other IlIln-chciates have been advocated (1,3), this
Committee recommends oxine and tropolone as the
most suitable for platelet studies. It is. however, not
clear from the results of several studies whether one of
these is superior (2-12).

Theoretically, oxine is not an ideal chelate. First,
some of the commercially available IIIIn-oxine com-
plexes contain alcohol, which may affect platelet func-
tion (5). Second, the labeling efficiency of "'In-oxine
is considerably higher in a medium with no plasma,
than in plasma (5-8); this is unfavorable because label-
ing and handling platelets in an artificial medium may
induce in vitro damage to platelcts (9,10). These nega-
tive aspects may be overcome with 1I11n-tropolone, a
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TABLE 1
Platelet Labeling Data

95% confidence
Oxine Tropolone t value p value interval

Labeling efficiency (%) 92 ± 2 79 ± 10 3.1225 0.03 4-22
% Contamination with:
red cells 1.2::0.4 1.8 ± 2.5 -0.5805 0.59 -1.7-2.9
plasma proteins 2.2 ± 0.5 1.7 ± 1.1 0.0136 0.99 -1.4-2.4
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FIGURE 1
Methodology for labeling platelets with "'In-oxine and "'In-
tropolone.

techniques that we used are appropriate for such a
comparative study: they have been validated and pro-
vide quantitative data on the in vivo distribution of the
labeled platelets. .

MATERIALS AND METHODS,

Subjects
Twelve normal human subjects (6 males) ranging in age

from 18 to 35 yr, volunteered for a study approved by the
Ethical Committee of the Provincial Administration and Uni-
versity of the Orange Free State. The blood platelet counts of
the subjects were normal (range 200/1 to 304 x 109/1). The
subjects were instructed not to take any drugs. known to affect
platelets, for at least :2 wk before and during the 7-<1aystudy
period.

The volunteers were randomly divided into two groups of
six. Autologous platelets were labeled either with "Tn-oxine
(Amersham International pie, UK) or IlIln-tropolone ("Iin-
chloride supplied by Amersham International plc. UK, and
tropolone by Sigma Chemical Corp., SI. Louis, MO).

Platelet Labeling with "'In
After discarding the first 2 ml, 4:!.5 ml blood were drawn

from the antecubital vein with a 19-9 Abbot "buuerfly" needle
directly into a polystyrene syringe containing 7.5 ml ACD A
(Baxter Travenol, Baxter Laboratories). The blood was trans-
ferred to 2 x 50 ml polystyrene tubes (Falcon 2070, Falcon
Labware. Oxnard, CA) and platelets were harvested from the
blood Ly differential centrifugation and repeated washing of
the red cells (7,8,14). The mean recovery of platelets from the
blood was 95% ± 3%.

The platelets were labeled as outlined in Figure J. In the

Indium- 111-Iabeled Platelets • Kotzé et al

exine method (8), the platelet pellet was gently résuspended
in 3 ml saline and incubated with the radionucJide. In the
tropclone method (15), the labeling medium was 0.3 ml
plasma. Tropclone (40 nM final concentration), followed by
-17 MBq IIlln-chloride, were added. In both methods. un-
bound radionuclide was removed by withdrawing the super-
natant from the centrifuged labeled platelets. The latter were
resuspended in platelet poor plasma for reinjeetien.

Labeled platelets were considered viable if aggregates con-
sisting of 20 or more platelets were induced by ADP (7).
Contamination of the labeled platelets with red cells and
plasma proteins, the labeling efficiency, and the radioactivity
of the injected labeled platelets, were measured (16).

In Vivo Platelet Kinetic Studies
Mean Platelel Lifespan (MPLS). MPLS was estimated

from the rate of disappearance of the labeled platelets from
the circulation. The disappearance curves were constructed
from the radioactivity in blood samples collected at 5 and 90
min after reinjeetien of the labeled platelets, and then daily
for 6 days. The count rate of the blood samples was measured
in a well-type scintillation counter. MPLS was estimated by
fitting several mathematical models to the blood clearance
curves (17). .

The recovery of labeled platelets in the circulation at equi-
librium was calculated from the radioactivity/ml injected, an
estimate of the blood volume (l8), and extrapolation of the
survival curve back to zero time (8,14). •

Blood platelets were counted with an electronic panicle
counter (/9). Mean platelet turnover was calculated from the
MPLS and the platelet count was corrected for' the splenic
platelet pool (20). TIle size of the latter was determined with
quantitative irnaging,

In Vil'o Quantification of the Distribution of Labeled Plate-
Iers. The methods have been described in detail elsewhere (8,
21,22). Briefly, the distribution of platelets was imaged with a
large field of view scintillation camera and the scintigrams
were analyzed on an A~MOS data processing system. Whole-
body and region of interest (ROl) IIlln radioactivity was
corrected for geometry with the geometric mean method. The
ROl activity was expressed as a percentage of whole-body
activity. The radioactivity not in the liver or the spleen. i
referred to as the "remainder." At the end of platelet lifespan
most of this radioactivity is located in the bone marrow (8
1J). The initial (equilibrium) radioactivity was derived b
back extrapolation of linear least-square regression analysis c
data. and the final organ radioactivity was determined at th
end of the MPLS.

Statistical Mettióds
Data were assessed for normal distribution with the Sha

iro-Wilks test. Unpaired data were evaluated with the HI



.'

in Figure 2. The MPLS, calculated with the different
mathematical models and number of "hits" of the
multiple hit model, did not differ significantly for exine-
and tropolone-labeled platelets (Table 2). The large
number of "hits" of the multiple hit model indicate a
near linear platelet survival curve with both labels.

In Vivo Distribution and Sites of Sequestration at
Equilibrium. The results are summarized in Table 3, and
the initial postinjection phase is illustrated in Figure 3.

The time-radioactivity curves, illustrating the redis-
tribution of exine- and tropolone-labeled platelets in
the spleen and the liver for the first 90 min after
reinjeetien of the labeled platelets, are presented in
Figure 3. The radioactivity in the spleen increased
monoexponentially. The rate constant of the increase
of oxine-labeled platelets in the spleen was 0.177 ±
0.041 per minute and that of tropolone-labeled platelets
was 0.155 ± 0.041 per minute. This difference was net
significant (t = 0.7675, p = 0.46; 95% confidence
interval -0.052-0.096).

A transient accumulation or radioactivity in the liver
was evident with both the labeling methods (Fig. 3):
this represents the "collection injury" (24). The extent
of the injury observed with the two labeling methods
was compared by measuring the area under the respec-
tive time-activity curves. This did not differ significantly
(t = 0.797, degrees of freedom = 10. P = 0.44).

At equilibrium, 90 min after reinjeetien of the 1I11n_
platelets, the size of the splenic platelet pool and the
radioactivity in the liver were similar for the two meth-
ods (Table 3).

/11 Vivo Distribution and Sites of Sequestration at the
End of Platelet Lifespan. The results are summarized
in Table 3. The contributions of the various compo-
nents of the reticuloendothelial system to the sequestra-
tion of senescent IIIIn-oxine- and IIIIn-tropolone-la-
beled platelets did not differ significantly:

TABLE 2
Survival Data at Platelets Labeled with '''In-oxine and "'In-tropolone

95% confidence
Oxine Tropolone t value p value inlerval

.'

Recovery ("lo) 70 = la 58 = 11 1.9772 0.11 -1-25
Platelet turnover(x 1A'JIIhr) 1.41 = 0.32 2.00 = 0.49 2.4694 0.06 -0.026- 1.20
·Hits- 44 = 30 20 = 20 1.6305 0.16 -8-56
Mean Platelet Lifespan(hr):
Linear 242 = 23 228 = 13 1.2980 0.25 -14-42
Weightedmean 225 = 33 221 = I I 0.2817 0.79 -33-41
Multiplehit 230 = 29 226 = 13 0.3083 0.77 -24-32
Dornhorst 219 = 25 222 = la 0.2729 0.80 -31-25
Alphaorder 224 = 37 221 ± la 0.1917 0.94 -37-43

for different means, or the non-parametric Wilcoxen rank
sum test where appropriate. The difference between sample
means was compared by determining the 95% confidence
intervals (l3).

RESULTS

Platelet Labeling
The mean blood platelet count of the two groups did not

differ significantly (exine 249 ± 39 x 109/1 versus tropolone
282 ± 45 x 109/1; p = O.D). The results are summarized in
Table I. Labeling efficiency with exine was significantly (p =
0.03) higher than with tropolone. Contamination of the la-
beled platelet product with red cells and plasma proteins was
slight and similar with both methods. There was less than I
leukocyte per 1.000 platelets present in the 1l'ln-Iabeled plate-
let suspensions that were reinjectcd.

In Vivo Platelet Kinetics
Recovery of IIlln-oxine (70% ± 10%) and 1111n_

tropalone (58% ± Il %) labeled platelets in the circu-
lation did not differ significantly (Table 2).

Mean Plate/et Lifespan. The mean curves describing
the disappearance of the laboled platelets are illustrated
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FIGURE 2
The curves demonstrate the disappearance of '''In-oxine and
111ln-tropolonelabeled platelets from the circulation. The val-
ues are expressed as a mean (= 1 s.e.m.) percent of the
count rate of the blood sample collected at 5 min.
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DISCUSSION

The methods to label platelets either with IIlln-oxine
or IIlln-tropolone differ in one important aspect,
namely the labeling medium which was used. A high



TABLE 3 .
In Vivo Distribution and Sites of Sequestration of Platelets Labeled with '''In-oxine and '''In-tropolone'

95% confidence

Oxine Tropolone t value p value Interval

Equilibrium distribution
Spleen 30.0 ± 6.3 30.1 ± 6.3 0.1442 0.89 -7.1-8.1

Uver 9.6 ± 1.2 9.5 ± 1.4 0.1328 0.90 -1.5-1.7

Distribution at MPLS
Spleen 37.2 ± 8.8 45.3 ± 6.9 1.7743 0.14 -12.7-3.5

Uver 29.2 ± 9.6 31.3 ± 6.4 -0.4458 0.67 -12.4-8.2

. Values are given as a mean (± 1 s.d.) percent of whole-body radioactivity.

labeling efficiency is achieved with "'In-oxine only if
the platelets are suspended in an artificial medium with
no plasma (3,8). In contrast, platelets may efficiently
be labeled in plasma with IIlln-tropolone (4,15). This
difference may be important because platelets are ap-
parently better preserved in plasma than in artificial
media (3,4,10). It is, therefore, conceivable that the
tropolone method may be superior to the oxine method.
Indeed, this has been reponed (2,3,10), although the
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FIGURE 3
The redistribution of the labeled platelets In the spleen and
liver In the first 90 min aher their reinjection. Values are
expressed as a mean ± 1 s.e.m. The accumulation of oxine-
and tropolone-Iabeled platelets in the spleen was monoexpo-
nential and was not different. There was a measure of 'collec-
tion injury' in the liver for both oxine- and tropolone-Iabeled
platelets. The collection injury was not significantly different.
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advantage of tropolone is not evident when the mean
platelet lifespan is measured (10).

It should, however, be noted that it is difficult to
standardize the methods of isolating and labeling plate-
lets. Differences observed with the two principal label-
ing methods may therefore be related to some aspect of
one of the methods used in a particular laboratory. We
have in this study compared our method of labeling of
platelets with IIIIn-oxine (8) with the recommended
IIIIn-tropolone method (J ,15). We studied the influ-
ence of the two labeling methods on some aspects of
platelet labeling and on the results of platelet kinetics.

The labeling efficiency was acceptable with both
methods and the administered activity was sufficient to
estimate the MPLS and perform quantitative imaging,
Contamination with other blood cells was low with
both methods. The labeled platelets aggregated well in
response to ADP ex vivo. The result of our simple
method to assess the in vitro aggregation response, was
similar to that reported by others (10). The recovery of
exine- and tropolone-Iabeled platelets in the circulation
did not differ. In essence, these results show that with
either of the two methods, a viable platelet population
can be labeled efficiently.

The measurement of the MPLS is an important
clinical and research tool. In normal subjects. platelets
disappear from the circulation in an age-dependent
manner (20,14). Thus, labeling a random sample of the
circulating platelet population. would result in a near-
linear platelet survival curve (14). It is evident (Fig. 2,
Table 2) that the estimate of the MPLS with "'In-oxine
and ln-tropolone labeling methods, correspond closely.
The number of "hits" in the multiple hit model is
substantial and the difference between the MPLS cal-
culated by fining the data to a linear function and the
multiplehit model, was not significant. This and the
fact that our estimate of the MPLS is at the upper limit
of the accepted normal value (2,10,24) indicates that
with both methods there is minimal random destruc-
tion of the labeled platelets. This shows that the platelets
are not adversely affected by either of the labeling
procedures.

Vallabhajosula et al. (11) found a slightly longer
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MPLS with the tropolone method than with oxine; 4. Dewanjee MK, Rao SA. Didisheim Pi Indium-Lj l-tropolone,
a new high-affinity label. Preparation and evaluation of label-

however this was only evident with. linear regression ing parameters. J Nucl Med 1981;22:981-987.
analysis. Using live mathematical models, we did not 5. Goedemans WTH. lndium-l l l-tropolone versus exine (Let-
find such a difference. This discrepancy may be ex- ter). J Nucl Med 1982:23:455 •
plained by a difference in methodology. Our method of 6. Hawker RJ, Hall CE, Gunson BK. Indium-III tropolone
labeling platelets with Illln-oxine differs in one aspect versus exine (Letter). J NucJ Med 1983:24:367.
from that of Vallabhajosula et al. (11). We do not 7. Heyns A du P, Badenhorst PN, Pieters H, et al. Preparation

of a viable population of indium-I I l-labelled nonna! human
include, the extra washing step, which involves sedi- platelets. Thromb Haemaslas 1980;42:1473-1482.
menting of the platelets for lO min at 2000 X g. Our 8. Heyns A du P, LOtter MG, Badenhorst PN, Platelet imaging.
method is, therefore, potentially less harmful to the In: Harker LA, Zimmennan TS, eds.Methods in hematology.
platelets since additional mechanical stress to the plate- - New York: Churchill Livingstone; 1983;216-234.

9. Goodwin DA, Bushberg J'T, Doherty PW, et al. Indium-I l l->
labeled autologous platelets for location of vascular thrombi'
in humans. J Nucl Med 1978;19:626-634.

lO. Mathias 0, Welch MJ. Radiolabelling of platelets. Sernin '
Nucl Med 1984;14:118-127.

II. Vallabhajosula S, Machae J, Goldsmith SJ, et al. Indium-III,
platelet kinetics in normal human subjects: tropolone versus
exine method. J Nuc/ Med, 1986;27:1669-1674.

12. Hill-Zobel RL, Gannon S, McCandless B, Tsan MF. Effects,
of chelates and incubation media on platelet labeling with
indium-III. J Nuc/ Med 1987:28:223-228.

13. Heyns A du P, Wessels P, Kotzé HF, Badenhorst PN, LOtter
MG. New techniques and standardization of platelet labelling.
In: Heyns A. du P., ed. Radiolabel/ed blood cellular elements:
applications in atherosclerosis and thrombosis. Tygerberg:
MRC Press; 1986:110-117. '

14. Wessels P, Heyns A du P, Pieters H. LOuer MG, Badenhorst
PN. An improved method for the quantification of the in'
vivo kinetics ofa representative population ofln-I I I-labelled
human platelets. Eur J Nucl Med 1985: 10:522-527. '

15. Danpure HJ, Osrnan S, Brady F. The labelling of blood cells
with In-I I l-tropolone. Br J Radial 1982:55:247-249.

16. International Committee for Standardization in Hematology..
Recommended methods for radioisotopic platelet survival
studies. Blood 1917:50:1137-1144.

17. LOuer MG. Heyns A du P. Badenhorst PN. et al. Evaluation
of mathematical models to assess platelet kinetics. J Nucl M ed
1986:27: 1192-120 1.

18. NadIer SB, Hidalgo JU, Bloch T. Prediction of blood volume
in normal adults. Surgery 1962:51 :224-232.

19. Bull BS. Schneidennan MA, Brecher G. Platelet counts with
the Coulter Counter. Am J Clin Palhol 1965:44:678-688.

20. Harket LA. Finch CA. Thrombokinetics in man. J Clin Invest
1969;48:963-974.

21. Van Reenen OR, Louer MG, Heyns A du P, et al. Quantifi-
cation of the distribution of In-Ll l-labelled platelets in organs.
Eur J Nucl Med 1982:7:80-84.

22. Kotzé HF. Heyns A du P. Wessels P. Pieters H, Badenhorst
PN, Lotter MG. Evidence that platelets pool in the spleen,
but not in the liver of normal humans and baboons. Scand J
Haemalo/1986;37:259-264.

23. Gardner MJ, Douglas GA. Confidence intervals rather than
Pvalues: es.irnation rather than hypothesis testing. Br Med J
1986;292:746-750.

24. Harket LA. Platelet survival time: its measurement and use.
frog Haemostos Thromb 1978:4:321-347.' .

25. 'Badenhorst PN, Lëuer MG. Heyns A du P, et al. The influ-
ence of the "collection injury" on the survival and distribution
of In-Ill-labelled canine platelets. Br 1 J Haemato!
1982;52:233-240.

26. Heyns A du P, LOtter MG, Badenhorst PN, et al. Kinetics,
distribution, and sites of destruction of! n-I I I-labelled human
platelets. Br J Hacma/o/1980;44:269-28Q,

lets is avoided.
The influence of the "collection injury" on platelet

kinetics may be assessed by quantifying the extent of
the transient accumulation of labeled platelets in the
liver immediately after their reinjection (8,14,25,26). It

, is evident from Figure 3 that both labeling methods
slightly, activate platelets. The accumulation of the
platelets was transient in both instances, and the dura-
tion and the extent of the accumulation corresponded.
Peters et al. (2,3) have suggested that IIlln-tropolone
labeled platelets do not accumulate in the liver. How-
ever, they did not quantitate the hepatic radioactivity,
It is, therefore, difficult to directly compare our and
their results. It has been shown that the "collection
injury" has no influence on the MPLS or the in vivo
redistribution of platelets during their lifespan (25). The
finding that the "collection injury" induced by IIlln_
oxine labeling is reversible is supported by the results
of the present study.

Our data demonstrate that the in vitro and in vivo
function, MPLS, and the in vivo distribution of platelets
labeled with Illln-oxine in saline and IIlln-tropolone in
plasma do not differ significantly. Our results, therefore,
do not support the contention that platelets labcled
with IIlln-tropolone are better preserved. Evidently, the
methods used for the labeling, is critical. Our results
indicate that it is acceptable to coin pare results obtained
with the two methods. It would,' therefore, seem un-
warranted to discard the established and widely ac-
cepted method of labeling platelets with IIlln-oxine for
the tropolone method.
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ABSTRACT

In-Ill is now accepted to be the platelet label of choice. The methods for
isolating platelets from whole blood and the labelling procedures have however
not been standardized. This makes it difficult to directly compare results of
studies fran different laboratories. Al though it is theoretically possible that
harvesting a select subpopulation of platelets from the blood by the usual
techniques of differential centrifugation may give misleading results, our
studies do not confirm this notion. Mean platelet life span, recovery in the
circulation, in vivo distribution and the final sites of platelet sequestration
of a fully representative platelet population do not differ from that harvested
by the usual techniques. The influence of labelling platelets in plasma with
tropolone as chelate was compared to the technique with oxine-labelling in
saline. Al though the extent of the "collection injury", reflected by the
transient accumulation of platelets in the liver, was slightly less marked with
tropolone, the difference was not significant. The other parameters of platelet
kinetics were not influenced by the choice of chelate. There was however an
unexplained loss of In-Ill from the whole body with tropolone. We recommend that
standardization should be with In-Ill-oxine as platelet label and that it is not
necessary to isolate all the platelets from the blood in order to obtain an
accurate picture of platelet kinetics.

The International Committee for Standardization in Hematology (ICSH) in 1977
made recommendations for the isolation and labelling of blood platelets with Cr-
51-sodium chromate (1). Although sound, these have largely been superseded
because In-lll, introduced as a platelet label by Mathew Thakur et al. in 1976
(2), is now generally the preferred radionuclide.

The labelling techniques wi th In-Ill were developed in parallel in several
countries. It is therefore not surprising that there has been a proliferation of
protocols. This is unsatisfactory, especially since this precludes the
comparison of resul ts from different laboratories. Standardization of methods
will also facilitate the successful and smooth introduction of these techniques
into laboratories with little experience in the handling and labelling of blood
cells. Also, at present various In-Ill chelates are advocated as superior by
different experts. It will be important to standardize on only one chelate, if

"possible. In the USA it is already uneconomic to license a product to replace
"
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In-lll-oxine for use in clinical studies. The recommendations for standa
procedures should take this into account.

J

In this paper I am not going to attempt to address all the issues invol ved '
the choice of methods for the standardization of the relevant procedures. I wil
focus on some of the problems that have been especially worrying to us. My fin
recommendations will therefore only be in broad terms, but may provide
reasonable basis for discussions on standardization.

J
J
J

There are at present only two radionuclides that are suitable for gener
clinical use, Cr-SI and In-Ill. The physical characteristics and some relev
information on these are summarized in Table I. Some aspects deserve so
comment.

] TABLE I: RADIONUCLIDES USED FOR PLATELET LABELLING

]

J

Radionuclide Half-life Gamma Gamma Comments
emission rays
(keV)

]

]

------------------------------------------------------------------------
Cr-SI 27.7 days 320 10 Low labelling

efficiency

In-Ill 67.3 hours 173 91 Quantitative imaging possibl
247 94 may be contaminated with In-l

In-113m 99.5 min 392 64 Short half-life

In-114m 49.5 days 192 97 Radiation dose unacceptable

1
1
1

In-Ill has now definitely been established as the platelet label of choice.
permits labelling of platelets with high specific activity; the binding to h
molecular weight intracellular proteins is firm, thus limiting elution of
label; and its physical characteristics allow quantitative imaging of the
vivo distribution of the labelled platelets (3). Also, the radiation expos
of the patients is well within acceptable limits (4). These characteristics m
the study of platelet kinetics with In-Ill more reliable than with Cr-SI.

1
1
j

It is also po§sible to label platelets with the short half-life radionucl'
In-l~m. This label is useful to study diseases such as inmrune thrombocyto
purpura where the platelet life span is very short. Studies with t
radionuclide label may be repeated at short intervals. The kinetics of plat
populations labelled with In-Ill and In-ll3m may also be studied simultaneo
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in the samepatient. [
Note that preparations of In-Ill may be contaminated with In-114. This
radionuclide increases the radiation dose significantly. Recently however,
commercial suppliers have paid attention to this factor and the problem has
therefore been minimized.

[

[
Chelation of In-Ill to a lipid soluble agent is needed to to carry the
radionuclide into the cell. '!his is facilitated if the cells are labelled in a
mediumdevoid of plasma. The removal of plasma prevents the binding of the 1n-
III to transferrin and other proteins; this form of the bound radionuclide does
not enter the blood cell. Three candidates vie for the position of the chelate
of choice: oxine, tropolone, and mercaptopyridine-l-oxide (Merc). Acetylacetone
is somewhat toxic for platelets in the concentrations necessary for adequate
labelling efficiency, and is therefore not popular.

[

[

[
In-lll-oxine is the label most conunonlyused. It is poorly soluble in water, but
commercial preparations containing solutions without alcohol (which may irrpair
platelet function) are nowreadily available. Labelling of platelets with this
complex must be suspended in saline. The chelate has been criticised' because
platelets subjected to a plasma-free mediumare reported to be functionally
irrpaired, and that they showevidence of an excessive "collection injury". '!hese
problems have iniated a search for better chelates especially with properties
whichwill permit Label Li.rqof platelets in a plasma milieu.

[

[

[
Tropolone is water soluble and alcohol is therefore not required in the
labelling medium.The major advantage of this complex is that In-lll-tropolone
permits labelling of platelets in plasmawith an efficiency of about 80%. I

'=

'!hakur favours Merc as the ligand of choice (5). Platelets mayefficiently be
labelled in a plasma milieu, and are viable. Despite these characteristics, I
have personally not been convinced that this complex is clearly superior to In-
Ill-tropolone.

[

[
I would like to draw attention to some important issues. I think that undue
emphasishas been placed on the labelling efficiency. '!his is not critical since
In-Ill bound to plasma is easily removed, and it is simple to label platelets
with the required specific activity by adding sufficient In-Ill to the platelet
suspension. Also, we have shownthat with a methodwhere platelets are labelled
in saline, the isolation and labelling procedure does not affect results of
platelet kinetics significantly (6)·. I therefore consider efforts to obtain a
functionally viable labelled platelet population moreproductive than attempts
to increase the labelling efficiency.

[

[
The inportant factors that mayinfluence labelling efficiency are well known and
will not be discusséd: pH, temperature, cell concentration, incubation medium,
and ligandr.concentration. These can easily be controlled by careful attention to
technique.

[

[

[
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]
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Several methods for the isolation of platelets from whole blood are currently
use. The most important are separation of platelets by differentia
centrifugation, counterflow centrifugation (elutriation) and gel filtration. Th
only practical method for clinical studies is that of differentia
centrifugation. This basic method has had numerous modifications and some
these deserve comment.

J

Platelets tend to aggregate irreversibly during the isolation procedur
especially when exposed to relatively high pH or to excessive centrifuga
forces. This is generally overcome by an excess of the anticoagulant, ac'
citrate dextrose since the platelets are inactive at low pH. Some investigator
especially in Britain and Europe, have also attempted to overcome the platel
acti vation by adding prostaglandins, especially PGEl (7) and PGI2 (8). Al tho
these may be useful, to my mind this manipulation introduces an unnecessa
complicating factor. Prostaglandins are not necessary. Several studies ha
demonstrated this. Also, there may be ethical issues invol ved in justifyi
their clinical use. I would thus propose that the use of prostaglandins
avoided and certainly not included in any standardization protocol.

]

]

]

]

J

It should also be noted that the harvesting of platelets from whole blood
differential centrifugation is not complete and may be as low as 50%. This m
have some implications on the study of platelet kinetics in health and dise
For instance, although results have been conflicting and confusing, it has
suggested that platelet density is related to platelet age and function. If
were important, the labelling of a selected platelet subpopulation will gi
misleading results of platelet kinetics.

J

] We have modified the method of Corash (9) and have been able to harves
virtually total platelet population by repeatedly washing the platelets from
red cell layer. We have studied the kinetics of such a total platelet populati
and compared the results with that of platelets separated by the usual sing
step centrifugation method recommended by the ICSH. The results are summari
in Table II. It is clear that the mean platelet life span, recovery of labell

TABLE II: INFLUENCE OF A 'IOTAL PLATELET POPULATION ON MPLS

Single step
Centrifugation

Total
Population

MPLS (h)
Recovery J.%)
~Splenic pool (%)

21 + 18
68 + 9.1

25.9 + 10

224 + 23
61 + 12

31.1 + 6.1
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r-
tplatelets in the circulation and the size of the splenic platelet pool as

measured with the two platelet populations are similar. OUr results therefore
support the view that platelet density and platelet size do not determine
platelet age, at least not in humans (10). Although the isolation af the total
platelet population is not absolutely necessary, this technique does have
distinct advantages: it is possible to use smaller volumes of b Lood for the
isolation of adequate numbers of platelets even in the presence of severe
thrombocytopenia; and, there is some evidence that young platelets are
functionally more effective. Therefore until the issue has been resolved, it may
be prudent to label a fully representative platelet populatic:n in studies where
optimal platelet functional effectivity is essential.

I
t:I

r
Cl

-I
""

i
ClThis raises the question of the assessment of the viability of a labelled

platelet population. This may be done by in vitro or in vivo tests. Platelet
aggregation response is the commonest in vitro test, usually measured in an
aggregometer , or, by simple visual inspection. Al though platelet aggregation is
usually reported as being normal in platelet kinetic studies, I do not think
that this finding necessarily correlates well with in vivo function.

r-

Io

[
The commonl y performed in vivo tests of platelet function are: recovery of
labelled platelets in the circulation, the shape of the platelet survival curve,
and the rate and extent of the temporary accumulation of platelets in the liver
after reinjection of the labelled preparation (11). These tests are recommended
as the only valid assessment of platelet viability. All reports of platelet
kinetic studies should therefore provide evidence that the investigator has
employed a method that in normal reference subjects the recovery of the
platelets in the circulation is acceptable, and that the disappearance of
platelets from the circulation is age-'-dependent and not random. This will be
reflected by a linear platelet survival curve.

I
cr

[

[

[The most sensi ti ve indicator of the "collection injury", is the extent of the
transient accumulation of an excess of platelets in the liver. Although this
phenomenon has little effect on the results of platelet kinetic studies, it is
an excellent monitor of the adequacy of the labelling procedure. It also
provides a sensitive method to compare the functional effect of labelling
platelet in saline, with In-lll-oxine or in plasma, with In-lll-tropolone. It
has been suggested that the latter does not induce the temporary accumulation of
platelets in the liver.

[

[

[We have investigated this, and the results are illustrated in Fig 1 and given in
Table III.

[

[,

[

[

[---------------------------------------



]

J
]

MPLS(h) RECOVERY (%) EQUILIBRIUM(%) FINAL(%)

] - 115 -

]

J

]

J
J

J
J

J
]

]

Fig 1: Kinetics of the accumulation of In-lll labelled platelets: the
activity curves clearly indicate the transient accumulati~~ of platelets '
liver. Although the effect is somewhatmore pronounced with the chelate
than with tropolone, the difference is not statistically significant.

]

TABLE III: IN VIVODISTRIBUTIONOFIN-lll

Whole Spleen Liver
Body

Whole Spleen Li
Body

OXlNE 224+23 61+12 100 31+5.6 13+2 97+5 35.6+9 28

TROPOLONE 214+10 66+10 100 27+7.2 9.6+1 91+7 34.6+8 25

]
It is evident that both labelling techniques induce somedegree of "coll
injury" 0 Although the meanpeak hepatic acti vi ty of In-lll-tropolone is s
lower than 'that seen with In-lll-oxine, these differences are not statist
si-gnificant. Also, the results of the MPLSestimated with the two methods
similar. Wecould also not detect significant differences in the equilibr'
final in vivo distribution of the labelled platelets. There was howev
unexplained, somewhatworrying, constant feature of the resul ts with I

0]

'1
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tropolone labelled platelets. After rema1n1ng near 100% for about 4 days, there
was a relatively sharp and significant decrease in whole body radioactivity. We
have not observed this with In-lll-oxine labelled cells. This finding needs
further investigation. It may be related to the relative affinity constants of
tropolone and intracellular proteins for the In-Ill. This abberation may
influence the results of platelet kinetic studies.

~ATIONS

On the basis of these studies and also those reported in the literature, I would
like to make the following recommendations related to the study of platelets
with radionuclide labels:

* In-Ill is clearly the label of choice, and it will certainly eventually
replace Cr-SI. It will therefore be wise to standardize the In-lll-
labelling technique at this relatively early stage and before it is in
general use.

* Al though it may be preferable to label platelets in plasma, there is no
unequi vocal evidence at this stage that the ''collection Lnjury" sustained
by platelets labelled with In-lll-oxine is significantly more severe than
with In-lll-tropolone or In-lll-Merc. Since In-lll-oxine will shortly be
licensed for clinical use in the USA, it is practical and logical to
standardize on In-lll-oxine at this stage.

r

* Platelet populations isolated from whole blood by.differential
centrifugation is satisfactory. The single step technique is adequate for
clinical studies and probably also for most research projects. Harvesting
of the representative total platelet population is useful for the study of
the kinetics of autologous platelets in patients with severe
thrombocytopenia. Also, there is some evidence that platelet function of
different platelet subpopulations may vary. The influence of this on
platelet kinetic studies requires fUrther study before firm recommendations
can be made.

r

r
[

r
* All reports of platelet kinetic studies should include information

substantiating that the labelled platelets are functionally viable.
Although the in vitro aggregation response may be an useful indicator, in
vivo tests of demonstrating viability are essential: recovery in the
circulation, the shape of the platelet survival curve, and if possible to
measure, also the extent of the transient accumulation of platelets in the
liver should all be within acceptable limits.

[

[
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Summary

We describe and evaluate a simple method for labelling
autologous human platelets with Indium-lll-oxine in patients
with severe thrombocytopenia. Twenty patients with immune
thrombocytopenia and platelet counts ranging from 5 to 119 x
109/1 were investigated. Platelets were isolated from blood by
differential centrifugation, residual platelets were repeatedly
washed from the red cell layer and buffy coat and labelled with In-
111 in saline. A mean of 55% ± 21 of platelets were harvested
from the blood, labelled with 49% ± 24 efficiency and 15.8 x 108
labelled platelets reinjected to the patients. Contamination of the
platelets with red cells and plasma was low. The labelled platelets
were viable as assessed by in vitro aggregation, recovery in the
circulation and mean survival time. This method permits quantita-
tive platelet imaging with autologous labelled platelets in patients
with severe thrombocytopenia.

Introduction

Since its introduction by Thakur (1), In-lll complexed with
oxine or other lipophylic compounds. has increasingly become the
preferred patelet ·label. Its physical characteristics are superior to
that of Cr-51-disodiumchromate, recommended in 1977 for this
purpose by the International Committee for Standardization in
Haematology (2). The major advantage of In-Ill is that its high
labelling efficiency for platelets and its high gamma photon
emission results in high platelet specific activity. This permits
quantitative imaging of the in vivo distribution of In-ll1 labelled
platelets (3), and determination of platelet survival with platelets
isolated from relatively small volumes of blood '(1).

We have exploited these advantages of In-111-oxine to study
the kinetics of autologous labelled platelets in immune throm-
bocytopenic purpura (ITP), and have reported our early experi-
ence (4). We now describe and evaluate our method for separat-
ing platelets from whole blood with a low platelet count, and
labelling these with In-111-oxine. The method is simple, does not
adversely affect platelet function and it is possible to harvest and
label sufficient numbers of a fully representative population of
platelets for kinetic studies in the presence of severe thrombocy-
topenia.

Source of Support and Grants: S. A. Medical Research Council and
The Central Research Fund of the University of the Orange Free State

Correspondence to: Professor AduP Heyns, M. R. C. Blood Platelet
Research Unit, P 0 Box 339 (G2), Bloemfontein 9300, Republic of South
Africa .
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Materials and Methods

Patients
Twenty-one patients with chronic ITP were studied. Details of their

peripheral blood platelet counts are given in Table 1.

Separation of Platelets and Labelling Procedure

The procedure for harvesting and labelling the platelets with In-Ill is
illustrated schematically in Fig. 1.

The method is based on those of several previous reports (2, 4-9) and
has been adapted to enable harvesting of a "total" platelet population
from the blood sample. The method is described in detail elsewhere (10).

A 19G "Butterfly" (Abbott Laboratories, North Chicago, Illinois,
USA) was inserted by clean venipuncture into an antecubital vein.
Seventeen ml blood was withdrawn into a polystyrene syringe containing
3 ml acid-citrate dextrose, NIH formula A (ACD-A) (Fenwal, Baxter-
Travenol Laboratories Inc. Illinois, USA). The blood was centrifuged at
1000 x g for 10 min and the supernatant platelet poor plasma (PPP)
retained. Through the same needle 42.5 ml blood was withdrawn, with
continuous gentle mixing, into each of four 50 ml plastic syringes each
containing 7.5 ml ACD-A. The blood was transferred to 8 x 50 ml conical
polystyrene tubes (Falcon 2070; Falcon Labware. Oxnard, California,
USA) so that each tube contained 25 ml of blood. These were centrifuged
for 15 min at 180 x g, platelet rich plasma (PPP) aspirated, and pooled.
Platelets were then washed from the red cell layer. The cells were
resuspended by adding Plasmalyte B (Baxter; Baxter-Ttavenol
Laboratories Inc., Illinois, USA) to the original volume of the citrated
blood. The suspension was centrifuged at 750 x g for 3 min, the
supernatant removed. and pooled with the PRP. The washing procedure
was repeated four times. The pooled PRP was acidified to pH 6.5 ± 0.2 by
adding 0.5 ml ACD-A for each 10 ml of PRP. The PRP was centrifuged
for 6 min at 180 x g to remove contaminating red cells. if necessary, and
supernatant PRP aspirated. The platelets were concentrated to a pellet by
centrifuging for 25 min at 750 x g. The supernatant PPP was decanted and
discarded. Traces of plasma was removed by layering and decanting twice.
2 ml of physiological saline. Care was taken not to disturb the platelet
button.

The platelet pellet was resuspended gently in 2 ml physiological saline
prewarmed to 37° C. The required volume of In-l l l-oxine (Radiochemi-
cal Centre, Amersham UK) was added: generally this was about
18.5 MBq (500 !ICi). The suspension was incubated at 3T C for 1 to 2
min, and 3 ml PPP added. The mixture was centrifuged for 25 min at 750
x g and the supernatant decanted. The radioactivity associated with
platelets and the supernatant was measured in a dose calibrator.

The labelled platelets were finally resuspended in 5 ml PPP, and a
0.3 ml aliquot removed for a platelet count and an in vitro aggregation
study with ADP. The aggregation response was considered normal if
platelet clumps consisting of more than 10 platelets "Were seen (8). The
platelets were administered to the patients after allowing platelets to
recover from the "collection injury" by leaving at room temperature for
1 hr after labelling.

Platelets were counted with an electronic particle counter (11) or. if
less than 30 x 109/1.by phase microscopy (12). Platelet labelling efficiency
with In-Ill, and determination of percentage recovery of platelets from
the whole blood sample was determined as described elsewhere (10).
Contamination of labelled platelets by plasma and red cells was measured
as recommended by the ICSH (2).
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normal subjects, 90% ± 3. Labelling efficiency correlated posi-
tively with the blood platelet count (r = 0.8006, p <0.00(5), and
the number of platelets recovered for labelling (r = 0.5338,
p <0.01).

The platelets were labelled with 6.7 MBq ± 4.3 In-111 (range
2.7 to 16.2). This radioactivity eventually available for kinetic
studies did not differ (p >0.2) from that utilized for this purpose
in subjects with normal platelet counts.

Red cell contamination of the PRS was low, 1.4% ± 1.6 (range
o to 6%) and did not differ significantly from that found in
subjects with normal platelet counts (p >0.15). However, con
tamination of PRS with plasma was 7.3% ± 5.9, which wa
significantly (p <0.005) higher than that of normals. In a few
instances (subjects 2, 4, and 6) contamination of labelled platelet
with radioactive plasma was excessively high. '

Platelet Survival in the Circulation

Platelet survival studies were performed on whole blood specimens as
recommended by the ICSH (2). Blood samples were collected at 5, 15,30,
45,60,90 and 180 min after reinjection of labelled platelets and thereafter
as necessitated by the changes in blood radioactivity counts. Blood
volume was estimated (13). Mean platelet survival was calculated by least-
squares computer fitting to a gamma function (14). Platelet recovery in
the circulation at equilibrium was derived by back extrapolation of the
platelet survival curve to zero time.

Statistical Analysis

Student's Hest were used to test for differences between means. The
strength of the linear relationship between two variables was tested with
the sample correlation coefficient (r), and its significance determined with
the Hest.

lResults

Kinetics of In-1l1-0xine Labelled Platelets
Platelet Harvesting and Labelling

The results are summarized in Table 1. All the patients were
thrombocytopenic. The mean blood platelet count was 24 x 109/1
± 31 (range 5 to 119 x 109/1). Fifteen of the patients had platelet
counts less than 20 x 109/1.

The repeated washing technique removed virtually all platelets
from the blood: the mean percentage platelets harvested and
present in the PRP was 98% ± 2. Platelets were however lost in
the concentration procedure and a mean of 55% ± 21 of the total
number of platelets present in the original blood sample were
recovered in the platelet rich saline (PRS) in which platelets were
labelled. This was significantly (p <0.0005) less than the percen-
tage platelets recovered from blood of normal subjects (87% ±
7).

The mean platelet labelling efficiency with In-Ill was 49% ±
24, and this was significantly (p <0.0005) lower than that in

A mean of 15.8 x 108 ± 16.1 (range 2.3 to 52 x 108) labelle
autologous platelets were reinjected. This was significantly les
than the 160 x 108 ± 60 labelled platelets reinjected in studies (
normal subjects. There was a positive correlation between bloo
platelet count and number of labelled platelets available fc
reinjection (r = 0.6841, p <0.005). The labelled platelets aggr
gated normally when exposed to ADP as judged under tt
microscope.

The mean percentage of labelled platelets recovered in ti
circulation at equilibrium was 55% ± 22. This was significant
lower (p <0.0005) than in the normal reference group.

As was expected, mean platelet survival in the circulation w
short, 35 h ± 27.4. Mean platelet survival time did not correla
significantly with the percentage recovery in the circulati
(r = - 0.1385, p >0.25).

Table J Patient and In-l l l-oxine labelling data

Patient Platelet Platelets Labelling Contamination of In-111-oxine Platelets Recovery Platelet
count harvested efficiency platelets ("lo) administered injected in cir- survival
(x 1O-9n) for ('Yo) Red cells Plasma MBq (!lCi) (x lO-R) culation (h)

labelling ("lo )
("lo )

1 24 23 44 1.8 7.8 4.1 (ISO) 26.5 47 20.1
2 IS 64 34 0.0 24.0 4.1 (ISO) 44.9 60 24.1
3 35 42 SI 0.0 5.2 3.3 (123) 6.9 SI 30.7
4 IS lOO 49 0.0 14.0 2.9 (l08) 25.9 30 93.0
5 8 34 41 2.6 3.7 8.4 (309) 7.3 47 64.9
6 8 lOO 21 3.4 19.0 3.5 (130) 41.1 30 91.4
7 20 40 66 6.0 8.0 2.7 (100) 28.4 72 31.9
8 10 SS 23 0.0 3.8 3.5 (131) 11.0 92 40.1
9 66 49 74 0.0 2.0 18.9 (700) 4.5 81 16.2
10 13 52 40 3.1 4.1 5.4 (200) 2.3 40 10.4
11 18 29 39 0.5 6.0 5.4 (200) 4.0 51 5.0
12 8 52 31 0.7 5.2 6.8 (250) 3.5 62 12.9
13 4 59 29 0.8 3.5 5.4 (200) 2.7 88 4.3
14 119 66 74 0.0 2.3 10.3 (380) 52.0 58 37.6
IS 88 60 82 0.8 1.7 16.2 (600) 4.0 76 20.8
16 5 91 30 2.1 10.7 4.1 (ISO) 4.5 IS 37.6
17 12 SO 37 0.1 0.2 9.7 (360) 3.4 79 35.6
18 8 38 50 2.6 8.0 4.6 (170) 4.4 59 81.5
19 5 53 35 0.6 6.2 6.8 (250) 4.0 40 7.2
20 7 50 38 2.3 10.7 8.1 (300) 5.2 16 35.6

Mean + 24 ± 31 SS ± 21 49 ± 24 1.4 ± 1.6 7.3 ± 5.9 6.7 ± 4.3 15.8 ± 16.1 SS ± 22 35 ± 2
ISO (248 ± 160)

Reference 150-400 87 ± 7 90 ± 3 1.5 ± 1 2.2 ± 1 8.2 ± 3 160.0 ± 60 61 ± 12 224 ± 2
(± ISO; n = 28)
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Fig. J Schematic presentation of the procedure for washing platelets
from red ceU layer and labelling human platelets will In-l l l-oxine (for
details see Methods).

Discussion

Platelet survival studies have become an accepted investigative
method for the clinical and experimental investigation of platelet
and thrombotic disorders. A major problem has been the
labelling of platelets in the face of severe thrombocytopenia,
especially in ITP. This has also been the case with [Cr-Sl l-sodium
dichromate, the platelet label recommended by the ICSH (2).
This radionuclide labels platelets with a very low efficiency of 6 to
10% and it has only 9% gamma photon emission. Thus, large
volumes of blood have to be withdrawn and blood platelet counts
have to be greater than 25-50 x 109/1 for platelet kinetic studies
with autologous Cr-Sl-labelled platelets in ITP (IS, 16). If these
requisites could not be satisfied, homologous platelets were
labelled. Since patients may have platelet iso-antibodies with
consequent shortened mean platelet survival times, and infections
are a real risk, platelet kinetic studies with homologous labelled
platelets are obviously far from ideal.
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These problems have to a large extent been overcome by the
introduction of In-l l l-oxine as platelet label (1). This radionuc-
tide has superior physical characteristics, a high platelet labelling
efficiency, and may be used for platelet survival studies and
quantitative platelet imaging. The results, of this study where
autologous platelets could be labelled des~te the severe throm-
bocytopenia, highlight the advantages of In-l l l-oxine.

We have adapted a method of Corash et al. (5) and washed the
maximum number of platelets from the red cell layer of the whole
blood. This was done because 14-31 % of platelets may be lost in
the red cell fraction and in the buffy coat (17-19). This is possibly
important in ITP since it has been suggested that those platelets
that are not harvested by conventional means are young and
functional platelets (15, 20, 21), the typical platelet population of
ITP (22, 23). We prefer to use the commercially available
balanced solution of electrolytes, Plasmalyte B, for the washing
procedure since it is nonpyrogenic and sterile. Aliquots may be
sealed in ampoules and stored for later use, to reduce costs. It is
however likely that solutions such as that of Tyrode (7, 9) will be
as effective. In normal subjects 98 ± 2% of platelets are washed
from the blood, but since some platelets are lost in the concentra-
tion and resuspension procedures, a mean of 87 ± 7% of platelets
in the blood are eventually labelled (10). In these patients with
ITP we harvested fewer platelets, 55 ± 21%. The platelets which
were lost probably did not represent a specific population since
the mean platelet volume distribution did not change during the
concentration steps (personal observation). However, in view of
recent reports (24-26) which suggest that platelet density and
volume are determined during thrombopoiesis, rather than
platelet aging, the harvesting of a total platelet population might
not be critical at all. The number of labelled platelets which were
reinjected, 15.8 x 108 ± 16.1, was adequate for the determination
of mean platelet survival and quantitative imaging of the in vivo
distribution of platelets even at the lower limits of approximately
2.3 x lOS labelled platelets. As expected' there was a positive
correlation between the blood platelet count and the number of
labelled platelets available for reinjection.

The repeated cycles of washing of the platelets from the red
cell layer had no adverse effect on in vitro platelet aggregation.
Recovery in the circulation after reinjection of labelled platelets
was variable, with amean of 55% ± 22. This is about 10% lower
than that of normal subjects but the difference was not significant
(p <0.2). This is in agreement with the findings of Harker (15)
who obtained normal recoveries in ITP. We have no explanation
for the low recoveries reported by Branehëg et al. (16).

Contamination of the labelled platelet population with red cells
and plasma was acceptably low, although for unknown reasons
some patients had high radioactivity associated with the plasma. It
is -possibië-that- nót-all-labeÏled- platelets were sedimented by
centrifugation when the standards were prepared (2). Since the
platelet count of the pellet is relatively low, this contamination of
plasma by a few platelets will give a false impression of contami-
nation. Platelet survival was shortened in all the patients with
ITP. We have previously noted that the mean survival of In-Ll l-
labelled autologous platelets in ITP is relatively long compared to
studies reported with Cr-Sl-labelled homologous platelets (4).
The reasons for this is not clear. It is possible that Cr-SI is more
readily released than In-111 from labelled platelets by antiplatelet
antibody (27). This will give a spuriously low estimate of mean
platelet survival. It is thus probably more appropriate to label
platelets with In-Ill than Cr-SI in studies of ITP.

The simple method we describe for the harvesting and labelling
of a representative population of autologous platelets in patients
with severe thrombocytopenia may be recommended. Reagents
are readily available, and there is not evidence of alteration of in



vitro or in vivo platelet function. The higher specific activity of
labelled platelets, the low rate of elution, and the physical
characteristics of In-111, make it possible to measure mean
platelet life span accurately and to perform quantitative platelet
imaging. There is little doubt that In-111 is now the preferred
radio nuclide for platelet labelling.
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Evaluation of Mathematic Models
to Assess Platelet Kinetics
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Mattheus G. Lotter, Anthon du P. Heyns, Philip N. Badenhorst, Paula Wessels,
J. Martin van Zyl, Harry F. Kotze, and Philip C. Minnaar

Biophysics Department and South African Medical Research Council Blood Platelet Research
Unit, University of the Orange Free State, Bloemfontein, South Africa

Twelve mathematic methods used to calculate the mean platelet survival time were compared
by determining the "goodness of fit" of the models to the platelet survival curves of 15
reference subjects and 54 patients. Platelets were labeled with ["'Injoxine. The linear (LN),
exponential, weighted mean, multiple hit (MH), Domhorst (OH), Meuleman (ML), alpha order
(AO), and polynomial (PO) mathematic models were investigated. The goodness of fit for the
exponential model was determined by the non linear least squares method (EP), and also by
the linear least squares method on logarithmically transformed data (EX) as is recommended,
The modified weighted mean (MWM) and the usual weighted mean method (WM) obtained
with these exponential models were tested. The Domhorst (OH10) and Meuleman (ML 10)
models, where the potential age-dependent platelet survival times were kept constant at 10
days, were also evaluated. The goodness of fit results, expressed as % s.d. indicated that the
LN (5.2%), EX (5.0%), EP (4.4%), WM (3.7%), OH10 (3.7%), and MUO (3.7%) models all
fitted the data significantly worse than the MWM, MH, OH, ML. AO, and PO models (range
3.2-3.3%). The mean platelet survival time determined with the MH model differed
significantly from the results with the OH, ML; and AO models. The results of mean platelet
survival time calculated with different mathematic models cannot, therefore, be compared
directly. The models that fitted the platelet survival curve well varied slightly in sensitivity to
noise as is indicated by the coefficient of variation of the mean platelet survival time estimates
for the reference subjects (range 7.9-12.0%). Rtting data to at least two mathematic
models has definite advantages. Data on which the calculations are based are probably
invalid if the following are true: (a) if the mean platelet survival time estimated with the alpha
order model is shorter than that estimated with the EP, MWM, or MH models, or (b) the mean
platelet survival time estimated with either the OH, ML, AO, or PO models, is longer than the
LN, MWM, or MH estimate of the mean platelet survival time. We conclude that the mean
platelet survival time can be reliably estimated by fitting the data to either the MWM method
(if limited computing facilities are available) or the MH model. Confidence in the result will be
increased if considered in conjunction with the finding obtained with one other model; in those
cases where the platelet survival time is very short, the alpha order model is recommended.
In other instances the results of the MWM method or MH model should be compared with
that obtained with either the OH, ML. AO, or PO models.

J Nuel Med 27:1192-1201, 1986

Shortening of the platelet life span is generally ac-
cepted as an important reflection of in vivo platelet
activation. This measurement has been especially val-
uable for the understanding of the role of platelets in
(a) various diseases characterized by thromboembolic
phenomena or thrombocytopenia, (b) the evaluation of
the efficacy of drug therapy in these diseases, and (c)

for the detection of some prethrombotic states. The
accurate measurement of platelet life span is a
prerequisite for the adequate investigation of these
disorders.
The available methods for isolating or labeling a

cohort of platelets of the same age are unsatisfactory
and cannot be used in clinical studies. Therefore, a
population of platelets representative of those in the
circulation is isolated, labeled with a radionuclide, and
reinjected. The mean survival time of the labeled plate-
lets is indirectly estimated from the ratio of the

Received May 14, 1985: revision accepted Dec. 30, 1985.
For reprints contact: Mattheus G Lotter, Biophysics Dept.,

UOFS, Bloemfontein. South Africa.
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FIGURE 1
Calculation of mean platelet survival time is demon-
strated. Period A to B represents equilibrium phase.
Mathematic model is fitted from B to C and regression
curve. indicated by solid line. is generated. This curve
is back extrapolated from B to D as indicated by dotted
line. At D y-intercept and initial slope can be determined

y-intercept and the initial slope of the platelet survival
curve (1,2). This curve is constructed from the radio-
activity of the labeled platelets remaining in the circu-
lation. This is measured in blood samples taken at
appropriate times after the reinjection of the labeled
platelets. The y-intercept and the initial tangent of the
survival curve cannot be directly measured because the
stability of the early part of the curve is disturbed by
the redistribution of platelets between the circulation
and the splenic platelet pool, and by the temporary
accumulation of platelets in the liver. The latter, as-
cribed to the "collection injury," varies in severity. The
labeled and circulating platelets only equilibrate after
1-24 hr. This results in a plateau of the early phase of
the platelet survival curve (3,4). Only the later part of
the survival curve will reflect the true rate of clearance
of platelets from the circulation. The y-intercept and
slope of the curve can be determined only by back
extrapolation of this part of the curve (Fig. 1).Although
extrapolation may be performed visually, this method
is subject to errors and bias. Mathematic models have
therefore been developed to facilitate accurate fitting of
the platelet survival curve to the data by using statistic
methods. The regression constants generated by the
mathematic models permit more precise estimation of
the initial parameters. It should be noted that these
mathematic models are not required to be based on
valid physiologic assumptions. They solely function to
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improve the "goodness of fit" of the platelet survival
curve to the data points .
Although many such models have been applied to

the study of platelet kinetics in health and disease, little
,\

information is available on their comparative value or
on their suitability under specific pathologic conditions
(5-9). The present study focuses on these questions. It
also specifically provides information on the estimate
of mean survival of autologous platelets labeled with
indium-lll- eilin) oxine, a radionuclide complex
which has specific advantages for the study of platelet
kinetics (3,10).

MATERIALS AND METHODS

21 Subject Selection
Platelet survival was determined in 15 reference subjects

and on 54 patients with a variety of disorders. The patient
group consisted of four patients with valvular disease of the
heart. 17 with previous renal transplantation, 14 with idi-
opathic thrombocytopenic purpura, two with diabetes melli-
tus, 14 with heterozygous Type Ha familial hypercholestero-
lernia, and three with aortic aneurysms. All subjects were in a
steady state of platelet production and destruction during the
course of investigation. This was reflected by a constant blood
platelet count.

Platelet Labeling
Platelets were labeled with [lllln]oxine as previously de-

scribed (9-11). Eighty-five milliliters of blood were collected
in a polystyrene syringe containing 15 ml acid citrate dextrose
and NIH formula A (ACD) as anticoagulant. Platelet rich
plasma (PRP) was obtained by centrifugation of the blood at
180 g for 15 min. Platelets trapped in the red cell layer were
harvested by washing four times: blood was centrifugated at
750 g for 3 min, the supernatant removed, and the cells
resuspended in Plasmalyte B electrolyte solution: After acid-
ifying to pH 6.2-6.5 with ACD, platelets were sedimented by
centrifuging at 800 g for 30 min. The platelet pellet was
resuspended in physiologic saline and incubated for 30 min
with [Ill In ]oxine. The labeled platelets were washed with, and
finally resuspended in, autologous platelet-poor plasma.

Labeled platelets were used for io vivo studies only if in
vitro aggregation with ADP and collagen was normal (3,9,10).
A dose not exceeding 500 ,.,.Ci (18.5 MBq) of IIlln was
administered.

Following injection of the labeled platelets, blood samples
were obtained at 5, 10, 15, 30, 70, and 90 min, and daily
thereafter. In patients with short mean platelet survival times,
blood sampling was appropriately spaced so that at least eigbt
valid data points were available for curve fitting. Blood sam-
ples of 3 ml were directly collected in the counting vials, the
mass determined, and water added to a constant final volume
of 4 ml. The samples were counted in a well scintillation
counter with the pulse-height analyzer set to include the 172
and 247 keY peaks of 111In. The measured count rate was
corrected for background and mass. Plasma 1IIIn activity was
determined in all cases, and was <5%.
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MATIlEMA TIC FUNCTIONS AND METHODS TO
FIT PLATELET SURVIVAL CURVES

The followingmathematic functions (see full description in
Appendix) were fitted to the data points reflecting the rate of
clearance of platelets from the circulation:

Linear Function (LN) (11,12)

Exponential Function (1l,12)
Two methods were used to fit the data to an exponential

function. In the first method (EX) the regression constants for
the exponential model were calculated as recommended by
the ICSH; the data were logarithmically transformed and the
curve fitted with the linear least squares method (11). In the
second method (EP), the curves were fitted with the Newton-
Gauss method, an iterative nonlinear least squares technique
(lJ). The latter method was investigated because the ICSH
recommends that the discrepancies between the fitted line and
data points be calculated without logarithmic transformation
of the data. The nonlinear least squares technique minimizes
these discrepancies (11,J J).

Weighted Mean Function (11,12)
This was calculated by two methods, dependent on the

method used to fit the data to an exponential function. The
first method (WM) was according to the recommendations of
the ICSH where the exponential regression curve is con-
structed after transforming the data logarithmically (11). For
the second. a modified weighted mean method (MWM), the
exponential regression constants were obtained by fitting the
data with a nonlinear least squares technique. The variance
of the linear, exponential, and modified weighted mean meth-
ods was calculated. If the variance of either the linear or
exponential models was lessthan that of the modified weighted
mean method, the result of the method that fitted the data
best was used as the estimate of the mean platelet survival
time b)t the modified weighted mean method. This modifica-
tion was introduced to minimize the influence of noise when
data points weredistributed perfectly linearly orexponentially.

Alpha Order Function (AO) (U)
This function was fitted to the survival curve data by the

Newton-Gauss iterative nonlinear least squares technique
(1J). Initial estimates of regression constants for the iteration
procedure were selected as follows. The .initiation constant ko
was set to unity and alpha, "a," replaced by the weighted
mean estimate of the variance shape factor (12). The rate
constant "k" was calculated substituting the alpha order mean
platelet survival time, T., by the weighted mean estimate, Tw
(see Appendix):

k = (lIT ...) [1 + (I - a)kol.

Polynomial Function (PO)
Only the second degree polynomial function was used. The

higher degree polynomial functions were found to be too
sensitive to noise and outliers.

Multiple Hit Function (MH) (11)
The curve fitting technique described by the ICSH was

used. Initial values for iteration were obtained from the linear
and exponential curve fitting procedures (11).

1194 Lotter, Heyns, Badenhorst et al

Dornhorst Function (J1,15)
The curves were fitted with the Newton-Gauss iterative

nonlinear least squares technique (1J). Mean platelet lifespan
was determined by two methods. First (OH 10), the potential
age-dependent platelet survival time was kept constant at the
value determined for normal subjects, 10 days. In the second
method (OH), the potential age-dependent platelet survival
time as determined for the specific patient was used.

The iterative nonlinear curve fitting technique requires
initial estimates of the potential age-dependent platelet sur-
vival time and the rate constant, "k." The first was taken to
be 10 days, and the initial estimate of k was calculated by
solving the following equation by the Newton-Raphson
method (16) (see Appendix):

Td = [1 - exp(-knl/k.

The weighted mean estimate of the platelet survival time, Tw,
was used in the initial value ofTd, the Dornhorst estimate of
the mean platelet survival time.

Meuleman Function (17)
Curve fitting of the Meuleman function (ML and MLlO) was
performed as was described for the Dornhorst function.

CURVE FITTING PROCEDURE

A computer program in Fortran, executed on a nuclear
medicine digital imaging system, was developed to fit survival
curves to the mathematic models. The survival curves were
entered by keyboard and stored on the system database. Curve
fitting, with any of the above models, was menu driven. It
allowed graphic display of the curves to select the range of
points for curve fitting. The data points were selected visually
as follows. The first point included was that reflecting the
highest blood radioactivity after equilibrium had been
reached. All subsequent data points with radioactivity> 10%
that of the initial counts were included. The goodness of fit of
the data points to each of the mathematic models was visually
evaluated by inspecting the graphic display of the survival and
regression curves on the computer terminal. Print-out of
results, including all relevant information such as regression
constants, mean platelet survival time, and indication of good-
nessof fit could be selected by menu. A hard copy of measured
and regression survival curves could then be recorded with a
four-color plotter. A separate graphics package was developed
for use with the system database.

COMPARISION OF MATIlEMATIC MODElS

The different mathematic models were compared by cal-
culating the root mean square of the difference between the
measured and regression survival curve points. This value,
reflecting the goodness of fit, was expressed as a percentage of
the y-intercept and designated as the % s.d. The survival
curves with different count rates could thus be compared.

The % s.d. and mean platelet survival time calculated for
the different models were compared with Hotteling's multi-
variate T-squared statistic to test the hypothesis of equality of
means (16,18). The patients were considered to be a random
sample from a population and a log-transformation applied
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TABLE 1
Percentage Standard Deviation (PSD) of Platelet

Survival Curve Points Around Fitted Curve

Whole Reference
group subjects
(69) (15)

Model PSD s.d. PSD s.d.

Unear 5.2 3.4 2.9 1.3
Exponential (EP) 4.4 1.8 4.8 1.3
Exponential (EX) 5.0 2.4 6.1 2.6
Modified weighted mean 3.4 1.9 2.6 1.2
Weighted mean 3.7 2.3 2.6 1.2
Multiple hit 3.3 1.8 2.5 1.4
Domhorst 3.3 1.9 2.5 1.3
Domhorst (DH10) 3.7 1.8 2.9 1.3
Meuleman 3.4 1.9 2.5 1.3
Meuleman (ML10) 3.7 1.8 2.9 1.3
Alpha order 3.2 1.8 2.5 1.4
Polynomial 3.3 1.9 2.5 1.3

to the % s.d. and mean platelet survival time data. The
multivariate model incorporates different observations that
may be dependent, on the same patient. In those instances
where the means differed significantly, multiple comparisons
of the means were used to identify those differences which
were responsible for the rejection of the hypothesis of equality
of means.

The influence of experimental error (~noise") on the esti-
mate of mean platelet survival was determined by the
coefficient of variation (CV) in the normal subjects.

RESULTS

Evaluation of Mathematic Models: Goodness of Fit
Goodness of fit achieved by the different mathematic

models were evaluated by calculating the % s.d. The results
of the mean % s.d. for the reference subjects, and for the
whole group (patients and reference subjects) determined for
all the mathematic models are given in Table I. The range
was 3.2-5.2% for the whole group and 2.5-6.1 % for the
reference subjects. The differences in the % s.d. of data fitted

with the different models are given in Table 2. The % s.d. of
the LN model and the fitting of the data to the exponential
model both by a linear least squares fit of logarithmically
transformed data (EX) or by the linear leasi squares method
(EP) was significantly (p < 0.01) larger than that of the other
models: the differences exceeded 0.6%. These models are
therefore not suitable for the calculation of the mean platelet
survival time. Also, the mean % s.d.s obtained by the Dom-
horst model where the age-dependent survival time is held
constant at the normal value (DH 1D), were significantly larger
than the MH (p < 0.01), DH (p < 0.01), ML (p < 0.05), AO
(p < 0.05), and PO (p < 0.05) models. The % s.d. associated
with the Meuleman model, with a constant age-dependent
survival time (MLlO), was larger than that of the MH (p <
0.01), DH (p < 0.05), and AO (p < 0.05) models. The % s.d.
obtained with the WM model was significantly larger (p <
0.01) than that obtained with the MH and DH models. The
% s.d. of the MWM and DH models differed significantly (p
< 0.05). The good correlation of the % s.d.s associated with
those mathematic models which did not differ significantly is
shown in Fig. 2.

In the reference group, the % s.d. of the exponential model,
obtained by both methods of curve fitting (EX and EP), and
the other models differed significantly (Table 3). The
exponential models, therefore, fitted the data poorly.

Platelet Survival1ïme
We next investigated whether the mean platelet survival

times estimated with those mathematic models that fitted the
survival curves equally well differed. The mean platelet sur-
vival time (ST), standard deviation (s.d.), and coefficient of
variation (CV) are presented in Table 4. The estimate of the
mean platelet survival time for the reference subject group
varied from 204.2 ± 24.5 hr for the DH model to 227.7 ±
17.7 hr for the MH model. The mean platelet survival time
estimated by the MH model was significantly longer when
compared with that measured with the DH (p < 0.01), ML (p
< 0.01), and AO models (p < 0.05) (Table 5). The estimate
with the WM method was also significantly longer (p < 0.05)
than the DH and ML models. In the reference subjects there
was also a significant difference (p < 0.01) between the mean
platelet survival time calculated with the MH method com-

TABLE 2
Differences in PSD for Mathematic Models Investigated in Patient Group and Reference Subjects (N = 69)

MOdel EP EX MWM WM MH DH DH10 ML MUD AO PO

LF 0.9 0.2 1.8t 1.5t 1.9t 1.9t 1.6t 1.9t 1.6t 2.0t 2.0t
EP -0.6t 1.0t 0.71 1.1t 1.1t 0.71 1.0t 0.71 1.2t 1.1t
EX 1.6t 1.3t 1.71 1.71 1.3t 1.71 1.4t 1.8t 1.71
MWM -0.3 0.1 0.1' -0.3 0.1 -0.2 0.2 0.1
WM O.4t O.4t 0.0 0.3 0.0 0.5 0.4
MH -0.0 -O.4t 0.0 -0.3t 0.1 0.0
DH -O.4t -0.0 -0.3' 0.1 0.0
DH10 0.3' 0.0 0.5' 0.4'
ML -0.3 0.2 0.1
MUD 0.4' 0.4
AO -0.1

'Difference significant at p < 0.05.
t Difference significant at p < 0.01.
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AGURE 2
A: Comparison of the percentage standard deviation
(PSO) calculated by modified weighted mean (MWM)
and multiple hit (MH) methods. Correlation coefficient
of r = 0.989 was obtained for whole group of patients
and reference subjects. B: Comparison of PSO calcu-
lated by Oomhorst (OH) and multiple hit (MH) models (r
= 0.993). C: Comparison of PSO calculated by multiple
hit (MH) and alpha order (AO) models (r = 0.879)

pared to that with the OH, ML, and the PO models (Table 6).
The estimated mean platelet survival time with the AO model
also differed significantly (p < 0.05) from that with the OH
and ML models. The estimated mean platelet survival time
with the OH and ML models were nearly identical.
. The range of the mean platelet survival time (CV) observed
in the reference subjects was used as an approximate indicator
of the sensitivity of the mathematic models to noise. The CV
for the MH model was 7.9% (Table 4). The range of the CV
for the MWM. OH. ML PO, and AO models was 9.9-12%.

There was good correlation (r = 0.986) of mean platelet
survival times calculated with MH and MWM models (Fig.
3). In addition. the MH and OH models correlated well (r =
0.962), despite a deviation from the linear regression line in
some instances where the mean platelet survival time fell
within the normal range (Fig. 4). This deviation was not
observed when the OH. ML. AO, and PO models were cor-
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related (Fig. 5). Deviations from the linear regression line
within the normal range was accompanied by another finding:
the estimate of the mean platelet survival time with the OH,
ML, AO, and PO models was longer than that obtained by
fitting the data to the LN model. This finding was reflected
by a slightly concave shape of the platelet survival curve.

DISCUSSION

Although the method of labeling platelets with chro-
mium-51 has been widely used, the estimation of plate-
let life span with IIIIn-labeled platelets has been vali-
dated and is now generally regarded as superior (4,9,
10). The latter radionuclide also permits quantitative
imaging of the in vivo distribution of platelets. This has
some important advantages when determining the
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TABLE 3

Differences in PSD for Mathematic Models Investigated in Reference Subjects (N = 15)

EP EX MWM WM MH DH DH10 ML ML10 AO '~Model PO

-1.9' -3.2t 0.3 0.3 0.4 0.4 -0.0 0.4 -0.0 0.4
-1.3t 2.2t 2.3t 2.3t 2.3' 1.9t 2.3' 1.9t 2.3'

3.5t 3.5t 3.6t 3.6' 3.2t 3.6' 3.2' 3.6'0.0 0.1 0.1 -0.3 0.1 -0.3 0.1
0.1 0.1 -0.3 0.1 -0.3 0.1

0.0 -0.4 0.0 -0.4 0.0
-0.4 0.0 -0.4 -0.0

0.4 0.0 0.4
-0.4 -0.0

0,4

LF
EP
EX
MWM
WM
MH
DH
DH10
ML
ML10
AO

0.4
2.3'
3.6'
0.1
0.1
0.0

-0.0
0.4

-0.0
0.4
0.0

, Difference significant at p < 0.05.
t Difference significant at p < 0.01.

the liver after reinjection of "'In-labeled platelets was
<5%.

One of the major problems in estimating the mean
platelet survival time is the decision to include or
exclude initial data points on which the calculation of
the rate of clearance of platelets from the circulation
will be based. We did not use an automatic mathematic
method but relied on visual inspection of the selected
data points and correlating this with the data obtained
from the in vivo quantification of platelet distribution.
Excessive collection injury can readily be recognized by
visual inspection and correlation with quantitative data
of organ radioactivity. The signs of collection injury are
as follows: The early plateau of the platelet survival
curve is prolonged or fluctuates markedly, and radio-
activity in the liver does not reach a plateau or remains
higher than expected (9,10). Care was also taken to
include a sufficient number of appropriately spaced
data points for fitting the survival curve.

Although the ICSH has recommended the weighted
mean, multiple hit, and Dornhorst models for the esti-
mate of platelet life span (11), other mathematic models
have their proponents (19-22). We have slightly mod-
ified the weighted mean method recommended by the
ICSH (11). We determined the regression constants by

mean platelet survival time. Monitoring of the extent
of the early accumulation of labeled platelets in the
liver permits more precise evaluation of the "collection
injury." Also, the size of the exchangable splenic platelet
pool may be estimated accurately by quantitative
imaging. These advantages were exploited in our study.

The confidence in the accuracy of the estimate of
platelet life span is dependent on accepting a number
of assumptions and satisfying certain basic prerequi-
sites: platelet production and destruction must be in a
steady state, the platelet population isolated for labeling
must be fully representative of those in the circulation
and a subpopulation of either younger or older platelets
should not be harvested, and in vivo elution of the label
must not be excessive. In the present study, platelets
were labeled with a validated method (9,10). Only those
patients in a steady state of platelet destruction and
production were included. There was no evidence of
severe in vitro damage to platelets: This was reflected
by an adequate in vitro platelet aggregation response,
normal recovery of labeled platelets in the circulation,
and the transient excess accumulation of platelets in

TABLE 4
Estimation of Mean Platelet Survival TIme (hr) with

Different Mathematic Models
TABLE 5

Differences in Mean Platelet Survival TIme Obtained
with Mathematic Models in Reference Subjects and

Patient Group (N = 69)

Whole Reference
group subjects
(69) (15)

Model ST s.d. ST s.d, CV

Unear 176.9 72.5 232.6 15.2 6.5
Exponential (EP) 97.8 42.1 122.7 15.4 12,5
Exponential (EX) 87.5 37.1 99.9 15.9 15.8
Modified weighted mean 144.0 74.3 2.14.3 23.0 10.7
Weighted mean 145,0 69.0 215.4 19.1 8.9
Multiple hit 149.4 75.6 222.7 17.7 7.9
Domhorst 142.4 78.2 204.2 24.5 12.0
Meuleman 143.1 78.5 204.7 24.1 11.7
Alpha order 146.2 87.6 212.4 21.0 9.9
Polynomial 147.3 78.4 206.8 22.6 10.9

Model WM MH DH ML AO PO

MWM -1.0 -5.4 -1.6 0,9 -2.1 -3.2
WM -4.4 2.6' 1.9' -1.2 -2.3
MH 7.0t 6.3t 3.3' 2.2
DH -0.7 -3,8 -4.9
ML -3.0 -4.1
AO -1.1

, Difference significant at p < 0.05.
t Difference significant at p < 0.01.
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Table 6 0
Differences in Mean Platelet Survival Time of CO')

Reference Subjects Estimated with Mathematic
CO')

Models (n = 15) ~
Model WM MH DH Ml AO PO x
MWM -1.1 -8.4 10.1 9.6 2.0 7.5 0

WM -7.3 11.2 10.7 3.0 8.6 0
N

MH 18.51 18.01 10.3 15.91 w N

DH -0.5 -8.1' -2.5 :f

Ml -7.6' -2.0 ï=
AO 5.6 ~~

>

. Difference significant at p < 0.05. > 0
a:: .-

1Difference significant at p < 0.01. ::::l .-
(/I

nonlinear least squares calculation rather than by a
linear least squares fit of logarithmically transformed
data. The nonlinear curve fitting technique improved
the goodness of fit for the exponential model signifi-
cantly. We also preferred to adopt the result with either
the linear or the exponential models rather than that of
the modified weighted mean model if the % s.d. of data
points from the fitted line of the latter was greater than
that of either of the former. These modifications, which
are logical and do not increase the complexity of the
calculations, improved the goodness of fit of the modi-
fied weighted mean method (Table 2). It is, therefore,
preferred over the ICSH weighted mean method.

On the basis of our results we could divide the ability
of the models to fit the data info three groups. The
linear and exponential models fitted the platelet survival
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AGURE 3
Comparison of mean platelet survival time estimated by
modified weighted mean (MWM) and multiple hit (MH)
models (r = 0.986). Regression curve close to line of
identity was obtained
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FIGURE 4
Comparison of mean platelet survival time estimated by
Domhorst (DH) and multiple hit (M H) models (r = 0.962).
There was deviation of some points from regression
line for survival times exceeding 200 hr

curves of the patients badly. The poor fit of the data by
the regression curves resulted in an inaccurate estimate
of the mean platelet survival time. This finding is in
agreement with results reported by Paulus (20). Esti-
mates of the mean platelet survival time were in many
cases in error by 50-300%. These methods can ob-
viously not be recommended. Our results also indicate
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AGURE 5
Comparison of mean platelet survival time estimated by
Domhorst (DH) and alpha order (AO) models (r = 0.949)
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that the weighted mean method applied as recom-
mended by the ICSH, and the variations of the Dom-
horst and Meuleman models where the potential age-
dependent platelet life span is kept constant at 10 days
(the normal platelet survival time), also fit the data
fairly poorly. Our modification of the weighted mean
model, multiple hit, Domhorst, Meuleman, alpha or-
der, and polynomial models all performed well and
there was no evidence that anyone of these is definitely
superior.

Although these mathematic models fitted the curves
equally well. their estimates of the mean platelet sur-
vival times differed. In the whole group, the mean
platelet survival time estimated with the multiple hit
model differed significantly from the results with the
Meuleman. Domhorst, and alpha order models. Also,
. in the normal subjects. there were significant differences
between results of mean platelet life span estimated
with the Domhorst or Meuleman models compared
with the estimate when the curve was fitted with the
multiple hit or alpha order models. The mean platelet
survival time obtained with the multiple hit and poly-
nomial models also differed significantly. There is no
obvious physiologic basis for these differences and it is
obvious that the application of, or preference for, any
specific model is arbitrary. The major implication of
this finding is. however, that it may be hazardous to
directly compare results of studies where the platelet
life spans were not estimated with the same mathematic
model.

The use of more than one mathematic model for the
assessment of the data has definite advantages. This is
illustrated by our findings. The shape of the platelet
survival curve is concave if the basic requirement of a
steady state is not satisfied and the rate of platelet
production exceeds that of platelet destruction. Al-
though this may be detected by visual inspection of the
shape of the platelet survival curve, doing this with the
mathematic models is more sensitive and less subjec-
tive. A concave survival curve is present when the mean
platelet survival time estimated with either the Dom-
horst. Meuleman. alpha order, or polynomial models'
exceeds that obtained by fitting the data to a linear
function. Other indicators of a concave platelet survival
curve are that the Domhorst and Meuleman models'
estimates of the platelet life span are longer than the
potential age-dependent platelet life span, or, if"alpha"
determined in the alpha order model has a negative
value. It should be noted, as predicted by theory, that
the mean platelet survival time estimated with either
the multiple hit or weighted mean methods never ex-
ceeded that determined by fitting the data to a linear
function.

In patients with immune thrombocytopenic purpura,
where the mean platelet survival time was very short,
results with the alpha order model differed from those
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of the other models. In some instances the value of
alpha was greater than unity and the estimate of mean
platelet life span shorter than that estimated with an
exponential function. This indicates that a higher order
function is operative. In these cases the other mathe-
matic models, in contrast to the alpha order model.
simply fitted the curves to an exponential function. The
investigator may, however, be alerted to the presence
of such a higher order function by another finding: The
estimate of the potential age-dependent platelet survival
time will be greater than normal. It is therefore evident
that certain patterns of results obtained by fitting the
data to several mathematic models may alert the inves-
tigator to the possibility that the data on which the
estimates were based were invalid, or that the assump-
tions on which the mathematic model are based are not
operative in the particular case.

The usefulness of a mathematic model will also be
determined by its sensitivity to "noise." "Pure" noise is
introduced by experimental error and is related either
to the sampling procedure or to the statistics of counting
the radioactivity of the blood sample. "Physiologic"
noise could also be introduced by the redistribution of
platelets owing to their pooling in organs, and the
influence of exercise and posture. Sensitivity to noise
will decrease the precision of the measurement of the
mean platelet survival time. The sensitivity to noise
cannot be directly determined because the "true" mean
platelet survival time, represented by the platelet clear-
ance curve under investigation, is not known. We have
therefore used the range of the mean platelet survival
time observed in normal subjects (where the platelet
survival curve is effectively linear) as an approximate
indicator of sensitivity to noise. The multiple hit model
is relatively insensitive to noise. This is reflected by the
coefficient of variation: In normal subjects it was 7.9%
for the multiple hit, compared with 6.5% obtained with
the linear model. The other models that fitted the data
well (modified weighted mean, Domhorst, alpha order,
Meuleman and polynomial function) are somewhat
more sensitive to noise: In normal subjects their coef-
ficients of variation varied from 9.9-12.0%. The good
correlation of the mean platelet survival times calcu-
lated with these models that fitted the data well also
indicates that the sensitivity to noise of these models is
acceptable.

On the basis of the results of this study, we would
make the following recommendations for estimating
the mean platelet survival time. The multiple hit model
is recommended, but if limited computing facilities are
available, our modified weighted mean method is sat-
isfactory. These models are insensitive to noise, but do
not indicate the presence of invalid physiologic mech-
anisms. Therefore, it is always necessary to inspect the
platelet survival curve visually. This will provide infor-
mation on the influence of the collection injury, the
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presence of obvious outliers, and the shape of the
platelet survival curve. This will alert the investigator
to the possibility of an imbalance between platelet
production and destruction, to problems with the la-
beling and harvesting of the platelets, and to the possi-
bility of faulty techniques of blood sampling or counting
of radioactivity. It is advisable to use at least one other
mathematic model to facilitate the recognition of above

_ mentioned pitfalls. The Domhorst, Meuleman, alpha
order, or polynomial models are equally satisfactory for
the detection of a concave shaped platelet survival
curve, while the alpha order is recommended for the
detection of higher order functions in patients with a
very short mean platelet survival time.

APPENDIX

MATHEMATIC FUNCTIONS TO FIT PLATELET
SURVlV AL CURVES

The following mathematic functions were fitted to the
platelet survival curves.

Linear Function (11,12)
The linear function was calculated by:

HI(t) = HI(O) - at.

where HI(t) represented the linear regression line. HI(O) the y-
intercept. and "a" the rate of platelet disappearance. The mean
platelet survival time. Th was given by:

TI = HI(O)/a.

Exponential Function (l0,11)
The.exponential regression curve, He(t), was calculated by:

He(t) = He(O) exp(-kt).

where He(O) was the y-intercept and "k" the relative rate of
platelet disappearance. The mean platelet survival time was
given by:

Te = l/k.

Weighted Mean Function (lJ, 12)
The weighted mean regression curve. H..(t). was calculated

by:

H..(t) = [SeHI(t) + S,He(t)]/[Se + SI)'

where SI and Se were the residual sum of squares associated
with linear and exponential regression curves. The residual
sum of squares was calculated by:

SI = L [(HI)i - NiF and

Se = L [(He~ - Ni)2,

Alpha Order Function (14)
The alpha order function was calculated by:

H.(t) = Hw(O) (1 + (I - a) (ko + kt»)I/(I,-",.~
where H..(O) was the y-intercept calculated by the modified
weighted mean method. "k" the rate constant, and ko an
initiation constant. The value of "a" or alpha determined the
shape of the function; when a = 0, a linear and when a = I,
an exponential function was obtained. The y-intercept was
calculated by: .

H.(O) = [H..(O)J(I + (I - a)ko)I!(I-".

The mean platelet survival time was calculated by:

Polynomial Function
The polynomial function, Hp(t) was calculated by:

Hp(t) = ao + alt + a2t1 + + Cl"t",

where 30, al" . 'Cl"were constants. The mean platelet survival
time was given by:

T, = ao/al'

Multiple. Hit Function (1l)
The multiple hit function, Hh(t) was calculated by:

"-I
Hh(t) = (c/n) L I[(n - 1)/i!) exp(-at) (at)'],

i-O

where "n" was the number of hits. "c" the normalizing con-
stant, and "a" the mean waiting time between hits. The mean
platelet survival time was given by:

Th = n/a.
The number of hits, "n" reflected the mechanism of platelet
destruction; when n = 1 it indicated exponential survival and
when "n" became large it reflected linear survival.

Dornhorst Function (Jl ,15)
The Domhorst function. fia(t). was calculated by:

fia(t) = H,.(O) I[exp(-kt) - exp(-kT)l/[1 - exp(-kT)ll.

where H,.(O) was the y-intercept, "k" the relative random rate
of platelet destruction. and ~T~ the potential age dependent
platelet survival time. The mean platelet survival time was
given by:

Td = (1 - exp(-kT)l/k·

Meuleman Function (17)
The Meuleman function. Hm(t). was calculated by:

Hm(t) = Hm(O) (1 - t/T) exp( -kt).

where Hm(O) was the y-intercept, "k" the random rate of
platelet destruction, and "T" the potential age dependent
survival time. The mean platelet survival time is given by:

Tm = T/(I + kT).
where (HI)i and (He)i were linear and exponential regression
curve points corresponding to data points N,

The weighted mean survival time was calculated by (lO): FOOTNOTE

• Baxter-Travenol Laboratories Inc., IL.

The Joumal of Nuclear Medicine

Tw = [SeTI + SITell[Se + St).
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Abstract- We developed an easy-to-operate computer program for the IBM personal computer to
calculate, display and store in a database platelet kinetic data determined by analysis of the rate of
clearance of radiolabeled blood platelets from the circulation. This was done by curve fitting using the
weighted mean method and multiple-hit model. These models are complementary and calculating the
mean platelet survival time with both is recommended. Improvement of the weighted mean method
was investigated. The optimized weighting and fitting the exponential function with the Marquardt
non-linear least squares method improved the weighted mean method. The weighted mean and
multiple-hit models fit the survival curve data equally well. The calculation of the mean platelet
survival time with the weighted mean method was very fast. The duration of calculation with the
multiple-hit model could take up to 2 minutes. Calculation of the mean platelet survival time using
both models has the advantage that conditions when calculation of the mean platelet survival time
would be invalid, can be detected. The computer program will promote the valid comparison of
results obtained at different institutions.

Blood platelets
computer program
weighted mean model

kinetics mean platelet survival time radio nuclide III In
IBM personal computer mathematical models multiple-hit model

INTRODUCTION

The estimate of the mean platelet survival time, which has become feasible in general
hematology practice since the introduction of satisfactory radionuclide labels, is regarded as
the most useful test for in vivo platelet activation [1]. It would therefore clearly be
advantageous to make the calculation of mean platelet life-span available in such a format
that it will be acceptable to all investigators. This will also promote standardization of these
methods and facilitate the comparison of results obtained in different laboratories.

The mean platelet survival time is estimated as the ratio of the initial y-intercept and the
slope of the survival curve obtained by measuring the rate of clearance of radiolabeled blood
platelets from the circulation [2,3]. This is a deceptively simple procedure which may be
influenced by several factors. First, the distribution of the data points around the regression
line may be affected by damaging or activating the platelets during the collection and
isolation of platelets from the blood. The labeling procedure may also be toxic to the
platelets, and other, as yet undefined, mechanisms may also lead to the "collection injury".
Second, there may be bias in selecting and weighting the respective importance of the data
points used for the estimate of the mean platelet survival time.

The International Committee for Standardization in Hematology (ICSH) has proposed
methods for the isolation and labeling of a representative population of platelets and, to
eliminate bias, recommends fitting the survival curve to the data points with one of a number
of mathematical models [2,4]. Their original weighted mean method, which could be applied
with an unsophisticated calculator, solved the problem of fitting the data points to a survival
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curve simply by weighting the linear and exponential estimate of the mean platelet survival
time inversely with the residual sum of squares. Another recommended method, which is now
generally accepted as the gold standard for analysis of the platelet survival curve, is the
multiple-hit model [5]. In 1977,when the ICSH made their recommendations, the procedure
for estimating the mean platelet survival time with the multiple-hit model, required a
mainframe computer, which was beyond the resources of most hematology laboratories.

Personal computers are now widely available in laboratories. Itwill therefore be useful to
have access to a program which will allow easy and accurate estimation of the mean platelet
survival time with such a computer. Thus the major aim of this study was to develop a
user-friendly computer program for an IBM personal computer (PC), or compatible
computer, for the analysis of platelet survival data. The multiple-hit model is generally "
accepted as the gold standard for the analysis of platelet survival curves. Because the
multiple-hit model does not detect all conditions which may invalidate the theoretical
assumptions on which the accurate calculation of platelet survival are based, it is advisable "
to use two models when estimating the mean platelet survival time [6,7]. We selected the
multiple-hit and weighted mean models for our computer program.
The goodness of fit of the weighted mean method may be improved by fitting the data to

the exponential function by a non-linear least square method, rather than the logarithmic
method advocated by the ICSH [6,7]. The weighted mean method may also be improved by
optimizing the weighting of the linear and the exponential functions [8]. The second purpose
of this investigation was to evaluate the improvement of the new weighted procedure and
non-linear least squares method of fitting the data to the exponential function in relation to
the ICSH proposed weighted mean method.
The third aim of this study was to compare the new modified weighted mean method with

the multiple-hit model as an estimator of the mean platelet survival time. This was done in
15 normal reference subjects and 54 patients with a variety of disorders affecting platelet
survival and platelet turnover.

METHODS
Patient selection

The mean platelet survival time was estimated in 15reference subjects and 54 patients with
a variety of disorders. All were in a steady state of platelet production and destruction as
reflected by a stable blood platelet count during the course ofthe study. Platelets were labeled
with In-Ill and re-injected [9]. Blood was sampled at regular intervals, the radioactivity of
the samples measured by scintillation counting, and the platelet survival curves constructed
from the data.

Curve fitting methods
The weighted mean regression curve, at time t, was calculated by:

»-tt) = kE(t) + (1 - k)L(t).

The constant k is the weight of the linear, L(t), and exponential, E(t), regression curves
fitted to the data and

L(t) = Lo-at

E(t) = Eo exp( -rt)

where Lo and Eo is the y-intercept of the linear and exponential functions, a the linear slope
and r the exponential rate constant.

The weighted mean estimate of the mean platelet survival time was calculated by:

Tw = kTE + (1 - k) TL'

The linear estimate of the mean platelet survival time, TLJ was calculated by the linear least
squares method [2,4].

We investigated methods to improve the calculation of the weighted mean estimate of the
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Table I.Weighted mean methods

Method name Weighting method Curve fitting method

WMEX
WMEXZ
WMEP
WMEPZ

ICSH
Van Zyl
ICSH
Van Zyl

Logarithmic
Logarithmic
Marquardt
Marquardt

mean platelet survival time (Table 1).In the WMEX method, proposed by the ICSH, the data
is transformed logarithmically and the exponential function fitted with a linear least squares
method [4]. The weight k for this method is calculated by:

k = SLJ(SLL + SEE)
n

SLL = L (L(tJ - YJ2
i=1

n

SEE = L (E(tJ - YJ2
i=1

where Yi is the observation at time ti and i = 1, 2, ... , n.
We performed curve fitting for the WMEXZ method similarly, but we optimized the

weight of the linear and exponential functions according to van Zyl [8]:

k = (SLL - SU)/(SLL + SEE- 2Su)

where
n

Su = L (L(tJ - YJ(E(t,) - Y,).
I-I

Note that k will be negative when SLL < Su < SEE.When a negative k is substituted in the
equation for Tw we find that Tw> TL since TE is always less than TL· Also the second
derivative of W(t) is:

W'(t) = ,-2kEo exp( -rt).

W'(t) will be negative for k < 0 and the survival curve W{t) will be concave downwards.
When SLL > Su> SEEwe find that k > 1 and Tw < TE·
The shape of the platelet survival curve should vary between the shapes of the linear and

exponential functions. The corresponding value of the weight k, should be between 0 and 1.
If the value of k was larger than 1,the weighted mean method mean platelet survival time was
replaced by the exponential estimate; if k were negative, the linear estimate was used.

When the weight k was outside the range 0-1 we considered it an indication that the
measured platelet population may not comply with the underlying theoretical
considerations for calculation of the mean platelet survival time.
The weights for the WMEP and WMEPZ methods were calculated as for the WMEX and

WMEXZ methods respectively, but we fitted the exponential function to the survival curve
with the Marquardt non-linear least squares method [10].

The multiple-hit mean platelet survival time was estimated according to the method of
Murphy [5]. Curve fitting was with the Marquardt non-linear least squares method. This
method is not so dependent on the closeness of the initial constants to the true values to
ensure convergence.

Platelet turnover
The platelet turnover was calculated by [11]:

p=90C
RT

1....- _
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Table 2. Program Menus

Patient group

FI-Normal
F3- Hypercholesterolaemia
F5- Valvular disease
F7 - Display and print menu

F2-Diabetics
F4-Renal transplant
F5-Immune thrombocytopenia
F8-Exit

Data input

FI-Display and print menu
F3-Append patient
F5-Delete patient

F2-Curve fitting menu
F4-Edit curve data
F6-Delete curve data
F8-Exit

Curve fitting

FI-Select patient
F3-Fit all models
F5-Select models

F2-Select fitting range
F4-Fit weighted mean
F6-Display and print menu
F8-Exit

Mathematical models

FI- Linear (LN)
F3-Weighted mean

F2-Exponential (EP)
F4-Multiple hit (MH)

Display and print

Display Print

F2-Selected patient:results
All disease groups

FI-Survival times
F3 - Mean estimate of error

F4-Survival times or mean
estima te of error

Selected disease group
F5-Survival times or mean

estimate of error
F7-All results

F6-Survival times or mean
estimate of error

F8-Exit

where C is the platelet count and T the mean platelet survival time. The percentage recovery
of platelets in the circulation, R, is given by:

R = 100F(t.)/ A

where F(t.) is the y-intercept of the regression curve constructed from the In-l l l-radioac-
tivities per ml blood, and A the total radioactivity injected, expressed per ml of the subject's
blood volume.

Statistical methods
We used the mean error of the estimate (MEE) as the indicator of the goodness of fit of the

regression curves to the survival curve data. The MEE was calculated as the standard
deviation of the curve data points from the regression curve. The MEE and the estimates of
the mean platelet survival times for the different methods were compared by the
nonparametrie Wilcoxon signed rank test for matched pairs [12]. We have assumed that the
population medians of differences are equal between patients. The MEE was normalized, for
inter-comparison, to the Y-intercept calculated with the WMEPZ method.

Computer program
We developed a computer program, written in compiled BASIC, for the IBM Personal

Computer to calculate the mean platelet survival time with the weighted mean and
multiple-hit methods. The minimum hardware requirements are 256 KB memory, graphic
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Fig. I.Graphical display to evaluate curve fitting. The solid line is the regression curve fitted to the
survival curve data (open square symbols). The mean platelet survival time is the intercept of the

tangent (+ symbols) and the x-axis.

display and two floppy disc drives. The program is menu driven. The menus are presented in
Table 2. The patients are divided into groups according to disease with the "Patient Group"
menu. Patient data are entered and edited with the "Data Input" menu. The information is
stored on disc and may be retrieved at any time.

The curve fit range is selected with the "Patient Selection and Curve Fitting" menu. The
survival curve is displayed and the position keys used for the visual selection of the curve fit
range. After fitting the curve, the platelet survival and regression curves are displayed. This
permits visual evaluation of the goodness of fit of the regression curve to the data. The curve
fitting procedure may be repeated if necessary. The initial tangent, which indicates the
platelet survival time, is displayed with the regression curve (Fig. I). The mean platelet
survival time, MEE, recovery of platelets in the circulation, and platelet turnover are also
displayed on the screen. Hard copies may be obtained with a screen dump to a dot matrix
printer with graphics capabilities.

The linear, exponential, weighted mean and multiple-hit models may be selected for the
curve fitting procedure with the "Mathematical Models" menu. The program also makes
provision for the incorporation of additional or other, models, if desired.

The mean platelet survival time, MEE and regression constants may be selected for display
with the "Results: Print or Display" menu. All the data are stored on disc and may be
incorporated into a spreadsheet or database.

RESULTS

Curve fitting
The goodness of fit for the methods used to calculate the mean platelet survival time, were

evaluated by comparing their respective MEE. It should be noted that it can be shown
theoretically that the MEE using the optimized weights for the weighted mean method is
always less than or equal to that of a weighted mean method using the weights proposed by
the ICSH [8]. The MEE of an exponential curve fitted using a logarithmic transformation
is larger than or equal to that fitted by minimizing the sum of squares directly. Therefore the

CBI! 18: 4-'
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MEE of the WMEXZ is less than or equal to that of the WMEX, the MEE ofWMEP is less
than or equal to that of the WMEPZ and the WMEPZ method has the smallest ME~of the
weighted mean methods. The average values of the MEE for the different models and groups
are given in Table 3. The MEE for the multiple-hit (MH) method (3.32± 1.83%)and the
weighted method, WMEPZ (3.34± 1.78%)were the smallest.
Differences in average values and results of statistical tests are given in Table 4 and 5.

Analyzing all the subjects, the MEE of the optimized weighted mean methods, WMEXZ and
WMEPZ, were significantly smaller (p < 0.01) than that of the corresponding ICSH
weighted methods, WMEX and WMEP (Table 4). In the whole group of patients, the
optimized WMEPZ method fitted the survival curves better than the optimized WMEXZ
method (P < 0.01). The goodness of fit with the WMEPZ and MH methods did not differ
significantly. In the reference subjects, the optimized weighted mean methods (WMEXZ and
WMEPZ) fitted the survival curves significantly better (p < 0.01) than with the ICSH
methods (WMEX and WMEP) (Table 5).In the reference subjects, the method of exponential
curve fitting did not influence the goodness of fit for the optimized weighted mean methods;
the MEE for the WMEXZ and WMEPZ methods did not differ significantly. The goodness
of fit with the WMEPZ and the multiple-hit (MH) method were also similar.
The WMEPZ method, fitting an exponential function to the data by the Marquardt

non-linear least squares method and optimizing the weighting, was the best of the weighted
mean methods. This explains why this method was chosen for the computer program. The
WMEXZ method, based on linear functions, could be selected if convergence is not reached.

Mean platelet survival time
We then determined whether the mean platelet survival times estimated with the various

methods differed. The mean and standard deviation (SO) for the reference subjects and the
whole group are presented in Table 6.
The WMEXZ estimate of the mean platelet survival time of the whole group differed

Table 3. Mean error of estimate

Method Patients n = 69 Reference subjects n = 15

WMEX
WMEXZ
WMEP
WMEPZ
MH

3.62 ± 1.98
3.48 ± 1.91
3.42 ± 1.81
3.34 ± 1.78
3.32 ± 1.83

2.60 ± 1.22
. 2.54 ± 1.22
2.57 ± 1.22
2.53 ± 1.23
2.49 ± 1.30

Table 4. Differences in mean error of the estimate for patients (n = 69)

WMEX WMEXZ WMEP WMEPZ

MH 0.300 0.160 0.100 0.02
WMEPZ 0.280 0.140 0.070
WMEP 0.200 -0.06
WMEXZ 0.140

°p<O.OI.

Table 5. Differences in mean error of the estimate for reference subjects
(n = IS)

WMEP WMEPZWMEX WMEXZ

0.08
O.04t

0.04MH
WMEPZ
WMEP
WMEXZ

0.11
0.070
0.03
O.06t

0.05
0.00

-0.03t

Op < 0.05.
tp < 0.01.
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Table 6. Mean platelet survival time

Method Patients
n = 69

Reference subjects
n = 15

WMEX
WMEXZ
WMEP
WMEPZ
MH

145 ± 69
146 ± 73
144 ± 74
144 ± 74
149 ± 75

215 ± 18
217 ± 19
214 ± 22
214 ± 20
223 ± 17

Table 7. Differences in mean platelet survival time (hours) for patients
(n = 69)

WMEX WMEXZ WMEP WMEPZ

MH -4.4· -3.4· -5.4· -5.7·
WMEPZ 1.3 2.3· 0.3
WMEP 1.0 2.0
WMEXZ -1.0

• p < 0.01.

Table 8. Differences in mean platelet survival time (hours) for reference
subjects (n = 15)

WMEX WMEXZ WMEP WMEPZ

MH
WMEPZ
WMEP
WMEXZ

-7.3·
1.3
1.1

-1.6

-5.7°
2.8t
2.7

-8.4°
0.2

-8.6t

Op < 0.05.
tp<o.ol.

significantly from the estimates with the WMEPZ (p < 0.01) (Table 7). The multiple-hit
estimate of the mean platelet survival time was significantly different from all the weighted
mean method estimates (p < 0.01).
For the reference subjects (Table 8) and weighted mean estimates only the WMEXZ and

WMEPZ estimates were significantly different (p < 0.01). The multiple-hit estimate of the
mean platelet survival time was significantly different from the weighted mean estimates.
The average value of the weight factor k for the WMEPZ method and the reference

subjects was 0.14 ± 0.13.

Computer program
The curve fitting procedure and calculation of the mean platelet survival time is

instantaneous for the weighted mean method. The calculation for the multiple-hit model is
very fast if the survival curve is exponential, and increases to 2 min for 12data points and 25
hits.

DISCUSSION
The reasons for our decision to select both the multiple-hit and weighted mean methods

for inclusion in the computer program become clear after considering some of the basic
concepts on which the measurement of the mean platelet survival time are based, and the
limitations of the multiple-hit model.
The measurement of mean platelet survival time may be based on the analysis of cohort

survival curves, where the labeled cell population is of the same age; or population survival
curves derived from the circulating radioactivity of a random, uniformly labeled sample of
the circulating platelet population. A steady state is an essential requirement for the accurate
determination of mean platelet survival time from such a survival curve. .
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Population survival curves permit valid analyses even when the mode of the disappearance
of the cells is unknown. This is based on the assumption that the age-distribution of the
circulating platelets is identical with the cohort survival curve. It should be noted that, in a
steady state, the population curve is non-convex upwards. Since the survival curve is
generally curvilinear, it follows that the population curve will generally be concave upwards.

The parameters of the multiple-hit model are based on "physiological" principles,
although this is not a prerequisite for its validity to calculate the mean platelet survival time.
This model assumes that platelets are removed from the circulation after sustaining a number
of insults or "hits". The number of "hits" reflect the mechanism of platelet destruction and the
shape of the survival curve. One "hit" will result in an exponential shaped survival curve. As
the shape of the survival curve becomes linear the number of "hits" increases. The shape of
the survival curve only varies between linear and exponential. Therefore, with the
multiple-hit model the investigator will not be aware when the survival curve lies outside the
linear exponential range. This does not permit the detection of conditions which invalidate
the theoretical assumptions on which the accurate calculation of the mean platelet survival
time are based [6,7]. For example, platelet production and destruction will not be in
equilibrium if a large proportion of the circulating platelet population are wiped out. The
platelets labeled under such conditions will be newly formed and of a more uniform age. The
survival curve will therefore not be that of a population curve, but a "cohort type" curve,
shaped concave downwards, will result. Analysis of such a curve with the multiple-hit model
will give the result of a large number of hits, incorrectly indicating a linear curve and
overestimating the mean platelet survival time. This is because the parameter of the
multiple-hit model that represents the shape of the curve, the value of n indicating the number
of hits, does not distinguish between a truly linear and a concave downwards shaped platelet
survival curve.
This limitation to detect possible non-valid conditions may be overcome by analyzing the

platelet survival curve with two different models and comparing the results. Since an
optimized weighted mean method does permit the detection of a concave survival curve [8],
we propose that this method be used in conjunction with the multiple-hit model. Although
some of the simplicity of the weighted mean method is sacrificed, the effective time of
calculation with an IBM PC is not increased. Furthermore, the same non-linear curve fitting
method is now used for the weighted mean and multiple-hit functions.

In this study we estimated the mean platelet survival time both with the improved
weighted mean method and the standard multiple-hit model. Both the models fitted the
survival curves equally well and either of these methods may therefore be used. However, the
estimates of the mean platelet survival time calculated with these two methods did differ
significantly and the results obtained with the two methods may therefore not be directly
compared, especially if small differences in the mean platelet survival time are to be detected.
On the other hand, this difference is so small that in clinical practice preference for either of
these methods should have no influence on the estimate of the mean platelet survival time in
individual patients.
The modified weighted mean method, especially in conjunction with the multiple-hit

model, does have some advantages. The calculation of the survival time is simple and rapid.
The weighting factor, k, also gives an indication of the shape of the survival curve. Thus, a
value of 1 suggests exponential removal of platelets from the circulation. This reflects
predominantly random destruction of platelets and will correspond to a single hit with the
multiple-hit model. On the other hand, a weighting factor, k, of zero indicates a linear platelet
survival curve, and that clearance of platelets from the blood is age-dependent. The number
of hits for the multiple-hit model is large for age-dependent survival. If the weighting factor,
k, is larger than 1or negative, the results of survival curves should be interpreted with caution
[2, 6]. A negative weighting factor, k, was associated with a weighted mean platelet survival
estimate that exceeded that of the linear estimate. A weighting factor, k, larger than 1,was
associated with the observation that the weighted mean estimate of the mean platelet survival
time was shorter than that obtained by fitting the data to an exponential function. The
multiple-hit function only varies between exponential and linear and with this model it is not
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possible to detect curve shapes that does not lie between the linear and exponential functions.
The computer program described here, especially ifit were generally available, does offer

several advantages. The function of the computer program is reliable and it can be used by
staff with no specialized computer training. The facility to calculate the mean platelet
survival time with two independent models, permits evaluation of noise and detection of
conditions when the method of calculation of the mean platelet survival time is not valid.
More important, standardization of mathematical methods used for the estimate ofthe mean
platelet survival time offers clear advantages. Results of different laboratories may also be
compared directly and the interpretation of the results of their studies will be much easier.
Also, the flexibility of the program does make provision for those investigators who prefer,
wish to include, or evaluate, other mathematical models for the measurement of the mean
platelet survival time.

SUMMARY

The estimate of the mean platelet life-span is regarded as the most useful test for in vivo
platelet activation. Itwould therefore be advantageous to make the calculation of the mean
platelet survival time available in such a format that it will be acceptable to all investigators.
The major aim of this study was to develop a user-friendly computer program for an IBM
personal computer for analysis of platelet survival data. The mean platelet survival time is
determined by measuring the initial rate of clearance of radiolabeled blood platelets from the
circulation by fitting a mathematical model to the survival curve. We used the multiple-hit
model, and the weighted mean estimate of the mean platelet survival time for this purpose.
Calculation of the mean platelet survival time using two independent models has the
advantage that it permits detection of conditions when the calculation of the mean platelet
survival time may be invalid.

The second aim of this investigation was to optimize the weighted mean method and to
compare the new weighted mean method with the multiple-hit model as an estimator of the
mean platelet survival time.

Since IBM personal computers are widely available a computer program was developed
for the analysis of platelet survival data. We required the program to permit analysis, storage
and retrieval of data. Also, the survival curve should be displayed graphically, thus aiding the
selection of the curve fitting range and permitting visual judgment of the goodness of fit of
the generated curve to the data. The recovery of the labeled platelets in the circulation and
the platelet turnover should also be calculated.

To optimize the weighted mean method we compared the non-linear and the logarithmic
methods of exponential curve fitting, with and without optimal weighting, by analyzing the
survival curves of 15 reference subjects and 54 patients. In the WMEX method, proposed by
the ICSH, the data are transformed logarithmically and the exponential function fitted with
a linear least squares method. We performed curve fitting for the WMEXZ method similarly,
but we optimize the weight of the linear and exponential functions. The weights for the
WMEP and WMEPZ methods were calculated as for the WMEX and WMEXZ methods
respectively, but the exponential function was fitted to the survival curve with the Marquardt
non-linear least squares method.

The multiple-hit mean platelet survival time was estimated according to the method by the
International Committee for Standardization in Hematology.

We used the mean error ofthe estimate (MEE) as the indicator of the goodness of fit of the
regression curves to the survival curve data. Analyzing all the subjects, the MEE ofWMEPZ,
was significantly smaller (p < 0.01) than that of the other weighted methods.

The WMEPZ method, fitting an exponential function to the data by the Marquardt
non-linear least squares method and optimizing the weighting, was the best of the weighted
mean methods and chosen for the computer program. In addition, the weight factor also
reflects curve shape.

The goodness of fit with the WMEPZ and MH methods did not differ significantly. The
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multiple-hit estimate of the mean platelet survival time was however significantly different
from WMEPZ (p < 0.01).
The curve fitting procedure and calculation of the mean platelet survival time .is

instantaneous for the weighted mean method, but could increase to 2 min for 12data points
and 25 hits for the multiple-hit model. The ease of use of the computer program permit
calculation of the mean platelet survival time by both these models, which is a distinct
advantage. Conditions when the calculation of the mean platelet survival time is not valid
may be detected with the weighted mean method.
The program for the IBM PC met our specifications and its use should promote valid

comparison of results between different institutions.
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Letters to the Editor

Comment on 'A biological approach to the platelet survival
curve'

The Editor,
Sir,

The work reported by Trowbridge and Martin (1983) described a method of platelet
survival curve analysis based on a biological approach to avoid underinterpretation
of the experimental information. We agree that methods based on the true mechanism
of platelet destruction should be investigated, but we disagree that the information so
obtained can replace the mean platelet survival time as a parameter to evaluate platelet
kinetics (Fuster et a/1983). It should be seen as additional information complementary
to the mean platelet survival time. The calculation of the mean platelet survival time
is based on sound theory which is independent of the mechanism of platelet destruction
and is calculated by the ratio of the initial y-intercept and the initial slope of the
platelet survival curve (M urphy and Francis 1969). Measurements for the calculation
of the mean platelet survival time cannot be accurately performed due to an initial
plateau as a result of spleen pooling, temporary accumulation of platelets in the liver
due to the 'collection injury' of platelets, and other factors not well understood (Peters
and Lavender 1983, Heyns et al 1983). The initial parameters for calculation of mean
platelet survival time are obtained by fitting a mathematical function to the data. The
mathematical model has to fit the experimental data well, .but does 110t have to be
based on the true mechanism of platelet destruction (ICSH 1977). We have evaluated
six mathematical models proposed in the literature and could not show a statistical
difference in the 'goodness of fit' or mean survival time in 64 patients.

The method of platelet survival curve analysis described by Trowbridge and Martin
(1983) requires the accurate estimation of the half-life and survival time, which Corre-
spond to two points only on the platelet survival curve. The method of accurately
measuring these points is not described. Estimation of the half-time requires measure-
ment of the initial y-intercept of the survival curve and direct measurement of this
point is subject to error. This is evident in their figure 4 where the theoretical data
points at day 1 and 2 do not fit the experimental data as well as the other points.
Estimation of the survival time in patients with a short mean platelet survival time is
also subject to error. In figure 7 of the paper the theoretical data at days 3 to 5 do
not fit the experimental data well due to the value of the survival time selected.

Trowbridge and Martin (1983) did confirm the validity of their theory by experi-
mental evidence obtained from the platelet survival curve and could then identify the
type of platelet destruction. Wichman and Gerhardts (1981) showed that the non-linear
shape of the normal survival curve is due to the selective pooling of younger platelets
in the spleen rather than random destruction. Confirming the validity of theory requires
a multidisciplinary approach to support evidence based on the survival curve.
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We feel that the method proposed by Trowbridge and Martin (1983) can potentially
provide additional information, but also needs further verification.
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Platelet survival curve analysis

.The Editor,
Sir,

We support the assertion that mean platelet lifetime (MPL) is an important parameter
in the evaluation of platelet kinetics. Our study, Trowbridge and Martin (1983), never
suggested that information about random and constant destruction of platelets should
replace this parameter. Indeed MPL was evaluated, together with random and constant
destruction rate, and presented in table 1, p. 1366.

The main message which we hoped to convey in this work was the inadequacy of
fitted functional forms as a determination of platelet destructive mechanisms. Our
statement, p. 1365, 'Evidence that there is no unique curve fitting procedure' is confirmed
by your correspondents' statement that six different functional forms showed no
statistical difference in the MPL of 64 patients.

A sensible mathematical model attempts to identify those dominant mechanisms
which lead to the experimental observations. It should possess predictive capabilities.
For this reason evaluation of the parameters K2 and C from the half-life tl/2 and
survival time t. enabled the experimental observations to be predicted by our model
(not fitted) at any other time. Accurate evaluation of tl/2 and ts can be obtained from
a least square error best polynomial fit to the experimental data (p. 1364).

The prediction, by our mathematical model, of a random-to-constant destruction
rate of platelets, which is likely to be of the order of one-to-one in man and three-to-one
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ABSTRACT
Twelve mathematical methods used to calculate the mean platelet survival time
were compared by determining the 'goodness of fit' of the models to the
platelet survival curves of fifteen reference subjects and 54 patients.
Platelets were labelled with indium-oxine (In-lll). The linear (LN),
exponential, weighted mean, multiple hit (MH), Dornhorst (OH), Meuleman (ML),
alpha order (Aa) and polynomial (PO) mathematical models were investigated. The
'goodness of fit' for the exponential model was determined by the nonlinear
least squares method (EP), and also by the linear least squares rnethod on
logarithmicly transformed data (EX) as is recommended. The modified weighted
mean (MWM) and the usual weighted mean method (WM) obtained with these
exponential models were tested. The Dornhorst (DHlO) and Meuleman (MLlO)
models, where the potential age-dependent platelet survival times were kept
constant at 10 days, were also evaluated. The 'goodness of fit' results,
expressed as percentage standard deviation, indicated that the LN (5.2 %), EX
(5.0 %), EP (4.4 %), WM (3.7 %), DH10 (3.7 %) and ML10 (3.7 %)·models all
fitted the data significantly worse than the MWM, MH, OH, ML, Aa and PO models
(Range 3.2 % to 3.3 %). The mean platelet survival time determined with the MH
model differed significantly from the results with the OH, ML and Aa models.
The results of mean platelet survival time calculated with different
mathematical models can therefore not be compared directly. The models that
fitted the platelet survival curve well varied slightly in sensitivity to noise
as is indicated by the coefficient of variation of the mean platelet survival
time estimates for the reference subjects (Range 7.9 % to 12.0 %). The
sensitivity of the mathematical models to noise was also evaluated by
calculating the change in the mean platelet survival time when the initial
point and points over the curve were deleted. The differences in mean platelet
survival time estimated with the different mathematical models were not
significant. This result indicates that the models that fit the data well were
equally sensitive to noise. Fitting data to at least two mathematical models
have definite advantages. If the mean platelet survival time estimated with the
alpha order model, is shorter than that estimated with the EP, MWM or MH
models, or, the mean platelet survival time estimated with either the OH, ML, Aa
or PO models, are longer than the LN, MWM or MH estimate of the mean platelet
survival time, the data on which the calculations are based, are probably
invalid. We conclude that the mean platelet survival time can be reliably
estimated by fitting the da ta to either the ~1WMmethod (if 1imited comput ing
facilities are available) or the MH model. The confidence in the result will be
increased if it is considered in conjunction with the finding obtained with one
other model: In those cases where the platelet survival time is very short, the
alpha order model is recommended. In other instances the results of the MWM
method or MH model should be compared to that obtained with either the OH, ML,
Aa or PO models.
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INTRODUCTION.

Shortening of the platelet life span is generally accepted as ~n
important reflection of in vivo platelet activation. This measurement has been
especially valuable for the understanding of the role of platelets in various
diseases characterized by thromboembolic phenomena or thrombocytopenia, for the
evaluation of the efficacy of drug therapy in these diseases, and for the
detection of some prethrombotic states. The accurate measurement of platelet
life span is a prerequisite for the adequate investigation of these disorders.

0
0
r- IO
\
\18
~,, I,

'9.:' I,joC3' I,
Il>

~
0=-
~
~ 0
0 an
0

oL-----------~------------~--------~o 1 '11~ ~'11
11"~MIE (hours)

Figure 1: Calculation of the mean platelet survival time is demonstrated. Period
A to B represents the equilibrium phase. A mathematical model is fitted from B
to C and a regression curve, indicated by the solid line is generated. This
curve is back extrapolated from B to D. The y-intercept and initi~l slope is
determined at D.

The available methods for isolating or labelling a cohort of platelets
of the same age are unsatisfactory and can not be used in clinical studies.
Therefore, a population of platelets representative of those in the circulation
is isolated, labelled with a radionuclide and reinjected. The mean survival time
of the labelled platelets;s indirectly estimated from the ratio of the y-
intercept and the initial slope of the platelet survival curve (~). The y-
intercept and the ~nitial tangent of the survival curve cannot be directly

~
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measured because the stability of the early part of the curve is disturbed by
the redistribution of platelets between the circulation and the splenic platelet
pool, and by the temporary accumulation of platelets in the liver. The latter,
ascribed to the 'collection injury', varies in severity. The labelled and
circulating platelets only equilibrate after 1 to 24 hours (3,4). Only the later
part of the survival curve will reflect the true rate of clearance of platelets
from the circulation. The y-intercept and slope of the curve can only be
determined by back extrapolation of this part of the curve (Figure 1). Although
extrapolation may be performed visually, this method is subject to errors and
bias. Mathematical models have therefore been developed to facilitate accurate
fitting of the platelet survival curve to the data, by using statistical
methods. The regression constants generated by the mathematical models permit
more precise estimation of the initial parameters. It should be noted that these
mathematical models are not required to be based on valid physiological
assumptions. They solely function to improve the 'goodness of fit' of the
platelet survival curve to the data points.

Although many such models have been applied to the study of platelet
kinetics in health and disease, little information is available on their
comparative value, or, on their suitability under specific pathological
conditions (5-9). The present study focuses on these questions.

ol

] MATERIALS AND METHODS.

1

Subject Selection
Platelet survival was determined in 15 reference subjects and on 54

patients with a variety of disorders. The patient group consisted of 4 patients
with valvular disease of the heart, 17 with previous renal transplantation, 14
with idiopathic thrombocytopenic purpura, 2 with diabetes mel1itus, 14 wit~
heterozygous Type Ila familial hypercho1estero1emia, and 3 with aortic
aneurysms. All subjects were in a steady state of platelet production and
destruction during the course of investigation. This was reflected by a constant
blood platelet count.
Platelet Labeling

Platelets were labelled with In-111-oxine as previously described (9-
11). Labe1ed platelets were used for in vivo studies only if in vitro
aggregation with ADP and collagen was normar-f3,9, la). A dose not exceed1ng
18.5 MBq (500 microcuries) of In-111 was administered.

Following injection of the labelled platelets, blood samples were
obtained at 5, 10, 15, 30, 60 and 90 minutes, and thereafter daily. In patients
with short mean platelet survival times, blood sampling was appropriately spaced
so that at least 8 valid data points were available for curve fitting. Blood
samples of 3 ml were directly collected in the counting vials, the mass
determined, and water added to a constant final volume of 4 ml. The samples were
counted in a well scintillation counter with the pulse-height analyzer set to
include the 172 keV and 247 keV peaks of In-ll1. The measured count rate was
corrected for background and mass. Plasma In-111 activity was determined in
all cases, and was less than 5 %.

]
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Mathematical Functions and Methods to Fit Platelet Survival Curves.
~ The following mathematical functions were fitted to the data points
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reflecting the the rate of clearance of platelets from the circulation:
1. Linear Function (LN) (11,12).
2. Exponential Function (11,12). Two methods were used to fit the data to an
exponential function. In the first method (EX), the regression constants for the
exponential model were calculated as recommended by the ICSH: the data were
logarithmically transformed and the curve fitted with the linear least squares
method (11). In the second method (EP), the curves were fitted with the Newton-
Gauss method, an iterative nonlinear least squares technique (13). The latter
method was investigated because the ICSH recommends that the- discrepancies
between the fitted line and data points should be calculated without logarithmic
transformation of the data. The nonlinear least squares technique minimizes
these discrepancies (11,13).
3. Weighted Mean Function (11,12). This was calculated by two methods,
dependent on the method used to fit the data to an exponential function. The
first method (WM) was according to the recommendations of the ICSH where the
exponential regression curve is constructed after transforming the data
logarithmically (11). For the second, a modified weighted mean method (MWM),
the exponential regression constants were obtained by fitting the data with a
nonlinear least squares technique. The variance of the linear, exponential and
modified weighted mean methods was calculated. If the variance of either the
linear or exponential models was less than that of the modified weighted mean
method, the result of the method that fitted the data best was used as the
estimate of the mean platelet survival time by the modified weighted mean
method. This modification was introduced to minimize the influence of noise when
data points were distributed perfectly linearly or exponentially. .
4. Alpha Order Function (AO) (li). This function was fitted to the survival
curve data by the Newton-Gauss iterative nonlinear least squares technique (13).
5. Polynomial Function (PO). Only the second degree polynomial function was
used. The higher degree polynomial functions were found to be too sensitive to
noise and outliers.
6. Multiple Hit Function (MH) (Jl). The curve fitting technique described by
the ICSH was used. Initial values for iteration was obtained from the linear and
exponential curve fitting procedures (Jl).
7. Oornhorst Function (11,15). The curves were fitted with the Newton-Gauss
iterative nonlinear least squares technique (Jl). Mean platelet lifespan was
determined by two methods. First (OHlO), the potential age-dependent platelet
survival time was kept constant at the value determined for normal subjects, 10
days. In the second method (OH), the potential age-dependent platelet survival
time as determined for the specific patient was used.
8. Meuleman Function (17). Curve fitting of the Meuleman function (ML and
ML10) was performed as was described for the Oornhorst function.

Curve Fitting Procedure.
A computer program in Fortran, executed on a Nuclear Medicine digital

imaging system, was developed to fit survival curves to the mathematical
models. The survival curves were entered by keyboard and stored on the system
database. Curve fitting, with any of the above models, was menu driven. It
allowed graphical display of the curves to select the range of points for curve
fitting. The data points were selected visually as follows. The first
point included was that reflecting the highest blood radioactivity after
equilibrium had been reached. All subsequent data points with radioactivity
greater than 10 % tnat of the initial counts were included. The 'goodness of

~
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fitlof the data points to each of the mathematical rnadels , was visually
evaluated by inspecting the g~aphical display of the survival and reg~essicn
cu~ves on the compute~ te~minal.

Comparison of r~athernaticalModels.
The different mathematical models were compared by calculating the root

mean square of the difference between the measured and regression survival cu~ve
points. This value, reflecting the Igoodness of fit I, was expressed as a
percentage of the y-intercept and designated as the percentage standard
deviation. The survival curves with different count rates could thus be
compared.

The percentage standard deviation and mean platelet survival time
calculated for the different models we~e compared with Hottelingls multivariate
T-squared statistic to test the hypothesis of equality of means (l£L ]i). The
patients were considered to be a random sample from a population and a log-
transformation applied to the percentage standard deviation and mean platelet
survival time data. The multivariate model incorporates different observations
that may be dependent, on the same patient. In those instances where the means
differed significantly, multiple comparisons of the means were used to identify
those differences which were responsible for the rejection of the hypothesis
of equality of means.

The influence of error (Inaisel) on the estimate of mean platelet
survival time was determined by two methods. The coefficient of variation (CV)
in the normal subjects was used as an approximate indicator of sensitivity to
noise. The resultant differences on the mean platelet survival time when curve
points were deleted were also used to evaluate the sensitivity to noise of the
mathe~atical models. For this purpose 16 survival curves were used, each
consisting of at least 6 pairs of blood samples. Differences in the mean
platelet survival tirnewe~e oJtained firstly by deleting only the initial point
and secondly by deleting a point of each of the pairs of data points.



NUMBER

WHOLE GROUP REFERENCE
SUBJECTS

69 15

PSD SD PSD SD

5.2 3.4 2.9 1.3
4.4 1.8 4.8 1.35.0 2.4 6. 1 2.63.4 1.9 2.6 1.2
3.7 2.3 2.6 1.2
3.3 1.8 2.5 1.4
3.3 1.9 2.5 1.3
3.7 1.8 2.9 1.3
3.4 1.9 2.5 1.33.7 1.8 2.9 1.3
3.2 1.8 2.5 1.4
3.3 1.9 2.5 1.3
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TABLE 1
PERCENTAGE STANDARD DEVIATION (PSD) OF PLATELET SURVIVAL
CURVE POINTS AROUND THE FITTED CURVE

SUBJECTS

.MODEL

LINEAR
EXPONENTIAL (EP)
EXPONENTIAL (EX)
MODIFIED WEIGHTED MEAN
WEIGHTED MEAN
MULTIPLE HIT
DORNHORST
DORNHORST (DHlO)
MEULEMAN
MEULEMAN (MLlO)
ALPHA ORDER
POLYNOMIAL

RESULTS.
Evaluation of Mathematical Models: Goodness of Fit.---

"Goodness of fit" achieved by the different mathematical models were
evaluated by calculating the percentage standard deviation. The results of the
mean percentage standard deviation for the reference subjects, and for the
whole group (patients and reference subjects) determined for all the
mathematical models are given in Table I. The range was 3.2% to 5.2% for the
whole group and 2.5% to 6.1% for the reference subjects. The differences in the
percentage standard deviation of data fitted with the different models are
given in Table II. The percentage standard deviation of the LN model and the
fitting of the data to the exponential model both by a linear least squares fit
of logarithmically transformed data (EX) or, by the linear least squares method
(EP), was significantly (p < 0.01) larger than that of the other models: the
differences exceeded 0.6 %. These models are therefore not suitable for the
calculation of the mean platelet survival time. Also, the mean percentage
standard deviations obtained by the Dornhorst model where the age-dependent
survival time is held constant at the normal value (DHlO), were significantly
larger than the MH (p < 0.01), DH (p < 0.01), ML (p < 0.05) AD (p < 0.05) and PO
(p < 0.05) models. The percentage standard deviation associated with the
Meuleman model, with a constant age-dependent survival time (MLlO), was larger
than that of the MH (p < 0.01), DH (p < 0.05) and AD (p < 0.05) models. The
percentage standard ~eviation obtained with WM model was significantly larger (p< 0.01) than than that obtained with the MH and DH models. The percentage

~
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standard deviation of the I>'tWf"!and OH models diffe>"ed significantly (p <0.05).
The ·correlation coefficients of the percentage standard deviations associated
with those mathematical models whic~ did not differ significantly, were larger
than 0.88.·.In the reference group the percentage standard deviation of the
exponential model, obtained by both methods of curve fitting (EX and EP), and
the other models differed significantly. The exponential models therefore
fitted the data poorly.

]

1

TABLE II
DIFFERENCES IN PERCENTAGE STANDARD DEVIATION FOR MATHEMATICAL

MODELS INVESTIGATED IN PATIENT GROUP AND REFERENCE SUBJECTS (N=69)

1
1

]

LF .009 0.2 1.8** 1.5** 1.9** 1.9** 106** 1.9** 1.6** 2.0** 2.0**
EP -0.6** 1.0** 0.7** 1.1** 1.1** 0.7** 1.0** 0.7** 1.2** l.1**
EX 1.6** 1.3** 1.7** 1.7** 103** l.7** 104** l.8** 1.7**
MWM -0.3 o. 1 001* -0.3 o. 1 -0.2 0.2 001
WM 0.4** 0.4** 0.0 0.3 0.0 005 0.4
MH -0.0 -0.4** 0.0 -0.3** o. 1 0.0
OH -004** -000 -0.3* O. 1 000
DH10 0.3* 0.0 005* 0.4*
ML -0.3 0·02 O.1
ML10 004* ·004
AD -0.1

* DIFFERENCE SIGNIFlCANT AT P < 0.05
** DIFFERENCE SIGNIFICANT AT P < 0.01

1
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TABLE III

THE ESTIMATION OF THE MEAN PLATELET SURVIVAL Trr~E
(HOURS) WITH DIFFERENT MATHEMATICAL 1\10DELS.

SUBJECTS

MODEL ST SO

REFERENCE
SUBJECTS

ST SO CV

232.6 15.2 6.5
122.7 15.4 12.5
99.9 15.9 15.8

214.3 23.0 10.7
215.4 19.1 8.9
222.7 17.7 7.9
204.2 24.5 12.0
204.7 24. 1 11.7
212.4 21.0 9.9
206.8 22.6 10.9

We next investigated whether the mean platelet survival times estimated
with those mathematical models that fitted the survival curves equally well,
differed. The mean platelet survival time (ST), standard deviation (SO) and
coefficient of variation (CV) are presented in Table III.

TABLE IV
DIFFERENCES IN MEAN PLATELET SURVIVAL TIME OBTAINED
WITH MATHEMATICAL MODELS IN THE REFERENCE SUBJECTS

AND PATIENTS (N=69)

MODEL WM MH DH ML AO PO

M'rJf~ -1.0 -5.4 -1.6 0.9 -2. 1 -3.2WM -4.4 2.6* 1.9* -1.2 -2.3~1H 7.0** 6.3** 3.3* 2.2
DH -0.7 -3.8 -4.9
ML -3.0 -4.1
AO -1.1

* DIFFERENCE SIGNIFICANT AT P < 0.05
** DIFFERENCE SIGNIFICANT AT P < 0.01
The estimate of the mean platelet survival time for the reference subject

group varied from 204.2 + 24.5 hours for the OH model to 227.7 + 17.7 hours for
the MH model. The mean platelet survival time estimated by die MH model was

"

LINEAR
EXPONENTIAL (EP)
EXPONENTIAL (EX)
MODIFIED
WEIGHTED MEAN
WEIGHTED MEAN
MULTIPLE HIT
DORNHORST
MEULEMAN
ALPHA ORDER·POLYNOMIAL .

Platelet Survival Time.

176.9 72.5
97.8 42.1
87.5 37.1

144.0 74.3
145.0 69.0
149.4 75.6
142.4 78.2
143.1 78.5
146.2 87.6
147.3 78.4



MODEL WM MH OH ML AD PO

MWM -1.1 -8.4 10.1 9.6 2.0 7.5
WM -7.3 1l.2 10.7 3.0 8.6
MH 18.5** 18.0** 10.3 15.9**
DH -0.5 -8. 1* -2.5
ML -7.6* -2.0
AD 5.6

* DIFFERENCE SIGNIFICANT AT P < 0.05
** DIFFERENCE SIGNIFICANT AT P < 0.01
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] significantly longer when compared to that measured with the OH (p < 0.01), ML
(p < 0.01), and AD models (p < 0.05) (Table IV). The estirnate with the Wi~
method was also significdntly longer (p < 0.05) than the OH and ML models. In
the reference subjects there was also a significant difference (p < 0.01)
between the mean platelet survival time calculated with the MH method compared
to that with the OH, ML and the PO models (Table V). The estimated mean
platelet survival time with the AD model also differed significantly (p < 0.05)
from that with the OH and ML models. The estimated mean platelet survival time
with the OH and ML models were nearly identical.

]

]

] TABLE V
DIFFERENCES IN MEAN PLATELET SURVIVAL TIME OF THE

REFERENCE SUBJECTS ESTIMATED WITH THE MATHEMATICAL
MODELS (n=15).l

]

]

]

]

]

·1
1

There was good correlation (r = 0.986) of mean platelet survival times
calculated with MH and MWM models. Also, the MH and OH models correlated
well (r = 0.962), despite a deviation from the linear regression line in some
instances where the mean platelet survival time fell within the normal range
(Figure 2). This deviation was not observed when the OH, ML, AD and PO models
were correlated. Deviations from the linear regression line within the normal
range was accompanied by another finding: the estirnate of the mean platelet
survival time with the OH, ML, AD and PO models was longer than that obtained
by fitting the data to the LN model. This finding was reflected by a slightly
concave shape of the platelet survival curve.

The range of the mean platelet survival tirne, expressed as the CV,
observed in the reference subjects, was used as an approximate indicator of the
sensitivity of the mathematical models to noise. The CV for the MH model was
7.9 % (Table III). Thé range of the CV for the MWM, OH, ML, PO and AD models
was 9.9 % to 12 %. Sensitivity of the mathematical models was also determined
by computing changes in the mean platelet survival time estimates with the
initial and with a point of the paired points deleted. The resultant differences
in the mean platelet survival time for the different mathematical models were
not statistically significant (Fig. 3).

]

]

]

DISCUSSION. ...
On the: basis of our results ~e could divide the ability of the models to

fit the data .mto three groups.· the linear and exponential models fitted the
~
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Figure 2: Comparison of the mean platelet survival time estimated by the
oornhorst (OH) and multiple hit (MH) models (r = 0.962). There was a deviation
of some points from the regression line for survival times exceeding 200 hours.
platelet survival curves of the patients badly. The poor fit of the data by the
regression curves resulted in an inaccurate estimate of the mean platelet
survival time. This finding is in agreement with results reported by Paulus
(20). Estimates of the mean platelet survival time were in many cases in error
bY-50 % to 300 %. These methods can therefore certainly not be recommended. The
results obtained with the second group also indicate that the WM method applied
as recommended by the ICSH, and the variations of the Oornhorst and Meuleman
models where the potential age-dependent platelet life span is kept constant at
la days (the normal platelet survival time) also fit the data relatively poorly
(21,22). The third group which included our modification of the weighted mean
model (MWM), MH, OH, ML, Aa and PO models all performed well and there was no
evidence that anyone of these is definitely superior.
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FIIPl'iT POII'llT DELETE D- POINTS FROM WHOLE CUIWE

DELETED

Figure 3: Comparison of differences in the mean platelet survival time estimated
by the different mathematical models when the first survival curve point and
points from the whole curve were deleted. There was not, with the exception of
linear (LN) and exponential (EP) models, a statistical significant difference
between the estimates by the models that fit the data well.

Although these mqthematical models fitted the curves equally well,
their estimates of the mean plat~let survival times differed. There is no
obvious physiological basis for these differences and it is obvious that the
application of, or preference fo~, any specific model is arbitrary. The major
implication of this finding is however, that it may be hazardous to directly
compare results of studies where the platelet life spans were not estimated with
the same matheTlfatica1 mode 1. - -,

The usefulness of a mathematical model will also be determined by its
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sensitivity to "noise". Sensitivity to noise will decreases the pree is ion of the
measurement of the mean platelet survival time. We have used the range of the
mean platelet survival time observed in normal subjects (where the platelet
survival curve is effectively linear) as an approximate indicator of sensitivity
to noise. The multiple hit model is relatively insensitive to noise. This is
reflected by the coefficient of variation: in normal subjects it was 7.9 % for
the multiple hit, compared to 6.5 % obtained with the linear model. The other
models that fitted the data well (MWM, OH, Aa, ML and PO) are somewhat more
sensitive to noise: in normal subjects their coefficients of variation varied
from 9,9 % to 12,0 %. The differences in sensitivity to noise could be ascribed
to the longer mean platelet survival time estimated in a few patients by the
other models in relation to the MWM and MH models (Fig. 2). These differences
occured when concave shaped curves were fitted. The concave shaped regression
curves could result from random error or from "physiological" noise. The
sensitivity of the models to random error was evaluated by deleting selected
points from the survival curve and compare the resultant mean platelet survival
times. The results indicated that the mathematical models that fit the data well
were all equally sensitive to noise (Fig. 3).

On the basis of the results of this study we would like to make the
following recommendations for estimating the mean platelet survival time. The
multiple hit model is recommended, but if limited computing facilities are
available, our modified weighted mean method is satisfactory. These models are
insensitive to noise, but do not indicate the presence of invalid physio1ogical
mechanisms. Therefore, it;s always necessary to inspect the platelet survival
curve visually. This will provide information on the influence of the collection
injury, the presence of obvious outliers, and the shape of the platelet survival
curve. This will alert the investigator to the possibility of an imbalance
between platelet production and destruction, to problems with the labelling and
harvesting of the platelets, and to the possibility of faulty techniques of
blood sampling or counting of radioactivity. It is advisable to use at least one
other mathematical model to facilitate the recognttion of above mentioned
pitfalls. The Oornhorst, Meuleman, alpha order or polynomial models are equally
satisfactory for the detection of B concave shaped platelet survival curve,
while the alpha order is recommended for the detection of higher order functions
in patients with a very short mean platelet survival time.

"
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Abstract. A simple and practical approach to the in vivo
quantification or Illindium-oxine labelled blood platelets
with a scintillation camera and computer assisted imaging
system was evaluated. Radioactivity or the 172 and 247 keY
energies was measured in a phantom at various source dis-
tances from the collimator and the accuracy or anterior and
posterior mode measurements compared with that or the
geometrical mean (G M) method. with and without correction
for Compton scatter (CS). Organ radioactivity. expressed as a
percentage or whole body radioactivity, was determined in
vivo in five baboons and the accuracy or the methods verified
by post mortem quantification in the animals. Measurement
in the anterior mode significantly overestimates hepatic and
underestimates splenic radioactivity; posterior mode quantifi-
cation reverses these results. Correction with the GM method
made the accuracy and reproducibility very acceptable. Fur-
ther correction for anterior-posterior attenuation andior CS
did not improve results materially. The GM method could
readily be applied in five human subjects. This study shows
that the G M method is an accurate and practical method for
the in vivo quantification or organ and regional distribution
or I I II n-labelléd platelets.

Introduction

II II n-oxine has recently been described as a suitable platelet
label by Thakur et al. (1976). An advantage or 1IIIn in com-
parison with 51Cr, the recommended radio-nuclide for plate-
let studies (ICSH 1977). is that the regional distribution or
1llln-platelets can be externally imaged and quantified with a
scintillation camera and computer assisted imaging system
(Lotter et al. 19XO; Heyns et al. 19XOa; Heyns et al. 19XOb;
Heyns et al. 19XO(c); Yan Reenen et al. 19XO). The in "ivo
quantification or organ activity distribution is not easy to
achieve. not orten performed and in vivo verification seldom
reported. Methods reported require anterior. posterior and
lateral views as well as measurement of the gamma detection
efficiency of the scintillation camera and gamma attenuation
coefficients (Thomas et al. 1976; Ferrant and Cauw 1979;
Fleming 1979). In the investigation or platelet kinetics whole
body platelet distribution is a userul adjunct in assessing sites
or sequestration or deposition of platelets in different diseases.
The proposed methods would be difficult in these eireurn-
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stances. We investigated an approach that would be practical
to perform. The methods evaluated were verified ex vivo in
five baboons.

The geometrical mean method measuring the anterior and
posterior counts corrected for attenuation was used. (Arimizu
and Morris 1969; Graham and Neil 1974). The geometrical
mean counts were expressed as a percentage or the total body
geometrical mean counts to eliminate the effect of scintil-
lation camera efficiency calibration. and the influence of or-
gan geometry. The accuracy of organ uptakes without attenu-
ation correction was also determined.

The dual photon energy emissions of 274 keY (0.9395
photons/disintegration) and 172 keY (0.8959 photons/disinte-
gration) of I Illn results in an increase in the scattered ra-
diation component in the lower energy window. To overcome
this a Compton scatter correction was investigated.

Theory and Ca/cu/acions

Phantom Studies. Phantom studies were performed to deter-
mine the Compton correction factor for each photon energy.
Consider the anterior count rate P. observed with a scintil-
lation camera fitted with a parallel-hole collimator, due to a
radioactive source. Assuming that the radioactive source can
be represented by an equivalent plane source, that the sensi-
tivity or the camera/collimator system is depth independent.
and that the attenuation is monoexponential, the unat-
tenuated count rate, N, is given by

N=G·T-I (I)

where

G=(A· Pj!
=Geometrical mean (GM) or the anterior A and posterior

P count rate
T=exp( -mB/2)
= Attenuation correction constant for gamma photons with

anterior-posterior distance B, and linear attenuation coef-
ficient m.

The unattenuated count rate N can therefore be calculated
without knowledge of the position or the source in the at-
tenuating medium.

The anterior-posterior (A-P) distance B was kept constant
for the phantom studies. The corrected count rate N obtained
with the radioactive source at different A-P distances was ex-
pressed as a percentage or the unattenuated surface count
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Fig. t. Illustration of the method to correct for photopeak Compton
contribution by subtracting a fraction of the Compton energy win-
dow counts from the photopeak counts

rate. This percentage Np is independent of the attenuation
correction constant:

Np=G/Gox 100%.
The derivation of the unattenuated count rate N (Eq, I) is
based on monoexponential attenuation. Inaccuracies will
therefore occur when Compton scattering, resulting in mul-
tiexponential attenuation, is present. This is the case when
172 keY photons are detected in the presence of 247 keY pho-
tons emitted by 111 In. Correction for Cornpton scatter was
investigated by obtaining scintillation camera images with an
energy window selected over the Compton region in addition
to the photopeak region (Fig. I). Regional source or organ
count rate was obtained using the same region of interest for
both images. Compton corrected count rate was' then ob-
tained by subtracting a fraction K of the Compton region of
interest (ROl) count rate from the phoropeak count rate and
expressed as a percentage of the unattenuated Compton cor-
rected surface count rate.

N
(A-KC)(P-KO)

c= xlOO%
(Ao-KCo)(Po-KOo) 0

where A and P anterior and posterior ROl count rate were
respectively obtained from photo peak images, and C and 0
anterior and posterior ROl count rate respectively obtained
from Compion scatter images. The Compton correction fac-
tor K was numerically calculated to ensure that

I. (Nci-Nc)l=min
1_1

where Nc is the average of all corrected counts N ei at var-
ious depths in the phantom.

Baboon and Patient Studies

Anterior and Posterior Organ Distribution. In baboon and pa-
tient studies the percentage organ radioactivity distribution
was calculated for the anterior and posterior images separate-
ly to investigate improvement in accuracy with the proposed
methods. Organ radioactivity distribution was represented by
expressing organ region of interest count rate as a percentage
of total body count rate. Whole body count rates were ob-
tained by acquiring images to include the whole body: three
were necessary for baboons and five for humans. Counts ob-
tained from organ and non-organ regions of interest to in-
clude the whole body were summed. The anterior (A U i) and

posterior (P U i) organ radioactivity
lated by

AUi=Ai/I.Ai x lOO, and

P U i =Pi/I.Pi x lOO
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distributions were calcu-

.~

(3)

(4)

where A i and P i is the anterior and posterior count rate for
the ith organ.

Geometrical Mean Distribution (GM). It can be seen from
Eq. (1) that the geometrical mean of the anterior and pos-
terior count rate is that count rate that would be measured
when the activity is distributed on the anterior-posterior (A-
P) midplane. GM count rate therefore allows comparison of
organ activities independent of position, provided that attenu-
ation for all organs remains constant, and organ size does not
vary too much. Percentage geometrical mean distribution
(GMi) was calculated by expressing organ GM count rate as
a percentage of total body GM count rate.

GMi=(AiPi)t/I.(AiPi)t x lOO. (5)

Geometrical Mean with Attenuatioll Correction Distribution
(GMA). To obtain the GMA distribution the attenuation
correction constant Ti was measured using a 111 In trans-
mission source to acquire an image with and without the sub-
ject. The anterior 111 In-platelet image was also acquired at
the same time without moving the patient.

The regional attenuation was calculated using the counts
obtained from the same region of interest as that used for
obtaining organ counts in the anterior view. The attenuation
was calculated by

Ti=(Cai-Ai)/Cfi

(2)

where Cai and Cfi are the count rates for the ith region of
interest in the transmission images with and without the sub-
ject respectively.

The percentage geometrical mean with attenuation distri-
bution (GMAi) was calculated by

[
AiPi tj [AiPi t

GMAi= Ti]' I. Ti] xlOO (6)

Geometrical Mean with Compton Scatter (GMA) and Atrelllla-
tion Correcrioll Distribution (GMAC). Cornpton scatter cor
reetion was applied to the baboon and human studies as fo
the phantom investigation. The organ geometrical mean wit
Compton distribution (GMCi) is represented by

[(Ai - K Ci)(Pi - KOi)]!
GMCi= x lOO.I.[(Ai - K Ci)(Pi -KOi)]!

The percentage organ radioactivity distribution for geometr
cal mean and Compton scatter correction is given by

(Ai-KCI~~Pi-KOiT

GMCAi= x lOO.
I. (Ai-KCi~~Pi-KOi)r

Materials and Methods

A Searle large field of view scintillation camera fitted w
the medium-energy parallel-hole collimator was interfaced
a MOS MUGA CART imaging system. Two images of n
overlapping energy windows were acquired simultaneousl
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serial data acquisition mode, reconstructed and stored on disc
for later processing.

Phantom Studies. The proposed Compton scatter correction
factor was measured in a phantom. The phantom consisted of
ten 25.6 x 450 x 450 mm perspex plates allowing the place-
ment of the 250-ml plastic bag in any of ten positions. Ap-
proximately 20 MBq III In was placed in the plastic bag. Im-
ages were obtained with the source in phantom positions 1-10.
The photopeak and their Cornpton region were acquired for
the 247 keY and 172 keY energies respectively; analyser set-
tings were such that maximum counts were obtained for the
photopeak area and minimum count rate for Compton areas.
A 30 % count contour region of interest was selected with the
second derivative edge detection computer program MUGA.

Animal Experiments. Autologous platelets of five baboons
were separated by differential centrifugation and labelled with
approximately 20 MBq lllIn-oxine (Radiochemical Centre,
Amersham, U.K.), (Heyns et al, 1980a). The baboons were
killed after 8 days. The liver and spleen were removed, drain-
ed free of blood, and replaced in their original anatomical
positions. The whole body was anteriorly and posteriorly
imaged in sections. The photopeak and Compton energy set-
tings of the analyser were set as described for the phantom
studies. Regions of interest were manually selected by two
independent operators. Radioactivity of the organs was then
separately measured in a whole body counter to minimize at-
tenuation and organ to organ scatter. The two 10 x 13 cm
scintillation detectors were arranged to obtain a geometry-
. independent counting configuration.

Patient Studies. Patient studies were performed after the rein-
jection of 111 In-labelled autologus platelets (Heyns et al.
1980 b) and radioactivity distribution was measured in the
anterior and posterior mode in five patients.

Results

Phantom Studies. The measured radioactivity at various
source distances from the collimator and with GM correction
expressed as a percentage of the unattenuated counts are pre-
sented in Table 1. The geometric mean corrected counts are

Table 1. Geometrical mean correction applied to perspex phantom

overestimated with depths up to the A - P midline with a
mean of 105 ± 3.2 % and 108.7 ± 5.0 % for the 247 and
172 keY photons respectively. The GM counts of Table 1 were
used to calculate the Compton correction constant K. The
corrected phantom counts N ei at different depths using K
was virtually identical to the surface counts with a mean of
99.9 ± 1.0 :Y.,.

Animal Studies. The mean ex vivo organ radioactivity ex-
pressed as a percentage of whole body activity was measured
in dissected baboons. Results are presented in Table 2. III In
radioactivity was distributed between the spleen (33.8 ± 3.6 %),
the liver (35.9 ± 6.4 %) and the remainder of the whole body
(29.7 ± 2.8 %).

In vivo and ex vivo quantification of lllIn activity were
compared. The accuracy of the in vivo quantification of
radioactivity was determined by calculating the difference be-

Table 2. III In platelet distribution measurements in baboons

Method N Spleen Liver Whole body
remainder

Distribution as % of whole body activity (mean ± SO)
Single organs 5 33.8±3.6 35.9±6.4 29.7± 2.8
of baboons
post mortem

In vivo error as % of organ uptake (mean ± SO)
274 keY
Anterior 5 - 7.6±14.2 4.6± 14.7 I.H 8.8
Posterior 5 3.2± 23.6 -7.1 ± 18.2 8.6± 10.8
GM 5 - 3.8± 6.3 -2.3± 4.3 5.4± 7.5
GMC 3 0.1 ± 8.5 3.8± 6.4 -4.0±10.0
GMA 3 -11.6±10.3 7.7± 6.7 4.2± 12.7
GMAC 3 - 8.I±14.4 12.5± 9.3 -4.9± 13.0

172keY
Anterior 3 - 0.9± 7.1 13.1± 7.8 - 5.0± 5.5
Posterior 3 - 8.0± 19.0 -1.0±18.1 10.3±29.0
GM 3 6.3± 6.4 0.4± 7.2 7.0± 10.7
GMC 3 2.7± 7.8 4.0± 8.2 -7.5± 13.9
GMA 3 -12.9± 9.1 8.H 9.0 4.7± 10.1
GMAC 3 - 3.2±12.9 9.5± 11.5 -6.4± 10.3

Depth
(cm)

247 keY 172 keY

Percentage GM Percentage GM GMC
counts corrected counts corrected corrected

100.0 roonj oc 100.0 100.0±0 100.0
72.9±5.6 102.6±2.4 74.4± 1.4 106.3± 1.6 98.7
55.3± 1.0 105.6±2.5 53.9± 1.3 110.4± 1.4 99.0
40.7±0.6 107.5±2.5 38.1± 1.2 111.8± 1.5 101.7
28.9±0.6 107.8±2.8 26.3± 1.0 113.1± 2.2 101.0
20.2±0.5 108.2± 2.7 18.0±0.8 I13.6±2.9 99.2
14.1±0.6 107.8±2.8 11.9±0.6 113.1±2.2 98.8
9.9±0.? 107.5± 2.5 8.2±0.4 111.8±1.5 100.2
,7.1 ±0.'It 105.6±2.5 5.0± 1.9 110.4±1.4 99.7
4.9±0.2 102.6±2.4 3.8±0.2 106.3± 1.6 98.9
3.5±0.1 lOO.O±O.O 2.5±0.2 100.0±0.0 100.3

105.0± 3.2 108.7±5.0 99.9± 1.0

0.0
2.6
5.2
7.8
10.5
13.1
15.7
18.3
20.9
23.5
26.2

Mean±SD

.____----------.:_------~---

N=IO



Table 3. Percentage difference of anterior and posterior in relation to
GM organ radioactivity measurement in human subjects

Method Time Spleen Liver

h 247keY 172keY 247 keY 172keY

Anterior 2 -28±ll -26± 10 14± 7 15±12
24 -26± 9 -26±10 16± 9 15± 9
48 -27± 17 -26± 10 lH 6 15± 8
72 -28± 14 -25± 14 18±10 18± 7
144 -29± 11 -25± 14 15± 7 20± 14
mean' -2HII -2H lO 16± 7 lH 9

Posterior 2 41 ±24 37±20 -12± 5 -lH 9
24 38±20 37± 18 -lH 6 -lH 7
48 45±42 39±28 -14± 4 -lH 6
72 40±28 37±27 -15± 6 -15± 5
144 45±15 35±16 -lH 5 -lH 9
mean' 41 ±26 3H21 -lH 5 -lH 7. Mean j Sf) calculated for all results

tween the in vivo and ex vivo measurements expressed as a
percentage of the ex vivo activity. Results are given in Ta-
ble 2. For the 247 keY photopeak the anterior method under-
estimated splenic and overestimated hepatic radioactivity.
The posterior method overestimated splenic and underesti-
mated hepatic radioactivity. Both methods showed a poor
sensitivity. These inaccuracies were corrected by the GM
method. Additional correction for Compton scatter, attenua-
tion and Compton scatter with attenuation had no advantage
over the GM method. For the 247 keY photopeak the organ
radioactivity was therefore accurately calculated with the GM
corrected method. For the 172 keY photopeak the accuracy
was similar to results obtained with the 247 keY photopeak,
but with a slightly poorer sensitivity.

Patient Studies. The accuracy and sensitivity of the anterior
and posterior measurement of radioactivity was compared
with the GM method in five patients. In Table 3 the percen-
tage difference between anterior and GM, as well as posterior
and GM, organ activity measurements are presented. The
anterior method underestimated splenic and overestimated
hepatic radioactivity at both the 247 keY and 172 keY photo-
peaks. Quantification by the posterior method overestimated
splenic and underestimated hepatic radioactivity, while quan-
tification of whole body radioactivity was similar to that of
the GM method.

Discussion

This study focussed on the assessment of methods to measure
the percentage organ platelet distribution. The emphasis of
this investigation was to find a method that would be suitable
for routine patient studies. Therefore, rather than using phan-
toms which never accurately simulates true radioactivity dis-
tribution. in vivo measurement was performed on baboons
which were then killed to measure organ uptake. The ac-
curacy and reproducibility obtained closely reflected the clini-
cal situation.

Theoretical and phantom studies reported by Thomas et
al. (1976). Ferrant and Cauw (1979) and Fleming (1979) using
anterior and lateral images indicate that organ size could sig-
nificantly affect quantitation. This technique is not .suitable
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when whole body distribution is required to measure platelet
reticulo-endothelial bone marrow uptake or platelet util-
ization in the lower limbs in addition to uptake in the spleen
and liver. Also, it is impossible to estimate organ thickness
accurately. Lateral imaging to obtain organ size was therefore
not done; but corrected organ uptake was expressed as a per-
centage of the whole body count rate as calculated by Eqs. (5)
and (6). Since organ counts contribute towards whole body
counts, corrected whole body counts were used as the stan-
dard. Current large field of view scanning cameras with ap-
propriate digital imaging systems facilitate easy acquisition of
whole body images and adequate matrix resolution of 256
x 256 pixels. We did not attempt to quantitate absolute or-
gan activity, but it could be calculated indirectly, if injected
activity is known. The error of - 3.8 ± 6.3 % for the spleen,
2.3±4.3 % for the liver and 5.4±7.5 % for the whole body
remainder indicates that acceptable accuracy is obtained by
our method. The accuracy of radioactivity measurement is de-
pendent on attenuation. By applying the geometrical mean
and anterior-posterior attenuation correction, unattenuated
organ counts are obtained. The measurement of the A-P at-
tenuation is time consuming and attenuation regions of in-
terest have to be accurately aligned with organ regions of in-
terest. If A-P attenuation correction is not performed, results
of organ uptake would be valid provided that the GM organ
counts are expressed as a percentage of the whole body GM
counts, and that attenuation of radioactivity is uniform. Our
results indicate that in the in vivo baboon model, A-P attenu-
ation correction did not improve the accuracy of measure-
ment of organ activity.

Results in the phantom indicate that as a result of the
increased contribution of Cornpton scatter by the 247 keY
photons in the 172 keY photopeak, activity of the superficial
organs will be underestimated in relation of organs centrally
situated. In the phantom measurement laminar 'organs' that
are situated at the surface and at the centre were compared.
In patient studies these extremes do not occur. Compton cor-
rection introduced errors due to counting statistics and re-
quired acquisition of scatter images. It is therefore not recom-
mended as a routine procedure or when a low-energy measur-
ing mobile camera is used.

These techniques were also applied to five human subjects
(Table 3). The splenic and hepatic radioactivity measured in
the anterior mode were under- and overestimated respectively
compared with the GM method (Table 3). The scintillation
camera placed posteriorly reversed these results. These studies
convey the magnitude of the errors if only anterior or pos-
terior measurements are performed. It also confirms in vivo
baboon results that the error due to the increased scatter con-
tribution for the lower energy photons is reduced by express-
ing GM corrected regional counts as a percentage of whole
body counts. The results of daily in vivo measurements in the
patients show that the percentage error between the GM
method and anterior or posterior measurement remains con-
stant. The technique also has the major advantage that plate-
let accumulation can be retrospectively quantitated since
whole body images are acquired. This facility may be of im-
portance in the study of the role of platelets in thrombotic
and other diseases.

This investigation shows that the application of the mo-
dern technology of the scintillation camera with computer-
assisted regions of interest selection makes kinetic studies an
in vivo quantification of III In-labelled platelets feasible an
practical.
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Summary

The kinetics and sites of sequestration of a fully representative
population of In-Ill-platelets were determined in 11 baboons.
The in vivo method of quantification with computer assisted
scintillation camera image analysis was validated by sacrificing 5
baboons and measuring and comparing the distribution of organ
radioactivity. Recovery of platelets in the circulation was
87% ± 7, and their mean survival time was 147 hr ± 15. The mean
splenic platelet pool was 16.0% ± 1.9. At equilibrium 15.8% ± 2.9
of the In-Ill-platelets were in the hepatic blood pool. Senescent
platelets were destroyed in the reticulo-endothelial system. The
major sites of sequestration were: liver (37.6% ± 6.0). and the
spleen (23.3% ± 4.6). The bone marrow sequestrated 14.4% ± 1.7
of the labelled platelets, and 15.5% ± 4.0 were present in various
other tissues. We conclude that the in vivo method of In-III-
quantification is accurate. Senescent platelets are mainly seques-
trated in the reticuloendothelial tissue. with the liver. spleen and
the bone marrow important sites of sequestration.

Introduction

Exploitation of the technology of the scintillation camera
interfaced with computer image analysis systems permits in vivo
quantification of the distribution and sites of sequestration of
platelets labelled with In-Ill (1-3). It is generally accepted that
senescent platelets are sequestrated by the reticuloendothelial
system (1-9). The spleen is recognized as a major site of platelet
sequestration. but the role of the liver in this respect is controver-
sial. Some regard the liver as important (1-5). but this is disputed
by other investigators (6, 7, 9). The rule of the bone marrow as a
site of platelet sequestration has only recently been recognized
(5). The diffuse nature of the bone marrow makes it impossible to
accurately quantify the number of platelets sequestrated in this
organ. It has therefore been proposed that those platelets not
sequestrated by the spleen and the liver. should be considered as
destroyed by the bone marrow (I. 3. 6, 7,9).

The aim of this study was to investigate the kinetics of a
representative population of In-Ill-platelets in normal baboons.
This non-human primate is an important model (or thrombosis
and atherosclerosis, and closely reflects its human counterpart
(10. Il). The geometrical mean method of in "ivo quantification
and the precise sites of sequestration of senescent labelled
platelets was determined by sacrificing the animals.

Correspondence to: Professor A. du P. Heyns. Faculty of Medicine,
Department of Haematology, P. O. Box 339 (G2). Bloemfontein 9300.
South Africa

408

Experimental Animals

Eleven baboons (Papio ursinus). 5 males. weighing 17.6 kg ± 5.4. were
studied in a project approved by the Ethical Committee of the University
of the Orange Free State. The baboons were apparently free of disease.
and in captivity for at least 6 months. The baboons were sedated with
intramuscular ketamine hydrochloride. 10 mg/kg body mass. when
necessary.

Platelet Labelling and Survival

Autologous blood, 42.5 ml in 7.5 ml acid-citrate dextrose NIH.
formula A (Fenwall, Baxter Travenol Laboratories Inc .. Illinois). was
collected from the femoral vein by a two syringe technique. A fully
representative platelet population was isolated from the blood. and
labelled with In-l l I-oxine (25 to 29 MBq; Radiochemical Centre. Amer-
sham. UK) as described in detail elsewhere (3. 12). The viability of the
labelled platelets was assessed by the aggregation response to ADP (3,
13). and were not used unless aggregates consisting of at least 10 platelets
were observed.

Platelet survival studies were done as recommended by the ICSH (14),
and the mean platelet life span calculated by fitting the data points to a
gamma function model (15). The recovery of In-Ill-platelets in the
circulation at equilibrium was calculated from the blood volume. esti-
mated at 63 ml/kg body mass (16), and back extrapolating the survival
curve to zero time.

In Vivo Quantification of the Distribution of In-Ill-Platelets

Imaging was done with a large field of view scintillation camera with
scanning facilities. Image analysis was with a MDS-Al data processing
system. The whole body and organ In-Ill-radioactivity was quantitated
with the geometrical mean method as is described in detail elsewhere (3).

Ex Vivo Determination of the Sites of Platelet Sequestration

Five baboons were sacrificed 8 days after reinjection of In- I 11-
platelets. The baboons were deeply anaesthetized and exsanguinated by
severing the femoral arteries. The baboons were dissected and the
radioactivity of each organ determined in a whole body counter as
described previously (2). Organ radioactivity was expressed as a percent-
age of total body radioactivity.

Table I Data of platelet isolation. labelling and survival

Parameter Mean ± I SD

Blood platelet count (x 10-9/1)
Labelling efficiency (%)
Contamination of labelled platelets
(%) with

Red blood cells
Plasma proteins

Recovery in the circulation (%)
Mean platelet life span (hr)

372 ± 94
84 ± 4

1.3±J.l
2.1 ± 0.9
87 ± 7

147 ± 15



Statistical Analysis

Differences were tested with the t-rest for paired data. All values are
given as a mean ± I SO.

Results

Platelet Labelling and Survival

The results are summarized in Table 1. A mean of
8.8 ± 3.7 x 109 platelets were reinjected. Mean recovery of In-111-
platelets in the circulation at equilibrium was 87% ± 7. The
disappearance curve of platelets from the circulation fitted a
linear function best, the mean platelet life span was 147 hr ± 15.

In Vivo Distribution of In-Ill-Platelets

At equilibrium 16.0% ± 1.9 and 15.8% ±2.9 of the labelled
platelets were located in the spleen and liver respectively
(Table 2).

During the platelet life span whole body radioactivity
decreased from 100% at equilibrium to 93% ± 7. The spleen and
the liver were the main sites of platelet sequestration, and
accounted for 61.0% ± 5.4 of whole body radioactivity at the end
of the platelet survival time ~Table 2, Fig. I).

Determination of the Sites of Platelet Sequestration

The results are summarized in Table 3. The results of the in
vivo quantified and the ex vivo determined radioactivity in the
liver and spleen did not differ significantly (p >0.10). The spleen,
liver, and bone marrow were the sites of sequestration of
84.4% ± 3.6 of senescent In-Ill-platelets. The remaining
15.5% ± 4.0 were sequestrated in various other tissues.

Discussion

We have determined the sites of sequestration of a fully
representative platelet population labelled with In-lll-oxine. The
viability of the labelled platelets was demonstrated by their in
vitro aggregation response to ADP, the high recovery of labelled
platelets in the circulation, and their normal mean life span in the
circulation corresponding to that previously reported in this
species with er-51-labelled platelets (16, 17).

The accuracy of the geometrical mean method of quantifica-
tion of In-Ill-distribution in vivo was validated. The difference
between results obtained with in I'ivo and ex vil'o estimates of
organ radioactivity was less than 3%. Computer-assisted image
analysis may thus be accepted as an accurate, non-invasive in vivo
method of determining the sites of platelet sequestration or
deposition.

The high recovery of labelled platelets in the circulation and
the relatively low In-Ill-radioactivity measured at equilibrium,
shows that the splenic platelet pool IS much smaller in baboons
than in humans. Since the sum of the recovery of platelets in the
circulation and the quantified splenic platelet pool totals
103% ± 9. the labelled platelets were apparently distributed only
in the circulation and the spleen. These results therefore do not
support the view that there may be a hepatic platelet pool (6, 18)
or the presence of a significant non-splenic platelet pool (19). Our
results seem to indicate that the hepatic In-l I l-radioactivity at
equilibrium is due only to platelets in the blood perfusing this
organ.

The in vivo measurements demonstrate that the liver and
spleen are major sites of sequestration of senescent platelets. The
results in the baboon are similar to that reported in humans
applyi-ng the same method of In-11 I-quantification (3). We have
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Fig. 1 Time-radioactivity regression curves illustrating the redistribi
of In-Ill-platelets during their life span. Values are expressed as a r
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Table 3 The distribution of In-Ill-platelets in 5 baboons sacrificed
days after reinjection of In-Ill-labelled platelets

Organ Ouantification in In vivo quantific
excised organs

Whole body 100.0 100.0
Spleen 33.6 ± 4.1 32.8 ± 3.6
Liver 36.7 ± 7.1 35.9 ± 3.5
Skeleton 14.4 ± 1.7 -
Muscle and skin 6.7 ± 1.4 -
Intestines 4.9 ± 1.6 -
Kidneys 2.5 ± 0.6 -
Lungs 0.9 ± 0.6 -
Heart 0.5 ± 0.2 -
Blood 0.5 ± 0.3 -
Organ radioactivity is expressed as a percentage of that of whole
radioactivity, regarded as 100%.
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no ready explantation for the reports that liver is not an important
site of sequestration of platelets (6, 7,9), but the discrepancy may
be due to methodological differences. The post mortem quantifi-
cation of In-Ill-radioactivity confirms that the bone marrow is an
important site of platelet sequestration, accounting for almost
15% of whole body radioactivity. Since there is only slight elution
of In-lIl from the phagocytes of the spleen (20), our results may
be regarded to reasonably accurately reflect the true sites of
platelet sequestration.

A small component, about 15%, of the platelet population
were sequestrated or deposited in various other tissues. These
platelets may have been phagocytosed by macrophages located in
these organs, or platelets may have been utilized for maintenance
of the vascular endothelium (20). Our study was however, not
designed to distinguish between these two possibilities.
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Quantification of In Vivo Distribution of Platelets
Labeled with Indlum-111 Oxine

The recent paper by Scheffel et al. (1) in the Journal of Nuclear
Medicine raises some important questions in regard to the sites
of platelet sequestration and the accuracy of the different methods
used to quantitate the in vivo distribution of platelets labeled with
In-Ill oxine. The observation that there is no appreciable increase
in splenic and hepatic radioactivity at the end of platelet life span
raises the question of where the nearly 50% of the injected dose that
remained unaccounted for was deposited, and whether this occurs
in the bone marrow as has been suggested by Klonizakis et al
(2).

We have improved the accuracy of our original method (3) of
in vivo quantification of In-I I l-Iabeled platelets in organs (4) and
present some of the relevant results with this method. This may
throw some light on the sites of final disposal of platelets.

Briefly, autologous platelets were labeled with In-Ill oxine as
previously described (5). Anterior and posterior images of the
whole body were acquired every second day with a scintillation
camera and a computer-assisted imaging system. The geometrical
mean method of correcting for attenuation was used for in vivo
measurement of whole-body and-organ radioactivity. Distribution
of In-Ill activity at equilibrium and at the end of platelet life span
was determined by fitting the data with the method of linear least
squares regression analysis. The geometrical mean counts were
expressed as a percentage of the total body's geometrical counts
to eliminate the effect of scintillation camera efficiency calibration
and the influence of organ radiation attenuation. The corrected
counts calculated by this method represent the radioactivity of the
organ as if it were situated in the mid anteroposterior plane of the
body (4).

The results of In-Ill distribution, at equilibrium and at the end
of platelet survival, as measured in normal volunteers are given
in Table 1. There was a slight but significant increase in splenic
radioactivity with time. Hepatic activity increased threefold.
Total-body In-Ill activity decreased minimally.

The accuracy of the method of quantification was verified, and
the sites of deposition of In-Ill determined in 10 baboons (Papio
ursinus). The equilibrium and final in vivo In-Ill distributions,
determined with the scintillation camera, are given in Table 2.
Radioactivity in both the liver and spleen increased. In the baboon
the spleen is a more active site of platelet sequestration than in
man, but hepatic activity increased twofold with time. The baboons
were killed at the end of the study and the excised organs measured.
As is evident from Table 2, there is a close agreement between in
vivo and ex vivo measurements. Dissection of the skeleton revealed
that (14.4 ± 1.7)% of radioactivity was located in the bone marrow

TABLE 1. II\! VIVO QUAI\!TIFICATIOI\! OF II\!-111
ORGAI\! RADIOACTIVITY II\! I\!ORMAL HUMAI\!

SUBJECTS (n = 6) .

Equilibrium % Final %
Organ activity activity

Whole body 100 ± 0 96.6 ± 5.2'
Spleen 31.1 ± 6.1 35.6 ± 9.7'
Liver 9.6 ± 1.2 28.7 ± 8.3'

• Whole-body In-111 activity did not decrease significantly
(p >0.1), but that of the spleen (p <0.01) and liver (p <0.005)
did increase significantly with time (student's t-test for paired
data).

at the end of platelet life span. Most of the In-Ill activity lumped
under "other organs" was accounted for by muscle and skin (6.7
± 1.4)%, gastrointestinal system (4.9 ± 1.6)%, and kidneys (2.5
± 0.6)%.

These results, and studies performed in a phantom (4), clearly
validate the accuracy of the geometrical mean method for the in
vivo quantification of In-Ill activity.

The discrepancies between our results and those of Scheffel et
al. (l) are difficult to explain if they are not due to differences in
the techniques of In-Ill quantification. We find it difficult to
accept the suggestion that the bone marrow is responsible for
35-40% of platelet sequestration (2). The bone-marrow activity
of 14.4% that we found in the baboon corresponds closely to the
14% measured in rabbits (1). Our results favor the liver as a major
site of platelet sequestration. Analysis of the data given by Scheffel
et al. (I) in their Table 4 with Student's t-test for paired data also
shows that hepatic activity in subjects 1,4,6,7,8, and 9 increased
significantly (P <0.01) during the time from 90 min after injection
of labeled platelets to the final measurement of In-Ill activity.
Although the spleen, liver, and bone marrow are the major com-
ponents of the reticuloendothelial system, the wide distribution
of this tissue throughout the body may account for the final dis-
tribution of the remainder of In-Ill activity. Some platelets may
also be utilized in the vascular system, but we have not been able
to measure this in vivo in normal subjects (3).

Our results confirm the validity of the geometrical mean method
for the in vivo quantification of labeled platelets. The results also
confirm the findings of Aster (6), who in his classical studies

TABLE 2. II\! VIVO AI\!D EX VIVO QUAI\!TIFICATION OF 11\!-111RADIOACTIVITY II\! BABOOI\!S (n = 10)

In Vivo Ouantification
Equilibrium % Final %

Organ activity activity Ex Vivo Ouantiflcation

Whole body 100 ± 0 95.2 ± 3.7· 100 ± 0
Spleen 17.3 ± 3.2 33.5 ± 3.1· 33.7 ± st

Liver 15.6 ± 2.0 35.2 ± 6.5· 36.7±7.1t
Bone marrow 14.4 ± 1.7
Other organs 68.1 ± 4.5 31.4 ± 4 15.5 ± 4.0

• Whole-body In-111 activity did not decrease significantly (p >0.05), but that in the spleen (p <0.001) and liver (p <0.0005) did
Increase highly significantly with time. (Student's t-test for paired data).
t In vivo and ex vivo quantification of splenic and hepatic In-111 activity did not differ statistically (p >0.1).
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showed that the liver and spleen are the major sites of platelet se-
questration. The role of the bone marrow has certainly been un-
d.er.estimated in this regard, but it seems to play a relatively sub-
sidiary role to that of the liver and spleen.
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Dual-isotope Scintigraphy ~ the Quantitation of Platelet Deposi~on
,I

H Pieters, AduP Heyns, HF Kotzé, P Wessels, MG Lot ter ", P NBadenhorst, JP
Roodt. Blood Platelet Research Unit of the MRCand University of the Orange Free
State, Bloemfontein. * Department of Biophysics, University of the Orange Free
State, South Africa.

In the last decade since the first introduction of In-Ill as platelet
label, intensive research has been done on basic platelet research and on the
clinical applications of this radionuclide. The varied aspects of research
include platelet kinetics in humans and animals, atherosclerotic disease and the
detection of acute organ transplant rejection. More recently, innovative
developnents in scintigraphic techniques have included dual isotope scintigraphy
and.quantitative digital blood pool subtraction.

Dual isotope subtraction methods mostly use Tc-99m labelled red cells to
delineate and subtract the blood pool in the region of suspected In-HI platelet
deposition. By eliminating the blood pool signal, subtle foci of platelet
deposition, otherwise not visible, can be easily visualised and quantitated.

The dual radionuclide subtraction method has been thoroughly evaluated in 5
animal models and has been shown to increase the sensitivity of detection of
thrombi in man. In the animal models, a high correlation exists between the
in vivo measurement (% Indium-excess) and the ex vivo measurement of platelet
deposition (% injected dose) (r is more than 0,8). The in vivo measurement of
%Indium-excess is thus a good indicator of platelet deposition and, although not
an absolute quantitative measurement, can be used for non-biased inter-
individual comparisons. Clinical applications include the detection of atrial
and ventricular thrombi, coronary artery disease and acute myocardial
infarction. An indication of the sensi ti vi ty of the dual isotope method may be
seen from the results of a study of patients with acute myocardial infarction,
in which more than 80%of patients with myocardial infarction had positive
scintigrams against only 7% of controls.

In summary, quanti tati ve dual radiotracer scintigraphy promises to be a
useful less time-consuming method for the detection of platelet deposition in
small vascular lesions and aneurysms, when absolute quantitation is not deemed
necessary. The technique is especially recommended as an adjunctive diagnostic
aid in the detection of cardiac thrombi, where the blood pool can easily obscure
platelet deposition.

Introductiono

lllIn is an effective platelet radiolabel, primarily because of its high
labelling efficiency and high gammaphoton emission. These characteristics of
IHIn allow accurate quantitative in vivo studies of platelet survival, turnover
and thrombosis.

Platelet kinetics in normals and in many different platelet-associated
diseases have already been investigated. Someof the diseases that have been
studied include immune thrombocytopaenic purpura, hypercholesterolaemia,
sp I enomegaI y and thrombotic tnronoo-cytopaeni.c purpura. A further example of the
application of HIIn-labelled platelets (lllIn-platelets) includes the diagnosis
of kidney transplant rejection 7,16.

Manyclinical applications of III In have focus sed on the study of lesions
of the circulatory system. For example, HIIn-platelets have been used to detect



- 126 -

left ventricular thrombi, atherosclerosis, coronary artery thrombi, platelet
deposition in aortic aneurysms and venous thromboembolism. The detection of
thrombi with lllIn-platelets has been reviewed in more detail by ~owers and
Siegel 12.

In most of the platelet imaging techniques, the limits of scintigraphic
technology have been reached, especially regarding the amount or size of
platelet deposition that can be.qu~titated. T~ere.i~, h~wever, an an~er to ~ne
problem in III In-platelet studi.es a.e., the di.scriminati.on between circu latInq
and deposited platelets. This has quite recentll been addressed by using dual
radionuclide techniques with 99ffiTc-redcells and llIn-platelets.

Basically, the 99ffiTc-redcells are used to identify the red cell ~l (4),
and thus indirectly the circulating platelets. The radioactivity from ~ can
be readily distinguished from the IIIIn radioactivity, since 99mrc emits gamma
photons at 140 keY and III In at 173 and 247 kev , This method assumes that both
platelets and red cells have similar distributions in the area of interest.
Separate images of 99mrrc-red cells and lllIn-platelets can thus be obtained. '!he
actual acquisition of images can be done either sequentially or simultaneously.
A computerised imaging processor would be most suitable for dual isotope
scintigraphy.

With the aid of computer region of interest analysis and digital
subtraction of the 99mTc image from the lllIn image, the amount of platelet
deposition in a specific area can be visualised, especially in subtler foci with
a large blood pool background (l3).

There are some assumptions that have to be made concerning the use of the
dual radiotracer technique9• These include:

1) The radiolabelled cells should be physiologically similar to their native
unlabelled counterparts. It is already well known that lllIn-platelets are
functionally viable and do not lose lllIn into the circulation. 9~mrc red cells
have also been shown to retain the 99mrc effectively.

2) The amount of 99mTc-red cells incorporated into a thrombus should be
neglible. There is always some uptake of red cells into a thrombus, and this may
cause an underestimation of platelet uptake.

3) The physical considerations of gamma camera scintigraphy are similar for both
radionuclides within the region of interest. The main problem here would be
differences in attenuation and Compton scatter.

4) The reference region of interest is representative of the true blood pool of
both red cells and circulating platelets. This therefore means that platelets
and red cells are distributed similarly in the region of interest. Correction
cannot be made for the axial streaming of red cells in the arteries.

5) The images of both radionuclides are properly superimposed. Incorrect
superimposition of images will lead to erroneous results.

Two types of dual radionuclide imaging can be described: firstly, the
qualitative method and secondly, the quant i.t.at.ive method. The qualitative method
is based on the simple comparison of 99ffiTcand lllIn images (8,11). In this way,
a "hot spot" in an In-Ill-platelet image can be identified as either true
platelet deposition or the result of a local pooling of blood. This method is
still subject to observer bias and is therefore not completely free of error •

. i
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In our laboratory, we have refined the qualitative method by computer
subtraction of the 99mrc image from the lllrn image. The reference bl~od poql is
delineated by corrputer region of interest analysis. '!becounts in both the 99mrc
and lllrn image~ are then normalised by mUlti~lying trle lllrn image by a
correction factor obtained from the ratio of 9 mTc to lllIn counts in the
reference region. The normalised 99mTc image is then digitally subtracted from
the lllIn image to provide the IIIIn-excess image.

The group at the Mallinckrodt Institute of Radiology have further refined
the method so that platelet deposition can be quantified relative to the
circulating platelets (9).

The actual deposition of platelets in an area of interest is calculated as
follows (9): .

(Total lllrn activity) - (lllrn BP)
Platelet deposition = •.•.....•..•.•• (1)

lllrn BP

where:
Total lllrn activity = the radioactivity due to circulating and

deposited platelets.
lllrn BP = radioactivity due to circulating platelets

'!belllrn-BP is derived from the ratio of 9~ to HIIn counts obtained in the
reference blood pool region as follows:

lllrn-BP =
(In-ref)

-------- x Tc-roi
(Tc-ref)

••••••••••••••••••••••••• (2)

where
In-ref = the activity in the blood pool reference region of the lllrn

image

Tc-ref = the activity in the blood pool reference region of the 99ffiTc
image

Tc-roi = the 99ffiTcactivity in the area of interest.

The amount of platelets deposited in an area can also be expressed as a
percentage:

%In-excess
(Total lllrn activity) - (lllrn-BP)

------------------------------------- X 100
HIm BP

••••••••••• 0 (3)=

= equation{l) x 100

The %In-excess (%IE) is essentially equivalent to the- ratio of deposited
platelet activity to blood activity (platelet deposition) in equation (I). The
quantitative dual radionuclide method is suitable for inter-individual
comparisons, thus allowing more accurate investigation of certain platelet-
associated diseases in experimental models and clinical studies. More objective
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analysis of results is possible, since quantitative studies eliminate the
observer bias present in the qualitative comparison methoCL

Results

Experimental studies:
_The use of dual radiotracer techniques has been validated in various animal

models mainly Qy the group at the Mallinckrodt Institute for Radiology
(l,2,3,9,10,1~,ls,19,20). The models used were:

1) An electrocoagulation model in rabbits (15).
In this model, thrombi were generated in the abdominal aortas of rabbits by

electric coagulation. 'ltlein vivo measurement of % Indium-excess, as calculated
according to the quantitative dual radiotracer technique, was linearly related
to the % of injected dose, measured in vitro (r = 0,88).
2) Vascular grafts in dogs (1,2,10,9).

The % Indium-excess and the calculated % injected dose incorporated in
different types of carotid and femoral grafts in dogs also show a linear
relationship (r = 0,94 9).
3) Atherosclerosis in non-human primates (9,14,19).

Dual radiotracer techniques have also been used to study atherosclerosis in
some primates on a high cholesterol diet. Powers et al (1982)14 first applied
the technique when they could not detect atherosclerosis by conventional IllIn_
platelet imaging. However, with quantitative blood pool correction, platelet
deposition was demonstrated in the abdominal aortas of hypercholesterolaemic
monkeys. 'ltle% Indium-excess (%rE) was also confirmed histologicall y. Aspirin
was also found to prevent platelet deposition. The effect was not dose-related
(Table 1).

Table 1

MEAN %rE IN THE ABDOMINAL AORTA
OF MACAQUES 24 HR AFTER ADMINISTRATION

OF IN-Ill-LABELLED PLATELETS 9

Control diet High cholesterol
diet

No treatment 15,8 ( 9,9-18,5)
Low dose ASA 18,7 (14,5-22,9)

High dose ASA 11,7 ( 8,4-14,9)

er,s (15041-9205)
16,2 (10,4-21,7)
16,9 ( 9,7-23,3)------------------------------------------

Low dose ASA = 3 mg aspirin/kg/day
High dose ASA = 30 mg aspirin/kg/day

4) Acute coronary artery thronOOsis in dogs (3).
The dual radionuclide method is also useful in visualising and quantitating

the deposition of platelets in electrically-induced coronary artery thrombi in
dogs. Accumulation of platelets at the point of injury was reportedly apparent
only after subtraction of the blood pool images. '!he %Indium-excess (%rE) again
correlated linearly with the in vitro measurement of % injected dose 9.
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S} Acute endothelial injury in non-human primates (9,20).
With the dual radionuclide method, detection of small deposi~ of platelets

in a large blood pool is possible. The use of this method was assessed in an
acute endothelial injury model in certain species of monkey. Endothelial damage
to the abdominal aorta could be visualised only after subtraction of the blood
pool image. PGI2 was found to reverse platelet deposition on the damaged
endothelium, but this reversal was dependent on the time after injury. PGI2 did
not cause reversal of platelet deposition if administered 46 minutes after
injury •

Clinical studies:
The 99ïflTcred cell subtraction technique has also been applied successfully

in clinical diagnosis. Some examples are presented below:

I} The detection of left atrial thrombi (21). The use of blood pool subtraction
was shown to decrease the incidence of false-positive results due to overlap of
atria or other ~lood-containing structures.

2} '!hedetection of platelet deposition in giant intracranial aneurysms (18).
Quantitative subtraction of the blood pool showed that platelet aggregation in
the aneurysms is more frequent than realised before.

3} Acute myocardial infarction can also be visualised and quantitated with the
dual radionuclide method (6,9). According to the group at the Mallinckrodt
Insti tute for Radiology, more than 80% of patients with suspected myocardia 1
infarction had positive scintigrams against only 7% of controls.

4} Atherosclerosis of the carotid arteries. Pilot studies on patients with high
incidence of atherosclerosis (hypercholesterolaemia) in this laboratory have
shown that platelet deposition can be visualised in some patients.

S) Arterial bypass grafts. Mathias & Welch (l98S}9 recently reported on the use
of quantitative dual isotope subtraction to study platelet deposition on ileo-
femoral and femoral-poplitial grafts in patients. '!hey found among other things,
that the absence of platelet inhibitors markedly increased deposition of
platelets on synthetic grafts.

6) Coronary artery disease in hypercholesterolaemics was investigated in our
laboratory. Posi ti ve scintigrams were found in only two out of fi ve studies
performed. One of the patients with a positive scintigram had extensive
coronary bypass grafts.

7} Left ventricular thrombi are usually more difficult to distinguish from the
blood pool background. One way to circumvent this problem is by determining
whether the "hot spot" increases in activity relative to the blood pool with
time (S). '!he IIIIn-platelet images can also be corrpared with echocardiography
(l7). The thrombi can however only be visualised about 48 houra after' infusion
of the IIIIn-platelets, due to interference from the blood pool (17).

With the dual radionuclide subtraction technique, thrombi can be readily
distinguished from the local blood pool within 12 hours. '!his was demonstrated
in a patient with a left ventricular aneurysm. The excised aneurysm contained a
2cm radioactive thrombus which could also be imaged with a gamma camera.

E::::=::::::::"-='~'~=~"""~-------------------
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Limitations

Some limitations with the use of dual radionuclide scintigraijhy remain.
These include:

1) The interference of reticuloendothelial deposition of platelets in overlying
or underlying tissues. In some studies, such as the study of platelet deposition
in the abdominal aorta, platelet uptake in the bone marrow may cause
overestimation of deposition of platelets, unless proper controls are used.

2) The region of analysis and region of reference (for the blood pool) must be
at the same geometrical location in the body. The overlying tissues for both
regions must also be of similar structure so as not to affect the count ratio of
the two radionuclides. The importance of tissue depth can be seen by the simple
expedient of determining the ratio of activity of two radionuclides, In-113 and
99ffiTc,in increasing thicknesses of tissue-equivalent material. A graph of the
ratio of the activities of the two radionuclides, shows that the ratio is
exponentially dependent on tissue thickness (Fig 1).

3) As mentioned earlier, red cell incorporation into an active thrombus can
resul t in underestimation of platelet deposition.

4) The quantitative dual radionuclide technique cannot determine the absolute
amount of radioactive platelets deposited in an area. However, inter-individual
statistical comparisons are valid with this method.

5) Compton scatter from adjacent organs with high radioactivity can
significantly affect the counts in an adjacent area.

Conclusion5o

The dual radiotracer technique is a valid means of visualising and
quantita~ing deposition of lllIn-platelets in thrombi. It is especially useful
in situations where the blood pool is proportionally large. The technique is
sui table for various experimental studies and as a diagnostic aid. It is easier
to apply and less time-consuming than other quantitative methods. Mathematical
manipulation is kept to a minimum, allowing for easier analysis of experimental
results.

1. Allen B.T., Mathias C.J., Clark R.E., Hopkins K.T. and Welch M.J. Use of
Indium labeled platelets to monitor platelet deposition on vascular grafts.
Journal of Nuclear Medicine, 1983; 24: GO.

2. AlIen B.T., Sparks R.E., Welch M.J., Mason N.S., Mathias. and Clark R.E.
Reduction of platelet deposition on vascular grafts using an antiplatelet
graft coating technique. Journal of SUrgical Research, 1984; 3G: 80.

3. Bergmann S.R., Lerch R.A••, Mathias e.J., Sobel B.E. and Welch M.J., Non-
invasive detection of coronary thrombi with lllIn-platelets. Journal of
Nuclear Medicine, 1983; 24: 130.



- 131 -

4. Beswick W., Chmiel R., Booth R., Vellar 1., Gilford E. and Chesterman C.N.
Detection of deep venous thrombosis by scanning of 99m-technetium-labelled
red-cell venous pool. British Medical Journal, 1979; 1: 82. U

#

5. Ezekowi tz M.D., Leonard J.C., Smith E.O., AlIen E.W. and Tay lor F.B.
Identification of left ventricular thrombi in man using Indium-lll-labeled
autologous platelets. Circulation, 1981; 63: 803.

6. Fox K.A.A., Bergmann S.R., Mathias C.J., Hopkins K.T., Jaffe A.S., Powers
W.J., Siegel B.A., Sobel B.E. and Welch M.J. The detection of acute coronary
thrombosis in patients with the use of lllIn-labeled platelets. Journal of
Nuclear Medicine, 1983; 24: 59.

7. Heyns A. duP., Lotter M.G., Pieters H., PauwF.H., Badenhorst P.N., Wessels
P. and Minnaar P.C. A quantitative study of Indium-lll-oxine platelet
kinetics in acute and chronic renal transplant rejection. Clinical
Nephrology, 1982; 18: 174.

8. Laws K.H., Clanton J.A., Starnes V.A., Lupinetti F.M., Collins J.C., Oates
J.A. and HammondJ.W. Kinetics and imaging of Indium-lll-labeled autologous
platelets in experimental myocardial infarction. Circulation 1983; 67: 110.

9. Mathias C.J. and Welch M.J.; Dual isotope scintigraphy for the detection of
platelet deposition, IN: HeynsAduP, Badenhorst PN, LOtter MG,eds. Platelet
Imaging. Vol I. Chap V. Florida, CRCPublications, 1985: pp89-105.

10. Megerman J., Christenson J.T., Hanel K.C., Strauss H.W.and Abott W.M.,
lmaging vascular grafts in vivo with Indium labeled platelets. Annals of
Surgery 1983; 198: 178.

11. Peters A.M.and Lavender J .P.; Imaging vascular lesions with Indium-lll-
labeled platelets. Circulation, 1981; 64: 1297-1298.

12: Powers W.J. and Siegel B.A. Thrombus imaging with Indium-Ill platelets.
Seminars in Thrombosis and Haemostasis, 1983; 9: 115.

13. Powers W.J., Siegel B.A. and Welch M.J. Reply to a letter to the editor.
Circulation, 1981; 64.

14. Powers W.J., Mathias C.J. Welch M.J. Sherman L.A., Siegel B.A.and Clarkson
T.B., Scintigraphic detection of platelet deposition in atherosclerotic
macaques: a new technique for investigation of anti thrombotic drugs.
Thrombosis Research, 1982; 25: 137.

15. Powers W.J., Hopkins K.T. and Welch M.J.; Validation of the dual radiotracer
method for quantitative lllIn platelet scintigraphy. Thrombosis Research,
1984; 34: 135.

16. Sinzinger H., Leithner Ch., Schwarz M. Monitoring of human kidney
transplants using quantification of autologous lll-Indium-oxine platelet
label deposi tion - beneficia 1 effect of PGI2 treatment in acute (AH)and
chronic rejection (CR).Thrombosis and Haemostasis, 1981; 46: 263.

17. Stratton J.R., Ritchie J.L., Hamilton G.W.,Hammermeister K.E. and Harker
L.A. Left ventricular thrombi: In vi '0") detection by Indium-Ill platelet
imaging and two dimensional echocardiography. American Journal of
Cardiology, 1981; 47: 874.



- 132 -

18. Sutherland G.R., King M.E., Peerless S.J., Vezina W.C., Brown G.W~,£and
Chamberlain M.J. Platelet interaction within giant intracranial aneurysms.
Journal of Neurosurgery, 1982; 56: 53. ~

19. Welch M.J., Mathias C.J., Powers W.J., Sherman L.A., Siegel B.A. and
Clarkson T.B. Use of Indium-lll-labeled platelets to assess platelet
deposition on atherosclerotic plaques in a primate model. Journal of Nuclear
Medicine, 1981; 22: 55.

20. Welch M.J., Mathias C.J., Jacobs D., Rubin J., Siegel B.A., NeedIeman P. In
vivo manipulation of platelet thrombi: Platelet adhesion reversal using
prostacyclin. Stroke, 1981; 12: 117.

21. YamadaM., Hoki N., Ishikawa K., Yoshima H., Hata S., Ohkubo N., Matsuwaka
R., Furubayashi K., Fukushima M., Onishi K. and Kobayashi Y. Detection of
left atrial thrombi in manusing indium-labelled autologous platelets.
British Heart Journal, 1984; 51: 298.

FIGIlIRE

O.S4

0.52

OoS

le Oo4a~
op
<=' O.4~Ie
0

@oM
<C-

le 0042
(10
@t Oo~0
U
Il=- o.ss
Il!.
() e.se0
~

0034~
0.32

Ool

Oo2.~
0 2 4

FIGURE 1: 'JI.'he effect of attemIatioo on the ratio of counts of
'll'c-~ amtd rs-ua.



l11In-Labelled Baboon Platelets: The
Influence of in vivo Redistribution and

Contaminating 114mInon the Radiation Dose

HARRY F. KOTZÉ, MATTHEUS G. LOTTER,
ANTHON DU P. HEYNS,';' ANN SWEETLOVE

and PHILIP N. BADENHORST

Nuel. Med. Bioi. Vol. 14, No. 6, pp. S9}-S97, 1987
Int. J. Radiat. Appl. Instrum. Part B
Printed in Great Britain

0883-2897/87 S3.00 + 0.00
Pergamon Journals Ltd

Blood Platelet Research Unit, South African Medical Research Council, and University of the Orange
Free State, Bloemfontein, Republic of South Africa

(Received 23 February 1987)

In five normal. baboon~, whole ~y III ~II:decreased slowly (t 1/2 = 60 days) after the end of platelet lifespan.
There w~ slight elution of radioactivity from the liver and spleen, the important sites of platelet
sequestration. A fraction of this eluted radioactivity accumulated in the bone marrow but also in other
tiss~es. This redis~ri~u~on did not have a significant effect on the measurement of in vfuo platelet kinetics.
It did however, diminish the total weighted radiation dose, especially that due to contaminating ""'In.

Introduction

Indium-Ill is the platelet label of choice for in vivo
kinetic studies. Its physical characteristics and high
platelet labelling efficiency permit in vivo estimation
of the number of labelled platelets in an organ.(I-4)
The patients are however, exposed to radiation and
86 MBq IIIIn is the maximum dose recommended for
platelet kinetic studies. (4)114mIn is a byproduct of IIIIn
produced from cadmium. 114mln,with a half-life of
49.5 days, may contribute significantly to the radi-
ation dose. Thus, in studies of platelet kinetics,
contamination of the IIIIn-product with as little as
0.04% 114mInmay increase the effective radiation dose
equivalent by as much as 6%,(5) while 0.1% con-
tamination may increase the radiation dose to the
spleen by up to 4.6%.(6)

In studies with IIIIn-labelled platelets, the radi-
ation dose to the whole body and organs has been
established.(4.7-9)The calculations were based on the
assumption that IIIIn is not excreted from the body
and that the radionuclide is retained in the macro-
phages of the spleen, liver and bone marrow after the
sequestration of IIIIn-labelled platelets. Studies with
heat-damaged IIIIn-labelled red blood cells seques- .
trated in the spleen have however demonstrated that
the radio nuclide elutes slowly from the spleen and
accumulates in the liver.''?' It is not known whether

o Correspondence should be addressed to: Professor A.
du P. Heyns, Department of Haematology, P.O. Box 339 .
(G2), Bloemfontein, 9300, Republic of South Africa.

a similar redistribution of IIIIn occurs during studies
of platelet kinetics.

The aims of this study were to assess the influence
of the in vivo redistribution of IIIIn on the organ
radiation dose, and to determine the effect of con-
tamination with 114mIn on radiation. Although there
was indeed in vivo redistribution of the radio nuclide
between organs, this was slight. This redistribution
did nevertheless affect the radiation dose contributed
by 114mIn.

Methods
Experimental animals

In a project approved by the Ethical Committee of
the Provincial Administration and the University of
the Orange Free State, five healthy male baboons,
weighing 21.5 ± 5.2 kg, were studied. Anaesthesia
with ketamine hydrochloride (± 10mg/kg body
mass) facilitated handling for blood sampling and
scintillation camera imaging. The mean peripheral
blood platelet count of the five baboons was normal,
430 ± 84 x 109/L.
Platelet labelling and determination of platelet survival

Autologous platelets were isolated and labelled in
saline with IIlln-oxine (Radiochemical Centre, Am-
ersham, U.K.) as described in detail.(3.1I)Briefly,
platelets were isolated from the whole blood by
differential centrifugation and repeated washings of
the red cell layer. The platelets were concentrated by
centrifugation, resuspended in saline, and 1IIIn-oxine
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Fig. I. The redistribution of IIIIn after injection of
IIIIn-labelled platelets. Whole body and organ radioactivity
was expressed as a per cent of whole body radioactivity
(assumed to be 100%) on the day of injection. Blood
radioactivity was expressed as a per cent of total
radioactivityfmL blood injected. Values are given as a

mean± 1SEM.

added. After incubation, the platelets were concen-
trated and resuspended in platelet poor plasma for
reinjection. Labelling efficiency was 82 ± 2%. Con-
tamination of the labelled platelet injectate with red
cells, plasma proteins and white cells was less than
3%. The recovery of labelled platelets in the circu-
lation at equilibrium was calculated. Their mean
lifespan (MPLS) was estimated by fitting the blood
disappearance curve of the labelled platelets to a
gamma function'!" The recovery at equilibrium was
86 ± 4%, and MPLS was 140± 13h.
. The labelled platelets were viable, as assessed in
vitro.(2) In vivo function was normal. This was
reflected by a linear disappearance of labelled plate-
lets from the circulation (Fig. I); normal recovery of
labelled platelets in the circulation; and a normal
MPLS compared to those of other studies.'!"!"

Quantification of the in vivo distribution of label/ed
platelets

The procedures are described in detail elsewhere.i'"
Briefly, anterior and posterior images of the whole
body were acquired daily for 11 days with a large field
of view scintillation camera, starting on the day of
injection of the labelled platelets. Whole body and
organ radioactivity was determined by region of
interest analysis. The percent of whole body radio-
activity in an organ was quantified with the geometric
mean method, and time/radioactivity curves were
generated. Whole body radioactivity at equilibrium
was assumed to be 100%, and all subsequent whole
body and organ radioactivities were expressed rela-
tive to this. The radioactivity in the pelvis was also
determined by region of interest analysis. It was
assumed that this radioactivity represents seques-

tration of senescent labelled platelets in the bone
marrow. .

In two of the baboons, whole body.~radioactivity
was determined with anterior and posterior scintil-
lation detectors in a whole body counter on days 13,
20, and 33 after the labelled platelets were injected. (J.4)
The geometric mean hepatosplenic count rate was
determined and expressed as a per cent of the geo-
metric mean whole body radioactivity at equilibrium.
The whole body IIIIn-radioactivity measured with the
whole body counter on day 13was normalized to that
measured with the scintillation camera on day Il.

Radiation dose
The radiation dose was calculated from the data

according to the recommendations of the Medical
Internal Radiation Dose Committee of the Society of
Nuclear Medicine (MIRD).(I7)To calculate the cumu-
lative organ radioactivity, the radioactivity in the
spleen, liver and blood during the platelet survival
time was fitted to a linear function. In the time period
after the end of platelet survival, an exponential
function was fitted to the data. The weighted dose
equivalent was calculated according to the Inter-
national Commission on Radiological Protection.'!"
Contamination with 114mInof commercial IlIIn_

oxine (Radiochemical Centre, Amersham, U.K.) was
measured in a well-type scintillation counter after
complete decay of a known amount of IIIIn. The
measured contamination was 0.05%. The effect of
contamination with 0.08% 114mIn,the value specified
by the manufacturer, on the radiation dose was also
calculated.

For purposes of comparison, we have extrapolated
the results on redistribution of the I11In in this study
to humans, and calculated the maximum annual dose
that may be administered. The organ radioactivities
reported by Wessels et al.(I9)were used in the calcu-
lations.

!Reswts
In vivo distribution of radioactivity
The distribution of radioactivity at equilibrium, at

MPLS, and after 261 h is given in Table 1. The
changes in blood-, whole body-, spleen-, and liver
radioactivity during the 261 h of the study, are
presented in Fig. 1. This graph can conveniently be
divided into a survival phase (from the time of
reinjection of labelled platelets to the end of MPLS)
and a post-survival phase (from MPLS to 261 h).
Whole body radioactivity decreased significantly
from equilibrium, (assumed to be 100%) to 89 ± 5%
at 261 h (P = 0.008; Hest for paired data). The
biological half-life of IIIIn in the body was 60 days.
Splenic radioactivity decreased with 3.4% in the
post-survival phase. This decrease was significant;
P = 0.02 (r-test for paired data). The biological
half-life of the radionuclide in the spleen was 18 days.
Although hepatic radioactivity tended to increase
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half-life of 60 days, as estimated from the decrease in
whole body radioactivity from 0 to II days, was used
for III In. It was assumed that non-hepatosplenic
radioactivity was evenly distributed in the remainder
of the body,'!" The spleen received the highest
radiation dose, 4.66 mGy/MBq. 114mIncontributed
approximately 8% to the total weighted radiation
dose; the liver was the major recipient, i.e. 15%
For safety purposes, the absorbed dose was also

calculated assuming that: (I) the radionuclide was
not excreted but was indefinitely retained in the
macrophages and that non-hepatosplenic radio-
activity was evenly distributed in the body (Table
3B), and (2) excretion of III In and redistribution of
radio nuclide between organs took place, but non-
hepatosplenic radioactivity accumulated only in the
bone marrow (Table 3C). Loss of radio nuclide did
not affect the calculated radiation dose received from
III In. The radiation dose from the 114mIn was
influenced (Table 3B vs Table 3A). As a result of the
loss of radioactivity, I14mIncontributed 8% to the
total weighted radiation dose equivalent, in contrast
to 15-17% if radioactivity was not lost. This is a
reduction of about 50%. Elution of radioactivity
from the spleen reduced the radiation dose by 15%.
Again, this was the result of a decrease in the
absorbed dose from I14mIn,i.e. 0.78 mGy/0.8 kBq if
radioactivity was indefinitely retained in the spleen vs
0.24 mGy/0.8 kBq if elution occurs. If it was as-
sumed that non-hepatosplenic radioactivity accumu-

Fate and radiation dose of IIIIn-platelets S9S -
Table I. The redistribution of "'In following injection of "'In-Iabelled platelets. Values are given as a mean per cent

of equilibrium whole body radioactivity, assumed to be 100%

At equilibrium At platelet life span After 261 h :,)

Baboon Spleen Liver Pelvis· Spleen Liver Pelvis· Spleen Liver Pelvis"

I 13.7 19.7 10.6 23.8 47.4 4.2 18.9 42.9 5.7

2 14.2 13.7 11.3 20.4 45.3 5.4 17.8 52.4 5.2

3 15.9 16.8 11.3 18.7 37.9 6.9 14.6 43.4 6.4

4 14.7 14.0 15.2 18.6 37.4 6.1 19.1 37.5 5.6

5 16.0 18.0 10.8 20.4 37.2 6.9 14.8 35.9 5.4

Mean 14.9 16.4 11.8 20.4 41.0 5.9 17.0 42.4 5.7

SO 1.0 2.6 1.9 2.1 4.9 1.1 2.2 6.5 0.5

• The radioactivity in the pelvis was used as an indication of bone marrow "'In, either due to blood flow (equilibrium)
or sequestrated platelets.

Table 3. The absorbed radiation dose, in mGy, received from I MBq "'In and
0.8 k.Bq """In. The absorbed dose (A) is calculated from the results in Table I. In
(B) it was assumed that no excretion of "'In took. place and that the radionuclide
was indefinitely retained in the rnac:rophages. In (C) it was assumed that excretion
and redistribution of radionuclide took. place, but that non-hepatosplemc radio-

activity accumulated only in the bone marrow

Whole Bone Total weighted
Radionuclide body Spleen Liver marrow dose

(A)
"'In 0.16 4.41 1.10 0.16 0.45
"''"In 0.01 0.25 0.16 0.00 0.04
Total 0.17 4.66 1.26 0.16 0.49

(B)
'"In 0.16 4.56 1.10 0.16 0.45
"''"In 0.01 0.78 0.17 0.00 0.08
Total 0.17 5.34 1.27 0.16 0.53

(C)
'"In 0.16 4.19 1.08 0.52 0.49
"''"In 0.01 0.25 0.16 0.02 0.03
Total 0.17 4.44 1.24 0.54 0.52

slightly at first, and then decreased (Fig. I), hepatic
and bone marrow radioactivity remained relatively
constant in the post-survival phase (Table I).
The results obtained with the whole body counter

are given in Table 2. Whole body and hepatosplenic
radioactivity decreased, and there was an increase of
the radioactivity in the remainder of the tissues. The
biological half-life of III In, calculated from both the
scintillation camera and whole body counter data, in
baboons 3 and 5 was 67 days.

Radiation dose

The biological data in Tables 1 and 2 were used to
calculate the radiation dose (Table 3A). A biological

Table 2. The redistribution of "'In measured in the
whole body counter. Results are expressed as a per
cent of whole body radioactivity at equilibrium,

assumed to be 100%

Time (h)

Baboon 291 459 796

Whole body 3 95 92 89
5 87 84 83

Mean 91 88 86

Hepatosplenic 3 81 76 69
5 71 66 61

Mean 76 71 65

Remainder? 3 14 17 19
5 17 18 23

Mean 16 18 21

• Remainder is radioactivity neither in the spleen
nor in the liver.
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lated in the bone marrow alone, the absorbed radi-
ation dose to this organ increased 3.4 fold (Table 3C
vs Table 3A).

Discussion
The radiation dose to the whole body and different

organs due to III In-labelled platelets has been estab-
lished.(4.1-9)Apart from the half-life of the radio-
nuclide, in vivo redistribution of radio nuclide between
organs, and loss of radionuclide from the body may
influence the calculation of the radiation dose. The
influence of these factors, and of contaminating
114mln,were determined in this study. However, to
calculate the radiation dose accurately, it is necessary
to have an accurate estimate of the radioactivity in
the different organs. The geometric mean method of
quantification has been showed to be suitableP"

Whole body radioactivity decreased (Fig. 1, Table
2) with a biological half-life of 60 days. This is similar
to results reported in some studies on human
patients(21.22)and in our previous study in baboons.t'"
The estimate of the biological half-life of 67 days,
based on the decrease in whole body radioactivity
from day 0 to 33, was slightly longer. Since only two
baboons, each with only three observations were
studied by this means, we consider the estimate of the
biological half-life as 60 days more reliable.

In studies of normal humans, however, III In-
radioactivity was not lostY·19)The reason for the
decrease in whole body radioactivity is not entirely
clear. It is apparently not due to excretion of radio-
nuclide, because radioactivity has not been detected
in urine or fecesY·1.8)It may not be a true loss of
radionuclide, but due to the influence of attenuation
of the gamma photons. It seems likely that the
redistribution of labelled platelets from the circu-
lation to the organs of the reticulo-endothelial system
may affect the estimate of organ and whole body
radioactivity.

In the post-survival phase, III In eluted from the
spleen (Fig. 1, Table 1) at a rate of approximately
0.7%/day. If it is assumed that elution started on the
day of injection of the labelled platelets, the spleen
would have lost only 4% (O.7%/day x MPLS) of its
equilibrium radioactivity in the survival phase. This
will not influence the estimate of splenic radioactivity
significantly, because it is less than the accuracy of
4-6% inherent in the methodology.P" Pelvic radio-
activity remained relatively constant in the post-
survival phase (Table 1). Hepatic radioactivity did
seem to increase slightly, although not significantly.
This was followed by a decrease (Fig. I). After 260 h,
there was a loss of III In from the hepatosplenic area,
and an accumulation of radioactivity in the remain-
der (Table 2). It seems reasonable to assume that this
radioactivity will be located equally in the bone
marrow and other tissues. This assumption is based
on our previous findings in baboons.'!"

The results demonstrate that the spleen is the major
target for radiation (Table 3A). Contamination with
0.08% 114mlncontributed about 5% of thi~ absorbed
dose. The liver received less radiation, but was more
susceptible to the effect of contaminating 114mln
(Table 3A). The 114mlncontributed about 8% to the
total weighted radiation dose.
The influence of redistribution of III In on the

radiation dose was also determined. The effect on the
spleen was marked, i.e. a reduction of 15% in the
absorbed dose (Table 38 vs Table 3A). The effect on
the bone marrow was slight if it was assumed that all
radioactivity lost from the spleen and liver accumu-
lated in the bone marrow and other tissues (Table 38
vs Table 3A). However, if this redistribution was
solely to the bone marrow, the radiation dose of this
organ increased 3.4 fold (Table 3C vs Table 3A). It
should be noted that only about half the non-
hepatosplenic radioactivity accumulates in the bone
marrow,'!"
These results on the effect of redistribution of

radionuclide on radiation pertain to baboons, but
can readily be extrapolated to humans. One should
however, note that the splenic platelet pool of ba-
boons is about half that of humansY·4.1l.19-22)The
much higher radiation dose to the human spleen will
therefore increase the importance of 114mlncon-
tamination as a source of radiation.
We conclude that the radiation dose due to III In is

acceptable for platelet kinetic studies in humans. The
maximum permissible annual dose should however,
not exceed 61 M8q. This will limit the absorbed dose
to be within the specified permissible annual radi-
ation dose.'!"!" Far less III In, 15-23 M8q, is ade-
quate for platelet kinetic studies in humans.(}-9.19-22)It
is also evident that contamination with as much as
0.08% 114mlnwill not appreciably increase the radi-
ation dose. Investigators should however have infor-
mation available, or, measure the extent of this
contamination.
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Evidence that IIIIn-labelled platelets pool in
the spleen, but not in the liver of normal humans
and baboons
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The kinetics of pooling of platelets in the spleen may be used to measure spleen
function. However. pooling of platelets in other organs. especially the liver. may affect
these kinetic measurements. We have therefore compared. in man and baboon. the
kinetics of III In-labelled platelets and III In-labelled red cells in the liver and spleen
during the first 60 min after reinjection. This was determined in vivo with a scintilla-
tion camera and computer-assisted image analysis. Organ radioactivity was expressed
as a percentage of that of the whole body. In both humans and baboons. the spleen
accumulated many more platelets than red cells. Also. the red cells equilibrated more
rapidly. The presence of a splenic platelet pool was thus confirmed. In contrast. the
percentages of labelled platelets and labelled red cells in the liver were similar in both
species. In both species, the sum total of labelled platelets in the circulation. i.e.
recovery. and that quantified in the spleen at equilibrium. were equal to approximately
100'<0. These results confirm the presence of the exchangeable splenic platelet pool.
and indicate that there are no significant exchangeable platelet pools in either the liver
or any other organs.
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Approximately one-third of reinjeered radio-
labelled platelets are not recovered in the cir-
culation. but accumulate in an exchangeable
splenic platelet pool (1-7). The mechanism of
pooling is not known. but may be related to
the circulation of the spleen. Approximately
90070of blood delivered to the spleen enters the
splenic cords and flows through the sinuses.
This is the 'open' circulation. The remainder
flows through a 'closed' system, where the

splenic arteries and veins are in continuity (8.
9). Many platelets apparently enter the 'open'
circulation and their transit through the spleen
is therefore delayed (10. 11). In contrast, less
than 10070of the red cells entering the spleen
are subject to intermediate or slow flow
through the spleen (12), but they enter the
'open' circulation nonetheless.
The rate of accumulation of labelled platelets

in the spleen is monoexponential. It has been



Methods
Subjects and experimental animals: 11 healthy human
volunteers, who gave informed and signed consent, and
6 healthy baboons (Papio ursinus) were studied in a
project approved by the Ethical Committee of the
University of the Orange Free State. Platelet kinetics
....ere studied in 6 humans and 6 baboons; and red
blood cell kinetics in 5 other humans and 3 of the
baboons. The baboons were anaesthetized with ketamine Accumulation = AI + Ale'-'"

hydrochloride (10 mg/kg body mass).
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suggested that platelet kinetics and in vivo dis-
tribution conform to a simple two-compartmen-
tal, dosed system describing movement of plate-
lets between the circulation and the spleen (4-7).
Based on this assumption, compartmental analy-
sis has been used to noninvasively measure spleen
function, splenic blood now, and the transit time
of plalelets through the spleen (7, II, 13-15).
However, if platelets were to accumulate in other
organs, or damaged platelets are sequestrated in
a non-exchangeable pool in the spleen, the mea-
surement of the kinetics of platelets by compart-
mental analysis will be affected (13-16). The
suggestion that platelets may be pooled in the
liver (7, 13-16) is therefore important.

We have now tried to resolve the question of
the presence or absence of an extrasplenic plate-
let pool by comparing the kinetics and in vivo
redistribution of IIIIn-labelled platelets and IIIIn-
, labelled red cells in the spleen and liver of nor-
mal humans and baboons. The baboons were
studied because the size of their splenic platelet
pool is about half that of humans (19). It was
thought that species differences in the kinetics of
pooling of platelets in the spleen may point to a
factor, or factors, that may govern the mecha-

nism of pooling.

.,

Blood cell labelling: Autologous platelets were isolated
from the whole blood and labelled with !llln-oxine
(Radiochemical Centre, Amersham, UK) as described
in detail elsewhere (17-19), Briefly, the platelets were
isolated by repeated 'washing' from the red cell layer.
The platelets were concentrated by centrifugation,
resuspended in saline, and labelled with 1IIIn-oxine.
labelled platelets, resuspended in platelet poor plasma,

'~,

were reinjeered I h later. Viability of labelled platelets
'was assessed in vitro by their aggregation response, to
ADP (20), and they were not reinjeered unless aggreg-
ates consisting of 10 or more platelets were observed.
Reeevery of labelled platelets in the circulation at equi-

librium was estimated (17),
Autologous red blood cells were labelled as de-

scribed elsewhere (21), Blood, 17.5 ml, was collected
in 2.5 ml acid·citrate·dextrose and the red cells sedi-
menred with hydroxyethvl starch. Platelets and leuco-
cytes retained in the red cell layer were removed by
washing 3 times, and the red blood cells labelled with
Illln-oxine. The red cells were re suspended in 5 ml
platelet poor plasma and reinjeered. The labelling
efficiency with 1llln-oxine was consistently greater
than 90010. Contamination with labelled platelets and

leucocytes was less than 4070,

Scintillation camera imaging: The redistribution of
labelled cells in the spleen and the liver during the
equilibrium phase was dynamically imaged with a large
field of view scintillation camera interfaced with an Al_
MDS data processing system (17-19), The subject was
positioned so that the heart, liver and spleen were
included in the field of view of the camera. labelled
cells were injected as a bolus and 64 x 64 byte mode
images acquired: 30 images, each lasting 30 s, followed
by 15 images of 180 s duration. Radioactivity in the
liver, spleen and heart was expressed as coums/pixel/
min (17). At equilibrium, reached 90 min after the
reinjeered of the labelled cells, the in vivo distribution
of the labelled cells in organs and the whole body was
quantified with the geometric mean method (17, 18),
The mean count rate of the dynamic curves was nor-
malized to the radioactivity present in the organ at
equilibrium. Organ radioactivity was expressed as a
percentage of whole body radioactivity,

Calculations: The accumulation of IIlln·labelled plate-

lets in the spleen was fitted to the equation:

where AI is the asymptotic value, AI + Al is the
Y-intercept, and k is the rate constant of accumulation

of platelets in the spleen.
Splenic blood flow and the transit time of platelets

through the spleen were calculated by compartmental
analysis (7, li, 15), The rate constant of accumulation
of cells in an organ (Ko) is equal to the sum of the input
rate constant (kl) and the output rate constant (kJ.

Therefore, at equilibrium:

(1)



>
I-
>
I-
o
'"o
c

'"a:
>c
o
ID

W C
..J
o
l: 30
~

5 . ------I--------:!- ----- -I------3:---- ----;[ -- ----I

I-
z
w
o
a:
w~

. ------Y· -- ---- -~ ---- -~-- -- --I --------:f ------I
40 50

TIME (minutes)

60 o 30 40 50 60
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where Qo is the fraction of 1111n·labelled platelets quan-
tified in the organ,

The ratio of the transit time of labelled platelets ro
labelled red cells in the different organs was calculated
(22), The equation used was:

where t is the transit time of platelets (P) and red cells
(R), 0 the quantified organ radioactivity for the dif-
ferent cells and B the recovery of platelets and red cells
in the circulation. Since red cells are not pooled in an
organ (12, 13), it was assumed that the recovery of
these cells was 100 "70.

Statistical analysis: Paired or unpaired data were evalu-
ated with the t-rest for different means.
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(2) Results
Cell kinetics in the spleen: In humans, labelled
platelets accumulated at a rate constant of 0.177,
min':" ± 0.057, reaching 90070 of the maximum
concentration after about 12 min (Figure ICl.
Labelled red cells accumulated at a much faster
rate, and equilibrated within 4 min (Figure IC),
Mean splenic blood flow was calculated to be
5.7070 ± 2.4 of the cardiac output. The transit time
of platelets through the spleen was 9.01 min ±"
2.72. At equilibrium, a significantly greater per."
centage of labelled platelets than labelled red cells
was present in the spleen (Table I). The sum total
of the recovery of labelled platelets in the circula-
tion (66070 ± 13) and that quantified in the spleen at
equilibrium (30.7070 ± 6.0) was 97070 ± 10.

In baboons, the labelled platelet accumulation

(3)
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was exponential at a rate constant of 0.158.
min':" ± 0.077. The rate constant was not signifi-
cantly different from that observed in humans (p
> 0.05). The red cells accumulated much faster
than platelets, and equilibrated within 4 min
after reinjection (Figure IA). Splenic blood now
was 2.70/0 ± 1.4 of cardiac output, significantly
less than that in humans (p < 0.05). The transit
time of platelets through the spleen of baboons,
9.02 min ± 3.65, was similar to that of humans.
The splenic platelet pool of baboons, 16.8% ,±
2.6, was significantly smaller (p < 0.01) than
that of humans (Table I). At equilibrium, ap-
proximately 3.5% of the labelled red cells were
present in the spleen (Table I). The sum total of
the fraction of labelled platelets quantified in the
spleen (16.8% ± 2.6) and that recovered in the
circulation (870;0 ± 6) was 104% ± 7. Although it
is possible that the anaesthesia may have influ-
enced the rate of accumulation of the labelled
platelets in the spleen, similar to that seen in
dogs (13, 14), it is considered to be unlikely
since, in these baboons, the recovery of labelled
platelets in the circulation was similar to that
described in unanaesthetized baboons (23).

Cell kinetics in the fiver: In both species there
was a transient accumulation of labelled platelets
in the liver (Figures IB and ID). After an initial
rapid accumulation, the hepatic concentration of
labelled platelets increased more slowly and
reached a maximum at about 6-10 min. Radioac-
tivity then decreased gradually and equilibrated
after 30-40 min.

Labelled red cells, on the other hand, equilibr-
ated within 4 min in both species. The distribu-

TABLE I
The in vivo distribution of IItln·labelled platelets and 111In·
labelled red cells at equilibrium. Values are given as a mean '1',
of whole body radioactivity s: I SD

Species Organ Platelets Red cells

Humans Spleen 30.1:: 6.0 3.S : 0.6
Liver 9.6: 1.2 10.6: 2.0
Heart 1.3: 1.4 7.4: 1.8

Baboons Spleen 16.8: 2.6 4.0: 0.7
Liver IS.6: 1.9 14.1: 1.6
Heart 1.7:2.3 6.1: 2.1

tion of labelled platelets and labellcd'red cells at
equilibrium did not differ significantly (p > 0.10
in both species, Table I).'

Ratio of platelet Ired cell transit limes: The mean
ratio in the heart, where no pooling of blood
cells can take place, was 1.5 in the humans and
1.4 ± 0.2 in the 3 baboons that were studied with
both labelled red cells and labelled platelets. The
ratio in the liver was 1.4 and 1.3 ± 0.2, respec-
tively.. The ratios between the heart and liver of
the 3 baboons were not significantly different (p
> 0.20). The ratio in the spleen was 13.6 in the
humans and 4.9 ± 2.1 in the baboons.

Discussion
A 'pool' for platelets may be defined as an
organ, or region, with an increased blood cell to
plasma ratio compared to the same ratio mea-
sured in the peripheral blood (14). We have
defined a 'pool' for platelets as an organ where
the concentration of platelets exceeded that of
red cells. This approach was based on the
assumption that in normal subjects red cells are
not pooled in an organ (12, 13), but that their
concentration reflects the perfusion of blood in
the organ.

It is well established that approximately one-
third of the total platelet population is pooled in
the spleen: in normal humans, only about two-
thirds of injected "Cr-labelled platelets are re-
covered in the circulation (1-3). Quantitative
imaging of III In-labelled platelets has confirmed
this (4, 6, 16-19). In the present study, the con-
centration of labelled platelets in the spleen of
both species was much higher than that of
labelled red cells (Table I). The ratio of the
transit time of labelled platelets to red cells was
13.6 in humans and 4.9 ± 2.1 in baboons. The
presence of a splenic platelet pool, but not a red
cell pool, was confirmed by the observation that
the red cells equilibrated at a much faster rate
than platelets. The transit time of red cells
through the spleen was therefore also much fast-
er than that of platelets. These results all confirm
that platelets are pooled in the spleens of humans

•••• ~ •• - _ __ ••• _ _' •• ·O _ •••
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lets are pooled in patients with splenomegaly
(24). However, since the human spleen contrib-
utes approximately 0.16070 to the total body mass
(29), and that of the baboon approximately
0.23070 (our own unpublished observations), it
seems unlikely that the size of the spleen explains
our observations. The size of the splenic platelet
pool is related to splenic blood flow and the
transit time of platelets through the spleen (Il,
15). Our results support this view that splenic
blood flow does determine the size of the platelet
pool. Splenic blood flow in baboons was approx-
imately half that measured in humans. The tran-
sit time of platelets through the spleen, however,
did not differ in the two species. Transit time
therefore does not explain the difference in the
size of the splenic platelet pool in the two spe-

cies.
Hence, our results in both humans and ba-

boons are consistent with the view that normal
subjects do not have a nonsplenic platelet pool.
If such a pool does exist, it must be very small,
and in rapid equilibrium with the platelets in the
circulation. It is therefore not necessary to cor-
rect for a nonsplenic platelet pool when measur-
ing the kinetics of the splenic platelet pool. The
transient, excess accumulation of labelled plate-
lets in the liver due to the 'collection injury' will,
however, have an influence on the time taken to
attain equilibrium. This should be taken into
account when measuring in vivo platelet redistri-
bution and mean platelet life-span.

and baboons and established the validity of the
method we have used to demonstrate the pre-

sence of a pool.
Since only about 90070 of all injected labelled

platelets are recovered in the circulation of
asplenic subjects (24, 25), it has been suggested
that there is a nonsplenic pool for platelets (26),
possibly situated in the liver (7, 14, 15). Our
results do not support this view. In the livers of
both species the concentration of labelled plate-
lets and labelled red cells, expressed as a percen-
tage of whole body radioactivity, were similar.
The ratio of the transit time of labelled platelets
to the transit time of labelled red cells corre-
sponded to the ratio of these cells measured in
the heart. It may be assumed that pooling does
not occur in the heart. We could also account for
all the injected '"In-labelled platelet radioactivity
by adding that recovered in the circulation to the
splenic platelet pool, estimated by quantitative
imaging: 97070 ± 10 in humans and 104070± 7 in
the baboons. This is in accord with the results
published by several other investigators (4, 18,
27), and supports the view that platelets are
distributed only in two compartments, namely
the spleen and the circulation. We therefore con-
sider that the "'In-labelled platelets in the liver at
equilibrium are present in the blood perfusate

and not in a pool.
Before equilibrium was established, a slight

excess accumulation of '"In-labelled platelets in
the liver, maximal within 10 min after injection,
was evident. This phenomenon was transient,
and may be ascribed to the 'collection injury'
sustained by the platelets during the labelling
process (28). It is important to note that this
excess accumulation should not be considered as
a hepatic platelet pool. The 'collection injury' is
reversible (18), and has a very small effect on the
measurement of the mean platelet life span, in
vivo distribution and sites of sequestration of

labelled platelets (28).
The human spleen pooled approximately twice

as many platelets as that of baboons. We have
no explanation for this difference, but some fac-
tors may be considered. The size of the spleen
may be important, since significantly more plate-
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SUMMARY.The extent of the 'collection injury' sustained by platelets during labelling
with In-lll-oxine was investigated in three matched pairs of beagle dogs. The
influence of the procedure on the survival. kinetics. in vivo distribution and fate of the
labelled platelets was determined by serial blood sampling and quantitative
computerized scintillation camera studies. Injured labelled platelets were removed in
the matched dog acting as a biological filter. The survival. distribution and fate of the
'filtered' and 'unfiltered' platelets were compared. The mean platelet lifespan of the
'filtered' and 'unfiltered' platelets did not differ significantly. but the shape of the
survival curve of the filtered platelets fitted a linear function more closely than that of
th.e unfiltered platelets. Radioactivity in the different organs and regions was serially
quantitated and expressed as a percentage of whole body radioactivity. Splenic and
hepatic radioactivity of filtered and unfiltered platelets did not differ significantly at
equilibrium or at the end of platelet lifespan. It is concluded that the currently
employed isolation and labelling techniques for platelets are suitable for quantitative
in vivo studies with a computerized scintillation camera system. The shape of platelet
survival curves should. however. be interpreted with some caution as it may be
influenced by these procedures.

The introduction of IIIIndium-oxine as a platelet label (Thakur et al. 1976) added a new
dimension to the study of platelet kinetics. The physical properties of IIIIn permit quantitative
studies of in vivo platelet distribution in health (LOtter et al. 1980; Heyns et al. 1980a) and
disease (Heyns et al. 1979). However. the currently available techniques for the labelling of

Correspondence: Professor A. duP. Heyns. MRC Blood Platelet Research Unit. PO Box 339 (G2).
Bloemfontein 9300. Republic of South Africa.
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platelets with radioactive tracers are associated with some degree of platelet damage-the
so-called 'collection injury' (Harker, 1978). After reinjection, damaged labelled platelets are
rapidly cleared from the circulation. whilst the undamaged portion persists for a much longer
time (Kaplan & Saba. 1978). Platelet survival studies deal almost exclusively with the latter
group. In vivo scintillation camera studies, however, will measure distribution of both
populations. The validity of the results of quantitative studies of platelet kinetics may
therefore be questioned.

An experimental study was devised to determine the influence of the 'collection injury' on
the survival. kinetics, distribution and fate of lllIn-labelled canine platelets. Platelets
damaged during the labelling process were removed by 'filtering' through another dog and
the survival and kinetics of the filtered and unfiltered platelets were then compared.

MATERIALS AND METHODS

Platelet isolation and labelling. Platelets were isolated by differential centrifugation, labelled
in physiological saline with IllIn-oxine. washed and resuspended in autologous plasma as
previously described (Heyns et ai, 1980b; Lotter et ai, 1980). Platelet viability was assessed
and only injected ifthe in vitro aggregation response to ADPand collagen was normal (Heyns
et al. 1980b). An aliquot was fixed for electron microscopy.

Dogs. Six beagle dogs with a mean mass (± 1 SO)of 12 ± 2 kg were matched in pairs of a
donor and a filter dog.

Donor dog. Two weeks prior to the exchange experiment, 127·5 ml venous blood was
collected aseptically in a plastic bag containing 22· 5 ml acid citrate dextrose NIH formula A
(ACD-A)as anticoagulant. One week later. this blood was reinfused after 255 ml blood was
collected in 45 ml ACD-A.Another week later. 425 ml blood was collected in 75 ml ACDA
and the blood collected the previous week was reinfused. Platelets were isolated from this 425

ml blood and labelled with Illln-oxine. The red cells were preserved.
Filter dog. The filter dog was positioned under a scintillation camera to visualize the heart.

liver and spleen. The IIIIn-labelled platelets of the paired donor dog were rapidly injected
intravenously.

The exchange experiment. Twenty hours after the injection of the Illln-labelled platelets the
filter dogs were anaesthetized with O'25 g Thiopentone sodium and positioned under the
scintillation camera. A no. 16 gauge needle was inserted into the external jugular vein and
425 ml blood was drawn 'consecutively into 10 x 50 ml plastic syringes. each containing 7·5
ml ACD-A. One ml aliquots were removed from each syringe for electron microscopy of
platelets and to serve as a IIIIn-standard. The radioactivity of the remaining blood was
measured in a Picker radionuclide dose calibrator.

Packed red cells obtained from the 425 ml blood collected from the donor dog the previous
day were then infused into the filter dog.

The donor dogs were anaesthetized and positioned under the scintillation camera
collimator. 200 ml blood was withdrawn and replaced with the 490 ml ACD-blood
containing IIIIn-labelled filtered platelets.

Scintillation camera imaging and quantitation. Image acquisition and quantitation of

I'
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platelets distribution were performed with a Searle Pho Gamma scintillation camera
interfaced with a computer-assisted imaging system as previously described (LOtter et al.
1980). Geometry was maintained by positioning the dogs in a fixed frame on a rigid table. A
high-energy divergent collimator was positioned anteriorly to visualize the heart. liver and
spleen. Images were obtained by integrating for 30 s intervals for 15 min. 9 min images were
acquisitioned for the following 90 min. and 9 min images daily for 7 d. Whole body profile
scanning was done daily with a slit collimator in a low background steel room. Areas of
interest were selected over the heart. liver and spleen and the radioactivity in each organ
measured by computer-assisted scintillation camera imaging. Radioactivity of a selected
thoracic area was integrated in both the scintillation camera image and whole body counter
profile. These activities were related and a correction factor derived to normalize the
radioactivity measured by the scintillation camera to that measured by the whole body
counter. Time-radioactivity distributions for the whole body and the specificorgan on days
1-7 were subjected to linear least squares analysis. Zero-time equilibrium was derived by
back-extrapolation of regression activity curves. Final organ and region radioactivity was
determined at the end of the platelet lifespan in the circulation.

Electron microscopy. The filtered and unfiltered platelets were examined by a technique
modified after White (1968) (Heyns et al. 1980b). One volume of platelet rich plasma was
fixed in 5 vol 2·5% glutaraldehyde. pH 7·3; post fixed in 1% osmium tetroxide; after
dehydration samples were embedded in epoxy resin. sectioned and stained with uranyl
acetate and lead citrate.

Platelet-survival studies. Platelet-survival studies were largely performed as recommended
by the ICSH (1977) as previously described (LOtteret ai, 1980; Heyns et al. 1980a). Mean
autologous platelet survival was calculated by least squares computer fitting to a gamma
function (Murphy & Francis. 1971) and by least squares analyses of the linear and
logarithmic estimates (ICSH Panel. 1977). Platelet recovery in the circulation was
determined from a blood sample taken 5 min after infusion of labelled platelets.

RESULTS

Ultrastructure of the platelets

Electron microscopy of the un filtered platelets. done immediately prior to injection, showed
some changes characteristic of activation (Fig 1). The platelets retained their discoid shape
and granules were distributed normally. Surface projections were present and the canalicular
system was dilated.

Electron microscopy of the filtered platelets (Fig 18) revealed only a few small surface
projections but the canalicular system was dilated.

Platelet survival

The relevant subject data. radioactivity and platelets administered. platelet recovery in the
circulation and survival data are given in Table 1. The mean platelet lifespan of the filtered
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Fig 1. (A) Indium-Ill labelled platelets immediately before injection. Platelets are discoid with normal
distribution of granules. Surface projections are present and the canalicular system dilated. ( x Il 500.
enlarged). (B) Platelets after circulating for 20 h through a biological model. Surface projections are
inconspicuous with some dilatation of the canalicular system. ( x Il 500, enlarged).
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Table I. Subject and platelet survival data

Indium-lll-Iabelled Platelet survival (h)
Indium-Ill platelets 5 min recovery
injected injected ofIn-lll in Weighted Gamma

Dog MBq (JlCi) (x 109) blood (%) mean function 'Hits'

1. Filter A 29·23 (792'4) 18·2 55 183 189 87

2. Filter B 26·58 (7l8'S) 22·3 49 157 162 100

3. Filter C 29·49 (79S'0) 19·8 50 137 146 80

Mean 28·49 (768'6) 20'1 51·3 159 166 89

±1 SD 1·63 (43,4) 2·07 3·2 23 22 10

1. Donor A 4·99 (134'6) Unknown 50 171 167 17

2. Donor B 3·93 (106·2) Unknown 45 133 139 34

3. Donor C 4·98 (134,5) Unknown 43 134 134 28

Mean 4·63 (125,2) Unknown 46·0 146 147 26

±1 SD 0·6 (16·4) Unknown 3·61 22 18 19

platelets (measured in donor dogs) was longer. but the difference was not statistically
significant when compared with Student's t-test for paired data (0,05 < P< 0'1).

Platelet survival curves fitted to a gamma function model are depicted graphically in Fig
2. The mean curve for the filtered platelets fits a linear function better than that of the
un filtered platelets.
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Fig2, Platelet survival curves generated by computer fitting of the data to a gamma function. The curve
for the filtered platelets is linear whereas that for the unfiltered platelets is curvilinear.
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Table II. Equilibrium in late in vivo organ In-Ill distribution -

Heart Liver Spleen Whole body

Dog Initial Final Initial Final Initial Final Initial Final

Filter A 3·3t 0·7 29·9 37·3 38·3 52·2 100 92·5
Donor A 2·4 0·5 27·8 37·4 45·1 60·1 100 83·2
Filter B 5·3 1·4 19·4 22·6 36·0 43·2 100 84·4
Donor B 4·3 1·4 20·8 33·3 37·0 38·7 100 87·9
Filter C 4·1 1·7 22·3 27·5 42·7 47·1 100 91·6
Donor C 7·1 1·3 28·4 38·4 28·3 31·0 100 84·0
Mean filter 4·2 1·3 23·9 29·3 39·0 47·5 100 86·2 "±l SD 1·0 0·5 5·4 7·7 3'4 4·5 4·8

fMean donor 4·6 1·0 25·7 36·0 36·8 43·3 100 85·1
±l SD 2·4 0·5 4·2 2·6 8·4 15·1 2·7
P-value· 0·45> 0·15> 0·37> 0·2> 0·4> 0·35> 0·20>

P>0'40 P>O·lO P>0·25 P>0·15 P>0·35 P>0·30 P>0·I5

• Student's Hest: the means of initial (equilibrium) and final (post sequestration) values of
the filter and donor pairs were compared.

t Organ radioactivity is expressed as a percentage of initial whole body In-Ill-activity.

This difference in the shape of the curves is also reflected by the statistically significant
(P<O'OS) greater number of 'hits' in the gamma function model calculated for the filtered
(89 ± 10) compared to that of the unfiltered platelets (26 ± 9).

In vivo distribution of JJ J In-labelled platelets in the donor and filter dogs

Radioactivity in the heart, liver and spleen expressed as a percentage of whole body
radioactivity quantltated at equilibrium and at the end of platelet lifespan is given in Table II.
Both the early and final splenic radioactivity was slightly higher in the filter dogs and the liver
activity higher In the donor dogs, but these differences were not statistically significant
(P<O'lO, P<0·30 respectively).

DISCUSSION

The use of In-Ill oxlne as a platelet label. in conjunction with a scintillation camera
interfaced with a computer-assisted Imaging system, allows an exciting new approach to the
study of platelet kinetics. The in vivo distribution of platelets can be quantitated accurately
and the technique can also be applied to the study of diseases associated with abnormal
platelet utilization and destruction. However, the viability of the labelled platelets is critical

-, - _ -._.-._ _ ~ _---.
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for the success and interpretation ofquantitative studies. The technique of labelling platelets
is known to damage platelets. It is important to know the nature and extent of the so-called
'collection injury' and how it influences the results of quantitative studies. In vitro platelet
function studies are of limited value because normal platelet aggregation curves have been
reported when only 10% of the test platelet population is functionally normal (Cerskus et al.
1980). These considerations led to the exchange experiment in which the platelets damaged
by the labelling technique were removed by filtering the labelled platelets through a biological
model.

The labelled platelets showed ultrastructural signs of activation which was less evident in
the filtered platelets (Fig 1). This finding is in accord with the view that manipulated platelets
may recover after they are returned to the circulation (Ebbe, 1971), but may ofcourse also be
ascribed to removal of the severely damaged subpopulation from the circulation.

The mean platelet survival of the filtered platelets was slightly longer than that of
un filtered platelets, but the difference was not statistically significant.

This indicates that the labelling procedure does not affect platelet lifespan significantly.
The labelling procedure may, however. influence the shape ofthe survival curve (Fig2): that
of the filtered platelets is linear and that of the unfiltered platelets curvilinear. This is also
reflected by the difference in the calculated number of 'hits' sustained by the platelets before
removal from the circulation. This finding should. however, be interpreted with caution. The
multiple-hit model of analysis of platelet survival may not be entirely physiological and
analysis of the shape of the survival curve as described by the gamma function model may
thus not be accurate. Heparin disappearance from the blood has been studied by a general
compartment, non-linear differential model (Simon et al. 1978). This model also allows
description of the curve shape and may be more suitable than the multiple hit model for this
purpose. However, data on platelet kinetics examined with this technique to our knowledge
has not been published.

It is to be expected that irreversible damage to some of the labelled platelets may cause a
different equilibrium in vivo distribution pattern ofthe filtered and unfiltered platelets since it
is known that damaged platelets are rapidly removed by the liver (Goodwin et al, 1978; Saba.
1970: Kaplan & Saba, 1978). Our results showed no such differences (Table II). The in-vitro
labelling procedure that we employ thus does not seem to influence the distribution and
localization of In-Ill-labelled platelets significantly.

These results demonstrate that our techniques of labelling platelets with In-Ill-oxine
does not damage platelets permanently and that the 'collection injury' is reversible.
In-Ill-labelled platelets are thus suitable for computerized scintillation camera studies and
the results of quantitative studies are valid. The labelling procedure may have a slight effect
on the shape of platelet survival curves and this should be taken into account when platelet
survival data are interpreted.
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I. INTRODUCTION

. Blood platelets were first described by Donné in 1842 as "globules" in the circulation.
Since the classical monograph by Bizzozero in 18811 much attention has been given to the
function of platelets. Platelet kinetics. the term to describe the production. distribution.
survival. and sites of destruction. could be studied reliably only after an efficient procedure
to label platelets with ~'Cr-disodium chromate was developed in the 1950s and 60s.2-7 The
cornerstone of early studies of platelet kinetics was the determination of the disappearance
curve of ~'Cr-labeled platelets from the blood. J.K In isolated cases. surface counting of organ
radioactivity was also done."" In this regard. Aster and Jandl,? Kotilainen," and Davey"
contributed much to the understanding of the in vivo distribution and sites of sequestration
of ~'Cr-labeled platelets. Harker and Finch? added significantly to this when they elucidated
thrombokinetics in humans in detail.

In 1976. "'In-oxine was introduced as a new and superior platelet label. ~ Since then,
IIIIn has become the label of choice, mainly because of its high labeling efficiency, appro-
priate halflife. and high gamma photon yield. Heyns et al.!" exploited these characteristics
by applying the technology of the scintillation camera and computer-assisted image analysis
to visualize and quantify the in vivo distribution and sites of sequestration of "'In-labeled
platelets. This group later refined the method of quantification to measure the in vivo platelet
distribution more accurately. II Thus, although platelets were discovered over a century ago,
the study of platelet kinetics is relatively young.

Platelet production and survival are reviewed in detail in other contributions in this volume.
A brief description of these, however, is necessary for the purposes of understanding platelet
kinetics in the context of the present review. After this, platelet kinetics will be discussed
under the headings of platelet distribution, platelet sequestration, and the fate of the radio-
nuclide after platelet sequestration.

Blood platelets are produced by the megakaryocytes of the bone marrow to replenish
utilized circulating platelets. I~ There is convincing evidence suggesting that platelet pro-
duction is regulated by a humoral factor, thrombopoietin.': maintaining a relatively constant
peripheral blood platelet count. I~Thrombocytopenia stimulates the megakaryocytes to pro-
duce more platelets." The feedback mechanism that suppresses further platelet production,
thus maintaining a normal platelet count, is unknown."

Platelet survival is that aspect of platelet kinetics that has been studied most intensively.
Much useful information has been derived from the study of the shape of the clearance curve
of labeled platelets from the circulation. H.I!>In normal subjects. platelets are removed from
the blood by an intrinsic mechanism related to platelet senescence." The survival curve of
a randomly labeled platelet population isolated from the blood thus fits a linear function
best. Disappearance of labeled platelets from the circulation is. however. never strictly
linear. This may be because a fraction of the platelets are randomly utilized to maintain
vascular integrity." This curvilinear disappearance may also be explained by biological
variations in the intrinsic life span of the individual members of the platelet population.ë"
When platelets are removed from the circulation by a mechanism related to their hemostatic
function. or are destroyed by an extrinsic (i.e .• immunologic) mechanism. the survival curve
fits an exponential function best. This is due to the random removal of platelets of all ages
from the circulation."

II. PLATELET DISTRIBUTION

The in vivo distribution of viable platelets in the body is best assessed shortly after
reinjection of the labeled platelets when equilibrium has been reached.

The attainment of equilibrium between injected labeled platelets and circulating platelets
..«



is influenced by a number of events: the mixing of the labeled platelets with circulatirtg
platelets; the size of the exchangeable splenic platelet pool; sequestration of irreversibly
damaged platelets from the circulation in the reticuloendothelial system (RES); and re-entry
of reversibly damaged platelets from the RES to the circulation.3.5.6.18.20In vitro platelet
handling also influences the attainment of equilibrium. Storage of platelets at 4°C for 24 hr
results in an increased permanent sequestration," as does in vitro treatment of platelets with
thrombin." The anticoagulant used to collect blood for platelet labeling is also important. 3.5.6

Thus, following intravenous injection of the labeled platelets as a bolus, there is a rapid
increase in circulating radioactivity. Equilibrium radioactivity in the circulation would be
reached within 2 to 3 min in the absence of an extravascular platelet pool. 5.6Thus, after
complete mixing of labeled platelets with those in the circulation, pooling of platelets results
in a continuous decrease in blood radioactivity, lasting for approximately lO min. Usually
blood radioactivity then increases 3 to 5%. This increase is ascribed to re-entry of reversibly
damaged platelets from the RES to the circulation.3.5.6.8.19.23

Changes in surface counts, reflecting organ radioactivity, have been studied with 51Cr_
labeled platelets. Aster,3.4·19Kotilainen,", and Davey":" found that maximurn splenic radio-
activity is attained approximately 15min after bolus injection of labeled platelets. Thereafter.
splenic radioactivity remained relatively constant, or fluctuated markedly for up to 2
hr.5.6•23

After injection of 5lCr-labeled platelets. liver radioactivity also increased. and this increase
was more pronounced when EDTA (Ethylenediaminetetraacetic acid), rather than acid-
citrate-dextrose was used as anticoagulant.ê" The labeled platelets accumulate only tem-
porarily in the liver. This is demonstrated by the finding of a subsequent decrease in hepatic
radioactivity. J A steady state is attained approximately 15 min after injection.5.6.2., The
transient uptake of labeled platelets in the liver was initially termed "transient segrega-
tion" •5.6but is now known as "transient sequestration". 8.10.16The uptake and release of the
labeled platelets is ascribed to the "collection injury" sustained by the platelets during in
vitro labeling. 3.8.10

Although the organ and blood radioactivity tends to stabilize after 15 min, slight changes
may be observed for up to 24 hr following the reinjection of the labeled platelets.3-8·19.20.23
'It is therefore apparent that in vitro handling causes reversible "damage" to the platelets
and that the time for recovery of these platelets may vary significantly.

The dynamic changes observed until equilibrium between pooled and circulating radio-
activity is reached. are illustrated in Figure I. Mean radioactivity/time curves for "'In_
labeled platelets and "'In-Iabeled red blood cells observed in six normal humans are shown.
The heart. liver. and spleen were imaged anteriorly with a scintillation camera. Images were
acquired every 30 sec for the first 15 min after reinjection and then every 3 min for the
following 75 min. A region of interest was selected for each of the heart. liver. and spleen.
and the mean organ count rate (counts per pixel per minute) determined. The mean count
rates were normalized to the percentage of whole body radioactivity present in the organ at
equilibrium. The distribution at equilibrium was quantified with the geometrical mean method. II
These techniques are fully described elsewhere in this volume (Appendix 3).
Heart- Heart radioactivity decreased rapidly to a steady state of approximately 8% of

whole body radioactivity 16 to 20 min after reinjection of the "'In-Iabeled platelets (Figure
lA). Moreover, the rate of decrease of radioactivity over the heart was the same as that of
the blood (Figure IB). The blood radioactivity decreased to a nadir approximately 20 min
after reinjection. This was followed by an increase of approximtely 5% and then remained
constant. These exchanges in blood radioactivity.are due to a transient sequestration of the
platelets reversibly damaged by in vitro handling.3.5.8.10.24

Spleen _ Splenic radioactivity increased as a single exponential function at a rate constant
of 0.177 ± 0.057/min. Equilibrium was reached approximately 20 min after reinjection of

" "

i
i
I

i
I

I

Volume I: Techniques and Normal Platelet Kinetics 109



HO Platelet Kinetics and Imaging

40 A 100 B ~

<> HEART RADIOACTIVITY

90 A BLOOD RADIOACTIVITY

80

>-~
~~
u

~
~a:

8
ID

~ C D0

i
IL <> III IN-PLATELETS
0

!Z 30 30 A 111 Hl- RED BLOOD CELLS
Io.J
U

a:
Io.Ja.. 20<> III IN-PLATELETS

A llIIN-RE:l BLOOD CELLS

10

o 40

FIGURE I. The distribution of "'In-Iabeled platelets in nonnal humans. (A) Pooling of platelets in the spleen
and transient hepatic uptake is evident: (B) Blood and heart radioactivity changes occur in parallel. A comparison
between the distribution of "'In-Iabeled platelets and "'In-Iabeled red blood cells (C) in the spleen and (0) the
liver clearly demonstrates the different handling of the two blood components by these organs. Radioactivity is
expressed as a percent of whole body radioactivity. mean re I SEM.

the 1llln-Iabeled platelets. Spleen 1IIIn activity at this time was 31 ::!: 6% of whole body
radioactivity (Figure lA). As is evident in Figure IC. the spleen handles platelets and red
blood cells differently. In contrast to the relatively slow accumulation of IIIIn-Iabeled plate-
lets. IIIIn-Iabeled red blood cells reached an equilibrium (3 to 4% of whole body radioactivity)
approximately 4 min after reinjection.
. Liver - Liver radioactivity also increased rapidly to a maximum of approximately 16%
of whole body radioactivity 6 to 8 min after reinjection of the 1llln-Iabeled platelets. This
was followed by a gradual decrease to a steady state of 9 to 10% of whole body radioactivity,
reached after approximately 45 min (Figure IA). This transient accumulation of 1llln-Iabeled
platelets is illustrated in Figure ID. In contrast to that of the platelets, the hepatic IIlln_
labeled red blood cell concentration was maximal after 3 to 4 min and then remained relatively
constant, at approximately 10% of whole body radioactivity. The steady state hepatic ra-
dioactivity of labeled platelets and red blood cells is virtually the same. Thus, it appears
that the 1llln-Iabeled platelets in the liver are in the perfusing blood and not in a pool as
has been suggested.IO.16.2.5

The radioactivity/time curves in Figure I demonstrate that the spleen and liver are important
determinants of equillbrium distribution of labeled platelets: the spleen because It is a platelet,
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pool and the liver because it is a site of transient accumulation of reversibly damaged platelets a
Although various investigators have studied the in vivo distribution of I11In~labeled plate-

lets,10.25.28the mechanism of platelet pooling in the spleen remains unknown. This aspect
is discussed in detail elsewhere in this volume and will only be referred to in general terms.

The transit time of platelets through the spleen is 8 to 10min, 16.19.2S.26and the rate constant
of pooling of labeled platelets in the spleen is between 0.135 and 0.177 Imin. 10.25There is
a direct relationship between the size of the spleen and the platelet pool; significantly more
platelets are pooled in splenomegaly.19.20.29.30

The transient accumulation of reversibly damaged platelets by the liver suggests that this
organ recognizes minor alterations in platelets, removes them from the circulation, and
releases them after recovery. This phenomenon has also been described after the adminis-
tration of protamine sulfate. 31 The thrombocytopenia induced by hypothermia is also as-
sociated with transient accumulation of platelets in the liverY·33However, this capacity of
the liver seems limited. 18The mechanisms of transient hepatic clearance of damaged platelets
is unknown. It is possible that activated platelets are retained in the liver until they recover.
This may be influenced by the pH of the labeling medium. A pH between 5.5 and 6.5
prevents surface-platelet and platelet-platelet interactions. 3.34Adequate acidification therefore
minimizes the transient accumulation of 5lCr-labeled platelets in the liver.' The slight ac-
tivation of platelets labeled with IIIIn-oxine in saline is reversed by incubating the product
for 30 min at 37°C in autologous plasma." In vitro activated platelets will recover from the
"collection injury" caused by labeling in Ringers-citrate-dextrose, after reinjection into the
circulation." It is important to note that this minor degree of platelet activation does not
influence the in vivo and in vitro function of labeled platelets.10.34-38
It is known that platelets attach to the macrophages of the spleen and these adhesive

properties may delay their transit through this organ.26.39Therefore, one may speculate that
activated platelets attach to a receptor on the Kupffer cell membranes. This happens with
serum albumin rnicroparticles.r? It is also possible that the expression of the glycoprotein-
receptors on the membrane of activated platelets facilitates this temporary platelet attach-
ment.41.42After a time, which depends on the degree of activation, the platelet membranes
may lose their stickiness and the platelets will return to the circulation.

This transient platelet sequestration may also be mediated via activation of the complement
system. C5b-9 complexes form on the membranes of activated platelets and the alternate
complement pathway is critical." Acidification of serum activates the C3-complement sys-
tem." Complement activation is not unique to platelets. A similar mechanism is known to
cause temporary accumulation of red blood cells in the liver.45.46

Equilibrium of reinjected labeled platelets is reached after 30 to 60 min.S.6.10.25.37It is well
known that approximately two thirds of reinjected labeled platelets are recovered in the
circulation. The remainder are present in an exchangeable splenic platelet pool. The number
of platelets present in the different organs may be determined semiquantitatively with a
scintillation probe.3-6·21.47A more quantitative approach is to determine the radioactivity in
human spleens removed surgically or organ radioactivity of sacrificed animals. 29.37.47

Significant progress was made with the introduction of the IIIIn-Iabeling technique which
permits in vivo imaging (Figure 2) and quantification of platelet distribution.ts-!' The inter-
pretation of results of in vivo quantification of organ radioactivity is critically dependent on
the viability of the IIIIn-Iabeled platelets. The organ radioactivity value is a composite of
viable pooled and/or circulating platelets on the one hand, and irreversibly sequestrated
platelets on the other hand. The separation of these two components may be done by
deconvolution analysis. 16There are also important pointers that will indicate whether labeled
platelets are viable or not. In vitro aggregation of the labeled platelet population must be
normal.!" The recovery of labeled platelets in the circulation is a more important
indlcatorI0.16,2I(34

•
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FIGURE 2. An anterior whole body scan of the dis-
tribution of "'In-Iabeled platelets at equilibrium. Pool-
ing of platelets in the spleen and blood now in the liver.
heart, and large vessels are prominent.

To our knowledge, the effect of the "collection injury" and possible irreversible damage
to 1llln-labeled platelets on platelet kinetics, morphology, and function has been investigated
in only two ~t~dies. Badenhorst et al. 38 compared the survival, in vivo distribution, and



Table 1
THE DISTRIBUTION OF IIIIN-LABELED

PLATELETS IN THE BODY AT EQUILIBRIUM

• Per cent of whole body radioactivity. rnean c; I SO.
h The mean was calculated from the above quoted results.

sites of sequestration of canine platelets that were freshly labeled with 1llln-oxine with those
"filtered" in a matched dog. The biologic filter served to remove platelets damaged by the
labeling procedure. The mean platelet life spans of the two groups did not differ significantly,
and the in vivo distribution and sites of sequestration of filtered and unfiltered platelets were
the same. In the other study, Schmidt et al. 36 found no apparent functional. morphologic.
and morphometric differences between labeled and uniabeled platelets. Moreover, after
reinjection of the labeled platelets into rabbits some of the morphologic changes were
reversed. This reversal was similar to that seen when labeled platelets are incubated in plasma
before reinjection into the recipient. 34.3'.48
It may therefore be concluded that careful isolation and labeling of platelets will not have

an adverse influence on the in vitro and in vivo behavior of platelets.
A relatively simple. indirect method to assess irreversible damage to labeled platelets is

by measuring their recovery in the ctrculauon.":'? Low recovery values in subjects with
normal-sized spleens indicate permanent sequestration of irreversibly damaged labeled plate-
lets. This phenomenon is illustrated in the study by Goodwin et al. 24Platelets that were
labeled in a saline medium had a low recovery (5.4% j: 5.5%) in the circulation and the
damaged platelets were rapidly sequestrated by the liver. The interpretation of organ 1111n
radioactivity is thus impossible and misleading.

The in vivo distribution of lllln-labeled platelets has been quantified in a variety of species
(Table 1). Although different methods of quantification were used, the results are in rea-
sonably close agreement. It should be noted that in three studies,lo.27.38in vivo quantification
was estimated from anterior scintillation camera images. This method underestimates splenic
radioactivity and overestimates hepatic radioactivity. 11.27The size of the splenic pool and
the fraction of whole body radioactivity in the liver differ from species to species (Table
I). The physiological significance of these differences is not entirely clear and cannot be
readily explained. It may be the result of histological differences. the size of the organs, or
blood flow to these organs. '.19.20.29.'-'."

At equilibrium approximately 12% of the whole body l11ln radioactivity was quantified
~n the liver of normal humans (Table I), a value comparable with the 10 to 14% blood

Species

Humans

Mean'
Baboons

Mean'
. Dogs

Mean'
Rabbits
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Recovery Equilibrium organ
in the radioactivity'

circulation
n (%) Spleen Liver Ref.

6 72:: 16 26 :: 10 16 :: 2 10
8 57 :: Il 38 :: 10 13 :: 4 49
13 57 :: Il 35 12 50
6 69 :: 5 31 :: 6 10 :: I 51
5 70 :: 21 42 :: 7 9 :: 2 52 .

25 64 :: 14 34 :: 7 12 :: 4
6 87 :: 6 17 :: 3 16 :: 2 51
10 80 10 13 53
6 87 :: 6 17 :: 3 16 :: 2
5 45 :: 23 35 :: 4 20 :: 4 27
6 48 :: 4 38 :: 6 25 :: 5 38
Il 47 :: 16 37 :: 5 23 :: 5
9 75 :: 8 5 30 28
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Table 2
THE EFfECT OF

INTERMITTENT PLATELET
PHERESIS (12 PASSES PER
SUBJECT) ON THE SPLENIC

PLATELET POOL RN4 NORMAl.
lHlUMANS

"'In-Iabeled platelets"

Whole body Spleen

Prepheresis
Postpheresis
'7e Difference
Postpheresis"

100.0 ::: 0.0
65.4 ::: 5.0
34.6 ::: 5.0
100.0 ::: 0.0

32.1 ::: 5.5
20.9 ::: 5.2
34.9 ::: 6.5
30.9 ::: 5.9

• Per cent of whole body radioactivity. Mean :::
1 SEM.

• The CJ( "'In-Iabeled platelets in the spleen is
expressed as a percent of whole body radio-
activity remaining after pheresis.

reservoir of the liver. ~h.~7 The labeled platelets present in the liver thus reflect that in the
perfusing blood pool. This view is strengthened by the radioactivity/time curves for 1111n_
labeled platelets and red blood cells (Figure ID). It has also been shown in rats that. 2 hr
after reinjeetien. the distribution of ~ICr-labeled platelets and red blood cells is similar."

The mechanism by which platelets are pooled in the spleen is unknown. It has been
proposed that platelets attach to the rnacrophages of the spleen and that this may delay their
transit through this organ. ~7..W It is. however. known that platelets in the splenic pool are
exchangeable and in equilibrium with circulating platelets. Adrenalin, in a pharmacological
dose. causes an increase in the peripheral blood platelet count and number of radiolabeled
platelets. ICUO.29.~OThere is a corresponding decrease in splenic radioactivity. 19.2~Ten to fifteen
minutes after discontinuing a constarit infusion of adrenalin, the labeled platelets have
redistributed to baseline values."

The exchange between platelets pooled in the spleen and those in the circulation is
illustrated in Table 2. Platelets from four normal humans were labeled with 1llln-oxine and
reinjected. After 18 hr. quantification of the organ distribution of the labeled platelets was
done with the geometrical mean method.!':" Platelets were then removed by intensive
intermittent platelet pheresis. After 12 passes on a Haemonetics® cell separator whole body
radioactivity was again quantified. Prior to platelet pheresis, the splenic pool consisted of
approximately 33% of the total "lln-labeled platelets. Platelet pheresis decreased whole
body radioactivity by approximately 35%. equivalent to the decrease in blood radioactivity
(35.5 :!: 7.4%). This was accounted for by the 30.9 :!: 3.0% of labeled platelets removed
by the pheresis procedure. Spleen radioactivity also decreased by approximately 35% during
pheresis. This was equivalent to the decrease in whole body radioactivity. After pheresis,
the splenic platelet pool was approximately 31% of whole body 1I'ln-labeled platelets. The
relative sizes of the pre- and postpheresis pools did not differ significantly (p>O.IO). This
demonstrates the dynamic equilibrium between platelets in the spleen and those in the
circulation. ..

The size of the splenic platelet pool, quantified in vivo with "'In-Iabeled platelets, is 34
:!: 7% in normal humans. This estimate corresponds to that determined from the recovery
of 1IIIn-lab~ed platelets in the circulation, approximately 36% (Table I). This finding is

~. not in support of the suggestion that there is a nonsplenic platelet pool in normal humans.6.3O.,9
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The evidence for a nonsplenic platelet pool was based on the finding that exercise or the\)
infusion of adrenalin into asplenic persons increased the number of circulating platelets
significantly. This increase was of the same extent as that in normal subjects.19.29.30.5O
However. in normal humans and rats the increase in circulating "Cr-labeled platelets was
isochronous with a decrease in splenic radioactivity. 6.19

The site of the non splenic platelet pool is unknown. The lungs have been suggested as a
possible source,60·61but contradictory results have been reported.l'':" Our experience with
dual isotope scintillation camera imaging of 1llln-Iabeled platelets and 99m'fc-Iabeled red
blood cells, injected simultaneously into humans, could demonstrate no excess platelets in
the lungs." It has also been proposed that there is a marginal vascular pool of platelets:'?
and that this is mobilized by exercise or infusion of adrenalin. This view suggests that some
platelets are distributed in an analogous manner as granulocytes."

Ill. PLATELET SEQUESTRATION

Platelets normally have a life span of 9 to II days in humans,K.10.16.34.5115 to 7 days in
dogs.~7.3UJ 5 to 6 days in baboons.v'?" approximately 3 days inrabbits.v"? and 3 to 4 days
in rats.34.47 In those studies where random samples of platelets are labeled with a radio-
nuclide, H.16.JU5platelets of all ages are tagged. Therefore. assuming a mean platelet life
span of lO days in humans, sequestration of platelets will commence on the day of injection
and continue at a constant rate of about 10% per day.

In this review platelet sequestration may be defined as the final irreversible accumulation
of nonviable platelets in an organ or region. Organ radioactivity will be the sum total of
labeled platelets present in the blood pool. a true platelet pool. and those platelets seques-
trated. It is not possible to separate these components by simple quantitative imaging. The
number of labeled platelets sequestrated in an organ can thus only be determined by quan-
tification of organ radioactivity at the end of platelet life span. There are however mathe-
matical procedures available for separating pooling and sequestration of organ IIIIn
radioactivity. II>

The sites of sequestration of labeled platelets may be determined by different methods.
lITearlier studies in humans, sequestration of ~ICr-labeled platelets was studied by external
counting of organ radioactivity with a scintillation probe positioned over the organ concerned.
Attempts have been made to obtain quantitative data with this technique. Some investigators
reported the count rate over the liver and spleen as a fraction of the injected platelet-bound
51Cr radioactivity 3.6ftand others related the organ count rate to precordial radioactivity. 6.23
The organ count rate has also been expressed as a fraction of whole body radioactivity. (>Cj

Other approaches to quantify organ radioactivity have been to express the spleen/heart and
liver/heart radioactivity ratio, ~.70,71or the spleen/liver rati068.72 or determining the excess
count rates in organs.' The potential errors inherent in these approaches have been discussed. 5

The determination of the sites of platelet sequestration with 1llln-Iabeled platelets has been
facilitated by the application of the technology of the scintillation camera and computer-
assisted image analysis.":" This technique was later applied and modified by various in-
vestigators."·28.38.SQ.!14These different methods are discussed in detail elsewhere in this
volume.

Results obtained wtih 1llln-labeled platelets and the geometrical mean method of quan-
tification in six normal humans, is graphically illustrated in Figure 3. Mean whole body
radioactivity decreased by approximately 3% at the end of the platelet life span (9.4 ::!: 1.0
days), this was not significant. The radioactivity in the liver and spleen increased significantly
(p<0.03) during the platelet life span. Similar results have been reported for 1llln-Iabeled
platelets in baboons" and 5lCr-labeled platelets in rats." However. increases in liver and
spleen radioactivity in quantification studies with 1llln-Iabeled platelets have not been found
by some invêstigators. Robertson et al. 52reported an increase in liver radioactivity but not
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FIGURE 3. The redistribution of '''In-Iabeled platelets during
their survival in normal humans. Organ radioactivity is the sum
total of circulating. pooled. and sequestrated platelet radioac-
tivity (solid line). Sequestrated platelet radioactivity is illus-
trated by the broken lines. Only at the end of platelet survival
does organ radioactivity represent only platelet sequestration. ,.
Values are expressed as a percentage of whole body rudioue-
tiviry :!: I SEM.

in the spleens of normal humans. Other investigators failed to demonstrate increases in either
liver or spleen radioactivity in normal humans" ..·~ and rabbits. ~K

The reason for these discrepancies is unknown. especially since there was good agreement
in the estimates of the distribution of labeled platelets at equilbrium (Table I). The conflicting
results reported for the relative importance of the components of the RES to sequestrate
senescent platelets may possibly be ascribed to the different methods of in vivo quantification
of organ radioactivity. Only a few of these methods have been validated by comparing in
vivo and ex vivo organ radioactivity. 11.~7.28

In normal humans. 1llln-Iabeled platelets are mainly sequestrated in the liver and spleen
(Figure 4). At the end of the platelet life span. between 65 and 72% of the labeled platelets
are sequestrated in these two organs.":":" The corresponding values reported for "Cr-
labeled platelets vary between 60 and 85%.1.4.f>.1>9.71 It was only after studies with IlIln_
labeled platelets that the important role of the bone marrow in platelet sequestration became
apparent. Heyns et al. 10showed that the bone marrow sequestrates significant numbers of
senescent platelets and this group later validated this finding in baboons." Similar results
have been reported in rabbits."

Role of the spleen - The spleen is an important site of sequestration of senescent platelets
and sequestrates approximately 35% of IIlln-labeled platelets in normal humans (Table 3).
This value is in close agreement with the estimates (30 to 55%) previously reported for ~ICr-
labeled platelets.":" The relative importance of the spleen to sequestrate platelets differs
from species to species (Table 3). In normal dogs, most platelets are sequestrated in the
spleen, whereas in rabbits the spleen sequestrates a relatively small number. In normal rats,
approximately 44% of ~ICr-labeled platelets are sequestrated in this organ."?

Role ~tithe liver - The liver is regarded as an important site of platelet sequestration IO.S1.S8
but there is some disagreernent.v=" In our study with baboons," the liver sequestrated 35.2
± 6.5% of the '1IIn-labeled platelets. This was measured in vivo and confinned by ex vivo



determination of organ radioactivity. These values are in close agreement with hepatic
radioactivity detennined in normal humans.,o.,uK The importance of the liver as a site of
platelet sequëstration has also been confinned by the finding that approximately 34% of
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FIGURE 4. An anterior whole body scan demonstrat-
ing the sites of sequestration of "'In-Iabeled platelets.
The liver and spleen are prominent. and bone marrow
radioactivity can be visualized.
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'fable 3
THE SITES OlF SlEQUlESTRATION OF

SENESCEN'f III IN.LABELED !PLATELETS

Organ "'In radioactivity at the end
of platelet life span"

Species Spleen Liver Remainder Ref.

Humans 33 :t 13 39 :t 9 28 :t 14 10
35 - 40 20 - 30 35 - 40 50
36 :t 10 29 :t 8 35 :t 7 51

Baboons 34 :t 3 35 :t 7 30 :t 5 51
13 19 53

Dogs 59 :t 9 14 :t 4 26 :t 7 27
45 :t 10 33 :t 6 22 :t 13 38

Rabbits 14 :t 4 4O:t 7 41 28

• Percent of whole body radioactivity, Mean :t I SO.

5lCr-labeled platelets in rats" and approximately 40% of IlIln-labeled platelets in rabbits 2M
are sequestrated in this organ.

Role of the bone marrow - In rats. the bone marrow sequestrates only about 3% of
5lCr-labeled platelets." Only after the study with IlIln-labeled platelets by Heyns et' al. 10
did the importance of this organ as a site of platelet sequestration become apparent. The
diffuse nature of the bone marrow makes accurate in vivo quantification of the radioactivity
in this component of the RES virtually impossible. It has therefore been proposed that
platelets not sequestrated in the liver and spleen. i.e .• 28 to 35%. should be regarded as
sequestrated in the bone marrow. IO.51.5MIt should however. be recognized that bone marrow
sequestration is slightly overestimated by this approach. Thus. in baboons and rabbits (Table
4), 13 to 16% of IIlln-labeled platelets are not sequestrated in either the spleen. liver. or
the bone marrow. This component of platelets may be utilized to maintain vascular integrity'?
'or may be destroyed in the macrophages lying outside the three organs mentioned.

IV. SUBSEQUENT FATE OF THE RADIONUCLIDE

The extent to which organ radioactivity levels reflect platelet sequestration depends on:
the capacity of the reticuloendothelial tissues to retain the radionuclide after ingestion of
labeled platelets; the avidity with which the reticuloendothelial cells clear nonplatelet bound
radionuclide from the circulation;" and the rate of excretion of nonplatelet bound radio-
nuclide;" Ideally, therefore. the radionuclide should not elute or show a slow rate of elution
from the reticuloendothelial cells after platelet phagocytosis. I!>

In rats, "Cr elutes from the liver and spleen at rates of 3.3 and 2.9%/day respectively. 47
The elution rates in humans vary between 3 and 6%/day.3.74 The nonplatelet bound ~ICr is
excreted by the kidneys.':"

Very little is known about the in vivo elution of IIlln from platelets and the ultimate fate
of the radionuclide following platelet sequestration. The loss of III In from the whole body
appears to be negligible. since whole body radioactivity does not decrease significantly
during the platelet survival time.IO·27.51.58 Interestingly. whole body IlIln radioactivity de-
creased significantly in asplenic subjects. a phenomenon that could not be explained by the
authors." Because very little IIlln is excreted in the urine and feces,24.53.7s and plasma IlIln
radioactivity is low during the time that 1llln-labeled platelets are circulating.9.lo.:w it may
be concluded that the radionuclide is retained in the RES after phagocytosis of senescent

~. platelets. This is shown by the results in Table 5. Venesection and drainage of blood have
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Table 4 t}

THE SITES OF SEQUESTRATION
OF SENESCENT "'IN-LABELED
PLATELETS IN BABOONS AND

RABBITS28

-fi·

Organ

Spleen
Liver
Skeleton
Muscle and skin
Muscle
Intestines
Kidneys
Lungs
Hean
Blood
Bone
Total

IlIln-labeled platelets
sequestrated

(% whole body radioactivity,
mean :t lSD)

Baboons Rabbits"

33.6 :!: 4.1 14.3 :!: 3.1
36.7 :!: 7.1 40.0 :!: 6.6
14.4 :!: 1.7 27.5 :!: 9.4
6.7 :!: 1.4

3.8 :!: 1.4
4.9 :!: 1.6
2.5 :!: 0.6 2.2 :!: 0.6
0.9 :!: 0.6 1.0 :!: 2.7
0.5 :!: 0.2
0.5 :!: 0.3 2.5 :!: 0.9

3.9 :!: 1.4
100.7 :!: 1.5 95.3 :!: 11.8

Note: Five baboons were sacrificed and dissected 8
days after reinjection of the labeled platelets.
The radioactivity in the organs were deter-
mined in a whole body counter and expressed
as a percent of the sum total of radioactivity
in all the organs.

Table 5
THE EFFECT OF EXSANGUINATION ON THE IIIIN
RADIOACTnVny DISTRIBUTION IN 5 BABOONS

Time

Prebleeding
Postbleeding
p-value-

• Students r-test for paired data.

Percent of whole body radioactivity
(mean ± lSD)

i

Whole body Liver Spleen

100.0 :!: 0.0 35.9 :!: 3.5 32.8 :!: 3.6
99.1 :!: 0.4 35.9 :!: 4.0 32.2 :!: 3.5

<0.05 >0.10 >0.10

little effect on organ and whole body radioactivity. At the end of the platelet life span. less
than I% of the radioactivity is present in the blood. The radioactivity in the liver and spleen
were retained by the reticuloendothelial cells and could not be eluted by the loss of blood.
However. this does not mean that long tenn elution from the liver and spleen, similar to
that reported with SICr,J·47does not occur.

After clearance of heat-damaged "'In-Iabeled red blood cells from the circualtion, the
radionuclide accumulated in the liver at a rate of 5%/day and was lost from the spleen at
2%/day. 76 Intravenously injected "'In-chloride is taken up principally by liver and bone
marro\X, and to a much lesser extent by the spleen;":" This may explain why IIIIn accu-
mutated. although slowly, in the liver after clearance of the heat-damaged red blood cells."
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The elution of IIIIn from the spleen and redistribution to the liver may have an influence
on the final organ sequestration patterns of senescent platelets. This aspect needs to be \)
investigated further. -*

V. SUMMARY

The study of platelet kinetics provides information on the production, distribution, and
destruction of blood platelets.

The in vivo distribution of reinjected labeled platelets is determined at equilibrium. This
equilibrium is influenced by accumulation or pooling of platelets in the liver and the spleen.
Normally, approximately one third of all platelets are pooled in the spleen of humans.
Platelets in this pool are in equilibrium with circulating platelets and may be mobilized on
demand.

The liver apparently removes defective or activated circulating platelets and this clearance
may be permanent or transient. Reversible damage of platelets. whether sustained during
labeling, after intravenous protamine sulfate administration. or hypothermia, accumulate
temporarily in the liver. After recovery these viable platelets are released back into the
circulation and will have a nonnal life span. The liver effectively sequestrates severely
damaged platelets.

As labeled platelets age under normal conditions in the circulation so they are selectively
sequestrated by the macrophages of the spleen, the liver, and the bone marrow. A number'
of platelets may also be utilized to maintain vascular integrity or may be sequestrated by
the macrophages lying outside the liver. spleen, and bone marrow.

The study of the in vivo distribution and sites of sequestration of labeled platelets is
seriously affected by: the susceptibility of platelets to sustain damage during in vitro labeling
and the inability of the in vivo quantification method to distinguish between 1llln-Iabeled
platelets in the circulation. pooled IlIln-Iabeled platelets. and sequestrated IlIln-labeled
platelets. Both of these factors must be taken into consideration when the results are interpreted.
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SITESOFSEQUESTRATIONANDRADIATIONDOSEOFIN-lll-lJ\BElJ,EDPLATELETS

MRCBloodPlatelet Research Uni t, Universi ty of the Orange Free
State, Bloemfontein, Republic of South Africa.

The sites of sequestration of In-lll-labelled platelets were quantatively
determined in humansand baboons. Approximately 61%of the senescent platelets
were sequestrated by the macrophagesof the liver and the spleen. In 5 baboons
that were sacrificed 8 days after the injection of labellled platelets, about
one-half of the non-hepatosplenic radioactivity was in the bone marrow. The
remainder was evenly distributed in the rest of the tissues. Although relatively
large amounts of In-lll were used for the platelet kinetic studies, the
radiation dose to the body and organs was well within the safety limi.ts for
radiation.

In normal humans, blood platelets have a mean life span of approximately 10
days, whereafter they are selectively sequestrated by the reticuloendothelial
system of the spleen, liver and bone marrow(1). Since a randompopulation of
platelets are labelled with In-lll, senescent In-lll-labelled platelets are
removed from the circulation at a rate of approximately 10%per day, starting
on the day of injection. Thus, during the time that labelled platelets are
circulating, organ radioactivity represents a composite of circulating
radioactivity, pooled radioactivity and sequestrated radioactivity. It is only
after labelled platelets are cleared from the circulation that organ
radioactivity represents only sequestrated radioactivity. The sites of
sequestration of In-lll-labelled platelets must therefore be determined at the
end of the meanplatelet life span. Sequestration maybe defined as the final,
irreversible accumulation of non-viable (senescent) labelled platelets in an
organ or region. Heyns et al (2) was the first to use In-lll-labelled platelets
and the scintillation camera, interfaced with a computer-assisted imaging
system, to quantify the in vivo distribution and sites of sequestration of
platelets. Various other investigators soon followed (3 - 5). In later studies
by Heyns and his associates, they refined their methodof quantification, and it
becamepossible to predict the percentage of labelled platelets in an organ to
within 5%of its actual value (6 - 8).

~
The accura ta quantification of the in vivo distribution and si tes of
sequestration of In-lll-labelled platelets requires imageswith relatively high
count rates. It is thus necessary to use relatively large amounts of In-lll,

i
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]

i.e. 15 - 23 MBq. '!his invariably increases the danger of radiation to the whole
body and organs. In a recent report it was shown that the In-lll-~roduct may be
contaminated wi th In-114M (9). This makes it even more important to determine
the radiation dose that is received from In-lll, and the~contribution of In-114M
to the total radiation dose. Since In-114M is a radionuclide with a half life of
49.5 days, the radiation from this radioisotope may increase the radiation
danger considerably..]

]
Human Volunteers and Experimental Animals

J
]

Six healthy volunteers, aged 18 - 25 years, gave written concent to partake in
the study. In addition, 11 heal thy baboons (Papio ursinus), mean mass 17.6 + 5.4
kg, were also studied. Both projects were approved by the Ethical Oommittee of
the University of the Orange Free State. The baboons were sedated with
intramuscular ketamine hydrochloride, lOmg/kg body mass, when necessary.

] Platelet Labelling and Survival

]
Autologous blood were collected in acid-citrate-dextrose NIH, formula A
(8.5:1.5) by a two syringe technique. A fully representative population of
platelets were isolated from the blood, and labelled with In-lll-oxine. These
methods are described in detail elsewhere (1, 10). Platelet survival studies
were done as reconunended by the ICSH (11).

In vivo Quantification of the Distribution of Labelled Platelets

]
Imaging of the In-lll-labelled platelets was done with a large field of view
scintillation camera with scanning facilities. '!he images were analysed with a
A2-MDS data processing syste~ The whole body and organ In-lll-radioactivities
were quantified with the geometrical mean method (12). In 5 baboons the in vivo
distribution of the labelled platelets was quantified once a day for 11 days.
The normal life span of baboon platelets is 5.8 + 0.5 days (10). Thus, the
in vivo redistribution of In-lll following sequestration of labelled platelets
was studied.

']

Ex vivo Determination of the Sites of Platelet Sequestration

J
Five baboons were sacrificed 8 days after In-lll-labelled platelets were
injected. The baboons were deeply anaesthetized and exsanguinated by severing
their femoral arteries. '!hebaboons were dissected and the radioactivity in each
organ determined as described previously (6). Organ radioactivity was expressed
as a percentage of total radioactivity.

Radiation Dose

']
I

The radiation dose from 1MBq In-lll to the whole body and organs was calculated

-1
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[
from the results that were obtained from the quantification of the ~ vivo
distribution of In-Ill-labelled platelets. The recommendations pf the ICRP were
followed (13). For purposes of comparison, the contribution of 0.08%
contaminating In-114M to the radiation dose was also calculated.

RESULTS

[

[

[Sites of Sequestration of Platelets

The results are given in Table 1. Remainder is the radioactivity that was not
quantified in the liver and the spleen at the end of the mean platelet life
span.

[

[TABLE 1. The sites of sequestration of In-Ill-labelled platelets. Values
are given as a mean percentage of whole body radioacti vity + 1 SD.

[
Five baboons were sacrificed to determine the sites of sequestration of the [
platelets that were not sequestrated by the liver and spleen. '!he resul ts are
given in T~le 2.

TABLE 2. The distribution of In-Ill-labelled platelets in the 5 baboons [
that were sacrificed 8 days after the injection of labelled platelet a

[O!:'gan Humans Baboons
(n = 6) (n = Il)

Spleen 35.6 + 9.7 23.3 + 4.6
Liver 28.7 + 8.3 37.6 + 6.0
Remainder 30.3 + 7.8 31.8 + 6.3

[

[Q,lantification in
exised organs

In vivo
quanti fication

100.0
33.6 + 4.1
36.7 + 7.1
14.4 + 1.7
6.7 + 1.4
4.9 + 1.6
2.5 + 0.6
0.9 + 0.6
0.5 + 0.2
0.5 + 0.3.

100.0
32.8 + 3.6
35.9 + 3.5

[

[

Whole body
Spleen
Liver
Skeleton
Muscle and skin
Intestines
Kidneys
Lungs
Heart
Blood

[

[

[

[
r
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The spleen, liver and bone marrow sequestrated 84.4 ± 3.6% of th~ senescent
labelled platelets. The remaining 15.5 + 4.0% were sequestrated in various other-
tissues. Splenic tissue sequestrated 0.55 + 0.25% of the labelled platelets per
gram. The liver sequestrated 0.10 + 0.07% per gram.

]

]

The organ redistribution of In-lJ1 after labelled platelets was sequestrateCl
was studied in 5 baboons. The relevant results are given in Figure 1. In-Ill was
excreted from the body with a half life of 60 days. The biological half life of
In-Ill in the spleen was 18 days.

J

]
~ 40
w
U

End of
platelet IUe span

~

]

]

] >
I-
>

]
I- 60
Uoeo
CSoe
Cl:

Liver

~ 2

]

J
°0~~----~4~0----'_~80-=_'--1~2~O--~~~~~2~0~0~~~~~~280

TIME (hours)

] FIGURE 1. The organ redistribution of In-111 after the sequestration of
In-lll-labelled platelets.

] Radiation Dose

J

The results of the in vivo distribution of radioactivity in the humans and the
5 baboons that were studied for 11 days were used to calculate the radiation
dose (Table 3). The changes in whole body and organ radioactivity in the baboons
were used to extrapolate the results to humans in order to calculate the
radiation dose in humans.

J

1
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TABLE3. The radiation dose (mGy)received from 1 MBqin-lll and 0.8 Bq
In-1l4M

Humans(n = 6) Baboons(n = 5)

In-lll In-114M 'lbtal In-lll In-1l4M 'lbtal

Wholebody 0.16 0.01 0.17 0.16 0.01 0.17
Spleen 7.77 0.48 8.25 4.41 0.24 4.65
Liver 0.69 0.11 0.80 1.10 0.16 1.26
Bonemarrow 0.16 0.00 0.16 0.16 0.00 0.16
Gonads 0.11 0.00 0.11 0.13 0.01 0.14

Total weighted
0.64 0.04 0.68 0.45 0.04 0.49dose

In-114Mincreased the total weighted radiation dose with 6 to 8%.The increase
in radiation to the li ver, 15%, is of importance. The contribution to splenic
radiation was approximately 5%.

DISCUSSION

The spleen and liver of normal humanssequestrated approximately 64%of the In-
lll-labelled platelets; that of baboons 61%.These values agree with reported
results (2 - 5). Hence, the macrophages of the spleen and liver are the major
sites where senescent platelets are sequestrated. On a weight basis, the spleen
of baboons sequestrated 5 to 6 times as manyplatelets as the liver.

The diffuse nature of the bone marrowmakesit virtually impossible to quantify
the number of platelets that is sequestrated in this organ. Therefore, it was
proposed that non-hepatosplenc sequestration, Le. 26%, represents bone marrow
sequestration (2, 12). This maybe an overestimation. In the sacrificed baboons
approximately one-half of the non-hepatosplenic radioactivity was present in the
bone marrow.The remainder were distributed amongst the other tissues (Table 2).
Wehave no ready explanation for this distribution of radioactivity. It is
possible that these platelets were used to maintain vascular integrity (14), or
were sequestrated by the macrophages lying outside the spleen, liver and bone
marrow. The lungs were not a site where senescent platelets was sequestrated;
only about one per cent of all the radioactivity was present in this organ
(Table 2).

It is possible that post-survival redistribution of In-lll may affect the
quantification of the sites of sequestration of In-lll-labelled platelets. The
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biological half life of In-lll in the spleen of the baboons was 18 days.
However,the rate of elution of In-lll from the spleen was small. ~ resultant
effect on the quantified values was therefore negligible. ~ elution does have
a marked effect on the radiation dose of the spleen. Had the radionuclide been
retained by the macrophages, the total radiation dose (In-lll + In-114M) to the
spleen would have been 13% higher than the value given in Table 3.

J

In-ll4M contamination (O.OB%) increased the total weighted radiation dose with
approximatety 6%. The biggest contribution was to the liver, i.e. 16%. The
redistribution of the radionuclide (Figure 1) had little effect on the radiation
from the shortlived In-lll. The effect on radiation from the longlived In-114M
was marked. If the radionuclide was retained by the macrophages, the total
weighted radiation dose would have increased by 10%.

J

J

In summary, the macrophages of the spleen, liver and bone marrow are the major
sites of sequestration of senescent platelets. On a weight basis, the spleen was
the most effective. As a result, the spleen received the highest radiation dose.
However, the radiation dose is still within the safety limits laid down by the
ICRP(13). In fact, one can use up to 61 MBq In-lll. Thus, the amounts of In-lll
that are used, 15 to 23 MBq, may be regarded as safe for patients.

J
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4.14.1 INTRODUCTION
" r

Blood phltelets or thrombocytes are small
cellular eleThents in the blood that originate
from megakaryocytes in the bone marrow. They

circulate as disk-shaped fragments, 1-31lm in
diameter and in a concentration of 150-400 x
109L-I, Although by far the smallest of all
blood cells, platelets are biologically amongst
the most active and play a pivotal part in the
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Table 1 Hierarchical line of platelet formation.maintenance of normal hemostasis and vascu-
lar integrity as well as in various thrombotic
processes.

Several volumes, rather than a single chapter,
would be required to do justice to this fascinat-
ing blood cell. At best this overview will be
superficial and the reader is referred to the
reviews indicated in the text. The chapter is
divided into three parts: platelet kinetics,
platelet morphology, and platelet function.
Each part includes a section on the evaluation
of the particular aspect of platelet physiology
discussed.

4.14.2 PLATELET KINETnCS

The term platelet kinetics incorporates all the
processes of platelet production, distribution,
survival, utilization, and destruction as well as
the homeostatic mechanisms which control
them. A clear knowledge of these processes is
useful in understanding the mechanisms of
thrombocytopenia and the part platelets play
in vascular diseases such as thrombosis, hyper-
coagulability, and interaction with foreign
surfaces such as prostheses.

4.14.2.1 Platelet Production

4.14.2.1.1 Megakaryocyte development

Platelets are produced from distinctive giant
cells in the bone marrow called megakaryocytes
which normally comprise 0.02-0.05% of the
bone marrow nucleated cell population. I Since
the mid-1980s the study of megakaryocyte
development has largely shifted away from
studies based on morphology towards cell
cultures.

The megakaryocyte is a nondividing, end-
stage cell that is derived from an undifferen-
tiated pluripotent hematopoietic stem ce11.2
Once lineage commitment occurs, the stem
cell develops into a megakaryocyte by a process
of endomitosis where the DNA is replicated
without nuclear division; the result is that the
nucleus becomes bigger and multilobular in
shape. The cytoplasm develops simultaneously
and more or less doubles its mass with each
DNA replication (Table 1).
The regulators of megakaryocyte develop-

ment can be divided into those that act early in
development upon progenitor cells, the so-
called megakaryocyte folony stimulatory fac-
tors (Me~SFs), and those that act late upon
terminally differentiated cells, namely throm-
bopoietins. The Meg-CSFs comprise lineage
nonspecific cytokines such as interleukin (IL)-3

I~

Undifferentiated pluripotent hemapoietic stem cell

Megakaryocyte progenitor cells
(i) Burst-forming megakaryocyte unit

forms multiple clusters of more than 100
megakaryocytes

expresses the stem cell marker, CD 34
antigen

is HLA-DR antigen negative
(ii) Colony-forming megakaryocyte unit

forms single clusters of approximately
12 megakaryocytes

expresses CD 34 and HLA-DR antigens
(iii) Light density colony-forming megakaryocyte

unit
has little proliferative capacity
is CD 34 antigen negative

Promegakaryoblast
has the size and morphology of lymphocytes
expresses membrane Glycoprotein Ib
contains von Willebrand factor and platelet

factor 4 in cytoplasm

Megakaryocyte
unable to form clones
endoreplicate and mature to polyploid

megakaryocytes

Platelets

Source: Gewirtz and Hoffrnan.! Chatelain eloi.:' Vainchenker
et 01.:5 Zucker-Franldin.6

and granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) and the final maturation
of the committed megakaryocyte progen-
itors is supported by thromoopoieun.?:" Other
factors such as IL-lex, IL-6, IL-Il, granulocyte
colony stimulating factor (G-CSF), and stem
cell factor (the c-kit ligand or KL), appear to
have little or no effect by themselves, but act
synergistically with IL-3 and GM-CSF.

In vitro data indicate that recombinant
thrombopoietin functions primarily as a differ-
entiation factor and has limited ability to
promote progenitor growth. In liquid culture,
thrombopoietin augments terminal differentia-
tion in megakaryocytes, as demonstrated by
a significant increase in their DNA content
and by expression of the platelet-specific glyco-
proteins (GP)Ib and IIb/IIIa.9 Thrombopoie-
tin, used in combination with early acting
growth factors such as IL-3, strongly stimulates
the generation of megakaryocyte colonies.
Issues that are still unresolved include the site
and regulation of thrombopoietin production
and modulation of receptor expression." as well
as the factor that commits the pluripotent
hemapoietic stem cell to become a megakary-
ocyte progenitor.
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There are indications that megakaryocyto-
poiesis might also be subjected to negative
regulatory influences, although the nature of
these putative factors remains poorly defined. I
Candidates include a 12-17 kDa secreted plate-
let glycoprotein, transforming growth factor,
platelet factor 4, and ~-thromboglobulin.

4.14.2.1.2 Thrombopoiesis

It is widely accepted that platelets are
produced in the bone marrow but there is
controversy over the site of platelet release into
the blood stream. Although platelets may be
released in the bone marrow, there is evidence
that megakaryocytes can enter the circulation
and lodge in the pulmonary capillaries where
platelets are released." The possibility therefore
remains that platelets are released in both the
bone marrow and lungs.

Two general hypotheses have been suggested
to explain the release of platelets by megakaryo-
cytes into the peripheral blood.!-? The main
difference between them concerns the part
played by the demarcating membrane system
(DMS). The promegakaryoblast develops a
DMS by the invagination of the plasma
membrane. As the megakaryocyte matures,
the DMS enlarges to increase the total mem-
brane surface area by as much as 2600%.7
According to one hypothesis, the DMS is
organized into discrete platelet domains by
partial fusion of parallel channels of DMS.
Such a fusion leads to the formation of
fenestrated sheets of membrane. Megakaryo-
cytes, located adjacent to bone marrow sinu-
soids, extend pseudopodia into the sinusoids
where these fracture to release variable-sized
segments of megakaryocyte cytoplasm. or
"proplatelets," into the circulation. These
pieces then further fragment into individual
platelets. The other hypothesis, the "flow
model," suggests that the DMS represents a
storage form of highly redundant. invaginated
megakaryocyte plasma membrane. The DMS
does not delineate platelet territories but is
crucial for platelet formation and release.
During platelet release, the redundant mem-
brane is extruded from the megakaryocyte in
the form of pseudopodia. Shear forces induced
by blood flow in the sinusoids cause constric-
tions to develop in the pseudopodia which
eventually attenuate enough to break, thereby
releasing platelets.

r

4.14.2.2 (\Mean Platelet Lifespan, Distribution,
and Destruction

The mean platelet lifespan (MPLS), in vivo
distribution, and sites of destruction of platelets

are measured by labeling of a representative
platelet population, isolated. from blood by
differential centrifugation, with a radioisotope.
Indi um-l l l '? has replaced 51Cr II as label of
choice because of its high labeling efficiency
(>80%), appropriate half-life (2.8 d), high
gamma photon yield (89% at 173keV and
94% at 247 keY), and acceptable radiation
dose levels to patients.12.13 We shall not review
the methods of platelet labeling, calculation
of platelet recovery and MPLS, scintilla-
tion camera imaging, and quantification of the
in vivo distribution of labeled platelets. An
in-depth review by Heyns et al. is available.!"

Labeled platelets, reinjected into normal
volunteers, circulate for 10-12 d.15 Measure-
ment of MPLS is a valuable and sensitive
indicator of the presence and extent of in vivo
processes involving platelets. It has contributed
significantly to our understanding of the role of
platelet interactions with thrombogenic sur-
faces, the evaluation of optimal anti platelet
drug therapy, and prediction and management
of patients with thromboembolic, atherosclero-
tic, and immune diseases.'!

Removal (sequestration) of platelets from the
circulation either takes place as an age-depen-
dent process or as a result of increased
destruction or random utilization. Age-depen-
dent removal of platelets occurs at the end of
their lifespan and the resulting survival curve,
constructed from circulating radioactivity
determined at time-intervals over the survival
period, will best fit a linear function. If platelet
removal is age-independent, platelets of all ages
are randomly removed and the survival curve
will best fit an exponential function.12.14.16
Information relating to the mechanism of
platelet utilization and destruction can there-
fore be derived from the shape of the survival
curve.

Circulating platelets are distributed in two
compartments. Approximately one-third are
pooled in the spleen and the remaining two-
thirds are circulating.P'!? The mechanism of
pooling of platelets in the spleen is unknown,
but may be related to the circulation and size of
the spleen. Many platelets apparently enter
the splenic cords and flow through the sinuses.
This delays their transit through the organ by
8-10 min and causes platelet accumulation out
of proportion to the splenic plasma and red cell
volume.18.19 Platelets present in the pool are in
dynamic equilibrium with platelets in the
circulation, and are freely exchangeable.ê"

When platelets reach the end of their lifespan
in the circulation, the macrophages of the liver,
spleen, and bone marrow recognize them as
"old" and remove them from the circula-
tion.12.21 The spleen, the major site of removal
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of senescent platelets, sequestrates 38-40% and
the liver approximately 28% of the senescent
platelets. It is generally accepted that the
remainder of senescent platelets are seques-
trated by the bone marrow. IS In baboons,
however, approximately 12-15% of the non-
liver/nonspleen platelets were present in the
muscle, skin, intestines, and kidneys," thereby
indicating that the bone marrow was respon-
sible for the sequestration of approximately
15% of senescent platelets. It is conceivable
that the platelets not present in the macro-
phages are utilized to maintain vascular
endothelial integrity.P

The mechanism whereby the macrophages
recognize senescent platelets is not known.
There are indications that loss of sialic acid
content of the platelet membrane may play a
part,23 and that recognition of senescence may
well be based on immunologic mechanisms."
A possible mechanism is that platelets lose sialic
acid from their membranes during their circu-
lation in the blood.P Since the membrane
glycoproteins are enriched with sialic acid, the
loss of sialic acid could expose senescent cell
antigens.ê" An antibody, presumably an anti-
Gal antibody, recognizes and binds to the
exposed antigens to form an antigen-antibody
complex. Once sufficient IgG is bound to the
platelet membrane, it signals that the platelet
is old. This signal is recognized by the macro-
phages of the spleen,liver, and the bone marrow
and the senescent platelets are phagocytosed.
The hypothesis suggests that the macrophages
recognize senescent cells as "foreign" while
performing their normal task of surveillance
against foreign cells in the circulation.ê!

4.14.2.3 Evaluation of Platelet Kinetics

The first step in the evaluation of platelet
kinetics is to determine the platelet count
(described in Section 4.14.4.5.1). The reference
range for platelets generally is considered to be
between 150 and 400 x 109 L -I. Perturba tions
of the count activate compensatory mechan-
isms to restore it to the normal range, suggest-
ing that platelet numbers are regulated."

In thrombocytosis the platelet count is
increased as a result of increased production
and unchanged peripheral destruction. It is
generally asymptomatic but may cause throm-
bosis in a small proportion of cases, especially
in elderly patients and those with sympto-
matic disease, a propensity for thrombosis or
immobility.ê"

The development ó{thrombocytopenia can
either resett from a defect in platelet produc-
tion or increased peripheral destruction óf plate-
lets. Increased destruction can be caused by

increased consumption as a result of platelet
participation in thromboembolic episodes or it
can be immunologic in nature, as seen in
immune thrombocytopenic purpura (ITP).12

Platelet production can be assessed by
determining the total megakaryocytic mass.ê?
This technique is complex and requires simul-
taneous examination of bone marrow sections
and iron turnover. Platelet production is there-
fore usually measured indirectly. In a steady
state, platelet production is equal to platelet
destruction (turnover). The production can
therefore be calculated from the MPLS and
platelet count, correcting for the splenic platelet
pool. 12,27

In patients with arterial disease, aortic
aneurysms, arterial grafts, hypercholesterole-
mia, and after coronary artery bypass surgery
the MPLS is usually shortened, and platelet
turnover increased. In these situations platelet
production increases sufficiently to maintain a
normal platelet count.'? In these patients the
most useful information is obtained from
combining the interpretation of the MPl.,S
with imaging of the in vivo distribution of the
IIIIn-labeled platelets. For example, the MPLS
is markedly and comparably shortened in
patients with aortic aneurysms and vascular
grafts, suggesting equivalent platelet utiliza-
tion by aneurysms and grafts. Taking the
shortening in MPLS into account, compart-
mental analysis of the kinetics of deposition of
labeled platelets onto the aneurysms and grafts,
clearly demonstrates that thrombus forma-
tion differs in these two cases." In the patients
with aneurysms maximum uptake of labeled
platelets is significantly higher than in the
patients with the grafts; 3.3 ± 1.6% of whole
body radioactivity vs. 1.6 ± 1.1%. Maximum
uptake is also attained more rapidly in the
aneurysm patients; 2.3 ± 0.8 d vs. 3.5 ± 1.3 d.
These results strongly suggest that the surface
of an aneurysm is more thrombogenic and that
the residence time of platelets in the aneurysm is
shorter than in the graft.

The value of MPLS measurements in arterial
thromboembolic diseases is reflected by the fact
that they have helped to establish some basic
principles of platelet participation in arterial
disease.ê? First, these patients have excessive
platelet consumption, whereas in patients with
venous thrombosis there are both fibrin for-
mation and increased platelet consumption.
This underlines the importance of platelets in
arterial-type thrombogenesis as opposed to
venous-type thrombosis. Second, anti platelet
drugs can interrupt this increase in platelet
consumption. Third, increased platelet con-
sumption persists for weeks or months after
the clinical event, suggesting that a thrombus
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is not static, but that platelets are continuously
activated on the thrombus surface. This
assumption is supported by the results of
platelet participation in aneurysms and vascu-
lar grafts."

Calculation of platelet production (turnover)
also has proved useful in patients with ITP. In
this disease IgG anti platelet antibodies are
directed against a specific platelet-associated
antigen.ê? The MPLS is characteristically very
short and platelets coated with antibody are
rapidly sequestrated by the macrophages of the
spleen, liver, and bone marrow. Based on
platelet production calculations, these patients
can be divided into those with effective produc-
tion and those with depressed production. The
patients having effective production are those
with less severe disease, a slightly higher platelet
count, a slightly longer MPLS, and platelet
sequestration predominantly in the spleen.
Patients with depressed production have more
severe disease, a lower platelet count, very
short MPLS, and platelet sequestration dis-
tributed diffusely in the monocyte-macrophage
system."

Scintillation camera imaging of lllIn-labeled
platelets can also be used to evaluate platelet
participation in disease processes in vivo. For
example, there is prominent accumulation of
radiolabeled platelets during acute rejection of a
kidney transplant and not during chronic
rejection.V Imaging of the labeled platelets can
also be used to evaluate the thrombogenicity of
biomaterials such as oxygenators " and vascular
graft ma terial. 34

4.14.3 PLATELET MORPHOLOGY

4.14.3.1 Light Microscopic Appearance

Platelets circulate in the bloodstream as
anucleate cytoplasmic fragments and appear
as small bluish-gray bodies on Romanowsky-
stained blood films. They are irregular in
outline with fine purple-red granules that may
be scattered or centralized in the cell. In the
latter case the central granule-containing area is
called the granulomere and the peripheral, light
blue cytoplasm the hyalomere. The granules
correspond with the et-granules detected by
electron microscopy. A small number of larger
platelets, up to 5 J.1min diameter may be seen in
normal films.3s

4.14.3.2 Electron Microscopic Appearance

The ultrastrécture of platelets has been well
established.6.36-38 In order to combine morpho-
logical features with functional considerations

the platelet structure will be described under
the headings: surface membrane, organelles,
membrane systems, and cytoskeletal elements
(Figure 1).

4.14.3.2.1 Surface membrane

The exterior coat or glycocalyx is an irregular
layer ranging from IOmm to 50nm in thick-
ness. This "fuzzy" layer is mainly formed by the
protruding carbohydrate chains of the mem-
brane glycoproteins and glycolipids. It is rich in
sialic acid, which contributes to a negative
surface charge. Many plasma proteins are
found in this layer where they are either held
by electrostatic charges or weakly bound to
receptors as part of a process of internalization.
It seems that small amounts of practically all
plasma proteins are taken up into et-granules
and the concentration of these proteins in
platelets is determined by their plasma concen-
tration." The glycoproteins are important
structural components that serve as receptors
for a wide variety of inhibiting and stimulating
agents. Although they have been designated by
Roman numerals, GPI to GPIX,40 many of
them have now been cloned and sequenced.
Their genes belong to one of several major gene
families (Table 2).

The unit membrane consists mainly of a
phospholipid bilayer with transmembrane pro-
tein components randomly dispersed in it.
Cholesterol and small amounts of glycolipids
are also embedded in the phospholipid bilayer.
The phospholipid molecules are distributed
asymmetrically on the two sides of the bilayer
(phosphatidylcholine and sphingomyelin in the
outer layer and phosphatidylinositol, phospha-
tidylethanolamine, and phosphatidylserine in
the inner layer)."! Upon stimulation, the negat-
ively charged phospholipids in the inner layer
are repositioned to the outer layer where they
provide the catalytic surface for the formation
of the "tenase" and "prothrombinase" coagu-
lation complexes. The capacity of activated
platelets to enhance prothrombin activation
has been termed platelet factor 3 (see Section
4.14.4.4). Other important components of the
platelet unit membrane include the membrane
endoenzymes; those enzymes involved in mem-
brane transport, cyclic AMP, and prostaglan-
din metabolism are of particular interest.

4.14.3.2.2 Organelles

Several different types of organelles are
found in the cytoplasm of platelets. They are
randomly distributed in nonactivated platelets,
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Figure I (This page) A diagrammatic representation to illustrate the ultrastructural features of a non-
activated platelet cut in the equatorial plane (top left) and in cross-section (top right), as well as in a pseudo-
podium of an activated platelet (bottom). The surface membrane (A) consists of the exterior coat (I), the
unit membrane (2), and the submembrane area (3). The cytoskeletal elements (B) consist of the microtubules
(4) and the microfilaments (5). The organelles (C) consist of mitochondria (6), glycogen (7), a-granules (8).
and dense bodies (9). The membrane systems (D) consist of the connected open canalicular system (10), the
dense tubular system (Il). and the membrane complexes (12). (Next page) An electron micrograph of a
platelet cut in the equatorial plane. Components include the exterior coat (EC). mitochondria (M). micro-

tubules (Mn. dense bodies (DB), a-granules (G), and open canalicular system (OeS).

but centralize upon activation. The dense
bodies contain a nonmetabolie (storage) pool
of calcium, pyrophosphate, serotonin, ADP,
ATP, and possibly anti plasmin, all of which are
secreted during the release reaction. The non-
dense granules are the most abundant platelet
organelles and can be divided into ex-granules,
lysosomes. and peroxysornes.V The ex-granules
contain platelet-specific proteins (platelet fac-
tor 4, ~-thromboglobulin, and platelet basic
protein), adhesive _glycoproteins (fibrinogen,
von Willebrand factor (YWF), fibronectin,
throm~spondin, and vitronectin), coagulation
factors (factor Y, protein S, and factor XIII),
mitogenic factors (platelet-derived growth

factor, transforming growth factor ~, endothe-
lial cell growth factor. and epidermal growth
factor). fibrinolytic inhibitors (ex2-plasmin inhi-
bitor and plasminogen activator inhibitor-I),
and plasma proteins (albumin and immunoglo-
bulins).42

The lysosomes contain several hydrolases.
elastase, collagenase, and cathepsin D and E.
and the peroxysomes contain catalase that
contribute to lipid metabolism. The mitochon-
dria are easily recognized by their characteristic
double membranes and cristae and are involved
in oxidative energy metabolism. Glycogen
particles occur singly or in relatively large
masses.
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Figure 1 (continued)

4.14.3.2.4 Cytoskeletal elements

The rnicrotubules form a circumferential
band located in the equatorial plane just beneath
the cell wall in the nonactivated platelet. The
micro tubules are composed of tubulin, poly-
merized into a single tubule of approximately
24 nm in diameter, which is coiled to form a
group of 10-24 circular profiles. The micro-
tubules appear to participate in maintaining the
platelet diskoid shape and to be involved
in the internal contraction of platelets. Since
the microtubules themselves cannot contract,
the contractile force must be provided by the
microfilaments.

The membrane cytoskeleton consists of a
sub-membrane web of short actin filaments
with a delicate lacy appearance. lts apparent
attachment to the microtubuies contributes to
maintaining the diskoid shape of the platelet. It
is presumably also attached to the cytoplasmic
domains of the transmembrane glycoproteins,
including GPIb/IX, GPIa/IIa, and GPIIb/IIIa.
Occupation of these receptor sites leads to
clustering and cytoskeletal reorganization
which involves a wide range of molecules,

4.14.3.2.3 Membrane systems

The surface connected open canalicular
system consists of tortuous invaginations of
the surface membrane into the interior of the
platelet. The channels of this system form an
anastomosing network spreading throughout
the cytoplasm. These channels greatly enlarge
the platelet surface area and enable access of
plasma-borne substances to the inner parts of
the platelets. They also serve as conduits for
substances released by the platelets as well as an
extensive internal store of membrane. During
the formation of pseudopodia and platelet
spreading, both of which require a large
increase in surface membrane, internalized
platelet membranes are externalized. At the
same time additional functional sites may be
exposed.

The dense tubular system is derived from the
smooth endoplasmic reMculum and forms a
continuous ~etwork of narrow canaliculi. It is
the major storage site for calcium which is
mobilized to regulate contractile events. Pros-
taglandin metabolism also appears to be
localized in the dense tubular system.
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Table 2 Platelet glycoprotein receptors and their
ligands.

Glycoprotein Ligand

Integrins
(lllbjPJ (GPllbjllla) fibrinogen, VWF,

fibronectin, and
vitroneetin

(lvPJ «lvjGPllla) vitronectrin, VWF,
fibronectin, fibrinogen,
and thrombospondin

(lSPI(GPlc/lla) fibronectin
iX6PI(GPIcjlla) laminin
(l2PI (GPIajlla) collagen

Leucine-rich glycoprotein (LRG) family
GPlbjlX VWF and thrombin

Selectin family
GMP-140

(PADGEM)
platelet -Ieukocyte
interaction

Immunoglobulin supergene family
PECAM-l heparin

Seven transmembrane receptors
(G protein linked) thrombin, thromboxane

A2, epinephrine, and
vasopressin

Miscellaneous
GPIV thrombospondin

VWF = von Willebrand factor.

including talin, vinculin, paxilin, and tyrosine
kinases (see Section 4.14.4).43

Platelets contain large amounts of actin that
can polymerize into microfilaments, in addition
to proteins that can either facilitate or inhibit
the process. The state of the microfilaments in
unstimulated platelets is not clear. There may
be a continuous alteration in the state between
actin filaments and their globular monomeric
precursors called G-actin. Alternatively, poly-
merization into filaments may occur as a result
of platelet activation. The microfilaments must
be seen as the essential element of the contrac-
tile mechanism of platelets. They are arranged
in bundles in the pseudopodia and form an
extensive network in spreading platelets.

4.14.3.3 Evaluation of Platelet Morphology

Platelet abnormalities consist of either an
increase or decreasam their number or size. The
assessment of platelets on a blood film is
discus1aed in Section 4.14.4.5.1. As a general
rule, increased platelet consumption or destruc-
tion is accompanied by a compensatory
increased production and the appearance of

megathrombocytes or stress platelets in the
peripheral blood. This has led to the assumption
that young platelets are larger and medibolically
more active than older platelets.44,45 This
explains why many patients with ITP and
severe thrombocytopenia can have a nonnal
bleeding time." However, there is clear evidence
that platelets do not decrease in volume with
aging47.48 and it is believed that platelet size is a
feature of platelet production and may be
ascribed to megakaryocyte ploidy." Abnor-
mally large platelets are also found in situations
where the megakaryocytes are affected by
underlying disease processes such as the myelo-
proliferative and myelodysplastic syndromes.

A number of congenital thrombocyto-
penias associated with giant platelets have
been described. These include the Bernard-
Soulier syndrome.P May-Hegglin anornaly.!'
Alport syndrome.F Fechtner syndrome, 53
Montreal platelet syndrome, 54 and Mediter-
ranean macrothrombocytopenia.P Although
distinctive ultrastructural abnormalities have
been described, 56 the diagnosis of these' dis-
orders is based rather on the inheritance
pattern, associated clinical features, and plate-
let function tests.

There are three disorders in which the
platelet granules are affected. In the Chédiak-
Higashi syndrome-? the granules are unusually
large and resemble those in bovine platelets. In
the storage pool disease the platelets look
normal on light microscopy but the dense
granules are either un detectable or markedly
decreased when examined by electron micro-
scopy.58 Platelets of patients with the gray
platelet syndrome lack ultrastructurally demon-
strable o-granules.é? and appear blue or gray
on stained blood smears. However. agranular
platelets have also been described in myelo-
dysplastic and myeloproliferative syndromes,
after cardiopulmonary bypass, hairy cell leuke-
mia, and platelet stimulation due to difficult
venepuncture.P''

4.14.4 !PLATELET FUNCnON

Blood platelets form the first line of defense
when normal blood vessels are injured. The
exposed endothelium causes a series of platelet
reactions that ultimately culminate in the
formation of a platelet plug that prevents
excessive blood loss. Intact endothelial cells at
the edge of the vascular lesion produce inhibi-
tors of blood coagulation and platelet aggrega-
tion that limit the size of the hemostatic plug."
However, the induction of excessive platelet
activation by biomaterials or structures such
as ulcers and fissures in the fibrous cap of
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~.:.;_'.:atheroma, overcomes these thromboregulatory
+ mechanisms. The platelets then become major
-~'~ prothrombotic offenders predisposing to arter-
,;" ial vasoocclusive disease.P Quantitative or
';: qualitative abnormalities in platelet function

manifest themselves in excessive bleeding at
mucocutaneous sites, resulting in ecchymoses,

.~.. petechiae, epistaxis, gingival hemorrhage, and
.:.' menorrhagia.P

Various factors probably control the reaction
of the platelets to the exposed subendothelium.
The depth of the lesion is important; deeper
damage exposes more platelet-reactive material
and tissue factor.64 Increased numbers of red
cells enhance platelet interactions with the
vessel wall by forcing platelets to the periphery
. of the blood stream." The blood flow rate and
the size of the vessel determines the numbers of
platelets passing by in a given time, the time
that the platelet has to interact with the injured
vessel, the rate of dilution of the platelet-
activating factors and the forces tending to
dislodge the platelets from the vessel wall or
other platelets.P''

The platelet membrane glycoprotein recep-
tors (see Section 4.14.3.2.1) and their ligands
both play an important part in platelet adhe-
sion (platelet-subendothelial interactions) and
aggregation (platelet-platelet interactions), as
described in Chapter 13, this volume. Most of
the receptors are specific for their respective
ligands, while different ligands can bind to
GPHb/IIIa (Table 2). The binding of these
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ligands to GPIIb/IIIa is mutually exclusive,
being partly mediated by the amine acid
sequence, Arg-Gly-Asp, present in their primary
structures.ê?

4.14.4.1 Platelet Adhesion

The subendothelium contains various adhe-
sive proteins and trace amounts of tissue
factor. When exposed, the platelets attach to
these proteins. The shear rate, determined by
blood flow rate and size of the blood vessel,
affects platelet adhesion differentially. At high
shear rates, VWF-dependent adhesion is most
important, probably because a high shear rate
causes conformational changes to VWF and/or
GPIb. VWF, bound to collagen, binds to the
GPIb/IX receptor on platelets causing adhe-
sion (Figure 2).42 Although it is generally
accepted that the binding of VWF to GPlb/
IX results in an outside-in transduction signal,
the mechanism remains obscure." At low
shear rates, fibronectin-dependent adhesion
and binding of collagen to the Gl'Ia/Ila
receptor on the platelet membrane appears to
be important. The contribution of the binding
of laminin to GPIc/IIa to adhesion is still
unclear.68.69 It must be noted that platelet
adhesion, in contrast to shape change, spread-
ing, release, and aggregation, does not require
metabolic energy.69

Membrane based coagulation

Figure 2 A schematic represê~tation of the important participants in thrombus formation. The wall shear
rate determines ij' fibrinogen, YWF, fibronectin or vitronectin will bind to GPlIb/IIIa to result in platelet
aggregation (see Section 4.14.4). The important receptors for platelet agonists include receptors for throm-

bin, ADP, and thromboxane A2 (TxA2)·



static plug. A critical event in this process is
the assembly on the platelet surface mem-
brane of a receptor formed by the ~PIIb/lIIa
complex which has the capacity to bind
fibrinogen, VWF, fibronectin, or vitroneetin
(Figure 2).42.68-70

A variety of platelet agonists are able to
activate platelets. These include collagen,
thrombin, thromboxane A2' epinephrine, and
ADP. Collagen and thrombin are regarded as
primary agonists that act at sites of vascular
injury, while thromboxane A2' epinephrine,
and ADP help to recruit platelets into the
growing plug. Specific receptors for these
agonists exist on the platelet surface (Table 2).
These receptors belong to the seven transmem-
brane domain family of receptors and are
linked to Gvproteins inside the cell.42.71 The
details of the action of the G-proteins are still
emerging. Some interact with target proteins
coupled to ion-permeable channels in the
platelet membrane, modulating the inward
movement of calcium. Others are linked to
protein kinases that phosphorylate other sites
on the receptor protein itself. Binding of the
agonist to its receptor activates the G-protein
which in turn activates phospolipase C to
hydrolyze phosphatidylinisitol biphosphate in
the membrane to produce diacylglycerol
(DAG) and inositoltriphosphate (IP3)· DAG
and IP3 serve as second messengers within the
cell. IP3 binds to a receptor in the dense tubular
system and causes mobilization of intracellular
calcium leading to promotion of calcium-
dependent enzyme activity. DAG activates
protein kinase C activity which promotes
protein phosphorylation of serine and threo-
nine residues, granule secretion, and fibrinogen
(GP Ilb/Illa) receptor expression. Once
initiated, platelet activation is amplified by
several endogenous mechanisms. which include
the formation of several stimulatory eicosa-
noids (prostaglandin G2, and thromboxane A2)
which pass through the membrane and bind to
their G-protein-linked receptors to amplify
platelet activation through one or more of the
second messengers.F

The activated GPlIb/IIIa complex is able to
bind to fibrinogen. VWF, fibronectin, and
vitronectin.42.68-70 There are indications that
fibrinogen is most important at low shear rates,
and VWF at higher shear rates which are
usually obtained in stenosed arteries.f In
resting platelets GPlIb/IIIa binds fibrinogen
to a limited extent only and is unable to bind
VWF. When platelets are activated the 40000-
50000 GPIIb/IIIa receptors are changed into
high affinity binding sites for fibrinogen and
VWF. The receptor recognizes at least two
binding sites on the fibrinogen molecule; an
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4.14.4.2 Shape Change, Spreading,
and Secretion

The smooth disk shape of nonactivated
platelets is not conducive to close cell-to-cell
contact. Shape change is necessary to ensure
greater cohesion and to allow the formation of
a tight plug. After activation, the diskoid
platelets change into irregular spheres with
numerous projections or pseudopodia which
markedly increase the platelet surface area
for adhesion and aggregation. Platelet shape
change is also associated with structural
changes that suggest active contractions. The
submembranous bundle of microtubules dis-
solves, the granules move to the center of
the platelet and the microtubules reform cen-
trally to surround the granules. The driving
force underlying these striking conformational
changes remains obscure but involves inter-
nal contraction-relaxation phenomena. An
increase in cytoplasmic calcium and activation
of myosin light chain kinase through calrnodu-
lin, and interaction of phosphorylated myosin
with actin cause contraction."? Polymerization
and bundling of actin in the pseudopodia also
play a part.?

Platelet shape change is a reversible process,
provided the activating stimulus is not too
strong. In such an event the platelets revert
back to their original shape, probably as a
result of reuptake of calcium by the dense tub-
ular system. and the platelet clump falls apart.
When sufficient amounts of calcium are
released into the cytoplasm of the platelets,
the platelets secrete their granular contents.
Thrombin, ADP. collagen, thromboxane A2'
and epinephrine are physiologically the most
relevant of the many platelet agonists capable
of inducing the release reaction. When these
agonists bind to their respective receptors on
the platelet membrane a signal is transferred to
the interior of the cell (see Section 4.14.4.3).

Moderate stimulation of platelets only cause
a slight increase in calcium levels, just sufficient
to activate phosholipases. which in turn. cause
the release of arachidonic acid which is rapidly
transformed into thromboxane A2. Thrombox-
ane A2 not only activates surrounding platelets,
but also induces further mobilization of cal-
cium ions. When platelet activation is intense,
for example, with thrombin or high concentra-
tions of collagen or ADP, sufficient amounts of
calcium ions are mobilized to cause the release
reaction independently of thromboxane A2.42

.'r
4.14.4" Platelet Aggregation

The adherence of platelets to each other is
essential for the formation of a stable hemo-

,
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Arg-Gly-Asp amino acid sequence in each of
the two A-alpha chains and a dodecapeptide on
the carboxy terminal of the gamma chain.68-7o
The binding of fibrinogen to GPIIb/I1Ia
appears to be a multistep process.f The initial
event is cation-dependent and most likely
involves the gamma chain. Subsequent interac-
tion, apparently not cation-dependent, renders
the binding irreversible.

Activated luminal GPlIb/IIIa receptors on
adherent platelets may bind fibrinogen and/or
VWF. These then await the arrival of and
interaction with GPIIb/I1Ia on the surfaces of
circulating platelets that have been activated by
released ADP and thromboxane A2 in their
neighborhood. Alternatively, circulating plate-
lets may be activated and bind fibrinogen or
VWF. In this case the platelet-ligand complex
can bind to activated GPlIb/I1Ia receptors on
the luminal surfaces'of adherent platelets. This
process can repeat itself several times, each time
adding an additional layer of platelets to form
the hemostatic plug.42

There are several factors that inhibit platelet
activation and so prevent excessive platelet
deposition." Flowing blood is probably the
most important in removing proaggregatory
substances from the site of thrombus forma-
tion, diluting their local concentration. Stimu-
lated by thrombin, endothelial cells in the
proximity can release prostacyclin and nitric
oxide. Both are important inhibitors of platelet
aggregation. Endothelium also has an ecto-
ADPase that can limit the effects of ADP.

G~IIb/IIIa is capable of signaling in both
directions of the platelet membrane.f Inside-
out signaling activates the GPIIb/lIIa to become
a high affinity receptor for fibrinogen and VWF.
This takes place after activation of platelets by
other agonists. The mechanism of activation of
the receptor remains obscure. Indications are
that the cytoplasmic domains of GPIIb and
GPIIIa play a role and that additional mol-
ecules or signaling pathways may be necessary
to activate GPIIb/IIIa. Outside-in signaling
occurs when fibrinogen and/or VWF bind to
GPIIb/IIIa. This binding induces changes in the
association of GPIIb/I1Ia with the cytoskeleton
and in enzymes, including the kinases, involved
in the downstream signaling leading to cluster-
ing of the GPIIb/IIIa receptors.

4.14.4.4 Procoagulant Activity of Platelets

There is irrefutable evidence that platelets
promote thrombin formation, bu't the mecha-
nism remains contfóversial."! Activation of
factor X by factors IXa and VIlla and activa-
tion of prothrombin by factors Xa and Va are

both dramatically accelerated by activated
platelets. Platelets are also able to accelerate
the activation of factor VIII by thrornbiá.?" It
appears that factor VIlla on platelets acts as a
binding site for factor IXa and that factor Va
acts as a binding site for factor Xa. What
remains unclear is whether factors VIlla and
Va bind to receptors or to negatively charged
phospholipids, particularly phosphatidylserine,
on the activated platelet membrane." Platelet
activation also results in the formation of
mieroparticles rich in factor V and phospholi-
pid coagulant activity."

Along with enhancing the activation of
coagulation factors, platelets are also involved
with coagulation in other ways.42 These include
their ability to bind fibrinogen where it is
strategically situated on the platelet surface
for interactions with locally produced throm-
bin. The presence in the ex-granules of adhesive
proteins, coagulation factors, and inhibitors of
coagulation and fibrinolyses (see Section
4.14.3.2.2) further iIlustrates the involvement
of platelets in coagulation.

4.14.4.5 Evaluation of Platelet Function

The platelet count, inspection of the blood
film, and the bleeding time are first-line
laboratory tests to evaluate platelet function.
The second-line tests include determination of
the turbidometric aggregation in response to
platelet agonists, spontaneous aggregation, the
platelet aggregate ratio, plasma and platelet
levels of p-thromboglobulin, and thromboxane
B2 generation by maximally stimulated plate-
lets. We shall not describe the methodology of
the different tests, and refer the reader to
detailed discussions.35.75.76

4.14.4.5.1 Platelet count

Before the advent of fully automated blood
cell analyzers, platelets were assessed on the
blood film. The manual technique using a phase
contrast microscope and hemocytometer is time
consuming and un practical for large volumes of
work. Films prepared from EDT A blood give
an even distribution and less clumping of
platelets than films prepared directly from
venous blood or from a finger prick. Both the
number and morphology of the platelets are
evaluated. The platelet estimate is performed in
each of ten lOOx oil immersion fields (OIF).
Normally there are 7-25 platelets per OIF. The
platelet estimate is reported as decreased, low
normal, normal, high normal, or increased, and
the decreased and increased graded as slight,
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moderate, or marked. The presence of platelet
clumps or giant platelets is also noted.

Modern medical practice necessitated the use
of automated hematology analyzers. These
instruments count platelets by either electronic
impedance or light scatter technology and the
results are generally accurate. However, certain
artifacts or the presence of giant platelets may
cause faulty results (Table 3). This means that
regardless of whether or not an official estimate
of the platelet count is done, verification of the
instrument platelet count should be included in
the final full blood count report.

4.14.4.5.2 Bleeding time

The bleeding time measures platelet function
and vascular integrity. A standard incision is
made on the volar surface of the forearm. The
time it takes to stop bleeding is dependent on
extravascular tissue, platelet adhesion and
aggregation, and the presence of certain coagu-
lation factors." A defect in any of these will
prolong the bleeding time, which varies between
2 and lOrnin in normal humans. If the. bleeding
time suggests impaired primary hemostasis,
further tests should be performed in a systematic
way to determine the cause. These tests include
in vitro platelet aggregation studies (see Section
4.14.4.5.4), factor VIII:coagulant and factor

Table 3 Causes of inaccurate automated platelet
counts.

Cause
Blood cell
analyzer

Falsely low platelet counts
Partial clotting of specimen
Platelet activation during

venepuncture with consequent
aggregation

EDT A-induced platelet
aggregation

Platelelet satellitism
Giant platelets

Falsely high platelet counts
Red cell fragments or microscopic

red cells counted as platelets
White cell fragments counted as

platelets " f

~emoglobin H disease
Cryoglobulin

all
all

all

all
all

all

all

Coulter
Coulter and
Technicon
Hl series

Source: Bain.60

VIII:VWF antigen activity, platelet coagulant
activity, dense granule contents (ADP and
ATP), and a-granule contents (platelet factor 4
and p-thromboglobulin).78

4.14.4.5.3 Platelet adhesion tests

The most widely used test measures platelet
retention after a single passage of whole blood
through a glass bead column. Although many
attempts have been made to standardize the
method, the results remain variable. Platelet
retention not only measures adhesion but can
also be affected by the plasma VWF levels,
fibrinogen coating of the glass surface, and
platelet aggregation. The test is therefore not
widely used for diagnostic purposes and is not
recommended. The Baumgartner flow chamber
is perhaps a more accurate measure of platelet
adhesion to different substrates.P However,
this test is expensive, time consuming and
technically difficult, and is therefore mainly
used for research purposes.

4.14.4.5.4 Platelet aggregation tests

Platelet-rich plasma is stirred in a cuvette at
37°C between a light source and a photo cell.
When an agonist (ADP, collagen, thrombin,
arachidonic acid, epinephrine, ristocetin, etc.) is
added, the platelets aggregate and absorb less
light. This results in an increase in light
transmission which is measured and converted
to a tracing made on a chart recorder (see
Chapter 13, this volume). The addition of
different agonists, at a range of concentrations,
allows the detection of certain aggregation
defects or hyper-reactive platelets.76.79 The
length of the lag phase, the aggregation rate
and the amplitude of the aggregation response
may be measured. Alternatively, threshold
concentrations or the EDso (the concentration
of agonist that will cause 50% of the maximum
aggregation response) can be calculated.
The interpretation of results of platelet

aggregation defects is summarized in Table 4.
Platelet hyper-reactivity can, for example, be
assessed by the aggregation of platelets in
response to low doses (0.25 M) of ADP.79

4.14.4.5.5 Platelet adenine nucleotides

Measurement of platelet ADP and ATP and
their release from platelets can be used to
diagnose a storage pool and other defects."
Platelets contain two separate pools of nucleo-
tides, a metabolic and a storage pool in the
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Table 4 Patterns of abnormal platelet aggregation.

.:.-::..--. Disease
Rist

1.25mgmL -IADP Coll

..p:
.:;::::. N

N
N
o
A
A
A
A
A
A
A

O/A
N/A
o
P

NIP
N
N
N
N
N

N/A

VWO
VWO"
BSS
GLANZ
SPD
COX
TXSYN
TXREC
EHLOAN
CAL
MEMB

N
N
N
o
P

AlN
AlN
AlN
N
A

N/A

.~..

Rist
O.5mgmL -I SA Cal

o
H
o
o
o
o
o
o
o
o
o

N
N
N
o
A
A
A
A
N
A
N

N
N
N
?
A
N
N
N
N
A
N

Source: Chanerin 76 and Roberts, 78

VWO = von Willebrand's disease (0 = subtype 2B). BBS= Bemard-Soulier syndrome. GLANZ = Glanzman's thrombasthenia. SPD =
storage pool disease. COX = cyclooxygenase defect. TXSYN = thromboxane A2 synthetase defect. TXREC = thromboxane A2 receptor
defect. EH lOAN = Ehler's Danlos defect. CAL = calcium bindingicontractile protein abnormality. MEMB = other membrane receptor
defect. Call = collagen. Rist = ristoeerin. SA = sodium arachidonate, Cal = calcium ionophore A23187. N = normal. H = increased.
P = primary wave only. A = abnormal/reduced. 0 = absent.

dense bodies. The latter pool cannot inter-
change with the metabolic pool and is only
released after platelet activation. Approxi-
mately 70% of the ADP is in the storage pool,
whereas most of the ATP is in the metabolic
pool. Decreased levels of platelet ADP and
ATP accompanied by decreased release in
response to collagen stimulation suggest a
storage pool defect or in vivo platelet release
due to platelet activation by thrombogenic
surfaces. Decreased release in the presence of
a normal pool size can indicate a platelet
enzyme or membrane defect or a drug-induced
effect.76

.;

t

4.14.4.5.6 Tests for in vivo activation

Numerous tests have been developed to
demonstrate platelet hyperactivity or to show
that circulating platelets have been activated by
some prothrombotic process." These tests
include the determination of the circulating
platelet aggregate ratio, the ADP aggregation
threshold, spontaneous platelet aggregation,
the plasma and platelet levels of ~-thrombo-
globulin and platelet factor 4, and the ability of
platelets to form thromboxane A2• Of these, the
determination of the plasma levels of platelet
factor 4 and ~-thromboglobulin, the circulating
platelet aggregate-ratio, spontaneous platelet
aggregation and the aggregation of platelets in
response to low concentrations of ADP appear
to be the most sensitive to detect in vivo platelet
activation.Fé!
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lower concentrations of sialic acid (10). and their mean platelet
life span is shorter than normal (Il).

In this study we investigated the mechanism of ageing and
sequestration of senescent platelets in baboons. Platelets were
artificially aged by treatment with neuraminidase to remove sialic
acid from the platelet membrane. The in vitro aggregation
response of platelets to agonists and the kinetics of treated and
untreated '1IIn-labelled platelets were measured. Sequestration
was investigated by calculating the correlation between the
shortening of MPLS after sialic acid was removed und the amount
of sialic acid removed. the correlation between the amount of
sialic acid removed and the increase in platelet associated
immunoglobulin (PA-lg). and the correlation between the short-
ening in MPLS and the increase in PA-lg.
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Summary

Platelets were isolated from blood of baboons and treated with
neuraminidase to remove platelet membrane sialic acid, a process
which artificially ages the platelets. The platelets were then
labelled with "I In and their mean life span. in vivo distribution
and sites of sequestration were measured. The effect of removal
of sialic acid on the attachment of immunoglobulin to platelets
were investigated and related to the sequestration of the platelets
by the spleen. liver. and bone marrow. Removal of sialic acid by
neuraminidase did not affect the aggregation of platelets by
agonists in vitro, nor their sites of sequestration. The removal of
0.51 (median, range 0.01 to '2.10) nmol sialic acid/Ill" platelets
shortened their life span by 75 h (median, range 0 to 132) h (n =
19, P <0.001), and there was an exponential correlation between
the shortening of the mean platelet life span and the amount of
sialic acid removed. The increase in platelet-associated IgG was
0.112 (median, range 0.007 to 0.3()l) fglplatelet (n = 25,
P <0.(01) after 0.79 (median, range O.nOIO 1).70) nmol sialic acid/
IOx platelets was removed (p <O.O(] I). There was an exponential
correlation between the shortening of mean platelet life span after
the removal of sialic acid and the increase in platelet-associated
IgG. The results suggest that platelet membrane sialic acid
influences ageing of circulating platelets. and that the loss of sialic
acid may have exposed a senescent cell antigen that binds IgG on
the platelet membrane. The antibody-antigen complex may then
provide a signal to the rnacrophagcs that the platelet is old. and
can he phagocytosed and destroyed.

Introduction

When somatic blood cells reach the end of their natural life
span. the macrophages of the rnonocvtc-rnacrophagc system
recognise them as "old" and phagocytose and destroy them. The
proposed mechanism of recognition of the old cells is that there is
a senescent cell antigen in the glvcoprorcins of somatic cell
membranes (I. ~). and that asialogtycoconjug.ucs on the cell
surface m;IY determine the survival time of red cells (~l. The
hyp(lth~',is to explain red cell senescence 'tate' that circulating
cells loose sialic acid from their glycoprotcin-. und this exposes
the senescent cell antigen. IgG-molcculcs attach to these anti-
gens. and the antigen-antibody complex is the ,i!,!nal for phagocy-
to,is and destruction of old cells hy the mal'rophage~ (I. ~). A
similar mechanism of recognition may exist for senescent
platelets. A senescent cell antigen was isolated from old platelets
(I l, platclcts loose membrane sialic acid from glycoproteins
uuring ageing in the circulation (3. -l}. and cn/ym.uic removal of
sialic acid shortens the mean platelet life span (MPLS) (5-l).
Platelets from patients with Bernard-Soulier syndrome have
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Methods

Experimental Anima/s

Normal healthy baboons (Papie ursinus}, weighing between Y and
12 kg. were used in a project that was approved by the Ethics Committee
of the Provincial Administration and the University of the Orange Free
State. The baboons were anaesthetised with ketamine hydrochloride
(10 mg/kg body mass) to enable handling. They did not receive medica-
tion that could affect platelet function for at least 2 weeks before and
during the experiments. Their peripheral blood platelet counts. 3óO ± (JO
x 10"/1.were within the reference range (10. Il l.

Harvesting, Neuraminidase Treatment, and Labelling of P/"I"('/CIS with
III ln-tropolonc

Harvesting. Blood. 42.5 ml in 7.5 ml ACD A. was collected from the
femoral vein after discarding the first 5 ml. Platelets were harvested by
differential centrifugation and repeated washing tu prepare platelet-rich
plasma (ACD-PRP) (12-14). More than I}()% of the platelets in each
sample were harvested. Aliquots of the ACD-PRP were removed to
measure the in vitro aggregation response of platclcts to agonists and the
sialic acid concentration on the platelel mcmhrane.

Neuraminidase treatment. Plarelcts in the ACD·PRP were concen-
trated to 300-320 x 10"/1. Neuraminidase from Clostridium perfringens
(Sigma Chemical Company. St Louis. MO) was added to give a final
concentration of 0.02 U/ml. and the mixture was incubated for JO min at
37° C. Following incubation. aliquots were again removed for the
measurements of aggregation and sialic acid. The platelets in the
remaining mixture were labelled with IlIln.

Platelet labelling. Platelets were labelled with IIlln-tropolone as
previously described (14). Briefly, platelets were concentrated hy cen-
trifugation at YOOx g for 20 min. The supernatant was removed and the
platelet pellet resuspeneled in 0.2 ml ACD·platclet·poor plasma.
Tropolone (0.01 ml of a I gil solution) and IlIln·chloride (25 MBq. CSIR.
Pretoria) was added. After incubatiun fur 5 min. lO ml of ACD-platelet-
poor plasma were added tu remove unbound 111In. The platelets were
again concentrated by centrifugatiun. The labelled platelets were finally
resuspended in 5 ml ACD-platelct-poor plasma for rcinjection. Labelled
platelets were not reinjected unless aggregates consisting of 10 or more
platelets were formed in response to ADP (Il). In all instances macro-
scopically visible platelet aggregates formed after ADP was added.



The labelling efficiency with tttIn-tropolone was 65 ± i4%. Rcd cell.
white cell and plasma protein contamination of thc labelled platelet
product was less than 5%.

Concentration of Sialic Acid in the Platelet Membrane

The two aliquots (pre- and post-neuraminidase) of ACD-PRP were
centrifuged at 900 x g for is min to form a platelet pellet. The pellet was
resuspended in 0.1 N H,S04 to a platelet count of son x 10"/1. The sialic
acid was hydrolysed from the platelet membrane by incubation at 80° C
for i h. The samples were centrifuged. and the sialic acid in the
supernatant was measured by the thiobarbituric acid assay of Warren (15).

Kineties of the 11/ In-labelled Plalelets

The mean life span of lire labelled platelets. both treated and untreated.
was measured in the same baboons. that of the normal platelets within a
month of that of treated platelets. In the studies where the platelets were
treated with neuraminidase. 2 ml of blood was collected in EDTA at 5.
20.40. 60. ':lO and 180 min after injection of the labelled platelets and then
twice daily for 3 days. For untreated platelets. 2 ml of blood was collected
at five and IgO min after injection and then daily for 6 days. The
radioactivity in the blood samples was measured in a well-type scintillation
counter (Packard. Packard instrument Company. Downers Grove. Il).

M PlS was calculated by fitting a gamma function to the disappearance
of the labelled platelets from the circulation (16). The recovery of labelled
platelets in the circulation at equilibrium was estimated from the
radioactivity/ml injected. correcting for splenic platelet pooling and by
back-extrapolation of the survival curve to zero time (i2). The count rates
of the blood samples collected during the first 3 h after injection were not
used to calculate recovery and MPlS because. under normal conditions.
mixing between injected labelled and native platelets is incomplete (16).

In I'il'o distribution and sites of sequestra/ion. Seventy min after
injection of the treated 1IIIn-platelets. anterior and posterior images (256
x 256 word mode) of the whole body were acquired with a large field of
view scintillation camera (13). The images were stored on a A'-MDS data
processing system for analysis. Images were acquired tw ice daily for
2 days.

The in vivo distribution of the labelled platelets was quantified by the
geometrical mean method and their distribution at equilibrium and sites of
sequestration estimated by linear least square analvsis (13. 17). The in
vivo distribution at equilibrium was not estimated if the MPlS was shorter
than 20 h.

Pltll('/ct Associated lmmunoglobulins: PA·lgG and PA·!g:'v(

PA-lgG and PA·lgM were measured before and after treatment of the
platelets with neuraminidase using a slightly modified EUSA-method
(IX). Briefly, washed platelets. 200 x 10"11. in 0.2 M Tris-HCI buffer
containing 5% calf scrum. were added to microplate wells coated with
human scrum. Known amounts of rabbit anti-human IgG or IgM
antibodies (Dukoparh lmmunoglobulins. Denmark) were added. and
incubated with the platelets for 'JO min at 37°C. The free antibodies were
...a,hed lrorn the platelets and Ovdianisidin colour reagent was added. The
epucal den,it~ was determined in a spectrophotometer (Biotck Instru-
rncntv. "'jno(l,ki. VT) and the concentration nf free antibodies calcu-
tared. PA·lgG and PA-lgM were calculated h)' the difference in the
amount (If antibodies added and those remaining In the supernatant after
incubauon of the platelets with the antibodies.

In Vu", Platetet Aggregation Studies

In vitro platelet aggregation studies were dune before and after
treatment wuh neuraminidase. An additional lIS ml of blood was collected
in 2 mlof sodium cirratc (3.8%). The blood was centrifuged at 2.IMlO x g
or ~O min tn prepare citrarc-platclcr-poor plasma for the aggregation
studies. The treated and untreated aliquots of ACD·PRP were cen-
trifuged at 'JOO x g for 15 min to form a platelet pellet. The supernatant
wa' removed. and the platelets rcsuspcndcd in the citrate-platelet-poor
plasma to a concentration of 250 x lO" platelets/I.

The aggregation studies were done on a Chrono-log aggregometer.
The agonists used to induce platelet aggregation were ADP: 20. iD and
5 f.lM final concentration: collagen: 0.05 and 0.005 gfl final concentration

"I

and adrenaline: 0.01 f.lM final concentration. The aggregation response of
the platelets was expressed as the percent change in light transmission
after 4 min.

Statistical Analyses

Differences between the measurements of treated and untreated
platelets were tested with Student's Hest for paired or unpaired data. If
the data were not normally distributed. the Wileoxon signed rank test was
used to test for differences. least squares regression analysis was used to
determine possible correlations.

Results

The Effect of Removal of Sialic Acid on In ViI'o Platelet Kinetics

In 19 studies. platelets had a mean of 3.04 ± 1.24 nmol siali
acid/Lê" platelets. Treatment with neuraminidase removed 0.7
(median, range 0.00 to 2.10) nmol sialic acid/LO" platelets.

Recovery and mean platelet life span. TIle recovery of injcctc
labelled platelets in the circulation was 84% (median. range 55 I
101%) for untreated platelets and 69% (median. range 52 t
100%) for treated platelets.

The mean disappearance curves of untreated and trcatc
labelled platelets differed in the same baboons (Fig. 1). Those
the untreated platelets fitted a linear function best. indicating tha
they were removed from the circulation as a result of senescenc
(12. 16). The survival curves of the treated platelets were divide
into two groups and are presented as two curves (Fig. I). The on
curve represents the disappearance of platelets where less tha
20% of the sialic acid was removed (n = 10) and the other cu
include data where more than 20% of the sialic acid was remov
(n = 9). This was done because there was a linear correlati
between the reduction in circulating radioactivity and the amou
of sialic acid removed,

Reduction in radioactivity = 2 + 29 (sialic acid remove
r = 0.7360, P <0.001, and n = 19.

The shape of the survival curve of the platelets treated wi
neuraminidase had two components. indicating that there w
two subpopulations of labelled platelets (Fig. I). In the ea
where less than 20% of the sialic acid were removed.
(median, range 0 to 46%) of the treated platelets were clear
from the circulation in the first 3 h after their reinjecti
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Fig.J The mean disappearance curves (± I SEM) of 1llln·la
platelets. untreated and treated with neuraminidase. from the eircu
in i9 baboons. The disappearance curves of the treated platelets
divided into a group where less than 20% of the sialic acid was re
from the platelets (n = 10. dotted line). and a group where mor
20% of the sialic acid was removed (n = ':I. broken line)
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Fig. 2 Exponential relationship between the shortening of MPLS after
the removal of sialic acid and the amount of sialic acid removed by
treatment with neuraminidase

(decrease in circulating radioactivity from 5 to 180 min). When
more than 20% was removed 37% (median. range 12 to 82%) of
the treated platelets were cleared in the first 3 h. The correspond-
ing reduction for untreated platelets was about 4%.

Those treated platelets that remained in the circulation after
3 h had an almost linear, but shortened, survival curves (Fig. 1).
The MPLS of the platelets that lost less than 20% of their sialic
acid was 64 h (median, range 39 to L08 h). and the platelets that
lost more than 20% sialic acid survived for 17 h (median. range 10
to 66 h). In both cases. the MPLS was substantially shorter than
the 116 ± 15 (mean ± 1 SO) h of the untreated platelets. The
correlation between the amount of sialic acid removed and the
shortening of MPLS is given in Fig.2.

The equilibrium distribution and sites of sequestration were
investigated in nine baboons. The results arc shown in Table 1.
At equilibrium significantly more treated platelets were found in
the spleen. The fraction in the liver was slightly higher than

Y = 0.24 + 5.53X

r = 0.6210
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Fig.3 Linear correlation between the amount of sialic acid removed with
neuraminidase and the increase in IgG attachment of the treated platelets

normal. These increases probably represents those platelets that
were removed from the circulation in the first 3 h after injection.

The sites of sequestration was not adversely affected by the
removal of sialic acid (Table 1). The liver sequestered slightly,
but significantly (p = 0.05), more treated platelets. Platelet
sequestration in the spleen and bone marrow was unchanged.

The Effect of the Removal of Sialic Acid all Immunoglobulin (lg)
Attachment 10 Platelets

Twenty-five studies were done to determine the association
between the removal of sialic acid and attachment of 19 to
platelets. The platelets contained 0.028 (median. range 0.001 to
0.099) fg IgM/platelet and 0.197 (median, range 0.048 to 0.400) fg
IgG/platelet before treatment. Treatment with neuraminidase
removed 0.79 (median. range 0.06 to 6.70) nmol sialic acid/lax
platelets. PA-IgM after treatment, 0.038 (median. range D.D09 to

Table I Platelet sialic acid removed. in vivo distribution. and sites of sequestration of platelets treated with neuraminidase. The reference values wcre
measured in a matched group of II baboons (13)

At cquilibrium

'In vivo distribution of platelets

Liver Spleen

Final

Liver Spleen Remainder

38.8 :!Y.I 31.1
36.2 :!H.9 3-1.9
50.3 22.6 ~7.1
35.6 23.:! "' I.:!
52.6 19.7 27.7
45.7 :!1.9 3:!A
51.1 17.6 31.]
68.1 13.7 18.2
53.7 14.3 32.0

48.6 21.:! 30.2
10.6 5.6 e.s
40.8 24.7 3-1.5
6.0 4.2 5.S
0.05 0.14 0.16

Bahoon Sialic acid removed

(nmol/IO" platelets)

I: (lA:!
2 o.",y
3= (l.SH

"' 0.63
S= 0.78
fl 0.97
7: 1.15
If 1.88
y.) 2. JO

Mcan 1.00
:!: lSD 0.60

·20.5
1.'.1
~7.7
1~.7

:!O.6
6.7

Reference 15.8
:!: lSD 2.9
.lp.value O.fló

IPercentages of that of whole body radioactivity.
~In vitro aggregation studies were done on these six baboons.
-'Student's Hest for unpaired data.
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19.4

20.7
1.3

16.0
1.9

<0.001
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Table 2 Effect of treatment with neuraminidase on the in vitro aggrega-
tion response of platelets to agonists. Values are the mean percentage
change (± 1 SD) in light transmission of six studies. A median of 1.22
(range 0.42 to 2.10) nmol sialic acid/IO" platelets was removed

Agonist Agonist Pre- Post- lp-value
concentration reatrnent treatment

response response

ADP 20llM 43± II 4S±9 0.16
IOIlM 27± 13 34± 15 0.10
SIlM 19± 12 24± 13 0.006

Collagen 0.05 gii 66± 13 75± II 0.11
0.005 gii 3±4 19± 14 O.OS

Adrenaline O.OIIlM II ±2 20±6 0.003

IStudent's r-test for paired data

0.081) fg!platelet, was not different (p >0.50) from that before
treatment. PA-IgG increased significantly (p <0.001) to 0.322
(median, range 0.076 to 0.680) fglplatelet after treatment with
neuraminidase. The increase ranged from 0.007 to 0.309 fg!
platelet. There was a significant correlation between the amount
of sialic acid removed and the increase in PA-IgG (Fig. 3).

The Effect of the Increase in PA-lgG on the Shortening of MPLS

This was investigated in 15 baboons. Treatment with
neuraminidase removed 0.20 (median, range 0.01 to 0.93) nmol
sialic acid/lOs platelets. This resulted in a shortening of 46
(median, range 0 to 86) h of the MPLS and an increase of 0.046
(median, range 0.007 to 0.309) fg IgG/platelet. The shortening of
MPLS and the increase in PA-IgG was significant (p <0.001 in
both cases). The correlation between the shortening of MPLS and
the increase in PA-IgG is shown in Fig.4.

In Vitro Platelel Aggregation

In six studies. the in vitro aggregation response of platelets to
agonists was not adversely influenced by the removal of sialic acid
with neuraminidase (Table 2). Untreated and treated platelets
were handled in an identical way. and the results were therefore
comparable. A median of 1.22 (range 0.42 to 2.10) nmol sialic
acid/IO" platelets was removed. The treated platelets tended to be
somewhat more sensitive to agonists, especially at lower concen-
trations.

Discussion

The relevance of removing membrane sialic acid to study
senescence of blood cells has been questioned (~(). 21). It was
therefore necessary to prove that the platelets treated with
neuraminidase were viable. This we did in two ways. First. the
sites of sequestration of treated platelets did not differ from those
of untreated platelets (Table 1). Secondly. platelet function was
not adversely affected by treating the platclcts with ncuramin-
idase , their in vitro aggregation response to agonists was not
significantly different from that of platclcts not so treated
(Table 2). Treatment of the platelets with neuraminidase there-
fore had no apparent adverse effects. and the measured dif-
ferences in MPLS may thus be attributed to the removal of sialic
acid.

The shape of the mean survival curve of the treated labelled
platelets (Fig. 1) indicated two components. implying two sub-
populations. The first was cleared from the circulation within 3 h
after injection. These platelets were most likely sequestered by
the macrophages of the monocyte-macrophage system, and were

permanently removed from the circulation. This is so because
slightly more asialo-platelets than untreated platelets were found
in the spleen and liver at equilibrium (Table 1). and there was a
positive correlation between the reduction in circulating radioac-
tivity from 5 to 180 min and the percentage sialic acid removed. It
is therefore reasonable to assume that enough sialic acid was
removed to make them recognised as "old" and ready for
permanent sequestration by the macrophages.

The second subpopulation had a nearly linear survival curve.
and their disappearance almost paralleled that of untreated
platelets (Fig. I). implying that their removal was age-dependent
(22). Their MPLS was also shorter than that of the untreated
platelets in the same baboons. The linear survival curve is
consistent with the view that equal amounts of sialic acid were
removed from platelets of all ages. The removal of sialic acid
therefore induced accelerated ageing of the platelets. Similar
results were obtained in studies on rabbits (5-9). It was, however.
necessary to remove roughly 15% to cause clearance of the
platelets within 1 h after injection (8). In the baboons it was only
after more than 40% of the sialic acid was removed that MPLS
was shorter than 10 h. The difference may be species specific.
There seems to be an evolutionary reciprocity in the expression of
the antigenie structures of the senescence-related anti-Gal anti-
body by old platelets of mammals (1, 23. 24). It is therefore
possible that the differences in MPLS after treatment with
neuraminidase is the availability of the antigen on the platelets of
the two species. The discrepancy between our results and those
reported in the rabbits may also be explained by the number of
blood samples collected within the first 20 h after the injection of
the labelled platelets. We collected seven blood samples, whereas
only two samples were collected from the rabbits.

The exponential correlation between the shortening of MPLS
and the amount of sialic acid removed (Fig. 2) probably has little
resemblance to the normal process of in vivo platelet aging. It is
probable that treatment with neuraminidase removes more siali
acid than is necessary to signal senescence (2. 21). The correlatior
nevertheless implies that sialic acid plays a part in the determina
tion of MPLS. and thus in the mechanism of platelet senescence
The fact that the correlation was exponential further implies tha
it is necessary to remove only a critical amount or sialic acid t
signal senescence.
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Fig.4 Exponential correlation between the shortening of MPLS
removal of sialic acid with neuraminidase and the subsequent increa
PA-IgG (·data points not used)



The mechanism of recogrunon of senescent cells by the
macrophages of the monocyte-macrophage system is still not
known. An autoimmune mechanism seems likely. Antigenie
structures that react with senescent-related anti-Gal antibodies
has been identified on "old" platelets (1). The IgG may bind to
the senescent cell antigen to form antigen-antibody complexes (1,
2. 23, 24), or the macrophages may recognise the antigen itself
(25). Our results favour the binding of IgG to the antigen. This is
indicated by the linear correlation between sialic acid removed
and the increase in PA-IgG (Fig. 3). and the exponential relation-
ship between the shortening of MPLS and the increase in PA-IgG
(Fig. 4). It is not possible to estimate the amount of IgG that must
be attached to signal phagocytosis of platelets by the macro-
phages. It is probably not much. Treatment with neuraminidase
probably removes more sialic acid than is necessary to signal
senescence (2. 21). This assumption is supported by the linear
correlation between the reduction in circulating radioactivity in
the first 3 h following the injection of treated platelets and the
amount of sialic acid removed. Also. the amount of antibody that
binds to the senescent cell antigen, anti-Gal, represents only
about 1% of the total IgG (19, 24). It is, however. highly likely
that a critical number of antigen-antibody complexes have to form
before the platelets will be recognised as "old" and sequestered by
the macrophages, the exponential correlation between the
increase in PA-IgG and shortening of MPLS (Fig.4) supports
such an assumption.

In conclusion, the differences in the shape of the survival
curves and in the mean life span of the platelets implies that the
removal of sialic acid from platelets is analogous to the normal
process of ageing of platelets in the circulation. First. a subpopu-
lation of treated platelets was removed from the circulation within
3 h after injection. It is likely that enough sialic acid was removed
to make these platelets recognisable for phagocytosis and destruc-
tion by the rnaeropnages. Secondly. the linear. but shorter than
normal. disappearance of the treated platelets that remained in
the circulation after the first 3 h suggests that the removal of sialic
acid shortened the MPLS of these platelets and that subsequent
sequestration of platelets by the macrophages mimics senescence-
related mechanisms. Thirdly. the almost normal numbers of
senescent platelets that were sequestered in the spleen. liver and
bone marrow is consistent with the view that the senescent
platelets were sequestered by "normal" mechanisms.

We were also able to identify possible mechanisms involved in
platelet senescence. Platelets lose sialic acid from their membrane
during their circulation in the blood (3. 4). Because the mem-
brane glycoprotcins are enriched with sialic acid (10). it is
reasonable to assume that the loss may be the result of sublethal
interactions of the platelets with diseased or foreign surfaces. The
loss of sialic acid exposes senescent cell antigens (I. ::!). An
antibody. presumably the anti-Gal antibody (::!ó). recognises the
exposed antigen and binds to it to form an anugcn-anribody
complex. Once sufficient IgG is bound to the platelet membrane.
this signals that the platelet is old. The signal to phagocytose and
destroy the old platelet is then recognised by the rnacrophagcs of
the liver. spleen and bone marrow (I~). This hypothevis suggests
that rnacrophagcs recognise senescent cells as "foreign". and are
therefore only performing their normal task of surveillance
against foreign cells in the circulation.
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P.N. Badenhorst
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INTRODUCTION

Blood platelets circulate for approximately 10 days in normal humans. The
macrophages of the monocyte-macrophage system then recognise them as old and
phagocytose and destroy them. The mechanism through which the macrophages
recognise the "old" platelets is not known. A hypothesis to explain red cell ageing and
sequestration implicates that membrane sialic acid may play a role. According to this
view, red cells loose sialic acid while they are circulating. This exposes a senescent
cell antigen on the red cell membrane. IgG recognises and binds to the antigen. Once
sufficient antibody-antigen complex is formed, the macrophages recognise the red cells
as "foreign" and phagocytose and destroy them'.

We investigated if a similar mechanism of recognition exists for senescent
platelets. Enzymatic removal of platelet membrane sialic acid shortens their mean
platelet lifespan markedly', and a senescent cell antigen, similar to that identified for
red cells, was identified in old platelets',

METHODS

Normal, healthy baboons were used in this study. Blood was collected, and the
platelets harvested by differential centrifugation. An aliquot of the platelet rich plasma
was removed to determine platelet sialic acid and platelet associated IgG. The platelets
were then treated with neuraminidase to remove sialic acid (0.002 U/ml for 30 min at
370C). An aliquot was again removed to determine platelet sialic acid and platelet
associated IgG. The treated platelets were then labelled with lllIn-oxine, reinjected
and their recovery from the circulation and mean lifespan determined':'. In all baboons,
the lifespan of normal untreated platelets was determined within a month after the
studies with treated platelets .
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RESULTS
\~

The treated, labelled platelets were viable. Their recovery in the circulation, 81
± 24%, was not significantly different from that of the untreated platelets, 85 ± 12%.
Also, in vitro aggregation in response to ADP and collagen was not different form that
of untreated platelets.

The disappearance of treated and untreated labelled platelets from the circulation
is given in Figure 1. This was determined in 19 baboons. A mean of 20 ± 15% of the
sialic acid was removed. There were two subpopulations of treated labelled platelets.
The first, approximately 22%, was removed from the circulation within the first 3
hours after their injection. It is likely that enough sialic acid was removed to signal that
this subpopulation was old, and must be destroyed by the macrophages. The .remaining
subpopulation had a linear, but shorter than normal survival curve. This indicates that
these platelets were removed as a result of senescence. The linearity further implicates
that equal amounts of sialic acid was removed from platelets of all ages.
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Figure 1. Platelet survival curves of normal (untreated) and neuraminidase-treated III In-labelled
platelets. The untreated platelets disappeared from the circulation in an age-dependent manner; this is
reflected by the linear survival curve. The disappearance curve of the treated platelets shows two
components; an exponential rapid clearance, and a second phase parallel to that of normal platelets.

Figure 2 illustrates the relationship between the shortening in platelet lifespan as a
result of the removal of sialic acid and the amount of sialic acid removed. The
exponential relationship is consistent with the view that only a given amount of sialic
acid have to be removed to signal platelet senescence and thus permanent removal of
the platelets from the circulation.
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Figure 2. The relationship between decrease in the sialic acid content of the platelet membrane after
treatment and the shortening in platelet survival as a result of the removal of sialic acid indicates that the
removal of sialic acid shortens platelet survival.

Removal of sialic acid resulted in an increase in platelet associated IgG. In 26
studies, the linear relationship between the amount of sialic acid removed and the
increase in platelet-associated IgG was

sialic acid removed = 0.14 + 0.068 x increase in IgG (r = 0.621)

The relationship between the shortening in mean platelet lifespan after sialic acid
was removed and the increase in platelet-associated IgG is illustrated in Figure 3. The
exponential relationship is consistent with the view that only a given amount of IgG
have to attach to platelets to signal senescence, and thus sequestration and permanent
removal of the platelets from the circulation.

CONCLUSIONS

The results of this study strongly suggest that platelet sialic acid and platelet-
associated IgG plays a role in platelet ageing and subsequent sequestration by the
macrophages. We hypothesize that platelets loose sialic acid from their membranes
while .ney are circulating. The loss of sialic acid exposes a neo-antigen, presumably
sinular to the senescent cell antigen described in red cells. An antibody recognises the
exposed antigen and binds to it to from an antigen-antibody complex. Once sufficient
IgG is bound to the platelet membrane, this signals that the platelet is aged. This signal
to phagocytose and destroy the "old" platelets is recognised by the macrophages of the
monocyte-macrophage system, especially those located in the spleen, liver and bone
marrow.
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This hypothesis is logical. It suggests that the monocyte-macrophage system ~ill
recognise an aged cell in the circulation as "foreign". It is therefore not necessary to
postulate a new mechanism specifically aimed at the recognition of senescent platelets.
Macrophages will only be performing their normal task of surveillance against foreign
cells when they remove senescent platelets from the circulation.
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Figure 3. There is a correlation between the increase in platelet-associated IgG after removal of sialic
acid and the shortening in mean platelet lifespan. This supports the view that removal of sialic acid and
the resultant increase in platelet-associated antibody induces sequestration of platelets.
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Abstract. The purpose of this study was to describe the
function of platelets throughout their life span by ex-
pressing their in vivo distribution and kinetic behaviour
in mathematical terms by using multicompartmental
analysis. The distribution of indium-Ill labelled platelets
in five normal subjects was imaged and quantified with a
scintillation camera image processing system. Serial
blood samples were also obtained. The data were mod-
elled using the SAAM (Simulation Analysis and Mod-
elling) compartmental computer program. Five models
were entertained to evaluate the role of platelets that
were either functional or injured during collection and
their interaction with the liver, spleen and vascular en-
dothelium. Models were evaluated by comparing F val-
ues calculated from the least squares estimate obtained
from each model. The Dornhorst function was used to
describe the sequestration of platelets in the compart-
mental model. Results indicated that the data could not
be satisfactorily simulated when compartments were in-
cluded that simulated only functional and sequestered
platelets (model 1). It was necessary to include compart-
ments that simulated the kinetics of collection-injured
plateles in the liver (model 2) and spleen (model 3). The
model that simulated the interaction with the vascular
endothelium (model 5) showed a visual but not signifi-
cant improvement in the fitting of the observed data
compared to model 3. The mean organ uptake and range
indicated in parentheses were calculated at equilibrium.
There were 20% (15%-27%) of the injected platelets in
the spleen, 10% (8%-11 %) in the liver and 70% (64%-
75%) in the circulation. The relatively high accumulation
of activity in the spleen was as a result of the slow transit
time of the functional platelets through the spleen of 5.1
(3.5--6.0)min compared with the transit time through the
liver of 0.33 (0.19-0.50) min. The 9% (5%-12%) collec-
tion-injured platelets in the spleen and 10% (5%-16%) in
the liver had longer transit times than functional
platelets. Platelet sequestration was well simulated with
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the compartmental model. The mean platelet survival
time estimated by the compartmental model and stan-
dard curve fitting techniques did not differ significantly.
A multicompartmental model and reference range for
platelet kinetics have been established and may prove to
be clinically useful in platelet disease.

Key words: Blood platelets - Indium 111 - Tropolone -
Scintillation camera - Platelet kinetics - Compartmental
modelling

Eur J Nucl Med (1992) 19: 1023-1031

introduction

Blood platelets play an essential role in haemostasis and
the vascular response to injury. Many techniques have
been developed to study their function and to quantify
the behaviour of platelets in the circulation. One ap-
proach involves the assessment of platelet function by
in vitro methods. This does not reflect the true in vivo
behaviour; as stated by Peters (1988), the kinetics of
distribution immediately following injection are probab-
ly more sensitive to cell damage, especially when the
platelets are activated in vivo (Powers et al. 1983; Isaka
et al. 1991). The other approach is to study the in vivo
behaviour of indium-ll1 labelled platelets. Mean plate-
let survival time can be determined from the rate of
disappearance of the labelled platelets from the circula-
tion. In vivo function of the labelled platelets can also
be studied by imaging their distribution in the body.
The limitation of imaging is that within an organ it does
not distinguish platelets that are functional from those
that have been injured during collection or have been
sequestered. Compartmental modelling can be used to
overcome this limitation. Heyns et al. (1980 b), Peters
et al. (1980, 1984), Peters and Lavender (1982), Kotzé
et al. (1986) and Wadenvik et al. (1987) used compart-
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mental modelling to investigate the kinetics of functional
platelets in the spleen. They used a simplified two-com-
partmental model which did not simulate the behaviour
of collection-injured platelets. Inspection of the accumu-
lation of organ radioactivity shows a transient uptake
of in vitro labelled platelets in the liver (Isaka et al. 1991;
Peters et al. 1980, 1984; Peters 1988, 1991; Lotter et al.
1986). These collection-injured platelets may, however,
also interact with the spleen and vascular endothelium.
In addition, two-compartmental modelling simulates
only the first 15, 30 or 90 min after reinjection of the
platelets (Heyns et al. 1980b; Peters et al. 1980, 1984;
Peters and Lavender 1982; Kotzé et al. 1986; Wadenvik
et al. 1987) and therefore excludes modelling platelet se-
questration.

For the purpose of this study we defined functional
platelets as normal unactivated platelets, collection-in-
jured platelets as platelets injured during in vitro label-
ling and sequestered platelets as those removed perma-
nently from the circulation.

The purpose of this study was to use multicompart-
mental analsis to describe the kinetic behaviour of plate-
lets by expressing their in vivo distribution in mathemati-
cal terms. This makes possible the calculation of the
relative contributions of collection-injured, functional
and sequestered platelets to the observed organ radioac-
tivity. The transient uptake of collection-injured platelets
in the liver is also quantified. The mean platelet survival
time can be estimated using the simultaneous disappear-
ance of platelets from the circulation and the appearance
of platelets in the organs of the reticulo-endothelial sys-
tem.

Methods

Platelet labelling. Platelets were harvested and labelled according
to the method described by Kotzé et al. (1991). Briefly, 85 ml of
blood was drawn into syringes containing 15 ml ACD A (Baxter
Travenol, Baxter Laboratories). Platelets were harvested by differ-
ential centrifugation and repeated washing to get rid of red cells.
The platelets were concentrated by centrifugation and resuspended
in 0.3 ml plasma. Tropolone and 17 MBq of 1llln-chloride were
added and then incubated for 4 min at room temperature. After
incubation the platelets were again centrifuged and the unbound
radionuclide removed by withdrawing the supernatant. The la-
belled platelets were finally resuspended in platelet-poor plasma
for reinjection. Viability of labelled platelets was assessed in vitro
by their aggregation response to ADP and they were not reinjected
unless aggregates consisting of ten or more platelets were observed.

In vivo quantification (Heyns et al. 1983; Kotzé et al. 1986). The
in vivo distribution of the 1llln_labelled platelets was imaged with
a General Electric Starcam 400AC scintillation camera and data
processing system. Áner reinjection, dynamic anterior images in-
cluding the heart, liver and spleen were acquired in two phases;
30 images of 30 s duration followed immediately by 25 images of
3 min each. Static anterior and posterior images that included the
whole body were acquired at 2 hafter reinjection of the labelled
platelets and then daily for 7 days.

The images acquired during the sequestration phase were pro-
cessed as follows. Using the chest image, regions of interest were
selected over the liver, spleen and heart. A region of interest was
also selected for the area excluding the liver, spleen and heart.
Regions were also selected on the other images to include the whole
body. Integrated counts were obtained for the anterior and corre-
sponding posterior regions of interest. The geometrical mean
counts for each region of interest was calculated as the square
root of the product of the anterior and posterior integrated counts.
The corrected activity in the region of interest was expressed as
a percentage of the geometrical mean-corrected whole body counts.
All the corrected counts were summed to represent the whole body
counts. The corrected counts for the liver, heart and spleen were
expressed as a percentage of the whole body counts. Radioactivity
not in the spleen or liver at the end of the life span of the platelets
was assumed to be in the rest of the reticulo-endothelial system
(Heyns et al. 1983).

Only anterior images were acquired during the equilibration
phase. Regions of interest over the liver, spleen and heart were
selected on the dynamic anterior images to generate time-activity
curves. To normalize these curves to percentage organ activity,
the geometrical mean distribution data obtained at 2 h were used.

The geometrical mean-corrected time-activity curves of the
spleen, liver, heart and blood were subjected to compartmental
modelling. Average time-activity curves for the five patients were
calculated. The error bars represent one standard deviation of the
mean of the observed data points in all the graphs. For ease of
interpretation, only every tenth observed data point for the first
15 min and every fourth data point for the next 75 min are shown
on the graphs for the liver and spleen during the equilibration
phase. Data for the heart resembled those of the blood; therefore
these data are not included in the figures.

Determination of the mean platelet survival time by the standard
curve filling technique. Blood samples were obtained at 5, lO, 20,
40, 60, 90, and 150 min after reinjection of the labelled platelets
and then twice daily for 6 days. The mean platelet survival time
was calculated by fitting the Domhorst mathematical function to
the blood clearance curve (Lotter et al. 1986, 1988). The Dornhorst
function was used because it was incorporated in the multicompart-
ment computer model.

Normal subjects. The particulars of the five normal healthy subjects
and reference values for our laboratory are given in Table I. The
following reference values were used as the criteria to assess wheth-
er the platelet kinetics of the subjects were normal: platelet count,
mean platelet survival time and percentage recovery of injected
labelled platelets in the circulation at equilibrium. The patients
were instructed not to take any antiplatelet drugs for at least
2 weeks before and throughout the study.

Informed consent was obtained and the study was approved
by the Ethics Committee for Human Experimentation of the
Orange Free State Provincial Administration and University of
the Orange Free State.

Compartmental modelling. In compartmental model building a
model is .. tentatively entertained" rather than assumed (Box and
Hunter 1965). In this study a basic model for normal subjects,
model I (Fig. I), was entertained and then improved upon byenter-
taining four other models.of increasing complexity (Figs. 2-5). The
method used to assess the process of model optimization, i.e. the
lack of fit or the goodness of fit of an entertained model, was
by minimising the least squares estimate. To decide whether the
differences among models was significant, a standard F-test was



Table I. Subject information

Subject
number

Age
(yr)

Sex MPST
(h)

Recovery
(%)

1 23 Male 260 203 59.3

2 31 Male 303 221 50.3

3 22 Female 232 250 62.1

4 34 Male 393 240 46.1

5 32 Male 248 222 59.4

Mean±SD 28±5 287±65 227 ± 18 55.4±6.9

Reference
15Q--421• 226"±25b 61 ± 12"

values

PC, Platelet count; MPST, mean platelet survival time

• Wessels et al. (1985)
blotter (1985)
C Wessels et al. (1985); Heyns et al. (1985)

EQUILIBRATION
COLLECl10N INJURED FUNCTIONAL

SEQUESTRATION

Fig. 1. Model I: the most basic compartmental model investigated
to model the kinetics of functional platelets in the spleen (compart-
ment 2), circulation or blood (compartment 4) and the liver (com-
partment 6) during the first 7 hafter reinjection of I I I In-labelled
platelets. Compartments 10, 13 and 12 modelled the sequestration
of platelets in the spleen, remainder of the reticulo-endothelial sys-
tem (RES) and liver throughout the life span of the platelets

applied to the least squares estimate of each model (Thakur 1983;
Mendenhall 1971). Graphs were, however, highly regarded
throughout the fitting and optimisation procedure (Box and
Hunter 1965). The computer program Simulation, Analysis and
Modelling (SAAM) was used in this study (Kuikka et al. 1991;

Foster and Boston 1983).
The parameters calculated during compartmental modelling are

expressed as a mean and range (given in parentheses). Platelet
kinetics were modelled during the equilibration and sequestration

phases.

Equilibration phase. This phase included the first 7 h after platelet
reinjection. During this period equilibrium was established between
the injected labelled platelets and circulating platelets. Model 1
(Fig. I) was entertained to simulate labelled functional and seques-
tered platelets. Compartments 10, 12 and 13 (which simulated se-
questration) has little influence during the equilibration phase and
will be discussed later. When reinjected. the labelled platelets were
in the blood (compartment 4). They then redistributed to the spleen
compartment 2 and the liver compartment 6. The rate of redistribu-
tion was determined by the rate constants. The rate constant L(2,4)
determined the fraction of platelets that flowed per minute from
the blood compartment 4 to the spleen compartment 2. The rate
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EQUILIBRATION SEQUESTRATION
COLLECTION INJURED FUNCTIONAL

Fig. 2. Model 2: this model also simulates the kinetics of collection-
injured platelets in the liver. The collection-injured reinjected plate-
lets were initially in the blood (compartment 3), and then transient-
ly accumulated in the liver (compartment 5)

EQUILIBRATION
COLLECTION INJURED FUNCTIONAL

SEQUESTRATION

Fig. 3. Model 3: includes additional compartments .15 and I for
simulation of the transient accumulation of collection-injured plate-

lets in the spleen

EQUILIBRATION
COLLECTION tNJURED FUNCTIONAL

SEQUESTRATION

Fig. 4. Model4: simulates the interaction of collection-injured plate-
lets with the vascular endothelium (VET) (compartments 16 and
17). The simulation of collection-injured labelled platelet interac-

tion with the spleen was excluded

EQUILlBRAnON
COLLECTION INJURED FUNCTIONAL

SEQUESTRAnON

Fig. 5. ModelS: includes all the compartments that were enter-
tained in this study, i.e. the interaction of collection-injured plate-
lets with the liver, spleen and vascular endothelium was simulated
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constant L(6,2) determined the rate of flow of platelets from the
spleen to the liver. The transit time of platelets through the spleen
was calculated from the inverse of the rate constant L(6,2).

In model 2, two compartments were added (Fig. 2). Compart-
ment 3 simulated collection-injured platelets in the blood that tran-
siently accumulated in the liver, compartment 5.

Similarly, in model 3 the compartment introduced to model
the collection-injured platelets in the blood that went to the spleen
was compartment 15 and compartment 1 simulated these platelets
in the spleen (Fig. 3).

Compartments 16 and 17 were introduced in model 4 (Fig. 4)
to simulate the kinetics of the interaction for collection-injured
platelets with the vascular endothelium. Collection-injured platelets
in the spleen were not simulated and compartments 15 and 1 were
excluded from this model.

All the compartments were included in model 5 to simulate
the interaction of collection-injured platelets with the liver, spleen
and vascular endothelium (Fig. 5).

Sequestration phase. The sequestration phase was defined as the
time interval from equilibration until the end of the platelet life
span. The mathematical function selected for this phase had to
simulate the survival of a population of labelled platelets that were
sequestered by random and age-related processes. The Dornhorst
mathematical function was used for this purpose (Dornhorst 1951 ;
International Committee for Standardization in Hematology 1977;
Lotter et al. 1986). Only one compartmental model for the seques-
tration phase was used (Figs. 1-5). Compartments lO, 12 and 13
simulated the platelets that were sequestered in the spleen, liver
and the remainder of the reticulo-endothelial system. The rate con-
stants L(10,2). L(13,4) and L(12,6) determined the rate of random
sequestration in the spleen. reticulo-endothelial system and liver
respectively.

The rate of age-dependent sequestration for each organ re-
mained constant and therefore could not be simulated in a corn-
partmental model by the use of rate constants. These rates were
calculated as follows: from the Dornhorst equation (Dornhorst
1951) the number of labelled funtional platelets that are sequestered
per hour as a result of age is given by

Ake-lT
K=(1_e-u)' (I)

where T = the potential age-dependent life span in hours, that is
the life span in the absence of random destruction; A = the total
number of functional platelets; and k = the total rate constant for
random platelet destruction. calculated as the weighted sum of
the rate constants L(IO,2), L(13,4) and L(12,6).

In Figs. 1-5 the dashed lines represent the age-dependent se-
questration in each organ. The following parameters were obtained
by solving the compartmental model using SAAM; the fraction
of total age-dependent sequestration for each organ. the potential
survival time (n. the total number of functional platelets (A) and
the rate constants L(IO.2). L(13,4) and L(12.6).

The mean platelet survival time (M PST) is determined from
the Dornhorst function as

I -lT

MPST=~
k

,.

!Results

Equilibration phase

Figure 6 shows the graphs of the mean observed and'
simulated data points calculated with model 1 (Fig. 1).
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Fig. 6. The mean radioactivity-time curves of "'In-labelled plate-
lets during the equilibration phase simulated with model I (solid
lines). The symbols represent the mean and standard deviation
of the observed data for the blood (diamonds), spleen (circles) and
liver (squares). This model does not simulate the observed data
well

(2)

With this model the kinetics of the functional platelets
were simulated. The platelet activity in the liver and
the circulation or blood during the 1.5 h following plate-
let reinjection was not adequately modelled. This is also
reflected by the large least squares estimate value for
the liver (Table 2).

The behaviour of collection-injured paltelets in the
liver was simulated with model 2 (Fig. 2). A better fit
to the data was obtained with this model and the least
squares estimate for all organs was less than the least
squares estimate obtained with model 1 (Table 2). The
reduction in the least squares estimate was significant
for all patients (Table 3). This model was regarded as
the standard with which the other models were com-
pared. The improvement in the fit of the liver data with
model 2 is shown by the mean radioactivity-time curve
(Fig. 7).

The transient accumulation of collection-injured plate-
lets in the spleen was modelled with model 3 (Fig. 3).
The reduction in the least squares estimate (Table 2) with
model 3 in comparison with model 2 resulted in a simu-
lation that was statistically better in four of the five
subjects (Table 3). The simulated data for the liver and
spleen fitted the observed data well (Fig. 8). The blood
data were not as well simulated.

The purpose of model 4 (Fig. 4) was to investigate
whether the blood data could be better simulated by
modelling the interaction of the collection-injured plate-
lets with the vascular endothelium and liver, but not
with the spleen. The improvement in the simulation of
the blood data and the deterioration in the simulation
of the spleen data are shown in Fig.9. Three of the
five patients had a significantly better fit with model 4
than was obtained with model 2 (Table 3).



Table 2. Least squares estimate obtained from models I, 2, 3, 4
and 5

Subject Spleen Blood Liver Heart

number

The least squares estimate obtained from model!

I 0.43 0.18 3.19 0.04

2 0.06 0.05 2.27 0.13

3 0.07 0.07 1.82 0.10

4 0.10 0.05 1.91 0.17

5 0.12 0.05 0.98 0.03

Mean±SD 0.16±0.15 0.OHO.06 2.0HO.80 0.09±0.06

The least squares estimate obtainedfrom model 2

1 0.06 0.03 0.18 0.07

2 0.16 0.02 0.35 0.03

3 0.07 0.06 0.06 0.05

4 0.06 0.05 0.19 0.13

5 0.11 0.00 0.04 0.03

Mean±SD 0.09±0.04 0.OHO.02 0.16±0.12 0.06±0.04

The least squares estimate obtained from model 3

1 0.05 0.01 0.09 0.06

2 0.07 0.01 0.20 0.03

3 0.04 0.04 0.08 0.05

4 0.06 0.02 0.15 0.13

5 0.05 0.01 0.06 0.03

Mean±SD O.OHO.OI O.OHO.OI 0.12±0.06 0.06±0.04

The least squares estimate obtained from model4

1 0.05 0.01 0.07 0.03

2 0.13 0.02 0.12 0.04

3 0.15 0.02 0.06 0.08

4 0.08 0.01 0.10 0.03

5 0.10 0.00 0.04 0.02

Mean±SD 0.10±0.04 0.01 ±0.01 0.OHO.03 0.04±0.02

The least squa~es estimate obtained from model5

0.05 0.00 0.08 0.03

2 0.06 0.01 0.23 0.03

3 0.04 0.02 0.07 0.07

4 0.06 0.01 0.12 0.02

5 0.07 0.00 0.07 0.02

Mean±SD 0.06±0.01 0.01 ±0.01 0.11 ±0.07 0.OHO.02

In model 5 the interaction of the collection-injured
platelets with the vascular endothelium. liver and spleen
was simulated (Fig. 5). The visual comparison of the
results obtained with model5 (Fig. to) and those ob-
tained with model 4 (Fig. 9) shows an improvement in
the simulation of the spleen data without a deterioration
in the simulation of the other organ data. Model 5 fitted
the observed data better than model 2 in four of the
five subjects (Table 3). Model 5 therefore did not simu-
late platelet kinetics better than model 3.

The kinetic parameters of the functional and collec-
tion-injured platelets obtained during the equilibration
phase for models 1-5 are shown in Table 4. The mean
and the range of the percentage distribution, transit
times and flow rates for the functional and collection-
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Table 3. F values calculated for the comparison of the least squares
estimate obtained from models 1, 2, 3, 4 and 5

Subject Spleen Blood Liver Heart Mean F

number ~.~

Model2 compared to model!

1 315.38 16.08 874.99 -20.15 296.57.1

2 -32.56 4.24 290.71 181.83 111.06.1

3 -1.45 0.64 1516.97 47.38 390.89.1

4 39.56 0.15 483.45 15.45 134.65.1

5 7.23 29.90 1250.58 -3.75 320.99.1

Model3 compared to model 2

7.66 8.65 55.00 8.44 19.94.2

2 69.38 1.63 35.12 2.91 27.26.2

3 52.17 1.28 -10.68 0.18 10.74.2

4 -3.35 2.80 10.82 3.30 3.39

5 55.48 -0.24 -17.61 8.65 11.57.2

Model4 compared to model 2

1 4.30 2.38 41.63 35.16 20.87.3

2 5.88 0.26 49.59 -6.76 12.24.3

3 -13.08 1.06 -1.82 -8.36 -5.55

4 -7.06 2.20 22.83 104.48 30.61.3

5 3.10 -0.01 -3.24 11.22 2.77

Model5 compared to model 2

3.98 4.31 21.53 15.88 11.4304

2 27.23 0.80 7.81 2.09 9.4804

3 14.39 0.78 -1.86 -4.09 2.30

4 -0.60 2.02 8.66 30.33 10.10.4

5 10.74 0.03 -6.66 9.93 3.5104

ol Statistically significant (P>0.95, F>4.04)
.2 Statistically significant (P>0.95. F>4.04)
.3 Statistically significant (P>0.95, F>3.19)
04 Statistically significant (P>0.95, F>2.8)
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Fig. 7. The mean radioactivity-time curves of III In-labelled plate-
lets during the equilibration phase simulated with model 2 (solid
lines). The symbols represent the mean observed data for the blood
(diamonds), spleen (circles) and liver (squares). Model2 simulated
the liver observed data accurately .
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Fig. 8. The mean observed data simulated with model 3 (solid lines).
The symbols represent the mean observed data for the blood (dia-
monds), spleen (circles) and liver (squares). Model 3 simulated the
liver and spleen data well
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Fig. 9. The mean observed data (diamonds: blood; circles: spleen;
squares: liver) and mean simulated data obtained with model 4
(solid lines). Model4 simulated the blood and liver data well but
the spleen was not well simulated

injured platelets in the liver, spleen and vascular endo-
thelium are presented.

Sequestration phase

A good fit was obtained between the simulated and the
observed data during the sequestration phase (Fig. 11).
The mean platelet survival time and platelet production
for the standard curve fitting technique and compart-
mental modelling are shown in Table 5. The estimates
obtained with the two methods were not significantly
different (P> 0.05, Student's t-test for paired data). This

7
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Fig.10. The mean observed data simulated with model 5 (solid
lines). The symbols represent the mean observed data for the blood
(diamonds), spleen (circles) and liver (squares). Model 5 simulated
the blood, spleen and liver observed data well
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Fig. 11. Mean radioactivity-time curves of III In-labelled platelets
during the sequestration phase. The plot of the mean observed
data for the blood (diamonds), spleen (circles) and liver (squares)
with error bars (one standard deviation). The simulated data are
represen ted by solid lines

indicated that compartmental modeling conforms to the
conditions of the Dornhorst function. A mean of 30%
(3%-39%) of the labelled platelets were randomly se-
questered.

The distribution of the labelled platelets simulated
by the multicompartmental model at the end of seques-
tration was 42% (36%-47%) in the spleen, 33% (26%-
39%) in the liver and 23% (14%-35%) in the reticulo-
endothelial system. Random sequestration did not occur
in the liver, but resulted in platelet accumulation of 19%
(1%-36%) in the spleen and 11% (2%-26%) in the rest
of the reticulo-endothelial system.



Table 5. Mean sequestration parameter results obtained from stan-
dard curve fitting techniques of blood sample data and multicom-
part mental modelling methods

Standard
curve fit

Compartmental
modelling

Platelet production
(109/1 per hour)

1.98 (1.68-2.55) 2.16 (1.49-3.31)

Mean platelet sur-
vival time (h)

227 (203-250) 205 (188-255)

Discussion
It is virtually impossible to reach uniqueness in biologi-
cal modelling, because one can almost always find an
alternative or more detailed model as a result of the
presence of noise or inexactness of fit (Kuikka et al.
1991). In this study, although five models were enter-
tained to simulate the kinetics of functional and collec-
tion-injured platelets, we showed that the increase in de-
tailor complexity of the last two models did not give sub-
stantial additional information. Model 3 (Fig. 3) can be
regarded as a working definition of the system studied.
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Circulating radioactivity could not be simulated ade-
quately with model 3 (Fig. 8). The observed activity in
the circulation showed an initial reduction during the
first 30 min after the reinjection of the labelled platelets
(Fig.l0). It then increased during the next 7 h. This
gradual increase was not well simulated. Models 4 and
5 were entertained to obtain a better simulation of the
platelets in the circulation (Figs. 4, 5). A compartment
that represented the interaction of platelets with the vas-
cular endothelium was included. Although the platelets
in the circulation were better simulated (Table 2; Figs. 9,
10), the overall fit for all the subjects did not improve
(Table 3). When model 5 was applied it was found that
11% (5%-20%) of the platelets accumulated transiently
in the endothelial compartment with a flow rate constant
of 0.14 (0.06--0.24) per minute and a transit time of 226
(99-382) min (Table 4). We could not identify this com-
partment by image quantification. The diffuse nature
of the vascular endothelium, resulting in a small signal
that could not be distinguished from that of the overly-
ing tissue, is the most probable explanation. The absence
of an identifiable vascular endothelial compartment is
possibly the reason why model 5 did not fit the data
better than model 2 for all subjects (Table 3).

The distribution of the functional platelets in the cir-
culation, liver and spleen is assessed by the flow rate
constant and the transit time in the organs. This resulted
in a 10% accumulation of functional paltelets in the
liver. We also found that about another 10% of the
injected platelets were collection injured and pooled
transiently in the liver with a transit time of 27 min (Ta-
ble 4). About the same transit time and percentage of
collection-injured platelets were estimated by models 2-
5. The transit time of the collection-injured platelets in
the liver was significantly longer than that of the func-
tional platelets. A similar transient accumulation of plate-
lets in the liver was reported after the administration
of protamine sulphate (Heyns et al. 1980a; Pelikan et al.
1979; Jacques 1982).

The splenic transit time for functional platelets was
approximately 8.8 minutes when model 1 was used and
collection injured platelets were not taken into account
(Table 4). A similar transit time was found by other in-
vestigators when a two-compartmental model was used
(Table 6). The addition of compartments to model the
collection-injured platelets (model 3) reduced the transit

Table 6. Platelet kinetic parameters obtained by investigators who
used a two-compartmental model

References Flow to spleen Transit time
(min-I) in spleen

(. (min)

Peters et al. (1980,1984); 0.045 8.1-10.3
Peters and Lavender (1982)

Kotzé et al. (1986) 0.057 ± 0.024 9.01 ±2.72
Wadcnvik ct al. (1987) 0.048 ± 0.019 9.7± 1.6

time of the functional platelets in the spleen to 5.1 (3.5-
6.0) min (Table 4). The flow rate constant for model 3
was increased compared with modell. The changes in
transit time and rate constant can be explained by the
following. The two-compartmental model is based on
the assumption that all the labelled platelets are ac-
counted for by the platelets in the spleen and blood
compartments, whereas the multicompartmental model
took into consideration extra" sites" of platelet accumu-
lation. The number of platelets actually present in the
circulation, i.e. the blood compartment, at any time was
therefore less. The results was that the calculated rate
of flow of platelets to the spleen was greater to maintain
the same splenic content (Table 4).

The long splenic transit time and small flow rate con-
stant for functional platelets (Table 4) resulted in platelet
accumulation out of proportion to the splenic plasma
volume (Peters et al. 1985a; Kotzé et al. 1986). The long
transit time of the functional platelets in the spleen could
possibly be the result of the physical structure of the
spleen, which slowed the platelets down inits pulp (Aster
1966; Peters et al. 1983). We found that 9% (5%-12%)
of collection-injured platelets accumulated transiently in
the spleen (model 3) with a transit time of 208 (60-471)
min (Table 4).

We have shown in this study that the transit time
of the collection-injured platelets was longer than that
of functional platelets. This could be as a result of struc-
tural changes induced by activation or as a result of
interaction with specific receptors that are exposed on
the platelets during the labelling procedure. Another
possible mechanism is that the electrostatic repulsion
between the platelet and endothelium is disturbed
(Hoover et al. 1978; Engelberg 1985). An important
finding was that the injury to the platelets, received dur-
ing the in vitro labelling process, was reversible.

A good fit for the sequestration phase was obtained
when modelling the observed data of the blood and the
organs. The mean platelet survival time obtained by the
model and by standard curve fitting methods using the
blood samples did not differ significantly. However,
when determining the mean platelet survival time from
the disappearance of platelets from the circulation and
their simultaneous appearance in the spleen and liver,
a more reliable determination is obtained. This technique
could prove useful especially for patients with shortened
mean platelet survival time where fewer datapoints are
available from which to determine the mean platelet sur-
vival time. The sequestration multicompartmental model
was designed to estimate the relative contribution of ran-
dom and senescent sequestration to the accumulation
of organ activity.

This compartmental model may prove clinically use-
ful in studying the platelet kinetic data obtained from
patients suffering from idiopathic thrombocytopenic
purpura. These patients have very short mean platelet
survival times, which makes the results obtained from
conventional means of studying platelet kinetics unreli-



able. Peters et al. (1985b) also reported that in some
of these patients in whom increased hepatic platelet de-
struction was demonstrated, the transit time of platelets
through this organ was increased.

As in vitro tests are doubtful markers of platelet via-
bility, the in vivo function of platelets was investigated
by the analysis of the kinetics of III In-labelled platelets.
In this study we succeeded in establishing a multicorn-
partmental model to simulate platelet kinetics during
their entire in vivo life span in normal subjects and estab-
lished reference ranges for platelet kinetics. Multicom-
partmental modelling succeeded in quantifying collec-
tion-injured platelets. Entertaining similar models to
simulate in vivo injured platelets in platelet disease may
be clinically useful.
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INTRODUCTION

Scintillation camera imaging of the in vivo distribution of platelets labelled with
111ln has become a routine investigative procedure. Computer assisted image analysis
further enables one to determine the radioactivity in an organ and to quantify the
percentage of whole body radioactivity in that organ'. The limitation of imaging is that,
within an organ, there is no distinction between platelets that are functional from those that
have been injured during collection, or have been sequestrated" 2. Since imaging cannot
distinguish between these components of organ radioactivity, we used compartmental

equilibrium SGQU8atratlon

Figure 1. Compartmental model to simulate platelet movement in the body during both the equilibrium and
sequestration phases. IDModel I, no compartment were included that simulated collection injured platelets.
It was assumed that labelled platelets will equilibrate between the blood and the spleen and liver, and that
labelled platelets from the spleen will enter the blood via the liver. Model 2 included a compartment to
simulate collection injured platelets in the liver where they will accumulate transiently. Model 3 included
compartments to simulate collection injured platelets in both the spleen and liver, and injured platelets in the

.. spleen will ente~the blood via the liver.

:!~.Radiolab~l~dBlood E~mellU. Edited by J. Manin-Comin
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analysis (Figure 1) in order to attempt to quantify the contribution of each of the
components to organ radioactivity. The SAAM program (simulation analysis ~d
modelling) was used for this purpose.

MEmODS AND RESULTS

Platelet kinetic data from 5 normal human subjects were used. Autologous platelets
were labelled with lllIn-tropolone and reinjected'. Standard methods were used to
determine the mean platelet lifespan and in vivo distribution of the labelled platelets': 2.
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Figure 1. Simulation of the equilibrium phase with Models 1(A), 2(B), and 3 (C). The data points represent
the mean experimental data (± I SEM) and the curves the simulated data.

When reinjected, labelled platelets redistribute between blood and organs until
equilibrium between circulating and injected labelled platelets are reached. Some platelets
accumulate transiently in the liver as a result of the collection injury (Figure 2). As
labelled platelets age in the circulation, the senescent platelets are selectively sequestrated
by the macrophages of the monocyte-macrophage system, and thus disappear from the
circulation (Figures 3). To simulate this, the platelet kinetic data were analysed in two
phases. The first phase, the equilibrium phase, included the data that were measured

"
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lFigure 3. Simulation of the sequestration phase. The mean experimental data (± 1 SEM) is represented by
the data points and the simulated data by the curves.

during the first 7 hours following reinjection of the labelled platelets (Figure 2). The
second, the sequestration phase, included the data that were measured from 7 hours until
the end of the platelet lifespan (Figure 3).

The first model (Model I) that was used to simulate the equilibrium phase was rather
simple. We assumed that platelets distribute from the blood to the spleen and liver, and
that platelets re-enter the blood from the spleen via the liver (Figure 1). No compartment
to simulate the movement of collection injured platelets was included. The fit of this model
is given in Figure 2A. This model did not simulate the data well. In the second model
(Model 2) a compartment to simulate the movement of collection injured platelets in the
liver was added (Figure 1). Thus, collection injured platelet will accumulate transiently
in the liver. The fit of this model is given in Figure 2B. Spleen and liver radioactivity, but
not heart radioactivity, was simulated well. The third model (Model 3) included a
compartment to simulate the movement of collection injured in both the spleen and the
liver (Figure 1). Inclusion of this compartment improved simulation of heart radioactivity
(Figure 2C). The constants obtained from the SSAM program with Model 3 gave the
kinetics oflabelled platelets through the spleen and liver. Accordingly, approximately 20%
of the labelled platelets were collection injured. Of these, 10 % (range 5- 16%)
accumulated transiently in the liver, and their transit time was 29 min (range 20-38 min).
The normal transit time of platelets through the liver was 0.3 min. Nine per cent (range
5-12%) of the labelled platelets accumulated transiently in the spleen. Their transit time
was 208 min (range 6047 min), significantly longer than the 5 min of uninjured platelets.

Modelling of the sequestration phase was approximated by the Domhorst function.
We assumed that platelets were sequestrated by a random and age dependent process. The
fit of the sequestration model is given in Figure 3. The simulated data fitted the
experimental data well. When the mean platelet lifespan was calculated from the
compartmental model, the estimate compared favorably with that calculated using standard
mathematical curve fitting techniques, i.e. 205 hours (range 188-255 hours) versus 227
hours (range 203-250 hours) respectively. The estimates of the in vivo distribution at
equilibrium and the sites of sequestration of senescent platelets also compared favorabie
(Figure 3). ~,,-
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We have developed a compartmental model that can be used to quantify the
movement of platelets in the body. The third model as shown in its entirety in Figure 1
allows one to determine the contribution of the different sources of radioactivity to total
organ radioactivity, i.e. radioactivity from functional circulating platelets, senescent
sequestrated platelets and collection injured platelets. We were also able to show that
collection injured platelets accumulate transiently in the spleen. An advantage of modelling
of the platelet kinetic data may be that platelet survival can be more reliably determined
by using the results of the disappearance of labelled platelets from the circulation and their
simultaneous appearance in the spleen and liver.
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The'relatlve sensitivities for the various /n "/110 and /n ,,/tro
tests for platelet activation are unknown. This was studied In
a baboon model where limited and more substantial Injury to
the vascular endotheOum was Inflicted. The endothelium of a
segment of the right carotid artery was removed with a
balloon catheter on day ° (lImited de-endothellallsatlon), and
that of the left carotid artery, abdominal aorta and left femoral
artery on day 7 (SUbstantial de-endothellallsatlon). Eight
baboons (PBp/O ursinus) were used. Baseline tests for platelet
activation (platelet volume, platelet density, platelet aggregate
ratio, and platelet and plasma levels of platelet factor 4 [PF4]
and p-thromboglobumn [p-TGD were performed 7 days before
de-endothellallsatlon and repeated on days 1, 9 and 16. The
kinetics of Indlum-111-labelled platelets were measured after
substantial de-endothe6allsatlon. Sham operations were done
on 3 animals ellactly as In the test, ellcept that the balloon
Injuries were not Inflicted. No Influence on the results of the
platelet function tests was found. The only test capable of
detecting limited Injury to the endotheUum was the measure-
ment of plasma PF4. The mean platelet IIfe~span (MPLS)
shortened, mean platelet density decreased, the circulating
platelet aggregate ratio decreased, and plasma levels of PF4
and p- TG Increased (P < 0,05 In all Instances) after the
substantial endothelial Injury. The mean platelet volume, Intra-
platelet PF4 and p- TG, and the /n II/ilO distribution and sites
of sequestration of labelled platelets were poor tests for /n
111110 platelet activation. Nine days after the substantial de-
endothellallsatlon, the only remaining evidence of platelet
activation was an Increase In the number of circulating platelet
aggregates. It la concluded that the most sensitive tests for
In II1II0 platelet activation are the measurement of the circu-
lating platelet aggregate ratio (sensitivity 0,83) and plasma
p- TG (sensitivity 0,63), and the estimate of the MPLS (sensi-
tivity 0,50).

S Air Med J 1990; 7Q: 271·276,

In clinical medicine platelet function tests are helpful for the
diagnosis of platelet abnormalities as a possible cause of a
bleeding diathesis, but they may also be used to determine
whether the platelets have been activated in vivo. Provided
that due attention is paid to the influence of various technical
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factors,' it is usually relatively simple to diagnose qualitative
platelet defects. .

The detection of in vivo platelet activation is, however, more
difficult. The usual in vitro tests of platelet function are not of
much value in the evaluation of thrombo-embolism.ê Attention
has therefore recently focused on the direct measurement of
the in vivo processes of platelet activation and consumption.
The measurement of the mean platelet life-span (MPLS) is
considered the most sensitive of these tests.' However, to our
knowledge, the relative sensitivities of the MPLS and the
other tests for in vivo platelet activation have not been com-
pared.
A study was undertaken to compare the relative sensitivities

of a selection of readily available in vivo and in 'Vitro tests of
platelet function for the detection of limited and more extensive
injury to the vascular endothelium. The effects of concomitant
arteriosclerosis on platelet function tests were excluded by
using baboons with no evidence of arterial disease for the
experiments.

Matell'oals and! methods

Eight healthy, juvenile baboons (Papio ursinus),weighing 8 - 12
kg (mean 10,4 ± 1,7 kg), were used in a project approved by
the Ethical Committee of the Provincial Administration and
the University of the Orange Free State. They did not receive
anti platelet drugs before or during the study. Handling was
accomplished through anaesthesia with intramuscular ketamine
hydrochloride 10 mg/kg body mass.
, Reference values for the MPLS, the in vivo distribution and

the sites of sequestration of indium-I I I-labelled platelets had
earlier been determined in our laboratory on a group of 8
baboons with similar physical charactéristics.Y We employed
the same standardised methods, reagents and internal and
external quality control procedures in this study.

Experimental protocol
Tests for in vivo platelet activation were done on blood

samples taken 7 days before vascular endothelium was removed
(baseline values). The endothelium was then removed on two
separate occasions with a balloon catheter. On day 0 only the
endothelium of the right carotid artery was removed. Seven
days later (day 7), a more substantial area involving the left
carotid artery, the abdominal aorta and the femoral artery was
denuded. We tested for platelet activation I day after de-
endothélialisation of th~ right carotid. artery (day I), and 2
(day 9) and 9 (day 16) days after the more substantial de-
endothelialisation. The 'MPLS, the in vivo distribution of
platelets at equilibrium, and the sites of sequestration of
platelets at the end of their life-span were determined after the
substantial de-endothelialisation (starting on day 7).
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De-endethellallsarion of arteries with a
balloon catheter
Baboons were sedated with ketamine hydrochloride, in-

tubated and anaesthetised with a mixture of halothane, O2 and
N20. The carotid artery or femoral artery was exposed to
ensure the introduction of a balloon catheter with minimal
injury to the vessel and the surrounding tissue. The catheter
was advanced into the artery through a small cut-down. The
balloon was then inflated with air and gently retracted. This
procedure was repeated within 30 seconds. The arterial wall
was sutured with 6-0 Prolene, and the skin wound closed with
a silk suture. The arteries, as observed at autopsy on day 16,
remained patent in all cases.
The catheter passed easily into the vessel lumen. Mter

inflation with air, the vessel was visibly distended and there
was palpable resistance when the catheter was retracted. The
efficacy of the procedure to remove the endothelium was
assessed by scanning electron microscopy in preliminary studies
done on 8 baboons. In the final study, removal of endothelium
was confirmed at the end of the investigation.
A 3 cm length of endothelium of the carotid artery was

removed with a No. 6 balloon catheter inflated with 1,5 ml air.
The endothelium of the abdominal aorta and femoral artery,
extending from the site of entry in the femoral artery to the
diaphragm, was removed with a similar catheter inflated with
2ml~~ .

Sham experiments without endothelial nnjaney
Three baboons, similar in size to the experimental animals,

were subjected to exactly the same procedures (anaesthetic,
exposure of blood vessels) at the same time intervals but
without the balloon injuries. The tests for in vivo platelet
activation were done at the same time intervals as in the test
protocol. The in vivo distribution of the labelled platelets and
their final sites of sequestration were, however, not quanti-
tared. The platelet concentrations of platelet factor 4 (PF4)
and IJ-thromboglobulin (,B-TG) were also not determined.

Platelet Ïabelling and measurement of
platelet kinetics
This was performed in 6 of the baboons. Blood was collected

on day 7, within 30 minutes of de-endothelialisation. Auto-
logous platelets were isolated'" and labelled with indium-III-
tropolone. 7 A platelet population, representing 94 ± 16% of
that in the whole blood sample, was isolated with differential
centrifugation and repeated washing of the red blood cell
layer. Labelling efficiency was 78 ± 12%.A total of 6,8 ± 1,7
X 109 platelets, labelled with 20 ± 3 MBq 111In,were re-
injected within 4 hours of venesection. The labelled platelets
were considered viable in view of their adequate in vitro
aggregation response to adenosine diphosphate (AOP)8 and
normal recovery in the circulation.'
The rate of disappearance of labelled platelets from the

circulation was determined by measuring changes in the radio-
activity in blood samples collected 15 minutes after re-injec-
tion of the labelled platelets, and then twice daily for 6 days.
The MPLS was estimated by fining a 'Y function" to the data
describing the removal of labelled platelets from day I to day
6. Recovery of labelled platelets in the circulation at equili-
brium was calculated by back extrapolation of the platelet
survival curve to zero time.! The data of the test, sham and
reference platelet survival curves were analysed in identical
fashion.

Anterior and posterior images of the whole body were
acquired daily for 7 days with a large-field-of-view scintillation

camera and an A2MOS data processing system. The in vivo
distribution of the labelled platelets was quantified by the
geometric mean method, and the distribution at equilibrium
and the sites of sequestration of platelets at the end of MPLS
estimated as described.i" Images (128 ~ 128 word mode) of
the abdomen were taken for 30 minutes to detect the deposition
of labelled platelets onto'tbe de-endothelialised segment of
abdominal aorta.

Tests for i11B vivo platelet activation
The mean volume of the platelets was measured

according to the method of Corash et al.ï? with an electronic
particle counter interfaced with a multichannel analyser and
logarithmic amplifier (Coulter Electronics, Hialiah, F1a, USA).
The density distribution of the platelets was determined

on a non-linear Percoll (Pharmacia AB, Uppsala, Sweden)
density gradient I I calibrated with density marker beads. Percoll
was made isosmotic with a buffered saline-glucose-citrate solu-
tion'? by adding 9 parts of Percoll to I part of a 10 X
concentrated buffer-solution. Uniform mixtures of the isos-
motic Percoll (4,5 ml) and buffer (5,5 ml) were poured into
polycarbonate tubes. The density gradient. was f~rmed by
centrifuging the tubes at 10000 g for 30 mmutes m a fixed
angle rotor. Platelet-rich plasma (pRP), containing a fully
representative platelet population (96 ± 6%of those present in
the blood), was prepared by repeated washing of platelets from
the red cell layer.! PRP 2 ml was gently layered onto the
gradient. The platelets were separated by centrifuging at 400 g
for 30 minutes in a swing-out rotor. The gradients were
fractionated by carefully removing 1 ml aliquots from the top
of the gradient. . . ... . ..
Platelets in each aliquot were counted with the electronic

particle counter, and the density of each aliquot determined by
light refraction. The concentration of platelets in an aliquot
was expressed as a fraction of the total number of platelets
layered onto the gradient. A cumulative frequency of the
platelets in the aliquots (representing the different densities)
was calculated. The mean density of the platelet population
was estimated at the 50th percentile .
Circulating platelet aggregates, expressed as an aggregate

ratio, were determined according to Wu and Hoak.!" Blood
was collected into either formalin, which fixes aggregates, or
ethylenediaminetetra-acetic acid (EOTA), which disperses
them. J. . •. , ..• ~,.:. 1.•.

lPlF4 and 13aTG. Blood (5 ml) was collected in precooled
Thrombotect tubes (Abbott Laboratories, Chicago, Ill.,
USA).13The tubes were centrifuged at 2500 g for 20 minutes,
the platelet-free plasma aspirated and frozen at -20°C until
assayed with commercial kits (pF4 - Abbott Laboratories;
13-TG - Radiochemical Centre, Amersham, UK). To measure
intraplatelet PF4 and 13-TG, platelets in PRP were lysed with
Triton X-lOO, 1%final concentration. Cell debris was removed
by centrifuging at 4000 g for 30 minutes and PF4 and 13-TG
of the supernatant assayed. There is no evidence that these
proteins show species-related antigenie differences. .

Statistic:al al!llznysis. Paired data were compared by
Student's r-test if the distribution of data was normal or with
the two-tailed Wilooxon signed-rank test. The possible relation-
ship between the MPLS and the results of the other tests for
in vivo platelet activation was assessed with linear correlation
analyses. Mean values are ~ven with 1 SO. .. . ...

The sensitivity of each test was assessed;"
. . . No. of positive tests='

senSltlVlty =
No. of baboons studied

•A telt ..... rqwdcd .. pooitift il the teat result ,,;.,. 0U1DÏIIc 1 aumdmd cIoviatioIIa ol the

"'""" boadinc vWe.
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lReslUllb
Sham experiments
The results of the sham experiments are given in Table I.

Anaesthesia and the surgical procedures had no significant

effect on the in vivo and in vitro platelet function tests.

Baseline values
The peripheral blood platelet counts and the results. of the

tests for in vivo platelet activation are given in Table II.

TABLE I. EFFECT OF SHAIVIEJCPERIMENTS,WITH NO BALLOON INJURY TO THE
VASCULAR ENDOTHELIUM, ON TESTS OF PLATELET FUNCTION

Anaesthesia and exposure
Platelet function tests
Platelet
Count (X 108/1)
Volume (II)
Density (g/ml)
Dense bodies
lVIeanIHe-span (h)

Plasma

Baseline Carotid artery Femoral artery

346 ± 49
7,8 ± 0,3

1,0446 ± 0,0014
6,6 ± 1,0
135 ± 19

359 ± 46
8,1 ±O,3

1,0468 ± 0,0027
6,6 ±O,5

382 ± 59
7,2 ± 0,8

1,0470 ± 0,0009
6,5 ± O,S
·145 ± 11

TABLE II. RESULTS OF THE PLATELET FUNCTION TESTS AT BASELINE, AFTER LIMITED (DAY 1) AND SUBSTANTIAL (DAV
9) DE-ENDOTHELlALlSATION OF THE ARTERYWALL, AND AFTER HEALING (DAY 16)

Baboon
Platelet function test ·2 3 4 5 6 7 8 Mean ± 1 SO
Baseline

Platelet count (X 108/1) 446 525 447 561 644 425 452 530 504 ± 75
Platelet volume (ft) 4,64 5,40 5,25 4,08 4,25 5,37 5,74 5,49 5,03 ± 0,62
Platelet density (g/ml) 1,0489 1,0496 1,0476 1,0487 1,0470 1,0472 1,0472 1,0487 1,0481 ± 0,001
Platelet PF4 (l-'g/10') 2,55 3,82 0,57 4,18 3,99 1,75 2,80 1,87 2,80± 1,28
Platelet Jl-TG (l-'gl1O') 2,18 3,54 2,89 2,53 8,82 1,07 2,14 1,83 2,85± 1,n
Platelet aggregate ratio 0,88 0,73 1,00 0,99 1,00 0,97 0,88 0,65 0,89 ± 0,13
Plasma PF4 (ng/ml) 5 7 15 10 21 12 29 26 16 ±9
Plasma Jl-TG (ng/ml) 13 10 28 10 13 14 23 35 18±9
Jl-TG: PF4 ratio 2,8 1,4 1,9 1,0 0,6 1,2 0,8 1,4 1,4 ± 0,8

Umlted de-endothellallaatlon
Platelet count (X 108/1) 517 451 618 585 684 295 510 523 ± 75
Platelet volume (II) 4,23 4.83 5,79 4,68 4,29 5,28 4,60 4,81 ± 0,55
Platelet density (g/ml) 1,0479 1,0486 1,0494 1,0447 1,0470 1,0472 - 1,0486 1,0479 ± 0,001
Platelet PF4 (l-'gI1O') 2,85 2,40 4,09 1,52 2,30 3,12 7,24 3,38 ± 1;89
Platelet Jl-TG (l-'g/10') 2,74 1,65 4,n 8,06 2,34 3,47 6,32 3,91 ± 1,84
Platelet aggregate ratio 0,87 0,57 1,00 0,82 0,58 0,57 1,00 0,75 ± 0,22
Plasma PF4 (ng/ml) 18 33 18 74 85 13 41 37 ± 24"
Plasma Jl-TG (ng/ml) 24 25 17 74 58 15 32 35 ± 22
Jl-TG: PF4 ratio 1,3 0,8 0,9 1,0 0,9 1,2 0,8 1,0 ± 0,2

Substantial de-endothellaBaatlon
Platelet count (X 108/1) 495 459 508 634 819 419 348 571 506 ± 99
Platelet volume (Ii) 5,03 4,40 4,85 4,25 5,79 4,90 4,25 4,80 4,79 ± 0,51
Platelet density (g/ml) 1,0466 1,0467 1,0472 1,0452 1,0438 1,0465 1,0465 1,0460 1,0462 ± 0,001 *
Platelet PF4 (l-'g/10') 4,94 4,53 4,51 4,69 1,74 3,03 3,25 2,58 3,66 ± 1,17
Platelet Jl-TG (l-'e/10') 4,38 3,85 4,54 6,59 2,62 2,34 2,89 1,97 3,65 ± 1,52
Platelet aggregate ratio 0,78 0,82 0,74 0,30 0,24 0,58 0.55 0,33 0,54 ± 0,23*
Plasma PF4 (ng/ml) 58 21 28 32 35 8 46 25 32 ± 15"
Plasma Jl-TG (ng/ml) 56 19 42 46 22 18 65 42 39 ± 18"
Jl-TG: PF4 ratio 1,0 0,9 1,5 1,4 0,8 2,0 1,4 1,7 1,3 ± 0,5

Effect of healing
Platelet count (X 108/1) 585 535 850 719 834 764 504 622 ± 88"
Platelet volume (ft) 5,54 4,64 4,29 4,25 4,81 4,81 4,44 4,68 ± 0,44
Platelet density (g/ml) 1,0490 1,0476 1,0475 - 1,0455 1,0472 1,0483 1,0462 1,0467 ± 0,001
Platelet PF4 (l-'g/10') 3,83 2,81 2,00 1,66 3,43 3,10 3,53 2,88 ± 0,79
Platelet Jl-TG (l-'g/10') 3,48 3,94 4,36 1,48 2,70 2,32 5,36 3,38± 1,32
Platelet aggregate ratio 0,58 0,64 0,584 0,52 0,55 0,80 0,73 0,63 ± 0,10*
Plasma PF4 (ngim!) 8 76· 19 10 11 54 44 32±27
Plasma IJ-TG (ng/ml) 4 42 41 15 23 52 27 29±27
IJ-TG : PF4 ratio· 0,5 O,S 2,2 1,5 2,1 1,0 0,6 1,2 ± 0,7

•p < 0,05 VOOIUS baseline: Wilcoxon signed· rank __
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100Cl!nmges Induced by Iimited
deoelllldot1lnelia!lisadollll
The results are summarised in Table II. The mean blood

platelet count did not change significantly from that at baseline
(P > 0,05). Minimal endothelial damage increased the plasma
concentration of PF4 significantly (P < 0,05). Evidence of in
'Vivo platelet activation could not be detected by the other
tests. .

Changes Induced by substantial
deoelllldotheli.allisatnollll
Tests for in ";"0 platelet activation. The mean platelet

count, the mean platelet volume, the mean intraplatelet PF4
and {J-TG and the plasma {J-TG:PF4 ratio remained un-
changed. Changes in the mean platelet density, the mean
circulating platelet aggregate ratio, and the mean plasma con-
centrations of PF4 and {J-TG did, however, provide evidence
that the platelets were activated in 'Vivo (Table II).
Platelet I!dnetncs. The mean disappearance curves of the

labelled platelets are given in Fig. 1. The results on platelet
kinetics are summarised in Table III. The MPLS was signifi-
cantly shorter than normal, and the mean platelet turnover
increased significantly. - - -.

The in vivo distribution of the labelled platelets at equilibrium
and their sites of sequestration at the end of platelet life-span,
did not differ significantly from normal. Deposition of labelled
platelets onto the abdominal aorta could not be detected by
scintigraphy. Quantification of IIIIn-deposition in this region
was therefore not attempted.

Effect of' healing of the Injured vessel
The blood platelet count on day 16was significantly higher

than baseline (P < 0,05). Except for the increased numbers of
circulating platelet aggregates, none of the other tests reflected
residual platelet activation (Table II).

Sensndvitt:y of the platelet function tests
The results are given in Table IV. The circulating platelet

aggregate ratio, the plasma {J-TG and MPLS were the most
sensitive of these tests.
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Fig. 1. The mean disappearance of '''In·labelled platelets from
the circulation. The top curve represents normal baboons. The
boHom curve Is the disappearance of labelled plateleta after the
more substantial InJury. The values represent the mean % radio·
activity ± 1 SEIVIofthe radloactlvlty/mllnjected, I.e. the recovery.

TABLE IV. SENSITIVITYOF THE PLATELET FUNCTION
TESTS IN RESPONSETO INJURYOF THE

ARTERIAL ENDOTHELIUM
Sensitivity of tests after

Umited Substantial
Injury injury 7d healingPlatelet function test

Platelet IVlPLS
Platelet volume
Platelet denolty
Platelet dense bodies
Platelet PF4
Platelet IJ-TG
Platelet aggregate ratio
Plasma PF4
Plasma IJ-TG

0,50
0,00
0,38
0,13
0,00
0,13
0,63
0,38
0,63

0,00
0,17
0,00
0,14
0,00
0,57
0,43
0,29

0,00
0,17
0,14
0,00
0,00
0,57
0,43
0,43

TABLE Ill. EFFECTOF DE-ENDOTHEUAUSATION OF THE LEFT CAROTID ARTERYAND THE
ABDOMINAL AORTA ON THE KINETICS OF '''IN-LABELLED PLATELETS

Platelet Distribution of labelled platelets·
Recovery Turnover At equilibrium At end of MPLS

Baboon (%) MPLS (h) (X 10911/h) Spleen Uver Spleen Uver
1 67 132 3,4 16,5 17,1 22,6 33,2
2 94 113 4,3 16,4 16,2 21,6 19,6
3 90 87 5,1 13,5 17,0 19,6 36,9
6 99 111 3,1 17,4 19,1 22,4 26,8
7 71 148 2,8 19,2 15,6 23,8 17,9
G 71 130 3,3 18,4 19,9 22,0 25,9
MGan±SD 82± 14 120 ± 21 3,7 ± 0,8 16,9 ± 2,0 17,5 ± 1,7 21,9 ± 1,4 39,0 ± 3,2
IRGferencG 85±9 148 ± 13 2,8 ± 0,9 18,0 ± 1,9 15,8± 2,9 23,3 ± 4,8 37,6±8,0
Pvaluet .0,56 0,02 0,03 0,30 0,20 0,48 0,59
"Organ radioactivity expressed as % olln vivowhole-body radioactivity.
t Studenra t-teat lor unpaired data.
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.Linear correlation analyses
The results of the linear correlation analyses between MPLS

and the other tests for in vivo platelet activation induced by
the substantial injury to the vessel wall, were: platelet volume
r = -0,3768; platelet density r = -0,6922; platelet PF4 r =
0,3451; platelet 13-TG r = -0,4217; platelet aggregate ratio r
= -0,4267; plasma PF4 r = 0,5542; plasma 13-TG r = 0,5842;
and f3-TG:PF4 ratio r = 0,1589. None of these correlation
coefficients were statistically significant (P > 0,05 in all
instances).

Autopsy results in baboons
None of the animals had any macroscopic or microscopic

evidence of atherosclerosis or systemic disease. As expected,
the de-endothelialisation had induced hyperplasia of the intima
of the arteries evident at the time of sacrifice. U.16

Discussion
These experiments were performed to determine the relative
sensitivities of in vivo and in vitro tests of platelet function in
response to in vivo platelet activation. The latter was accom-
plished by exposing circulating platelets to a site or sites of
injured vascular endothelium. A limited and a more substantial
lesion was used to determine the sensitivity of the various
tests. Healthy juvenile baboons, with no evidence of degenera-
tive arterial disease, were considered a prerequisite for the
experiment to exclude the added effects of concomitant arterio-
sclerosis on the platelet function tests.

In animals the removal of the vascular endothelium with a
balloon catheter is followed by rapid accumulation of platelets
on the exposed sub-endothelium. Once the surface is covered
by a layer of RIatelets, few platelets continue to interact with
the surface. IS. This may explain why de-endothelialisation of
the aorta does not shorten the MPLS in rabbits." This
reaction may be species-dependent, because in man and non-
human primates there is evidence that platelets are activated in
vivo ~ the endothelium is damage~ brs homocysteiae," cigarette
smoking" or hypercholesterolaemia. 9.20 .

De-endothelialisation of the artery ot a healthy young pri-
mate was, in the light of the above, considered an appropriate
model. The baboons had no evidence of arterial disease at
autopsy, and the results of the baseline platelet function tests
were also nortnal. The sham experiments demonstrated that
the anaesthesia, surgical exposure of the arteries and the stress
of handling had no effect on platelet function (Table I). It is
therefore reasonable to ascribe the evidence of platelet acti-
vation that was observed to the interaction of the platelets with
the damaged arterial wall. We assessed the influence of limited
and more substantial endothelial damage on platelets and deter-
mined the relative sensitivities of a group of tests to diagnose
in vivo platelet activation.

The baseline values of all the measurements were as expected
and the animals showed no evidence of in vivo platelet acti-
vation. It should be noted that in this study the /3-TG:PF4
ratio, contrary to the finding in another study," did not
indicate platelet activation. In these animals the baseline /3-
TG:PF4 ratio approximated unity, whereas in humans the
ratio is approximately 6,3,13 We have no ready explanation for
this discrepancy. It is possible that the difference in the half-
liv~s of these platel~~specific proteins in man and non-human
primates may play a role. In man the half-life of /3-TG is 100
minutes-" and in non-human primates 8,1 minutes;" that of
PF4 is unmeasurably brief in man22 and in Rhesus monkeys
there is a slow component with a half-life of 92 minutes." Our
finding can also probably not be ascribed to the use of an assay

for h~man /3-TG and PF4 in our experiments with baboons;
there IS no species-related antigenic differences between /3-TG
and PF4 of humans and Rhesus monkeys.23

The only test result that increased significantly after de-
endothelialisation of a segment of one carotid artery was the
mean plasma PF4 level. This increase was slight and individual
results varied widely. It is therefore unlikely that the measure-
ment of this platelet-specific protein will prove clinically useful
for the diagnosis of in vivo platelet activation. Although the
platelet aggregate ratio, indicative of circulating platelet aggre-
gates, decreased in 5 of the 7 baboons, this change was not of
statistical significance. The other tests for platelet activation
clearly could not detect the effect of such a limited degree of
endothelial injury on platelets. It should be noted that we did
not measure the sensitivity of the MPLS because it was
technically not feasible to perform this test on the same animal
within 2 weeks. .

More of the tests were able to detect de-endothelialisation of
a substantial segment of the vascular system: the MPLS
shortened, there was a decrease in the circulating platelet
aggregate ratio; .mean platelet density changed and plasma PF4
and /3.,.TG levels increased.> .'.

Although this was seen in' .only 3 of the 6 animals, the
MPLS shortened moderately, but significantly. Baboon 3 had
a short platelet survival time of 87 hours. Removing the data
from this animal does not influence the statistical comparison
with the control group and therefore does not affect the
co~clusions. Mean platelet turnover also increased, compen-
sating for the shortened platelet life-span, thus maintaining a
normal blood platelet count. The decrease in the MPLS could
not be ~ed to the visualisation of the deposition of platelets
on the injured areas. If there was only slight deposition the
~nsitivity of imaging will clearly be hampered by the relatively
high concentration of radioactivity associated with platelets in
the blood pool compared with those reacting with the lesion of
the vessel wall. .
It should be noted that this study was not performed to

assess the effect of endothelial injury on the MPLS. It is well
known that platelets will adhere to injured endothelium. We
argue that it will be of more clinical value to know what the
effect of an established, but not old, injury to the endothelium
will be on the platelet life-span. Also, platelet kinetic measure-
ments assume a steady state, therefore it is difficult to interpret
the curve reflecting platelet life-span if labelled platelets are
re-injected before the endothelial damage.

The interaction of platelets with the sub-endothelium had
no influence on the sequestration pattern of the labelled
platelets in the reticulo-endothelial system. This finding was
not unexpected, since in patients with aortic aneurysms'" or
with arterial prostheses" labelled platelets are not permanently
retained in the thrombogenic areas but are sequestered in the
spleen, liver and bone marrow. The quantification of the organ
distribution of labelled platelets at the end of their life-span is
clearly not a useful test of in vivo platelet activation.

The most sensitive test for in vivo platelet activation was the
dete~tion of the circulating platelet aggregate ratio; this
was low m 7 of the 8 baboons. One should, however, recognise
that the test of W~ and Hoakl2 for platelet aggregates may
reflect the propensity for platelets to aggregate in vicro.26 The
result of this test should therefore be interpreted to reflect
hyperreactive platelets rather than a chronic state of micro-
embolisation.
. Plasma /3-TG increased in all of the baboons; the mean
increase was significant and the sensitivity of the test was high.
However, the extent of the increase of the f3-TG levels was
slight and varied widely in individual animals. The rmding
that the plasma PF4 levels increased twofold is of some
interest. It has been stated that the plasma concentration of
PF4 should be low in absence of renal disease" because the
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half-life of PF4 in the circulation is very short.23 According to
this view, elevated PF4 in the plasma reflects in vitro ~latelet
activation during blood sampling and maalpulation.": 3 This
may, however, not always be SO; for instance, plasma PF4-
levels may be elevated in patients with vascular disease.'! The
results of our study strengthen the view that elevated PF4
levels may reflect in mo platelet activation. The sensitivity of
the measurement of PF4 for this purpose was, however, low.

The density of platelets is considered to be dependent on
their a-granule cententê? and their densities decrease after the
release reaction.2a Such a test for an acquired storage pool
deficit may therefore be a sensitive indicator of in vivo platelet
activation. The validity of this approach was confirmed in this
study in which it was found that the mean platelet density
does decrease after in vivo platelet activation. This result is
consistent with some, but not all, published reports. Some of
these discrepancies may be related to species-differences. It is
generally agreed that in the rabbit increased platelet con-
sumption may be reflected by an increase in numbers of
platelets of decreased density. 29 In humans, results are con-
flicting and it is not clear whether active vascular disease is
associated with a decrease in mean platelet densityê? or not.30
Clearly, further studies are needed to resolve this question.

We could not determine the cause of the decrease in platelet
density induced by platelets reacting with a more substantial
area of de-endothelialisation. Intraplatelet PF4 and fl-TG
were not altered by platelet activation. The concomitant
increase in plasma PF4 and fl-TG therefore suggests that these
platelet-specific proteins are released mainly, or only, from
those platelets that are rapidly removed from the circulation.
Furthermore, our results do not support the view that the
density of platelets are determined only by the fl-TG and PF4
content of the a-granules.27 A plausible explanation of the
small decrease in platelet density may be that, because of the
increased platelet turnover and shortened MPLS, the number
of young platelets in the circulation increases."

After the endothelium was allowed to heal for 16 days,
almost no evidence of continuing in vivo platelet activation
remained. Again, measurement of the circulating platelet aggre-
gate ratio proved to be the most sensitive, and indeed the only,
indicator of residual in vivo platelet activation.

It is evident from the results of this study that there are
important discrepancies between the results of the various
tests for in vivo platelet activation. It is clear that there is no
ideal test to demonstrate such platelet activation. If the MPLS
is accepted as the most specific and the most sensitive pro-
cedure,' it is noteworthy that there is no relationship between
the result of this 'gold standard' and those of other tests. The
limitations of these tests as indicators of in vivo platelet
activation become even more apparent if results in individual
animals are noted. For instance, after substantial de-endo-
thelialisation Il-TG remained normal in 3 baboons and the
platelet aggregate ratio only decreased in 4; there was no
consistent pattern from animal to animal.

We acknowledge that these data cannot readily be extra-
polated to those pertaining in humans. However, injury to the
endothelium is basic to diseases affecting the vascular system
and, as such, central to the process of in vivo platelet activation.
It therefore seems reasonable to expect that results similar to
those observed in this study are likely to be encountered when
the process of in vivo platelet activation is measured in humans.
It should therefore be noted that the results of this study
indicate that the measurement of the circulating platelet aggre-
gate ratio, the assay of plasma fl-TG levels and the determi-
nation of the MPLS are the most sensitive indicators of in vivo
platelet activation. However, because of notable discrepancies
between the results in tests it would be prudent to use these
tests in combination, and to interpret results with caution.
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Summary

Eight patients with double-velour Dacron aorto-
femoral grafts implanted for 2 - 60 months were
studied. Indium-111-labelled platelets were found to
have a shortened mean platelet lifespan (MPLS) of
138 ± 32 hours compared with the normal platelet
lifespan of 224 ± 23 hours. Labelled platelets
accumulated on all grafts, irrespective of graft age,
to a maximum of 1,80 ± 0,83% of whole body radio-
activity; thereafter graft radio-activity decreased. This
suggests that platelets on the graft are in dynamic
equilibrium with those in the circulation. Platelets
may be lost from the graft by embolization or radioac-
tivity may be released because of platelet lysis.
Although MPLS may depend on the age and surface
area of the graft, concomitant arterial disease prob-
ably also contributes to the shortened MPlS.

Dacron prostheses are commonly used in aortofemoral recon-
struction.' These ;wafts, however, have one of the more throm-
bogenic surfaces.. 3 Mean platelet life span (MPLS) is signifi-
cantly shortened soon after implantation of the graft and
normalizes progressively during the following 12 months."!
Also, the .~~rosition of platelets onto the ~raft decreases w.ith
graft age.' These changes are generally interpreted as being
due to a decreased thrombogenicity of the grafts. This is,
however, not absolute and platelets may still be deposited onto
the graft surface for as long as 120 months after implan-
ration.'?'!'

It is known that MPLS is shortened in patients with
vascular disease.'? There may be extensive atherosclerosis in

patients who need aortofemoral reconstruction. The interpreta-
tion that MPLS reflects only graft thrombogenicity may there-
fore not be valid. We have therefore re-evaluated the specificity
of MPLS as an indicator of aortofemoral graft thrombogenicity.
This was facilitated by using the new technology of quantitative
imaging of indium-Ill-labelled platelets.

Patients and methods

Eight patients were studied. The relevant physical characteris-
·tics of the patients and the age and surface area of the double-
velour Dacron prostheses are given in Table I. The patients'
did not receive antiplatelet drugs for at least 2 weeks before or
during the study. The project was approved by the Ethical
Committee of the Provincial Administration and the University
of the Orange Free State.

Evaluation of arterial sufficiency
All patients had clinically severe aorto-iliac occlusive disease

which was confirmed by aortography. Doppler pressures
(tibialis posterior) were measured before implantation of the
grafts and again at the time of the study (Table II).

!Labelling and measurement of MP!LS
Platelets were labelled with IIIIn-oxine as previously

described. I) Briefly, autologous platelets were harvested from
84 ml blood (collected in 16 ml acid citrate dextrose, NIH
formula A) by differential centrifugation and repeated washing
of the red cell layer. A total of 94 ± Il % of the platelets were
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TABLE I. PATIENT AND PROSTHESIS CHARACTERISTICS AND THE INTERACTION OF THE LABELLED
PLATELETS WITH THE GRAFT

Graft Maximum graft
Age Age Area MPLS radioactivi!l

Patient Sex (yrs) (mo.) (dm2) (h) % administered* %/dm2t
1 M 47 60 2,38 165 2,07 0,87
2 F 68 50 2,77 116 1,00 0,36
3 M 59 48 2,38 135 1,95 0,82
4 M 57 38 2,11 103 2,25 1,07
5 M 57 37 1,81 114 3,26 1,80
6 M 54 25 2,76 135 2,00 0,72
7 F 69 9 0,33 130 0,63 1,88
8 M 63 2 1,15 202 1,23 1,07

Reference value 224 ± 24
"Radioactivity expressed as a percentage ol '''tn-radioactivity administered to the patient
tRadloactivity expressed as a percentage ol "'tn-radioactivity administered to the patient and retated to the surface area (dm') ol the graft.

TABLE II. DOPPLER PRESSURE (mmHg) OF THE
POSTERIOR TIBIAL ARTERY

Before implantation
After Impiantation

Right leg.
117 ± 61
155 ± 40

Left leg
64 ± 45
133 ± 45

Vatues are given as a mean pressure ± 1 SO.

recovered from the blood, and 96 x 108 ± 37 platelets labelled
with 19 ± 4 MBq IIIIn-oxine in a saline medium. Labelling
efficiency was 75 ± 13%. Platelet viability was assessed by
their in vitro aggregation response to adenosine diphosphate
(ADP), and the labelled platelets were not injected unless
aggregates of 10 or more platelets were observed.
The MPLS was calculated by fitting a gamma function to

the disappearance curve of the labelled platelets from the
circulaticn.P The curve was constructed by counting the
radioactivity in blood samples collected at 5 and 90 minutes
and again daily after the injection of the labelled platelets.
Recovery of labelled platelets in the circulation at equilibrium
was calculated by back extrapolation of the survival curve to
time zero and by correcting for the blood volume.P Platelet
turnover was calculated by dividing the MPLS by the platelet
count and correcting for the pooling of platelets in the spleen.

Quantification of graft-labelled platelets
The procedure is described in detail elsewhere." Briefly,

anterior images of the abdomen were recorded at 30 and 90
minutes with a scintillation camera, and thereafter daily for 6
days after the labelled platelets were injected. The images were
stored on a A2-MDS data processing system. The distance
between graft and the anterior body surface was measured.
The radioactivity deposited on the graft was quantified as
follows: the count rate in the graft and in an adjacent area,
reflecting background radioactivity, was determined with the
data processing iifStem by region of interest analysis. The
count rate cf the aajacent area was subtracted from that in the
graft. Graft radioactivity was corrected for attenuation because
of the. tissues lying between the graft and the camera detector
and for physical decay of the radio-isotope. Radioactivity in
the graft was expressed as a percentage of the IIIIn injected. A
radioactivity/time curve reflecting the accumulation of IIlIn-
labelled platelets onto the graft was constructed. .

Statistics and correlation analysis
A linear least squares analysis of MPLS as dependent

variable and graft age, graft surface area and graft radioactivity
as independent variables was done.

ResIUIlts
Blood!platelet kinetics
The mean peripheral blood platelet count was normal; 270

± 60 x 10911.The recovery of labelled platelets in the circula-
tion was also normal; 59 ± 12%. The disappearance curve of
labelled platelets from the circulation fitted an exponential
function best (Fig. I). The MPLS was 138 ± 32 hours (Table
I), which was significantly shorter (P < 0,01) than that in
normal humans; 224 ± 23 hours. ISMean platelet turnover, 69
± 13 x 109 plateletslllday, was approximately twice normal.
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Fig. 1. Disappearance of l11ln-labelled platelets from the
circulation. The values are given as a mean % of the count
rate of the blood sample collected 5 minutes after the injection
of the labelled platelets.
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Fig. 2. A time/radioactivity curve illustrating the accumulation
of ," In-radioactivity on the graft. Graft radioactivity is
expressed as a % of the 111lnadministered to the patient.

Dynamics of graft IIIIn-Iabelled platelets
All the grafts were thrombogenic, i.e. platelets accumulated

on the graft surface, irrespective of the age of the graft. The
dynamics of the deposition of labelled platelets onto the graft
is illustrated as a time/radioactivity curve in Fig. 2. There was
an initial rapid deposition of labelled platelets. The time to
reach maximum radioactivity varied from patient to patient: in
patients 3 and 6, maximum radioactivity on the graft was
reached after approximately 25 hours; in patient 1 this was
reached after approximately 145 hours, and in the remainder
of the patients this took approximately 48 hours. After reaching
a maximum, radio-activity was lost from the graft.

Correlation analysis
The relevant results are summarized in Table III. It is

evident that MPLS was not related to the age, the surface area
of the graft or the maximum number of labelled platelets
deposited on the graft.

TABLE Ill. LINEAR REGRESSION ANALYSIS
Dependent Independent r-vaiue for
variable variable correlation P
MPLS Graft age 1,015 0,10

Graft area 0,683 0,25
Maximum activity -0,746 0,10
Maximum activity /
area -0,248 0,40

Discussion

There is direct and indirect evidence that platelets play a
major role in the performance of arterial grafts, especially
during the initial months after implantation. H I Apparently
the interaction between platelets and the graft diminishes with

. time. This is reflected by a progressive normalization of
MPLS in serially studied patients, and a decrease in the
thrombogenic index during the first 12 months after implanta-

tion.4-I1 This has been ascribed to endothelialization of the
graft,' which renders it less thrombogenic.

The results of the in vivo quantification of platelets labelled
with 1IIIn-oxine by our method have been validated." In this
study the labelled platelets were viable: t~ in vitro platelet
aggregation response to ADP and .the in vivo recovery in the
circulation was normal. Furthermore, labelled platelets reacted
with the thrombogenic surface indicating that the platelets
retained their function.

In this study the disappearance of the labelled platelets from
the circulation fitted an exponential function best. This indi-
cates that platelets of all ages were randomly removed from
the circulation. MPLS remained shon:ened and platelet turn-
over was almost doubled in 7 of the 8 patients. This is
contrary to the results mentioned above, where a progressive
normalization was observed in patients studied serially. The
difference in results may be due to the fact that our group of
patients were randomly selected. Patient 8, with the youngest
graft (2 months) had a normal MPLS. There was no correla-
tion between graft age and MPLS.

Nevertheless, it should be noted that there was a tendency
for these two parameters to be positively related. This finding
is somewhat surprising. In patients studied serially, it has been
shown that MPLS does normalize and that the thrombogenicity
of the graft decreases. H I A likely explanation for the discrep-
ancy is: (I) the number of patients studied is small; and (il) the
same patients were not studied serially. Another, and likely,
explanation is that the MPLS may be related not only to the
graft but may be interacting with other thrombogenic surfaces
such as atherosclerotic lesions. That this view may be correct
is supported by the finding that MPLS was not related to age
or the surface area of the graft or to the maximum radioactivity
deposited on the graft. The finding that the MPLS does not
correlate with the surface area of the graft may be somewhat
surprising at first sight. Indeed, in normal baboons the MPLS
correlated inversely with the thrombogenic surface area.! Our
findings could, however, be explained by the differences in the
rest of the vascular tree: in normal baboons the thrombogenic
graft is the major cause of platelet consumption, whereas in
our patients the graft was only one of the factors decreasing
MPLS.

The dynamics of the deposition of the labelled platelets onto
the graft is of some interest. At maximum 1,80 ± 0,83% of the
total injected labelled platelets were on the graft. The shape of
the time/radioactivity curve reflecting the deposition of labelled
platelets onto the graft (Fig. 2) may be interpreted as follows.
After injection, the labelled platelets are incorporated into the
graft. This is relatively rapid, but it takes some time (about 54
hours) to reach a dynamic equilibrium. Thereafter graft radio-
activity decreases. This decrease is due to several factors.
First, the deposition of platelets is not permanent and platelets
on the graft are in equilibrium with those in the circulation.
The immediate fate of the platelets released from the graft is
unknown: they may continue to circulate, they may be rapidly
sequestrated by the reticulo-endothelial system or they may
embolize or lyse. These different factors are at present being
investigated.

The results in this study suggest that the determination of
MPLS as an index of graft thrombogenicity is not entirely
specific. The shortening in MPLS observed in patients with
peripheral vascular disease which necessitates arterial grafting
probably largely reflects diffuse vascular disease and is therefore
not only determined by the graft surface. Clearly, platelet
dynamics in patients with prostheses is complex, and may
involve a variety of pathways mediated by the platelet and
blood coagulation systems. -

This study was fmancially supponed by the South African
Medical Research Council and the Central Research Fund of the
University of the Orange Free State. The secretarial skill of Mrs
C. E. Lou is appreciated. '
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OpsommOB1lg
Agt pasiënte, elk met 'n dubbel-velour Dacron aorto-
femorale prostese, is bestudeer. Die prosteses was
ingeplant vir tydperke wat tussen 2 en 60 maande
gewissel het Die gemiddelde leeftyd van "'In-ge-
merkte bloedplaatjies, 138± 32 uur, was betekenisvol
korter as die 224 ± 23 uur in normale mense. Ge-
merkte plaatjies het op die prostese-oppervlak ge-
akkumuleer tot 'n maksimum van 1,80 ± 0,83% van
die heelliggaamaktiwiteit, waarna dit weer afgeneem
het. Die plaatjies op die prostese was dus in 'n
dinamiese ewewig met sirkuierende plaatjies. Die
verlies van radioaktiwiteit kan of te wyte wees aan
embolieë wat vanaf die prostese losgekom het, of
aan radioaktiwiteit wat uit disintegrerende plaatjies
vrygestel is. Alhoewel die verkorte plaatjieleeftyd deur
die ouderdom en grootte van die prostese bepaal
kan word, kan meegaande aterosklerose ook tot die
verkorting van plaatjieleeftyd bydra.
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SlUImmary
In patients with arterial grafts, platelet consumption may be
due either to platelet Interaction with the graft, and/or con-
comitant platelet consumption In the rest of the arterial tree.
This hypothesis was tested by quantifying the kinetics and
platelet-graft Interaction of Indium-111-labelledplatelets with
double velour Dacron grafts In 13patients with arterial Insuf-
ficiency ascribed to atherosclerosis. Mean platelet lIfespan
(MPLS), 149± 46 hours, was signHlcantly shorter (P= 0,001)
than normal. Labelled platelets were transiently deposited
onto the graft surfaces. Peak "'In deposition on the grafts,
1,33 ± 1,02"/0 of Injected labelled platelets, was reached at
70 ± 33 hours. Thereafter the graft-platelet radioactivity
decreased In parallel with platelet radioactivity In the circula-
tion. There was no statistical correlation between IViPLSand
the factors known to be associated with graft platelet depo-
sition: graft size; peak graft radioactivity; and the time to
attain peak graft radioactivity. It Is therefore concluded that
In patients with arterial disease requiring graft Implantation,
the observed Increased platelet consumption cannot only be
ascribed to the Interaction of platelets with the graft.
Concomitant atherosclerosis Is probably the Important
modifier of platelet consumption. The significant contribu-
tion of this factor to the shortening of the IIIIPLSshould be
taken Into account when assessing, by measuring platelet
lifespan, the thrombogeniclty of grafts.

5 Air M8d J 1992; 81: 27·31.

Patients with thrombo-embolic disorders have increased
platelet utilisation. This may be ascribed to the interaction of
platelets with a thrombogenic surface. Such a surface may be a
prosthetic graft or an aneurysm.t+" The thrornbogeniciry,
i.e. the ability to induce platelet deposition and/or increase
platelet consumption of an aneurysm or graft may be in-
directly demonstrated by a shortened mean platelet lifespan
(MPLS),I-4.9.10or quantitated by measuring the deposition of
radiolabelled platelets onto the surface of the graft."10

However, patients with anerial disease of a magnitude that
will necessitate grafting, usually have concomitant atheroscle-
rosis. This, in its own right, may shorten the MPLS.II-n This
notion is supported by companmental analyses, which have
indicated that in patients with grafts or aneurysms, atheroscle-
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rosis has a cumulative effect on platelet utilisation.'! It there-
fore seems reasonable that shortening of the MPLS in such
patients may reflect not only the thrombogenicity of a graft. It
may thus be necessary to quantitatively measure platelet-graft
interactions in conjunction with MPLS to reliably evaluate in
vivo thrombus formation on prosthetic surfaces.

We have tested this hypothesis by studying the effect of
Dacron grafts on platelet kinetics. By measuring the influence
of graft age, graft size and extent of platelet accumulation on
the graft on MPLS, we could assess whether other factors also
modulated MPLS. None of these factors, usually thought to
determine graft thrombogenicity, correlated with MPLS.
MPLS can therefore not be regarded as a good indicator of
thrombogenicity of the grafts.

Patients and methods

Thirteen patients, 10men, who had a double-velour Dacron
aortobifemoral prosthesis (USCl, Billerica, Mass., USA)
implanted for arterial insufficiency secondary to atherosclero-
sis, were studied. All patients gave informed consent to partici-
pating in the project, which was approved by the Ethical
Committee of 'the Provincial Administration and the
University of the Orange Free State. The patients were aged
47 - 76 years, and their body mass varied between 53 kg and
90 kg. Their peripheral blood platelet counts, measured at the
start of the study, were normal (271 ± 49 x 109/1) and did not
change during the study. The patients were not on drugs
known to affect platelet function for at least 2 weeks before
and during the study.

Reference values for the kinetics of indium-I I l-Iabelled
platelets were determined in our laboratory employing the
same standardised methods, reagents and internal and external
quality control procedures used in this srudy. The results,
ascertained in 28 healthy volunteers, have been reported. I'

Platelet labelling and determination
ofMPILS

Autologous platelets were isolated from whole blood and
labelled with IIIIn-oxine (Amersham International PLC,
Amersham, UK), as described in detail elsewhere.I'.16 Briefly,
platelets were isolated from citrated blood by differential cen-
trifugation and repeated washing of the red cell layer. The
platelets were concentrated, re suspended in Plasmalyte B
(Baxter Travenol Laboratories Inc., DeerlieId, Ill., USA), and
IIIIn-oxine added. After incubating for 30 minutes at room
temperature, the labelled platelets were concentrated and
resuspended in platelet-poor plasma for re-injection. The via-
bility of labelled platelets was assessed by their in vitro aggrega-
tion response to adenosine diphosphate.!? The labelled
platelets were not injected unless aggregates consisting of 10 or
more platelets were observed.

MPLS was determined from the rate of disappearance of
labelled platelets from the circulation. The disappearance
curves were constructed from the radioactivity in blood sam-
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pies collected 15 minutes and 90 minutes after re-injection of
the labelled platelets, and then twice daily. MPLS was esti-
mated by fitting a y-functionl8 to the disappearance curves.
Recovery of labelled platelets in the circulation at equilibrium
was calculated from the radioactivity/ml injected and back
extrapolation of the survival curve to time zero.15•16

The turnover of the labelled platelets was calculated from
the MPLS and platelet count, correcting for the splenic
platelet pool, measured by the recovery of labelled platelets in
the circulation.t?

lImage acquisition and quantiflcation of
deposited platelets

The deposition of labelled platelets onto the graft was
imaged with a large-field-of-view scintillation camera and the
scintigrams stored on, and analysed with an A2 MDS data pro-
cessing program. The fraction of injected labelled platelets
deposited onto the graft was quantified as previously
described.ê? Briefly, anterior images (128 x 128 word mode) of
the abdomen were acquired for 30 minutes. The images were
taken 15 minutes, 90 minutes and daily for 6 days after re-
injecting the labelled platelets. The depth of the graft was
determined according to the method of Links et al.21 and an
attenuation factor was derived for the y-photons at that
depth.êê The accuracy of the method to determine the depth
of a graft with IIIIn was evaluated and validated in a human-
like phantom. The range of depths tested in the phantom var-
ied between 5 em and Il em. The mean difference between
the measured and actual depth of the radioactive source was
2,4 ± 5,1%. In the patients the depths of the grafts varied
between 5 em and 9 em.

The fraction of injected labelled platelets deposited onto
the graft was measured by selecting a region of interest (Ral)
of the graft and quantifying the radioactivity in the region.
Selection of the Ral was done automatically with the stan-
dard-edge detection program of the image analysis computer
program, using a 5% cut-off point. Earlier experiments where
ROIs were seleted with 5%, 10% and 15% cut-off points all
gave similar counts; the 5% point used in this study was there-
fore considered satisfactory.

The sizé of the graft was related to the number of pixels in
the Ral. Background radioactivity was measured in an area
adjacent to the graft. Graft radioactivity was then appropriately
corrected for background radioactivity, anenuation, blood
radioactivity and physical decay of the radio-isotope, as
described in detail elsewhere.w?

TABLE I.GRAFT CHARACTERIST1CS, PLATELET KlNETlCS AND THE DYNAMICS OF PLATELET-GRAFT INTERACTlON
Graft Platelet Graft: peak

Patient Age (mo.) Pixels Ufespan (h) Turnover (x 1()lWd) Radioactivity (%) Time to (h)
1 62.5 425 126 50 0,21 62
2 60,3 1122 143 55 1,78 58
3 49,7 1325 116 79 1,03 108
4 48,2 1186 .135 56 1,32 73
5 38,6 1538 103 85 3,10 17
6 37,8 599 114 75 2,97 88
7 23,8 1264 135 77 2,20 72
8 28,2 309 162 63 0,32 35
9 9,2 425 106 101 1,00 89
10 8,4 183 130 84 0,23 97
11 3,3 1192 202 61 0,51 57
12 1,5 1478 228 49 2,09 134
13 1,0 1272 241 37 0,49 25

The number of pixels in the graft region of interest was used as an indication of the size of the graft.

The injected radioactivity was determined by counting the
injectate with the scintillation camera. Graft radioactivity was
expressed as a percentage of that of the injectate. The time to
reach peak graft radioactivity and the peak graft radioactivity
was calculated by comparonental anal~S.14 éhanges in the
radioactivity deposited on a graft at a given time were
expressed as a percentage of peak graft radioactivity. A
time/radioactivity curve was constructed.

Stadsrical allllaUysis
The Shapiro-Wilk test was used to assess whether the data

were normally distributed. The relationship between different
parameters was tested by the Spearman rank correlation analy-
sis. The difference between samples was compared by the
r-test for different means and the 95% confidence intervals.

l?btell.et Uabellllmg
A fully representative platelet population, consisting 93 ±

7% of those platelets in the whole-blood sample, were labelled
with IIlIn with an efficiency of76 ± 11%. A mean of7,7 ± 2,0
x 109 platelets were labelled with 19 ± 4 MBq III In.
Contamination of the labelled platelet iniectate with red cells
was 0,7 ± 0,9% and with plasma proteins 3,2 ± 1,8%. White
blood cell contamination was less than 1/200 platelets.

The labelled platelets were viable: platelets aggregated in
vitro in response to ADP and the recovery of labelled platelets
in the circulation, 64 ± 14%, was within the normal limits
(61 ± 12%, P = 0,68) of this laboratory. The interaction of
labelled platelets with the grafts could also be visualised
(Fig. I). _

MlPlL§and platelet turnover
The platelet survival curves fined an exponential function

best, i.e. platelet consumption was random. The results are
given in Table I. Ten patients had a shortened MPLSj
patients 11, 12 and 13 with the most recently implanted grafts,
had a MPLS within the mean ± 2 SO of that of the reference
group. The MPLS of the patient group was significantly short-
ened to 149 ± 46 hours (I = 6,897; df = 39; P = 0,001). The
mean shortening of their MPLS was 75 hours, with a 95%
confidence interval (Cl) from 53 hours to 97 hours.
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Fig. 1. Scintigram of a 6O-month-old Dacron graft 96 hours after
re-lnJectlon of 1I1n-labelled platelets. Deposition of the labelled
platelets onto the graft Is more prominent at the anastomoses.

The patients maintained a normal blood platelet count in
the face of a shortened MPLS, by an increase in platelet
turnover; 70 ± 16 X 109 plateletslllday, i.e. approximately 1,6
times normal. The mean increase was 27 x 109 plateletslllday
with a 95% Cl from 14 to 40 X 109 plateletslllday. The r-statis-
tic was 4,1301 with 39 df and an associated P-value of 0,002.

Kinetics of l11In-labelled platelets with the
graft

Platelets were deposited onto every graft, regardless of their
age. The platelets tended to be especially laid down at the sites
of the anastomoses of the graft with the vessel wall (Fig. 1).

The mean changes in graft 11110 radioactivity with time are
illustrated in Fig. 2. Platelets rapidly accumulated on the graft
and their deposition reached a peak berween 17 hours and 134
hours (mean 70 ± 33h).
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Fig. 2. Time-activity curves reflecting the changes In circulating
radioactivity C% of the count rate of the 15-minute blood sample)
and graft radioactivity (% of peak graft radioactivity) with time.
Values are given as a mean ± 1 SEM C* only 5 of the 13 patients
were studied 92 hours after re-Injection of labelled platelets).

At equilibrium, 1,33 ± 1,02% óf the total injected 11110

radioactivity resided in the graft (fable I). After reaching its
maximum level, graft radioactivity decreased in parallel with
11110 platelet radioactivity in the blood (Fig. 2).

Correlations
The relationships berween various parameters that may

influence platelet lifespan and platelet-graft interactions were
tested with linear correlation analyses. The results are sum-
marised in Table Il. MPLS correlated negatively with graft
age. The MPLS did not correlate with graft size, peak graft
radioactivity or the time to reach peak graft radioactivity. Graft
age did not correlate with peak graft radioactivity or the time
to reach peak graft radioactivity. The size of the graft correlat-
ed with peak graft radioactivity, but not the time taken to
reach peak graft radioactivity. Time to reach peak graft
radioactivity was unrelated to peak graft' radioactivity.

TABLE II. SPEARMAN RANK CORRELATION ANALYSES

Dependent
variable

MPLS

Graft age

Graft size

Peak graft
radioactivity

Independent
variable ,-value P-value

Grsft
Age -0,5117 0,08
Size 0,1185 0,68
Peak graft radioactivity -0,2775 0,34
Time to reach peak
radioactivity -0,1733 0,55

Peak graft radioactivity 0,0989 0,73
Time to reach peak
radioactivity -0,0495 0,86
Peak radioactivity 0,6080 0,04
Time to reach peak
radioactivity -0,0935 0,75
Time to reach peak
radioactivity 0,0495 0,86

The 3 patients with the most recently implanted grafts and
a near normal MPLS (patients 11, 12 13) were excluded and
the correlation berween the different parameters again deter-
mined. The results are summarised in Table ill. MPLS did
not correlate with graft age and graft size. However, peak graft
radioactivity correlated significantly with graft size.

TABLE Ill.SPEARMAN RANK CORRELATION ANALYSES
EXCLUDING 3 PATIENTS WITH MOST RECENT GRAFTS

Dependent
variable

MPLS

Graft age

Graft size

Peak graft
radioactivity

Independent
variable ,-value P-value

Graft
Age -0,0790 0,81
Size 0,2988 0,38
Peak graft radioactivity -O,'IT37 0,41
Time to reach peak
radioactivity -0,2553 0,44

Peak graft radioactivity 0,0424 0,90
Time to reach peak
radioactivity -0,2970 0,37
Peak radioactivity 0,7416 0,03
Time to reach peak
radioactivity -0,1520 0,65
Time to reach peak
radioactivity -O,27X1 0,41
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known that atherosclerosis per se can shorten MPLS.II-13 The
notion that an arterial graft or an aortic aneurysm may not be
the major modulator of the MPlS is supported by the results
obtained in a small group of engrafted patients," where we
showed, by compartmental analysis of pJatelet kinetic data,
that an arterial prosthesis only accounts for about 17% of the
excess platelet utilisation. -
If the preceding arguments are accepted, they provide a

reasonable explanation for the finding in our study that the 3
patients with the most recently implanted grafts had normal
MPlS_ This finding also confirms that of Goldman et al 3.7

that platelet deposition on a graft may be visualised through
imaging despite a normal or near-normal MPLS, and that only
about 60% of patients with atherosclerosis or coronary artery
disease will have a shortened MPLS.I2,13

In summary, we have shown that the thrombogenicity of
arterial grafts is not the only cause of increased platelet con-
sumption in patients with concomitant atherosclerosis. Indeed,
some patients with arterial prostheses may have a normal
MPLS. It is therefore important always to take into account
these other factors when adjudging the thrombogenicity of
various graft materials or when assessing the efficacy of
inhibitory drug in these circumstances.

The validity of the findings of this study depends primarily on
the accuracy of the methods to quantitate 111Indeposition on
the graft surface. First, anenuation ~f ï'-photons is affected by
the depth of a radioactive source in the body.20The depth of a
graft must therefore be accurately measured. We verified our
method, based on that of Links et aL,21 the mean difference
between the measured and actual depth was 2,4%. Second,
this method corrects for excess radioactivity contributed by
blood within the graft and from adjacent areas. The radio-
activity measured in the graft ROl therefore only reflects that
of radioactivity deposited on the graft surface. Third, the rela-
tive size of the graft was expressed as the number of pixels
constituting the graft image. Observer bias, inherent in the
methodology, was minimised by using an automatic edge
detection computer program. Our methods may therefore be
considered to reflect reasonably accurately the quantitative
kinetics of the interaction of the labelled platelets with the graft
surface.

Our results confirm that the MPlS is shortened in patients
with arterial graftS.1.4.9.14This shortening in MPlS is asso-
ciated with a compensatory increase in platelet turnover, thus
maintaining a normal peripheral blood platelet count. It is
generally assumed that in patients with grafts the increased
platelet consumption reflects the deposition of platelets on the
graft surface,I.II.23and thrombo-embolism resulting from acti-
vated platelets reversibly interacting with the thrombogenic
surface."

We tested the hypothesis that this view is an oversimplifica-
tion and that other factors may modulate platelet consumption
in patients with arterial grafts. For instance, MPLS is short-
ened in patients with atherosclerosis'v+'! and a fixed number
of platelets are consumed to maintain vascular inregriry.>
Obviously, measuring only MPLS will not allow discrimina-
tion between these various factors or assessment of their rela-
tive contributions to the excess platelet consumption.
However, quantitation of platelet deposition onto the
graftlblood surface reflects more accurately the role of the graft
in platelet utilisation.s! We therefore argued that if the MPLS
reflected only, or predominantly, the interaction of labelled
platelets with the graft, there should be a correlation between
platelet lifespan and the graft factors that determine thrombo-
genicity.

All the prostheses were thrombogenic, as shown by platelet
deposition on the graft surface. We also quantitatively deter-
mined the other graft parameters that are related to thrombo-
genicity - graft age2.6,7 and graft surface area.> We also used
our technique of compartmental analysis+' to determine peak
graft radioactivity and time to reach peak radioactivity and
assessed whether these could be related to platelet turnover.
The grafts of all patients were of the same material; the known
influence of this factor on platelet kinetics" could therefore be
ignored in this study.

The main thrust of our findings is that MPlS does not cor-
relate with any of those factors that relate to graft thrombo-
genicity, i.e. patients with a short MPLS did not necessarily
have either a recently implanted and/or large graft, and/or high
graft radioactivity, and/or rapid deposition of labelled platelets
on the graft despite the tendency of the larger grafts to accu-
mulate more labelled platelets.
It is noteworthy that MPLS accurately reflects platelet con-

sumption on a thrombogenic surface in animal models.ss
However, this situation is not comparable with that in engraft-
ed human patients. The major difference that has an impor-
tant impact on platelet turnover is that the arterial tree of the
young non-human primate is healthy, whereas patients that
require arterial reconstructive surgery invariably have con-
comitant atherosclerosis of varying severity and degree. It is

This study was supported financially by the South African
Medical Research Council and the Central Research Fund of the
University of the Orange Free State.
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[The measurement of mean platelet life span (MPLS) is generall y regarded as the
best test for in vivo platelet activation. However, results with this
measurement have been disappointing and conflicting in arterial disease. This
may be ascribed to the inadequacy of Cr-51 as a platelet label. The introduction
of In-lll-oxine and the techniques of quantitative imaging permits a re-
evaluation of platelet kinetics in arterial disease. We have done this in
patients with aortic aneurysms and in a group of subjects with severe peripheral
vascular disease. MPLS was shortened in all patients. '!here was accumulation of
radioactivity in the aneurysms. This was however not permanent. After reaching
equilibrium a plateau was reached, and radioactivity then decreased in parallel
with that in the blood •. This indicates that platelets deposited on the aneurysm
wall are in exchange wi th those in the circulation. .Also, at the end of their
MPLS, the sites of sequestration of labelled platelets were similar to those of
normal subjects. We then investigated the fate of those platelets that come off
the aneurysm or are activated on the atheromatous surface of the vascular tree.
'!hese labelled platelets accumulate in the microcirculation of the feet. '!his
could be demonstrated by comparing the rate of clearance of In-lll-labelled
platelets from the blood with the clearance fran the feet. '!he latter was
measured with anterior and posterior detectors and the geometric mean method for
the correction for attenuation and geometry. There was clear evidence that there
was a accumulation of activated platelets in the microcirculation of the feet.
Again, this was transient and was reflected by a prolonged residence time in
this area. We compared the shape of the curves reflecting the clearance of
labelled platelets fran the blood and the feet. It seems that the initial rate
of clearance of the In-lll-platelets from the blood is affected by the prolonged
transit. time of platelets in the microcirculation. '!his may an important
determinant of the estimate of MPLS in these patients. The second part of the
survival curve is near normal, suggestin;J that many of the platelets, and
perhaps also those that have been activated on the diseased arterial wall, in
these patients have a normal MPLS. '!his approach may be a more sensitive index
of the in vivo activation of platelets in arterial disease. It may also provide
a more rational method of measuring the influence of antiplatelet drugs on in
vivo platelet act1vation and the interaction of platelets with a diseased vessel
wall. ~

[_

r-
[_

=

,-

r
I....

[



]

J
.,
1
]

]

]

]

J
J
J
J

_0

1
o

I
.Jl
I
.i

-j
J

1

- 83 -

In vitro methods have been in use for the diagnosis of in vivo platelet
activation for almost two decades. 'nlese techniques have inherent limitations •
It is not possible with in vitro tests, to assess all the factors involved in
the complexinteraction of platelets with one another, and platelets wi th the
blood vessel wall and its components, especially since all of these may be
variously affected in different diseases. Amorepromising approach, and at
present probably the best, has been to assess in vivo platelet activation by
determining the meanlife span of platelets (MPLS)in the circulation.

TheMPLSis generally estimated from analysis of the rate of clearance from the
blood of a radiolabelled platelet population. 'nle MPLSmaybe influenced by the
"collection injury", the rate of mixing of the labelled cells with the
exchangeable splenic platelet pool, and by various technical factors involved in
the counting of radioactivity, blood sampling and elution of radioactivity from
the platelets. Removalof platelets from the peripheral blood maybe age-related
or at random. If platelet survival is an age-d.ependentprocess, the platelet
survival curve will be linear. 01 the other hand, if the removal of platelets
from the circulation is due to their randomdestruction, the platel~t survival
curve will fit an exponential function best. 'nlese considerations are the basis
for the measurement of MPLSto eg assess the consumptionof platelets in a
patient with disease of the vessel wall.

The physical properties of In-Ill are advantageous for a platelet label. These
were discussed in depth at this Conference. '!he major advantages are: it is
possible to label platelets with high specific radioactivity, and the in vivo
distribution of In-Ill-labelled platelets can be quantitatively and accurately
imagedwith a scintillation camera and computer-assisted image analysis.

'nle aim of this study was to apply this newtechnology to reassess the kinetics
of the consumptionof platelets in arterial disease. The ultimate purpose of
such studies would be to develop methods to quanti tate the adhesion,
incorporation and consumptionof In-Ill-labelled platelets into atherosclerotic
plaques in different stages of evolution and to assess the efficacy of
antiplatelet drugs in this situation.

To illustrate the advantages of In-Ill as a platelet label and to provide the
essential data on which the hypothesis that I would like to put forward is
based, I would like to briefly reiterate the findings of our previous study of
the platelet kineties in patients with aortic aneurysms (1).

The MPLSwas shortened in all but one one of the patients; the meanwas 132+38
hours, and the platelet survival curves fitted an exponential function. '!he
labelled platelets accumulated in the aneurysm; 4. 7+3.6%of the whole body
radioacti vi ty at the end of platelet survival. However, as is evident from fig
1, the radioactivity in the aneurysm increased with time and only reached,
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Fig 1: A time-activity curve of the rate of accumulation of In-Ill-platelets in
patients with aortic aneurysms. I

0".

maximal activity at 48 to 72 hours after reinjection of the labelled platelets.
'!hereafter, radioactivity in the aneurysm decreased slowly, more or less in
parallel with that of the blood. Interestingly, the final sites of sequestration
of the label Iled platelets did not differ significantly from that of normal
subjects (Table 1): the deposition was confined to the reticuloendothelial
system (RES) and relatively few platelets were deposited in the aneurysm.

I
L

[

We interpreted these findings as follows. The aneurysm wall is thrombogenic and
the platelets adhere to, and aggregate on this surface. '!he deposition if
platelets in the aneurysm accounts for the shortened MPLS. However, these
platelets are not all deposited permanently and irreversibly; only their
residence time at this site is increased. This is not surprising, because
permanent sequestration of the platelets on the vessel wall would inevit~y,
lead to rapid occlusion of the vessel. The residence time is about 60 hours. The
plateletB on the aneurysm wall and those in the circulation are apparently in
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dynamic equilibrium. When platelets are eventually detached from the aneurysm
wall, they are sequestered in the RES. The immediate fate of such detached
platelets is unknown: they may be nonviable and be sequestered almost
immediately, or, this interaction may only have an effect on platelet life-span
or function.

TABLE I: PLATELET SEQUESTRATION: ANEURYSMS

Final In-lll-radioactivity (% whole body)

SpleenLiver Lower lirrbsAneurysm

30.8+9.123.6+8.4 4.7+4.2Mean +SD 5.2+4.2

35.6+9.728.7+8.3 1.3+1.0Reference N/A
values

We have previously shown that there is almost no accumulation of labelled
platelets in the lower limbs of normal subjects (2). This was interpreted to
indicate that relatively few platelets are used to support vascular integrity.
Interestingly, in the patients with aortic aneurysms, there was a significant
increase of the In-lll-activity in the lower linbs.

These results are the basis for the following hypothesis. Platelets normally do
not react with the intact vessel wall. In diseases of the arteries, such as
aneurysms and probably also atherosclerosis, platelets are activated and will
adhere to the exposed subendothelial structures of the damaged vessel. This
interaction has several effects: the residence time of platelets in such a
region is prolonged; the platelet-vessel wall interaction is however not
irreversible, or permanent, and these platelets will enter the circulation after
about 60 hours. This interaction of platelets with the diseased vessel wall is a
random event, shortens platelet survival and will decreases the MPLS. Also,
these activated platelets, either singly, or in the form of microaggregates, may
be trapped in the microcirculation of the feet (or other organs distal to the
lesion). This entrapment may theoreticall y be either permanent, owing to the
sequestration of platelets in the RES of the bone marrow of the small bones of
the foot, or transient, leaving the region after the microaggregates
disintegrate. These two mechanisms may result in the accumulation of the In-lll-
radioactivity of the feet, but will have distinctive and different kinetic
patterns.
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These possibilities and their effects are illustrated in Fig 2.
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Fig 2: 'lheoretical patterns of accumulation of platelet microaggregates in the [
microvasculature of the feet. The lower curve is the shape of the blood platelet
survival curve.

[
This hypothesis was tested in patients with clinically evident peripheral
arterial disease. Autologous platelets were labelled with In-lll (3),
reinjected, and the MPLS'estimated by fitting the data reflecting the rate of
clearance of labelled platelets from the circulation, to a multiple hi t mode 1
(4).
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The accumulation of labelled platelets in the feet was serially measured by the
geometric mean method. Radioactivity was measured with detectors placed
anteriorly and posteriorly. The effects of attenuation and geometry were further
minimised by marking the placement of the detectors, and by placing the feet
into a constraining perspex box. This prevented movement of the feet and
facilitated their accurate repositioning on subsequent days.
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RESULTS
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The results of time-radioactivity curves, reflecting the comparative rates of
clearance of platelets from the blood and from the feet, are shosn in Fig 3.
The results in different patients could be compared by normalizing the data. It
is evident that the mean clearance rates of the In-Ill activity of the feet and
blood differ. There is an initial accumulation of In-Ill activity in the feet,
it reaches a peak after 24 to 80 hours, and then decreases to parallel the
activity of the blood.
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Fig 3:Comparison of the shapes of the rates of accumulation and clearance of In-
Ill-platelets from the feet and the peripheral blood of six patients.

This phenomenon, illustrating the prolonged residence time of the platelets in
the feet, is better seen in an individual patient (Fig 4). Note that the
radioactivity counts in the foot varied from time to time. This may reflect true
variations in the rates of clearance of In-Ill (perhaps the platelet aggregates
come off the vessel wall in showers and not as a constant stream), but may also
be due to changes in geometry and attenuation associated with the positioning of
the patient on different occasions.
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Fig 4: The rate of clearance of platelets from the foot and blood of a patient
wi th peripheral vascular insUfficiency. In this patient the extent of vascular
insufficiency in the two limbH also differed: more In-Ill-activity accumulated
in the more severely compromi!led limb (data not shown).

[

[
It may be concluded that in arterial disease, not complicated by thrombosis, the
MPLS is shortened. '!his pltltelet-vessel wall interaction is reflected by an
increase in the residence tin~ of activated platelets or platelet aggregates in
the microvasculature of the f~~t.

[

[
Although it may be overinterpreting the data at this stage of the study, the
shape of the blood platelet survival curve may well be influenced by this
platelet-vessel wall interactjon. The platelet survival curve may be separated
into two components. '!be early phase, which we name the "vascular phase", may be
affected by this platelet-vessel wall interaction. It is noteworthy that the
MPLS is largely dependent on the initial slope of the curve which reflects the
clearance of platelets fronl the circulation. This part of the curve will
therefore be especially susceptible to the transient accumulation of activated
platelets~ on the vessel wall. The second part of the platelet survival curve,
named the "equilibrium phase", is of a different kinetic order and is starts
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when the circulating platelets and those reacting with the vessel wall are in
equilibrium. 'lhis part of the platelet survival curve may therefore more
accurately reflect the "true" rate of clearance of platelets from the
circulation, ie MPLS.

This possibility was tested by analyzing the two components of the platelet
survival curves of the patients. '!he curves were divided into a "vascular
phase", lasting from the time of injection of the In-Ill platelets to 60 hours;
and an "equilibrium phase" lasting from 60 hours to the end of the platelet
survival time of the patient. The blood radioactivity data of the two phases
were fitted to the multiple hit model and the respective estimates of the MPLS
compared to that obtained when all the data points were included. The results
are summarised in Table II.

TABLE II: ANALYSIS OF THE a:>MPONENTS OF THE PLATELET SURVIVAL aJRVE

ESTIMATE OF MPLS (HOURS)
ARTERIAL DISEASE REFERENC.'ESUBJEcrs

Vascular Equili- All Vascular Equili- All
phase brium Data phase brium Data

Mean 132 177 133 233 198 210
SD 11 47 35 75 19 16

It is evident that in normal subjects, the MPLS estimated if all data pionts are
included, corresponds closely to that of the vascular as well as the equilibrium
phases of the curve analyzed separately. This finding is not unexpected since
normally the survival curve is essentially a straight line. In the patients the
results were different. First, the estimate of MPLS with all data included,
corresponded closely to that of the vascular phase. Second, the MPLS estimated
from the data of the equilibrium phase, was considerably longer, although not
qui te normal.

This approach to the analysis and the interpretation of the platelet survival
curve is of some interest. '!he first part of the curve is known to be
"unstable". This may be due to several factors: the influence of the
"collection injury" ; and the varying time it takes the labelled platelets to
equilibrate with those of the splenic platelet pool (2) • The present study
indicates that the interaction of platelets with the vascular pool may also play
a significant role in this regard. It would seem that the size of this vascular
pool depends on the extent of the arterial disease and reflects the in vivo
activation of platelets.

,
The second phase of the curve is of a different kinetic order
after ~ilibrium has been reached. '!hispart of the curve
reflect the "true" life span of platelets in the circulation.

and operates only
may more closely
OUr findings, and
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it must be stressed that these should be considered as preliminary at this
stage, suggests that this may be near-normal, even in the presence of severe
arterial disease.

In this study, we have exploited the superior qualities of In-lll as a platelet
label. We have demonstrated the interaction of platelets with the vessel wall in
patients with either aortic aneurysms or peripheral vascular disease. This
interaction is complex and not fully understood. It does however seen that the
platelet interaction with the vessel wall is transient. This is reflected by a
prolongation of the residence time of the platelets in the diseased vessel.
After detachment from the vessel wall, the activated platelets, either singly or
more likely as aggregates, are trapped in the microcirculation of the periphery.
After leaving the vascular compartment, the platelets are destroyed (?
immediately, or can they interact with the vessel wall again?) in the RES.

This interaction of platelets with the vessel wall may be used to demonstrate
the presence of arterial disease in two ways. First, the residence tine of the
platelets in the microcirculation of the feet may reflect the extent of the
disease, be it an aneurysm or severe atherosclerosis. second, and this is mere
speculation at this time, it may be possible to dissect the vascular and
equilibrium phases of the platelet survival curve. '!heearly part of this Curve
may reflect arterial disease, whereas the second part of the curve is perhaps
more closely related to the true platelet survival time. '!hese findings support
the finding that reversibly aggregated platelets and some loss of their granule
content, may have a normal survival time in the circulation (5).

[

L
[

These results indicate that it is worthwhile to re-examine platelet kinetics in
arterial disease with In-Ill-labelled platelets. '!his technology has been
instrumental in generating a fresh approach to the understanding of the
interaction of platelets with the vessel wall. It will be interesting to apply
this method to study the effect of antiplatelet drugs in patients with arterial
disease or vascular pros these s.
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Stephen R. Hanson, Harry F. Kotzé, Henry Pieters, and Anthon du P. Heyns

To quantitatively characterize processes of platelet thrombus formation in vivo, the
kinetics and incorporation into thrombus of autologous In-111-labeled platelets were
compared in six patients with aortic aneurysms and in seven patients with prosthetic
aortic grafts. Although platelet survival was comparably shortened in both patient
groups (mean, 5.8 days), the maximum radioactivity (percentage of whole body
radioactivity) as determined by gamma camera imaging was higher In the aneurysms
than in the grafts (3.3%±1.6% vs. 1.6%±1.1%, p=0.05). Maximum In-111 uptake was
also attained more quickly in the aneurysm patients (2.3±0.8 days vs. 3.5±1.3 days;
p=0.07). The experimental platelet kinetic and imaging data were subsequently
evaluated by compartmental analysis to estimate both normal and disease-related
components of platelet destruction. This analysis indicated that deposited platelet
radioactivity had a longer residence time on grafts (2.9±1.7 days vs. 1.4±0.9 days,
p=0.07) but accumulated at a faster rate in aneurysms (5.0%±3.4% per day vs.
1.4%±0.9% per day, p=0.02). As determined by imaging, only a proportion of
increased platelet destruction was specifically due to the aneurysms (55%±38%) or
grafts (17%±11%, p=0.03). This result indicates additional components of platelet
destruction unrelated to graft and aneurysm thrombus formation which, In some graft
patients, may reflect a greater severity of vascular disease or other mechanisms
causing a preferential shortening of platelet survival. Thus, the analytical approach
described may be a useful one for discriminating components of in vivo platelet
utilization including platelet removal due to normal hemostatlc and senescent
mechanisms, localized thrombus formation, and more generalized vascular disease.
(Arteriosclerosis 10:1037-1044, November/December 1990)

o n patients with thromboembolic disorders and cardio-
~ vascular devices, measurements of reduced platelet
lifespan and of localized platelet deposition have proven
clinically useful for assessing the severity of disease and
the effectiveness of antithrombotic therapy.l-9 Although
these measurements are quantitative and objective, they
are not readily interpreted in terms of rates of thrombus
formation and dissolution. For example, platelet survival
studies, which reflect all mechanisms of platelet utilization,
cannot discriminate the interdependent processes of
sensecent platelet removal,1.6 normal platelet utilization for
the maintenance of vascular integrity,lo and additional
components of platelet destruction due to vascular dts-
ease. Similarly, measurements of localized platelet depo-
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sition by scintillation camera imaging or other methods
may have little relation to overall platelet turnover.

In this study, we evaluated patients with aortic aneu-
rysms and prosthetic aortic grafts since both are actively
thrombogenic as demonstrated by shortened platelet sur-
vival times,1.2.6 imaging of In-111 platelet deposition,3-8
and morphologic and clinical observations.ll.12.13 In
these patients, measurements of platelet lifespan have, in
general, correlated poorly with measurements of In-
111 platelet deposition.6.14 Thus, in aortic graft recipients,
platelet survival tends to normalize over the first postop-
erative year, while platelet accumulation onto such grafts
may continue at a reduced rate for periods of up to
10 years and perhaps indefinitely.5.7 In addition, in both
patient groups, it has been demonstrated by dynamic
gamma camera imaging that the accumulation of platelet
radioactivity may be nonlinear with time, suggesting an
exchange or equilibration between circulating and de-
posited platelet pOOIS.6.14At present, the quantitative
interpretation of these various observations remains
uncertain.

In the aneurysm and prostheses patients described in
this report, the mechanisms of platelet removal (senes-
cence, thrombosis, and hemostasis) were compared by a
method of compartmental analysis of data from concur-
rent platelet kinetic and platelet imaging studies. It should
be noted that it was not the objective of this study to
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compare by scintillation camera imaging the uptake of
In-111 platelets by aortic grafts and aneurysms, a process
that has been described for both patient groups.2-8.14
Rather, we employed well-documented methods for
platelet kinetics and imaging to more clearly define the
different components of platelet utilization in these disor-
ders and to estimate the steady-state rates of platelet
destruction due to normal physiologic mechanisms and
direct interactions with the grafts, aneurysms, and other
sites of vascular disease.

Methods
Patients

Thirteen patients gave informed consent to take part in
the study, which was approved by the Ethical Committee
of the Provincial Administration and the University of the
Orange Free State. Six patients (five men, one woman)
having abdominal aortic aneurysms of similar size and
location were diagnosed according to clinical criteria.6
The diagnosis was confirmed by ultrasonic examination.
Seven other patients (five men, two women) had double
velour Dacron aortobifemoral grafts (U.S. Catheter, Inc.,
Billerica, MA). The period from graft implantation ranged
from 2 to 60 months (mean, 32±21 months). The mean
age of the aneurysm patients was 60± 12 years (45 to 75
years), and that of the prosthesis patients was 59±7
years (47 to 69 years). At the time of these studies, all
grafts were patent as determined by Doppler scanning,
and no patient was clinically symptomatic for peripheral
ischemia or thromboembolism. Determination of platelet
survival was also performed in six normal individuals
ages 25 to 45 years. For a period of at least 2 weeks
before each study, neither the patients nor the control
subjects received any therapy that might have influenced
platelet survival or function.

Platelet Labeling and Survival Measurements
Autologous platelets were isolated from whole blood

under stetile conditions and were labeled with In-111-
oxine as described.15.16The labeled platelets were viable
as documented by a normal aggregation response after
exposure to adenosine 5'-diphosphate in vitro15and by
their normal recovery in the circulation after infusion
(Tables 1 and 2).

The mean platelet lifespan was calculated by least-
squares fitting the disappearance pattern of circulating
In-111 platelet radioactivity to gamma functions.17.18After
the injection of labeled cells, the disappearance curve
was generated by counting blood samples collected at
90 minutes and daily thereafter for 6 days. The recovery
of labeled platelets in the circulation was calculated by
estimating patient blood volumes and by back extrapola-
tion of the disappearance curve to zero time.t7.t9

Platelet Imaging
In-111 images were made with a Searle large-field-of-

view scintillation camera and were analyzed with a Med-
ical Data Systems A2 image processing system. In pa-
tients with aortic aneurysms; the percentage of total
injected radioactivity associated with the aneurysm was

Figure 1~ Schematic representation of pathways of platelet
destruction. Circulating platelets, in equilibrium with the splenic
platelet pool, are removed by hemostatic, senescent, or disease-
related mechanisms.

determined by using the geometrical mean method. This
method corrects for the attenuation of gamma photons by
intervening tissues.15.20.21In brief, anterior and posterior
images of the whole body were acquired daily; the count
rates in the aneurysm and whole body were determined
by region-of-interest analysis and were corrected for
background radioactivity. Aneurysm radioactivity (counts!
pixel) was corrected for sequestered bone marrow and
circulating blood radioactivities by subtracting the count
rate (corrected for background radioactivity) in an adja-
cent region positioned over an iliac artery. Whole body
and aneurysm radioactivities were then corrected for
In-111 decay (half-life, 2.8 days).

In patients with Dacron aortic prostheses, the depo-
sition of In-111 platelets was measured as described
elsewhere.21 The total amount of radioactivity injected
was determined by counting the injectate with the
scintillation camera. After administration of the labeled
cells, 30-minute anterior images of the prostheses were
acquired daily. The count rates in the prosthesis and in
an adjacent area were determined by region-of-interest
analysis. Prosthesis radioactivity was corrected for se-
questered bone marrow and blood radioactivities by
subtraction of the count rate in the adjacent area from
that of the prosthesis. The attenuation of gamma pho-
tons by intervening tissue was measured by determin-
ing the depth of the prostheses and deriving an atten-
uation factor.21Prosthesis depth ranged from 5 to 9 cm.
The accuracy of this method of depth determination was
confirmed in a human-like phantom with an In-111
source at depths ranging from 5 to 11 cm. The accuracy
of determination of depth was 2.4%±5.1 %. The pros-
thesis count rate was then corrected for tissue attenu-
ation and radioisotope decay and was expressed as a
percentage of the amount of radioactivity injected.
Since little In-111-oxine radioactivity is lost from the
whole body over time,15.18the methods used to quantify
the amount of radioactivity associated with both the
aneurysms (fraction of whole body In-111) and arterial
grafts (fraction of total In-111 dose) were essentially
equivalent and in both cases reflected only deposited
(noncirculating) radioactivity.
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Analysis of Platelet Kinetic and Imaging Data
The important pathways of platelet removal considered

in this study are shown in Figure 1. In this scheme,
circulating platelets are in dynamic equilibrium with the
splenic platelet pool, which comprises about one-third of
the total body platelets.l0.15.l6 Platelets are removed from
the circulation by normal physiologic mechanisms (se-
nescence and hemostasis). Thus, based on an observed
platelet lifespan of 9 to 10 days and a predominantly
linear platelet disappearance pattern in normal individu-
als, it is accepted that approximately 10% of the circulat-
ing platelet pool will be removed daily by senescent
mechanisms (reticula-endothelial system) after a finite
lifespan in ViVO.l0.17.22In addition, there appears to be a
modest, fixed, hemostatic platelet requirement for the
maintenance of vascular integritylo (Figure 1). In patients,
platelets are also lost from the circulation after direct
interactions with thrombus associated with an arterial
graft or aneurysm or at other sites of vascular disease.

In the present analysis, platelet utilization by both
normal hemostatic and disease-related mechanisms
were considered to be random processes, so that with
increasing severity of disease, the extent of age-related
platelet removal (senescence) would be reduced relative
to the random component. The relative proportion of
platelets destroyed by random vs. senescent mecha-
nisms was calculated according to an application of the
Mills-Dornhorst model:

N(t) e-kt - e-kT

N(O) = 1 - e-kT

This model, which was originally developed to describe
the survival of red cells,23.24 applies equally well to any
element having a finite lifespan but which is also subject
to risk of destruction by external hazards.17.l8 In this
formula, the number of labeled platelets circulating at
time t after infusion, N(t), is determined by a maximum
platelet lifespan (T), which will be reduced depending
upon the rate of random platelet destruction (k) due to
extrinsic mechanisms.23.24 Since the initial slope of the
platelet survival curve, N(t)/N(O), intercepts the time axis
at the mean platelet lifespan,23.25 it follows that:

1 - e-kT
T=---

k

where T is the estimated mean platelet lifespan (days),
and k is the rate of random platelet removal (fraction of
circulating platelets per day). Equation 2 is the well-
known expression of Mills-Dornhorst,23.24 which has
been widely used for the interpretation of platelet survival
data.l0.17.l8.25

The application of Equations 1 and 2 to platelet survival
curves obtained in normal subjects and in patients with
decreased platelet production has suggested a finite plate-
let lifespan, T, averaging approximately 10.5 days.l0.17.22
Therefore, this value was used in the subsequent analysis.
Similarly, a fixed hemostatic requirement of approximately
4700 platelets per microliter of whole blood per day has
been deterrnlned.w
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(1)

With these approximations, both the normal and dis-
ease-related components of platelet utilization were cal-
culated in the following manner. The fractional rate of
random platelet destruction due to normal physiologic
mechanisms (fraction per day) was determined by divid-
ing the fixed platelet requirement (4700/~l/day) by the
circulating platelet count (platelets per microliter) for each
patient and normal subject.lO Given the mean platelet
survival time (T) as determined in all individuals studied,
the rate constant for random platelet removal (k) was
calculated directly from Equation 2 with T=10.5 days. It
should be noted that when platelet lifespan is reduced
significantly, as in the present studies, calculations of
platelet destruction rates are relatively independent of
assumed values of T within normal limits as well as
possible variations in maximum lifespan of individual plate-
lets in different subjects (i.e., when platelet survival is
short, few cells reach their maximum possible lifespan).
The fractional rate of senescent platelet removal was
calculated by subtracting the rate of random platelet
destruction, kP (platelets per microliter per day), from the
overall turnover rate of circulating platelets, P/T, and divid-
ing by the platelet count, P. The fractional rate bf senes-
cent platelet removal was therefore simply given as:
1/T-k. The fraction of platelets removed by random (vs.
senescent) mechanisms throughout their lifespan was
calculated by dividing the rate of random platelet removal
(kP) by the overall turnover rate of circulating platelets
(PIT), or equivalently, as k-r, By subtracting the fractional
rate of platelet removal due to normal hemastatic pro-
cesses (4700/P) from the fractional rate due to all random
mechanisms (k), the component due to vascular disease
and other processes could be calculated. Of this value, the
fraction of platelets removed specifically through interac-
tions with the aortic grafts or aneurysms was determined
by analysis ofthe In-111 imaging data as described below.

Since the graft and aneurysm patients were clinically
stable, an approximate steady-state was presumed; thus,
over the course of the dynamic imaging studies, an
equilibrium existed between the rate of platelet thrombus
accumulation and the rate of removal from thrombus of
deposited platelet material. In the present instance, this
assumption would appear reasonable since: 1) platelet
counts were stable during the study period; 2) In-111
platelet radioactivity was, in fact, lost from both grafts and
aneurysms after the clearance of labeled platelets from
the circulation (see the Results section); and 3) In-111
platelet radioactivity deposited in aneurysms is largely
confined to a surface layer in contact with the flowing
blood.s Under these conditions, the accumulation of
platelet radioactivity by grafts and aneurysms after infu-
sion of labeled cells may be described mathematically as:

(2)

dl(t) N(t) I(t)
-=K---
dt N(O) (J

where I(t) is the fraction of injected In-111 platelet radioac-
tivity deposited at time t, K is the fraction of circulating
platelets daily incorporated into thrombus (day-l), (J is the
average residence time or period that deposited platelet
radioactivity is retained locally before removal by emboliza-

(3)
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Table 1. Platelet Utilization in Patients with Aortic Aneurysms
Patient Peak Average % %

Platelet radioactivity residence Platelet destruction rates (% per day) Aneu- Ran-

Count/I Recovery Ufespan %Whole TIme time Total Hemo- Aneu- Senes- rysm dom
(x10-9) (%) (days) body (days) (days) random stasis rysm Other cence

1 198 78 6.29 2.0 2.2 1.1 10.8 2.4 3.2 5.2 sJ 38 68
2 303 79 4.21 3.1 3.0 2.3 21.2 1.6 2.9 16.7 2.6 15 89
3 285 57 4.67 3.7 3.4 2.8 18.3 1.7 2.9 13.7 3.1 17 85
4 230 84 8.46 1.0 1.6 0.6 4.3 2.0 2.2 0.1 7.5 96 36
5 236 58 4.96 5.3 1.7 0.8 16.7 2.0 9.7 5.0 3.5 66 83
6 205 59 6.13 4.4 1.6 0.6 11.4 2.3 9.1 0.0 4.9 100 70
Mean 243 69 5.79 3.3 2.3 1.4 13.8 2.0 5.0 6.8 4.5 55 72
1 SO 43 12 1.54 1.6 0.8 0.9 6.1 0.3 3.4 7.0 1.8 38 19
Normals 260 74 8.95 0 0 0 1.9 1.9 0 0 9.4 0 17
1 SO 43 17 0.75 0.3 0.3 1.0 3

Theoretically derived parameters included the average residence time for aneurysm-associated platelets (8) and rates of platelet
destruction due to senescence and random mechanisms (hemostasis, aneurysm, other disease). % Aneurysm (column 13) is the
percentage of pathological platelet destruction (aneurysm plus other) that can be attributed directly to the aneurysm. % Random
(column 14) is the fraction of platelets destroyed by all random (vs. senescent) mechanisms throughout their lifespan. The calculations
are described in the Methods section.

tion or lysis, and N(t)/N(O) is the fraction of injected platelets
still circulating at time t as given by Equation 1. Or, in brief,
Equation 3 states that the rate of change of deposited
radioactivity at time t, dl(t)/dt. is equal to the deposition rate,
K' N(t)/N(O), minus the removal rate, I(t)/B, of plateIet-
associated Indium-111. The general solution to Equation 3
is obtained by direct integration as:

BK
l(t)

(1-k8) (1_e-kT)

[e-kt-e-tJ9-(1-kB)e-kT +(1-kB)e-(tJ9+kn]

Equation 4 gives deposited Indium-111 activity, I(t), as a
function of time and four parameters (k, K, T, U) and was
fitted to the dynamic imaging data obtained in the patients
with grafts and aneurysms to determine values for the
parameters, K and B. In the curve fitting procedure, the
value of T was assumed to be equal to 10.5 days, k was
determined a priori from Equation 2, and the parameters, K
and B, were determined for each patient by least-squares
regression analysis. The apparent maximum value of plate-
let uptake and the time required to reach this maximum
were also calculated for each patient from the best-fit
equation. By subtracting the components due to normal
hemostasis and thrombosis associated with the grafts or
aneurysms from the total rate of random platelet destruc-
tion, an additional component of platelet removal (presum-
ably due to other disease processes) was calculated.

Curve Fitting and Statistical Analyses
Curve fitting of prosthesis and aneurysm time/activity

data to Equation 4 was performed on a microcomputer
(IBM PC-AT) according to the nonlinear least-squares
iteration procedure of Snedecor and Cochran.26 Compar-
isons were made by using Student's t test (two-tailed) for
unpaired sample groups. The data are expressed as the
mean values±1 SO.

(4)

!Results
Platelet Survival Studies

The mean values for platelet count and platelet recov-
ery were similar (Tables 1 and 2) and not different from
the control values obtained in six normal subjects
(p >0.1). The mean platelet lifespans were also equiva-
lent, averaging 5.79 ± 1.54 days in the aneurysm patients
(Table 1) and 5.75±1.46 days in the group with aortic
prostheses (Table 2). The composite platelet disappear-
ance patterns obtained in the patients and normal sub-
jects are shown in Figure 2. In the aneurysm and graft
patient groups, the averaged best-fit platelet survival
curves derived from gamma function modeling were

lOO
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FIgure 2. Platelet survival curves In patients and normal sub-
jects. In-111-platelet disappearance pattems were equivalent In
patients with aortic aneurysms (0) and aortic Dacron grafts (D),
but platelet clearance was increased as compared to normal
control subjects (0). For both patient groups, mean platelet
lifespans were reduced significantly (p<0.01) vs. control values
(see Results).



Hanson et al.PLATELET INTERACTIONS WITH GRAFTS AND ANEURYSMS

Table 2. Platelet Utilization in Patients with Aortic Prostheses
Patient Peak Average % %

Platelet Radioactivity residence Platelet destruction rates (% per day) Pros- Ran-

CounUI Recovery Ufespan % Whole Time time Total Hemo- Pros- Senes- thesis dom

(x10-11j (%) (days) body (days) (days) random stasis thesis Other cence

252 69 6.88 0.8 5.1 5.0 8.7 1.9 0.4 6.4 5.8 40 60
2 250 39 4.29 2.2 4.2 4.7 20.7 1.9 1.3 17.4 2.7 7 89

3 335 70 5.63 2.0 3.0 1.9 13.4 1.4 1.9 10.1 4.3 16 76

4 206 52 4.75 3.7 3.6 3.0 17.8 2.3 2.7 12.8 3.3 18 85

5 239 56 4.83 1.0 1.6 0.7 17.4 2.0 1.9 13.5 3.4 12 84
6 379 75 5.42 0.6 2.1 1.1 14.4 1.2 0.8 12.4 4.9 6 78

7 289 52 8.46 1.1 4.8 3.8 4.3 1.6 0.6 2.1 7.5 21 36

Mean 279 59 5.75 1.6 3.5 2.9 13.8 1.8 1.4 10.7 4.4 17 73

1 SO 60 13 1.46 1.1 1.3 1.7 5.7 0.4 0.8 5.0 1.7 11 19

Normals 260 74 8.95 0 0 0 1.9 1.9 0 0 9.4 0 17

1 SO 43 17 0.75 0.3 0.3 1.0 3

Theoretically derived parameters included the average residence time for prosthesis-associated platelets (8) and rates of platelet
destruction due to senescence and random mechanisms (hemostasis, prosthesis, other disease). % Prosthesis (column 13) is the
percentage of pathological platelet destruction (prosthesis plus other) that can be attributed directly to the prosthesis. % Random
(column 14) is the fraction of platelets destroyed by all random (vs. senescent) mechanisms throughout their lifespan. The calculations
are described in the Methods section.

virtually coincident. In both cases, platelet survival was
reduced significantly (p<0.01) compared to normal con-
trol values, which averaged 8.95±0.75 days.

Since platelet survival was comparably shortened in
both patient groups, the calculated rates of total random
platelet destruction (excluding senescent platelet re-
moval) were also equivalent, and averaged 13.8%±6.1%
per day in the aneurysm group and 13.8%±5.7% per day
in the prostheses patients. These rateswere significantly
greater (p <0.001) than the control values of 1.9%±O.3%
per day, which in the normal individuals reflected only
hemastatic platelet utilization (Tables 1 and 2). Similarly,
senescent platelet removal averaged 4.5%± 1.8%per day
in the aneurysm patients and 4.4%±1.7% per day in the
graft recipients (p>O.5). These rates were significantly
reduced as compared to control values (9.4%± 1.0% per
day, p<0.001). Also, the fraction of platelets that were
removed by random mechanisms throughout their
lifespan (%random, Tables 1 and 2) was elevated in both
the aneurysm patients {72%±19%) and graft patients
(73%± 19%) relative to the control group values
(17%±3%, p <0.001). The platelet requirement to support
hemastasis and/or other normal physiologic mechanisms
averaged 1.8%to 2.0%per day in both the patient groups
and normal subjects.

Platelet Imaging Studies
Despite the similarities in platelet kinetics between the

aneurysm and graft patients, dynamic imaging demon-
strated markedly dissimilar patterns of In-111 platelet
accumulation onto the abnormal endovascular surfaces
(Figure 3). The maximum accumulation of platelet radio-
activity and the time required to reach this peak value
after injectio'nof the labeled cells were calculated directly
from Equation 4 following least-squares fitting to the
time-radioactivity data for each patient. The aneurysms
accumulated platelets more rapidly, with the peak uptake
of radioactivity observed at 2.3±O.8 days compared to
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3.5± 1.3 days in the graft patients (p=0.07). Maximum
accumulation of radioactivity was also greater in the
aneurysms, averaging 3.3%± 1.6% of total radioactivity
(vs. 1.6%± 1.1% on the vascular grafts, p=0.05).

These differences between patient groups, which were
demonstrated experimentally by dynamic imaging (Fig-
ure 3), were also reflected in the parameters derived from
the analysis (Equation 4). Thus, the average residence
time (8) for aneurysm-associated radioactivity was
1.4±O.9 days, vs. an average residence time of 2.9±1.7
days for graft-associated In-111 radioactivity (p=O.07).
The rate constant (K) for platelet deposition in aneurysms
("Aneurysm," Table 1) averaged 5.0%±3.4% of circulat-
ing platelets per day and was significantly greater
(p=O.02) than the rate of platelet deposition onto the
aortic prostheses, 1.4%±0.8% per day ("Prosthesis,"

4.5

3.6
i: 2.7ëO
ëi~
?f! tB

0.9

Time (days)
Figure 3. In-111-platelet accumulation onto aortic aneurysms
(upper curve) and Dacron aortic grafts (lower curve), expressed
as a percentage of total injected radioactivity for images taken
serially over a 6-day period. Solid lines are the best least-
squares fit to the data according to Equation 4.
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Table 2). The component of random platelet destruction
not due to the grafts, aneurysms, or hemostasis (termed
"Other," Tables 1 and 2) averaged 6.8% per day in the
aneurysm patients and 10.7% per day in the graft
patients.

The rate of platelet destruction by the aneurysms
expressed as a percentage of the total rate of platelet
removal due to abnormal mechanisms (aneurysm plus
other) averaged 55%:t:38% (Table 1). Despite the vari-
ability in this measurement between patients (range, 15%
to 100%), which presumably reflects differences in aneu-
rysm age, thrombogenicity, and the relative contribution
of nonaneurysm components of platelet removal, platelet
destruction by the aneurysms was clearly a major factor
contributing to shortened platelet survival in most pa-
tients. However, in the seven prosthesis patients, the
extent of abnormal platelet destruction that could be
attributed directly to the vascular grafts (% Prosthesis,
Table 2) averaged only 17%:t: 11% (range, 6% to 40%).
The difference between the aneurysm and graft patients
in this regard was statistically significant (p=0.03).

Discussion
While both arterial grafts and aneurysms are thrombo-

genic, these vascular abnormalities differ in terms of their
pathologic mechanisms of thrombus formation. Important
variables may include the effects of altered blood flow
patterns, the presence of synthetic (Dacron) vs. biologic
(aneurysm) nonendothelialized surfaces and differences
in the relative importance of platelet-mediated vs. coagu-
lation-mediated pathways of platelet recruitment.1.4.8.27.28
Thus, aneurysms may contain large visible thrombi, while
grafts generally accumulate thinner layers of platelets and
compacted fibrin.1.12.13

In the present study, the mean lifespan of circulating
platelets was significantly and comparably shortened,
both in patients with aortic aneurysms and in patients
with Dacron aortic prostheses, although the patterns of
In-lll platelet deposition, as determined from gamma
camera imaging, were markedly different in the two
patient groups. The aneurysms accumulated approxi-
mately twice as much injected In-l11 platelet radioactivity
as the vascular prostheses, and the maximum incorpo-
ration of isotope was observed at an earlier time in the
aneurysm patients. Thus, measurements of platelet sur-
vival alone were clearly unable to predict the rate or
extent of platelet incorporation by the grafts or aneu-
rysms, suggesting additional and perhaps unrecognized
components of platelet destruction in these disorders.
These experimental observations are generally consis-
tent with previous clinical studies in patients with aortic
grafts2.5.7.8.14and aneurysms.3.B It should be noted that
the control subjects for platelet survival studies were of a
younger average age than the patients, and it is conceiv-
able that the normal platelet lifespan may decrease
modestly with advancing age. Nonetheless, platelet sur-
vivals in both patient groups were considerably reduced
as compared to the generally accepted normal value of
9 to 10 days.1.1o.1B-18.22

The analytical approach used to estimate the rates of
platelet removal by different normal and pathological
mechanisms allowed a broader interpretation ·of these
findings. The results were well explained quantitatively on
the basis that the aneurysms caused more destruction of
circulating platelet than the grafts (5~~%:t:3.Ó% per day
vs. 1.4%:t:O.8% per day), with platelets deposited in
aneurysms having a shorter residence time than platelets
associated with the Dacron prostheses (1.4:t:O.9 days vs.
2.9:t:l.7 days). Since rates of thrombus formation and
dissolution are equivalent under steady-state conditions,
the observations that aneurysms accumulated platelets
more quickly and to a greater extent suggests that they
are typically more thromboembolic/thrombolytic, as well
as more thrombogenic, than vascular prostheses. This
rapid turnover of aneurysm (vs. graft) thrombi could
reflect a more active thrombin-mediated deposition pro-
cess and locally enhanced fibrinolysis and/or the forma-
tion of thrombus, which is inherently less stable toward
fluid shear forces or more susceptible to degradation by
thrombolytic mechanisms. This concept is also consis-
tent with clinical observations that aneurysms may pro-
duce a chronic consumption coagulopathy,28 while arte-
rial grafts selectively remove platelets without increased
turnover of fibrinogen and plasminogen or elevation of
plasma levels of fibrinogen/fibrin degradation pro-
ducts.1.2 Our results are also consistent with the in-
creased frequency of clinical embolic phenomena ob-
served in aneurysm patientsw and support the view that
aneurysm segment reconstruction by vascular grafting is
therapeutically warranted.

Graft-related platelet deposition accounted for a rela-
tively minor proportion of increased platelet turnover
above normal physiologic levels (17%:t: 11%) as com-
pared to the aneurysm patients (55%:t:38%). This may
explain, in part, the poor correlation found between
platelet lifespan and maximum graft platelet deposition
and may be consistent with observations of reduced
platelet lifespan in preoperative atherosclerotic patlents.s
The additional components of platelet removal could be
related to unrecognized (by In-lll imaging) sites of
vascular disease, particularly in the graft recipients. While
there is no reason to speculate that graft patients have
more unrecognized preoperative atherosclerosis than
aneurysm patients, in the present study the graft patients
were evaluated an average of 32 months postoperatively.
Over this interval, significant progression of disease at
sites removed from the grafts seems likely, at least in
some patients. Alternatively, this result could reflect a
reduced intrinsic lifespan of individual platelets, which
continued to circulate, perhaps as a consequence of
reversible or sublethal platelet interactions. We consider
this explanation less likely since it has been shown in
rabbits that platelets degranulated in vitro survive nor-
mally in vivo29•30 and that in primates with vascular
prostheses, platelet survival and function are normal and
independent of platelet aging in the circulation after
platelet cross-transfusion into normal recipients or after
removal of the thrombogenic stimulus.31.32 The analytical
approach used here is consistent with either possibility
since it demonstrates only that there is an additional



Hanson et al.PLATELET INTERACTIONS WITH GRAFTS AND ANEURYSMS

component of platelet removal (i.e., a shortening in
platelet survival to a degree greater than expected)
occurring through mechanisms that remain to be defined.

Despite the heterogeneity of each patient population,
the two groups differed most significantly with regard to
the theoretically predicted rates of platelet deposition
onto grafts vs. aneurysms (p=0.02) and were less well
differentiated on the basis of experimental measurements
such as the mean platelet survival time (p >0.5) or the
maximum incorporation of radioisotope (p=0.05). This
approach may, therefore, have a greater sensitivity for
distinguishing thromboembolic disorders and for assess-
ing the effects of therapy. In addition, information on
platelet deposition rates and platelet thrombus turnover
may be important in certain settings for the proper
selection of radioisotopes or for the design of thrombus-
directed probes (e.g., labeled monoclonal antibodies) to
be used for thrombus detection. Moreover, this analytical
method mayalso be useful for the interpretation of clinical
assessments of peripheral thromboembolism or ischemia
or for correlating laboratory measurements of ongoing
thrombosis such as plasma levels of platelet specific
proteins and other markers of active coagulation and
fibrinolysis.

Finally, a plateau and subsequent decrease in graft or
aneurysm radioactivity was observed in each patient
studied, demonstrating both active platelet uptake and
the reduction of platelet-containing thrombus, presum-
ably by microembolization and/or lytic mechanisms. This
phenomenon has generally not been demonstrated in
previous reports, perhaps since imaging was not per-
formed at later time points3.4.5.7.8 or, because the presen-
tation of imaging data simply normalized with respect to
reference areasor circulating blood radioactivity does not
fully exploit the information contained in the dynamic
curves.4•5.7.8 Thus, while measurements such as mean
platelet lifespan and maximum incorporation of isotope
have clearly proven useful for thrombus detection, we
believe that the additional determination of both normal
and pathological components of platelet destruction will
provide a more thorough characterization of platelet
mechanisms in thromboembolic disease.
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Summary Mean platelet lifespan, the plasma beta-thromboglobu-
lin/platelet factor 4 ratio (BTG:PF4), the circulating
platelet aggregate ratio, the in vitro aggregation response
of platelets to ADP and collagen, and thromboxane A2

production by platelets that have been stimulated with
collagen were measured before and after treatments.
Platelet function was not significantly inhibited by n-3
essential fatty acid supplementation of either diet. N-6
essential fatty acid supplementation lengthened the
mean platelet lifespan significantly by 33 ± 23 hours and
28 ± 22 hours in animals receiving the atherogenic diet
and therapeutic diet respectively. This lengthening is
either a result of less severe atherosclerosis in these
groups or of inhibition of the interaction of platelets with
atherosclerotic lesions.

Plaque formation is a complication of atherosclerosis
that predisposes to thrombotic myocardial and cerebral
infarction. Platelet activation, vascular stenosis and
anomalous vasoconstriction are contributory factors.
Hypothetically, dietary supplementation with essential
fatty acids could modify the pathogenesis of atheroscle-
rosis by inhibiting platelet function, by promoting syn-
thesis of vasoactive eicosanoids, and by altering the com-
position of plasma lipids. To test this theory primates
(vervet monkeys) with confirmed atherosclerosis were
supplemented for 20 months so that matched individuals
received 2% of their dietary energy from either n-3 or n-
6 essential fatty acids added to an atherogenic diet. In
matched subsets of each essential ratty acid treatment,
the atherogenic diet was changed to a therapeutic diet
known to regress some components of atherosëlerosis,

Atherogenesis is a complex process that involves accumula-
tion of lipoprotein in the arterial wall and attachment of
monocytes and T-lymphocytes to adhesive proteins
expressed on the surface of injured endothelial cells. The
rnonocytes and lymphoeytes migrate into the subendothe-
lium where the rnonocytes become macrophages that accu-
mulate lipid to change into foam cells. Together with the
accompanying lymphocytes, the foam cells form the fatty
streak. Continued cell influx and proliferation lead to more
advanced lesions, distinguished by their fibrous character,
and ultimately to the fibrous plaque. In humans. monkeys
and rabbits the affected arteries contain sites with retracted
endothelial cells which provide foei for platelet interactions
leading to the formation of mural thrombi. I Thus,
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TABLE L THE DAn...Y ENERGY AND CHOLESTEROL SUPPLIED BY DIET, THE RATIO OF POL YUNSA TU-
RATED TO SATURATED FATTY ACIDS (pIS RATIO) AND DOSES OF THE On. SUPPLEMENTS. VALUES ARE

GIVEN AS A MEAN :t 1 SD

ADISO AD/FO TDISO TDIFO Reference
N=8 N=9 N= JO N=8 N=JO

,

Total energy (kcal) 318 ± 7 312:t 18 363:t 10 366 ± 13 ~~ 366±8,-
Energy from lipids (%) 35 ±2 34±4 17 ±2 17 ±3 17 ±2
Energy from carbohydrate (%) 49 ± 1 50±3 69±2 69±2 69±2
Energy from protein (%) 16 ± 1 16± 1 14 ± I 14 ± 1 14 ± I
Cholesterol (J.Iglkcal) 310±39 326 ± 37 50± io 56±9 53 ± 14
Cholesterol (% total food) 0.050 0.056 0.007 0.008 0.008
PIS ratio 0.37 ±0,05 0.28 ±0.06 1.53 ±0,46 1.56±0,01 1,48 ± 0.30
N-3 supplementation (mg) 0 254±11 0 254:tll 0
N-6 supplementation (mg) 260±8 0 260:t 8 0 0

AD = atherogenic diet. TI) = therapeutic diet. FO= fish oil. SO = sunflower oil.

atherosclerosis is a principal contributor to the pathogenesis
of myocardial and cerebral infarction, and gangrene and loss
of function in the extremities.

It has been confirmed that the feeding of diets rich in sat-
urated fat to non-human primates promotes atherogenesis, . Material and methods ---
while decreasing dietary saturated fat or supplementing the
diet with n-3 fatty acids, or both, may halt the progress of
the lesions or even cause them to regress." In addition, it
has been shown in humans that aggressive treatment with
lipid-lowering drugs regresses coronary atherosclerosis."
The fatty acids may influence the metabolism of lipopro-
teins or other plasma proteins, fluidity of membranes, and
the functions of platelets, endothelial cells, monocytes and
macrophages.!" The effect of supplementing diets with n-3
fany acids derived from marine fish oil is, however, not
always anti-atherogenic in non-human primates= or man.F:"

Researchers have shown, in short-term studies « 30
days) of the effects of marine fish oil enrichments of athero-
genic diets in humans. rats and rabbits, that it might be pos-
sible to prolong the bleeding time, decrease the tendency of
platelets to aggregate, inhibit platelet adhesion, reduce
formation of arterial thrombi in carotid arteries after
endarterectomy, alter monocyte-neutrophil function and
reduce the rate of restenosis after coronary angioplasry.'?'
The explanation may be the competition between eicosapen-
taenoic acid and arachidonic acid as potential substrates of
cyclo-oxygenase. Whereas the predominant product of
arachidonic acid formed by platelets, thromboxane Al is a
potent vasoconstrictor and platelet agonist, the correspond-
ing product of eicosapentaenoic acid., thromboxane AI' is
biologically vinually inert," The effects of n-3 fany acids on
platelet function are, however, variable,':" and either
increasing the dose or prolonging the course may inhibit
platelet function further.'

In this study we investigated the effect that a long-term
dose of fish oil, which was clinically safe in primates, has
on platelet function. The dose of Atlantic pilchard
(Sardinops oscellata) oil provided 2% of dietary energy.
Other potential modifiers of platelet function imposed in
addition to the fish oil were long-term intake of an athero-
genic diet and dietary change from this to a therapeutic diet
known lo regress some components of atherosclerosis.P The
treatments were replicated with equivalent doses of sun-

Study design

flower (Heliantes annus) oil n-6 polyunsaturates instead of
fish oil n-3 polyunsaturates (fable I).'

..- -:--"':-'_ --"~:-' _ ..

All the primates used were mature adult vervet monkeys
(African green monkeys) (Cercopithecus aethiops). To
quantitate aortic and peripheral atherosclerosis they were
necropsied at the end of the study and the results published.'
Altogether 18 male and 17 female vervets were fed an
atherogenic diet for at least 15 months (range 15 - 71
months) before the start of the study. Thereafter individual
animals allocated to the dietary treatments were matched for
exposure to the atherogenic diet, sex, body weight and
plasma low-density lipoprotein cholesterol. Seventeen
remained on the atherogenic diet and were subdivided into a
group that was given sunflower oil (N = 8) and a group
given Atlantic pilchard fish oil (N = 9). The diet of the
remaining 18 was changed to a therapeutic diet with sun-
flower oil (N = 10) and fish oil (N = 8) enrichment The sun-
flower oil was given as a control to balance the oil intake
among groups. The composition and preparation of the
therapeutic and atherogenic diets (fable I) are described
elsewhere." Briefly, in the atherogenic diet intake of satu-
rated fat, red meat, refined carbohydrate and salt were
increased., whereas in the therapeutic diet, in which the con-
tent and saturation of fat were reduced., cholesterol was min- .
irnal, little red meat was given, no salt was added and the
amounts of vegetables and unrefined carbohydrate were
increased. No extra cholesterol was added to either diet N-3
polyunsaturated fatty acids in the sunflower oil balanced the
dose of n-3 polyunsaturated fany acids in the fish oil.

A reference group of 10 female vervets was also included
in the study. They were fed a therapeutic diet for 6 months
before the study started and remained on this diet until the
end of the study. Before this, their diet from weaning had
been high in carbohydrate and low in fat. This group was
monitored to identify possible effects of non-treatment-
related environmental influences, such as stress, on platelet
function during the study.



--------- . - .-- ----_,._._, -,--- --_:_-----
The circulating platelet aggregate ratio was measured by

the modified method of Wu and Hoak," The ratio of the
platelet count in platelet-rich plasma of a blood sample col-
lected in EDTAlphosphate-buffered saline/formalin to that
in the platelet-rich plasma of a blood sample collected in
EDTAlphosphate-buffered saline was calculated.

The aggregation response of platelets in platelet-rich
plasma (platelet count = 150 ± 20 x l<r/l)'was measured tur-

Markers reflecting diets. Total cholesterol levels in bidimetrically with a Monitor VI plus aggregometer (Helena
plasma low-density lipoproteins and the platelet membrane Laboratories, Texas) as described. lO ADP (Sigma) and colla-
phosphatidyIeholine fatty acid composition were determined gen (Hormon-Chemie, Germany) were used as aggregating
as previously described." Eicosapentaenoic acid and agents. Final cuvette concentrations of ADP were 25, 15,5
linoleic acid were markers of fish oil and sunflower oil, and 2,5 urncl/ml and that of collagen was 20 ug/ml. The
respectively. The fatty acid content was assessed by gas percentage change in light transmission 4 minutes after
liquid chromatography. Briefly, platelet-rich plasma was addition of the' agonist was used as an indication of the
prepared by differential centrifugation, the platelets washed aggregation response.
free of plasma and then resuspended in Plasmalyte B Thromboxane A2 synthesis by platelets was measured. 2UO

(Baxter Travenol). Platelet lipids were extracted with a Samples were collected exactly 4 minutes after addition of
chloroform/methanol (2: 1) extraction mixture and phos- 20 ug/ml (final concentration) collagen to platelet-rich
phatidylcholine was isolated by thin-layer chromatography. plasma. A sample of 50 III of the platelet suspension was
The phosphatidyIeholine fatty acids were transmethylated withdrawn into 950 Il of indomethacin Cl x lo-'M in phos-

.. ,. w~th_a sulphuric acidJmethan~1 ~ture, and, after extra~tion . phate-buffered saline, pH 7,4) in a .cold tube. ~I!.!" holding
by n-hexane, me fatty acids were analysed by gas liquid' on ice for 5 minutes, the sample was frozen at -80°C until
chromatography. The individual fatty acids were eac~ assayed for thromboxane B2 with a commercial radio-
expressed as a percentage of the total fatty acid content in immune assay kit (Amersham International plc, Bucking-
the platelet membrane phosphatidyleholine. hamshire, UK).

Laboratory tests
The baseline tests were done 1 week before dietary manipu-
lation was started and repeated after 20 months. All mea-
surements were taken over a period of 7 days. Blood was
collected without stasis from the femoral vein. The monkeys
were anaesthetised with ketamine hydrochloride (5 mg/kg
body mass) to allow handling.

Platelet function tests. Mean platelet lifespan of '''In_
labelled platelets was measured." A sample of 8,5 ml of
blood was collected in 1,5 ml ACD-A (Baxter Travenol).
Platelets were harvested from the blood by differential cen-
trifugation, pelleted by centrifugation and resuspended in
0,2 ml plasma. Tropolone and "Hn-chloride were added to
the platelets and incubated for 3 minutes. Plasma was
added, the platelets were concentrated and finally resus-
pended in platelet-poor plasma before reinjection. Labelled
platelets were not injected unless aggregates consisting of
10 or more platelets formed in response to adenosine
diphosphate'(ADP), which was added in vitro," Blood, 2 ml
collected in EDT A, was collected 10 minutes after the
labelled platelets were injected and again after approxi-
mately 18, 28, 45, 68, 75 and 93 hours. The radioactivity in
the blood samples was determined with a well-type scintilla-
tion counter (Packard, Packard Instrument Company,
Downers Grove, II). Radioactivity/time curves were con-
structed and MPLS calculated by the fitting of a gamma
function to the disappearance curve of labelled platelets.
The recovery of labelled platelets in the circulation was cal-
culated by back extrapolation of the disappearance curve oï,
labelled platelets from the circulation to time zero to assess
platelet viability." The recovery and mean platelet lifespan
were also determined in 6 young « 1 year old), normal
monkeys fed a therapeutic diet, and not subjected to dietary
manipulations.

Plasma platelet factor 4 (Abbott Laboratories. North
Chicago. USA) and ~-thromboglobulin (Amersham
International pie. Buckinghamshire. UK) were assayed with
commercially available radio-immune assay kits." Blood
was collected in precooled syringes containing EDT A.
2- chloro-adenosine and procaine-HCI (9: 1. Abbott
Laboratories. Chicago. USA) to prevent platelet activation
and thus in vitro release of the platelet-specific proteins.

Statistical analyses
As the data were normally distributed. Student's r-test for
paired data was used to assess the significance of difference
in changes between baseline and final measurements. The
mean difference and 95% confidence interval (en were also
calculated to identify the magnitude and direction of the
observed differences.

Results

Changes in plasma LDL cholesterol and lipoprotein profiles
reflected dietary manipulation (atherogenesis versus thera-
, peutic), but not the oil enrichment.' Compliance with oil
enrichment was confirmed by the platelet membrane phos-
phatidylcholine content of arachidonic and eicosapentaenoic
acids (Table II). Fish oil added to both atherogenic and
therapeutic diet enriched the platelet membrane with eico-
sapentaenoic acid (P = 0,001), most probably by replacing
arachidonic acid that had decreased significantly (P =
0.001). Changing the diet from atherogenic to therapeutic.
and supplementing the latter with sunflower oil. decreased
the platelet membrane content of arachidonic acid (P =
0.021). without a simultaneous increase in either eicosapen-
taenoic acid or linoleic acid. The reference group showed no
changes in the plasma cholesterol in low-density lipopro-
teins and in the platelet membrane contents of arachidonic.
eicosapentaenoic or linoleic acid.

The results of the baseline platelet function tests and the
mean changes measured at the end of the study are sum-
marised in Table m. The 95% CIs are included as an indica-
tion of the magnitude of changes brought about by the
dietary treatments and to provide an indication of the preci-
sion of the mean change. ,



TABLE n. THE MEAN :t 1 SD OF THE TOTAL PLASMA CHOLESTEROL IN LOW-DENSITY LIPOPROTEIN AND
THE PLATELET MEMBRANE PHOSPHATIDYLCHOLINE COMPOSITION OF ARACHIDONIC ACID,

EICOSAPENTAENOIC ACID AND LINOLEIC ACID

ADISO AD/FO TDISO TD/FO Reference
N=8 N=9 N= JO N=8 N= JO

Cholesterol in low-density lipoproteins (mgldl)
.,
.:.:

Baseline 216 ± 134 228 ± 129 220± 129 245 ± 149 61 :t 18
Final 227:t 103 238 ± 135 43:t 19 46±20 86±26

Arachidonic acid (percentage of total fatty acid content)
Baseline 23 :t4 23 ::t3 22±4 22::t 2 18± 1
Final 22± I 18± 1 19::t2 14± 1 19:t 1

Eicosapentaenoic acid (percentage of total fany acid content)
Baseline 0,5 :t 0.2 0.6 :to.2 0.6::t 0.2 0.5 ::to.I 0.3 ::to.I
Fina.! 0.7 ::to.I 4,5 ± 0.7 0,5 ::to.2 4.4::t0.1 0.3 ± 0.1

Linoleic acid (percentage of total fany acid content)
Baseline 1.2::t0.2 1,5::t0.3 1.4±0.2 1.1±0.2 1,5± 0.4
Final 1.1± 0.1 0.8 ::to.l 1.2± 0.3 0.7±0.1 1.4±0.3

AD = atherotlcnic diet. TO c therapeutic die!. FO = fish oil SO = sunflower oil

.-

In all the animals the recovery of IIIIn-labelled platelets
at baseline (68 ± 13%) and at the end of the study (72 ±
14%) was not different from the 72 ± 7% measured in the 6
young, normal vervets « 1 year old) fed a carbohydrate diet
low in fat and not subjected to the dietary manipulations.
The mean platelet lifespan before the start of dietary treat-
ment (Table Ill) was markedly shorter than the 136 ± 11
hours determined in the 6 young ververs mentioned above.
Fish oil enrichment of both the atherogenic and therapeutic
diets did not significantly change the mean platelet lifespan,
although the 95% Cl indicates erratic responses. Enrichment
of both diets with sunflower oil significantly lengthened the
mean platelet lifespan, and the 95% Cl suggested that more
benefit may have accrued from enrichment of the athero-
genic diet. The mean platelet lifespan lengthened slightly,
but significantly, in the reference group.

Diet or oil enrichment, or both. did not change the BTG:
FP4 ratio significantly, nor did it influence the circulating
platelet aggregate ratio (Table ITI). The latter measurement
was increased significantly (P = 0,021) in the group receiv-
ing a therapeutic diet with fish oil enrichment, indicating
that there were fewer circulating platelet aggregates.

The production of thromboxane Al by platelets, mea-
sured as thromboxane Bl, in response to collagen stimula-
tion is also summarised in Table Ill. Fish oil enrichment of
the atherogenic and therapeutic diets decreased thrombox-
ane Al production. Changing of the diet from atherogenic to
therapeutic, as well as supplementation of the latter with
fish oil, also decreased production.

The in vitro aggregation responses of platelets to ADP
and collagen are summarised in Table IV. An atherogenic
diet enriched with fish oil significantly increased the aggre-
gation response to 15 and 2.5 umol ADP. Although aggre-
gation with ADP was not significantly changed by the other
treatments, the 95% Cl strongly suggested an increase in
aggregation of platelets in response to ADP, especially with

Discussion

fish oil. Dietary enrichment with oil had no significant
effect on collagen-induced platelet aggregation.

At necropsy, varying degrees of aortic, peripheral and coro-
nary atherosclerosis were confirmed.' This means that
platelet function was measured during progressive
atherosclerosis when the atherogenic diet was continued.
Changing from the atherogenic to the therapeutic diet
regressed components of atherosclerosis such as intimal
lipid-laden macrophages and stainable lipid within 20
months. Components of advanced atherosclerosis such as
cholesterol crystals, fibrosis and calcification did not regress
within the 20 months. Lack of regression of these chronic
components is logical, given the long progression of this
disease.

The influence of dietary manipulation and enrichment of
the diet with fish oil and sunflower oil on atherosclerosis is
discussed in detail elsewhere.' Briefly, there was no evi-
dence that the addition of fish oil to the atherogenic diet was
anti-atherogenic, nor did the fish oil enhance regression'
when combined with a therapeutic diet. In addition. spe-
cialised lipophages (foam cells) derived from monocytes
increased in both males and females when the atherogenic
diet was enriched with fish oil, but not with sunflower oil.
Clanging the diet to a therapeutic diet and supplementing it
with sunflower oil, but not fish oil, regressed some compo-
nents of atherosclerosis.' Our negative results on atheroscle-
rosis, where 2% of the energy was derived from fish oil. dif-
fered from those of a study where African green monkeys
were given 22% of calories as menhaden fish oil' However,
when menhaden oil supplied 22% of dietary energy the
demand for lipid-phase anti-oxidation was unphysiological
and induced vitamin E deficiency. Deaths followed and

\



TABLE III.MEAN PLATELET LIFESPAN, THE BETA.THROMBOGLOBULINIPLATELET FAcrOR 4 RATIO,
THE CIRCULATING PLATELET AGGREGATE RATIO AND THROMBOXANE ~ PRODUCTION BY

PLATELETS AT THE START OF THE STUDY, THE INCREASES OR DECREASES MEASURED AT THE END OF
THE STIIDY, AND THE P·ST ATISTICS AND THE 95% CIs OF THE DIFFERENCES (MEAN: 1 SD)

No. of Baseline Mean
monkeys value change

Mean platelet lifespan (hrs)
Reference 10 59:!: 18 16:!: 13
AD/SO 8 62 :!:25 33 :!:23
ADIFO 9 70:!:23 8 :!:34
TO/SO 10 60:21 28 :!:22
TOIFO 8 80:!:24 15 :!:39

~thromboglobulin: platelet factor 4 ratio
Reference 10 1.9:!: 0.7 -0.1 :!:0.7
AD/SO 8 3.0:!:2.2 -I.O:!: 2.8
ADIFO. 9 1.5 :0.9 -O.6:!: 1.3
TO/SO 10 2.1 :!: 1.2 0.0:!:0.9
TOIFO 8 2.2:!: 1.6 -O.3:!: 2.0

Circulating platelet aggregate ratio
Reference ID 0.82:!: 0.07 0.02 :!:0.12
AD/SO 8 0.83:!: 0.08 -O.OI:!: 0.06
ADIFO 9 0.87:!: 0.09 -O.01:!:0.18
TO/SO 10 0.83:!: 0.13 -O.O4:!:0.12
TOIFO 8 - 0.84:!:0.09 0.09:!:0,12

Thromboxane A: synthesis (pg/9xI0' platelets)
Reference ID 14.8 :!:4.2 6,0:!: 8.6
AD/SO 8 15.5 :!:9,4 -2.6:!: 8,9
ADIFO 9 28.2:!: 11,9 -13,5:!:8.9
TO/SO 10 26.3:!: 9.3 ~11.2:!: 12,7
TOIFO 8 23.5 :!: 11.5 -12.9:!: 8.9.

AD = atherogenic diet; TO = therapeutic diet; SO = sunllower oil: FO = fish oil.

Pwalue 95%Cl

0,030 3 to 29
0.003 18 to 48
0.536 -14 to 30
0.003 15 to 41
0,320 -11 t041

0.349 -0,6 to 0,4
0,384 -3.0 to I,D
0.227 -0,2 to 1,4
0.944 -0.5 to 0.5
0,694 -1.6 to I,D

0.340 -0,05 to 0,09
0,752 -0,05 to 0,03
0.913 -0,12 to 0,10
0.357 . -0,11 to 0,03
0,012 0,01100,17

0.029 1.0 to 11,0
0.436 -8,6 to 3,4
0.001 -19,0 to -8,0
0,020 -18,6 to -3,8
0.003 -18,9 to -6.9

TABLE IV. THE MEAN IN VITRO AGGREGATION RESPONSE:!: 1 SD OF PLATELETS AT THE START OF THE
STIIDY, THE MEAN CHANGES :!:1 SD AT THE END OF THE STIIDY, AND THE P·STATISTICS AND 95% CIs OF

THE DIFFERENCES. IN THE CASE OF ADP·INDUCED AGGREGATION, THE PERCENTAGE CHANGE IN
LIGHT TRANSMISSION WAS NORMALISED TO TRA T MEASURED WITH 25IJMOL ADP

Group No. of Baseline Mean P-value 95%Cl
monkeys value change

ADP (15 urnol)
Reference 10 83:!: 14 13 :!:22 0.050 Oto 25
AD/SO 8 87:!: 14 5:!: 14 0.336 -7to17
ADIFO 9 82:!: 15 19:!:22 0.028 2 to 36
TO/SO 10 77 :!:22 9 :20 0,197 -6 to 24
TOIFO 8 - 79:!: 15 lO:!: 19 0.157 -6 to 26
ADP (5 urnol)
Reference 10 78:!: 22 D-:12 0,900 -9 to 9
AD/SO 8 80: 19 3:!: 17 0.549 -12 to 18
ADIFO 9 73:!: 19 13:25 0.138 -6 to 32
TO/SO 10 64:!:28 10:!:23 0.199 -6to26
TOIFO 8 67 :!:22 19 :27 0,086 -5 to 43
ADP (2,5 umol)
Reference 10 6:!:4 10: 15 0.027 2 to 19
AD/SO 8 lO:!: 17 5 :!:28 0,603 -19 to 29
ADIFO 9 16:!:9 16: 17 0.021 3 to 29
TO/SO 10 22:!: 13 -7: 17 0.223 -19to5
TOIFO 8 IS:!: 10 2: 12 0.712 -8 to 12
Collagen (20 !lg/ml)
Reference 10 60: 16 lO:!: 18 0.056 -IIto3I
AD/SO 8 66:!: 16 4: 16 0.507 -10 to 18
ADIFO 9 72: 19 2: 17 0.821 -15 to 19
TO/SO 10 63 :20 I2:!: 19 0.128 -2 to 26
TOIFO 8 56: 23. I6:!:32 0.211 -12 to 44

AD = atherogenic diet; TO = therapeutic diet; SO = sunnower oil; FO = fISh oil '\

.:" .'-,'. ~> :



=: ---vitamin E supplementation was necessary to reverse the -fully the differenêe in the effect of oil enrichment on mean
trend.' :. platelet life span. There are some indications that linoleic

The results of several short-term studies of eieesapen- acid may influence platelet function directly. FIrstly, a diet
taenoic acid enrichment of westernised diets have suggested deficient in linoleic acid increases thrombin-induced plateiet

, that the anti-atherogenic effects of eicosapentaenoic acid aggregation." Secondly, in response to indwelling catheters
may be that it inhibits platelet function. a.ll Our results of in rats, the mean platelet lifespan was shortened by 28%
long-term enrichment of a proven atherogenic diet with when the diet was enriched with safflower oil, whereas
eicosapentaenoic acid do not support this hypothesis. We enrichment with milk fat shortened mean platelet lifespan
found no evidence that changes in the composition of by 41 %. The safflower oil contained approximately 70%
platelet membranes of arachidonic acid and eicosapen- linoleic acid and milk fat roughly 3%.11
taenoic acid had antiplatelet effects and were therefore anti- Fish oil added to both the atherogenic and therapeutic
atherogenic. None of the indices of platelet function that diets decreased arachidonic acid and increased eicosapen-
were measured showed that platelet function was inhibited. taenoic acid in platelet membrane phosphatidylcholine.
Although short-term studies have indicated that platelet Interestingly, changing from a diet rich in fat (atherogenic)
function can be inhibited by fish oil,a.ISwe found no such to a diet with a low fat content (therapeutic) and supple-
effect after long-term enrichment It is therefore likely that menting it with sunflower oil, also decreased platelet mem-
the observed. short-term beneficial changes may have been brane arachidonic acid slightly. This decrease was, however,
temporary, and that the platelets adapted to decreased avail- not accompanied by a simultaneous increase in either eico-
ability of arachidonic acid. Support for the latter hypothesis sapentaenoic acid or linoleic acid (Table m. The decrease in
comes from a study in which platelet adherence to endothe- membrane arachidonic acid was reflected in the decrease in
Hal cells was measured before and during fish oil enrich- thromboxane A2 formation by the platelets (Table III),
ment of a high-cholesterol diet Platelet adherence was max- which confirmed previously published results.v?"
imally inhibited 1 week after enrichment started. Inhibition In contrast .to other studies,":" we could not show that
of adherence decreased d~g the next 4 weeks of enrich- fish oil enrichment was related to reduced platelet aggrega-
ment to about half of that measured at 1 week," In addition, tion. Long-term enrichment of the atherogenic diet with fish
habitual fish consumption (about 33 g/day) for 26 years also oil actually tended to increase aggregation, suggesting that
had no measurable effect on platelet function when it was the platelets may have become more reactive to stimulation
compared with that measured in a matched group of people by ADP (Table N). The increased aggregation response and
selected from the same population whose diet included the finding that mean platelet lifespan was not markedly
about 2 g of fish per day." , changed as a result of fish oil supplementation, supports

Measurement of the mean platelet lifespan is one of the more recent findings that enrichment of atherogenic diets
more sensitive indices of in vivo platelet function. A short- with fish oil is not always advantageous.v'?'
ening indicates random removal of platelets from the circu- We could not associate decreased thromboxane Al for-
lation as a result of increased utilisation secondary to mation with the reduced platelet aggregation response; this
platelet activation by atherosclerotic plaques or endothelial is not consistent with results obtained when diets were sup-
ceU injury .12-~ The mean platelet lifespan was shortened plemented with fish oil in the short term. 17.19 It is possible
before the diets started (Table ill), suggesting the presence that the amount of eicosapentaenoic acid consumed (30
of atherosclerosis, which was confirmed at necropsy.' FIsh mg/kg body weight/day) was not sufficient to effect changes
oil enrichment had no measurable effect on mean platelet in the platelet membrane eicosapentaenoic acid/arachidonic
lifespan. Although the changes were not significant, lifespan acid ratio that will inhibit platelet function+" In the other
was lengthened by approximately Il % in the vervets that studies the dose of eicosapentaenoic acid was considerably
remained on the atherogenic diet and by approximately 19% higher.&.II.I7.lOWe do not believe that the changes in platelet
after the diet was changed to the therapeutic one (Table ill). membrane eicosapentaenoic acid/arachidonic acid ratio

It is important to note that the mean platelet lifespan in were too small. In this study, the eicosapentaenoic
ververs receiving the atherogenic diet lengthened signifi- acid/arachidonic acid ratio in the platelet membrane phos-
cantly by approximately 53% as a result of the addition of phatidylcholine increased to between 0,25 and 0,31 after 20
sunflower oil. For vervets receiving the therapeutic diet, the months of enrichment with fish oil (Table m. In studies
lifespan lengthened significantly by approximately 47% reporting inhibition of platelet aggregation, the ratios
(Table ill). These results should be interpreted in relation to increased to 0,1017 and 0,22,20whereas in studies reporting
the significant lengthening of approximately 27% in the ref- no inhibition fmal ratios were 0,768 and 0,09.11The results
erence group receiving only the therapeutic diet This sup- are so variable that interpretation is difficult The platelet
ports regression of atherosclerosis with the therapeutic diet, membrane may have contained enough arachidonic acid to
and it appears that supplementation of both diets with sun- produce thromboxane Al in sufficient amounts to support
flower oil resulted in an improved benefit The vervets aggregation induced by ADP and collagen. It is known that
receiving sunflower oil did have slightly less atherosclerosis the association between inhibition of thromboxane Al for-
at end of the study compared with those that received fish mation and thromboxane-dependent platelet aggregation is
oil. The increase in foam cells, derived from monocytes, not linear, and that a 10% residual capacity to form throrn-
was also less in the atherogenic diet group receiving sun- boxane Al is sufficient to sustain platelet aggregation."
flower oil.' The relatively small difference in the degree of It is reasonable to assume that determination of the mean .
atherosclerosis between the sunflower oil and fish oil platelet lifespan was best suited to indicate the in vivo
enrichment groups was probably not sufficient to explain platelet activation that resulted from atherosclerosis. The,
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There was no· evidence that long-term manipulation of the
diet of vervet monkeys with established atherosclerosis with
a low dosage of fish oil inhibited platelet function. Diet
enrichment with sunflower oil, on the other hand, length-
ened the mean platelet lifespan significantly. This may be
the result of its beneficial effects on atherosclerosis,' or- its
inhibition of the interaction of platelets with the atheroscle-
rotic lesions,'!" or both. In conclusion, no benefit in respect
of platelet function was achieved by enriching the diet of
vervet monkeys with a low dosage of Atlantic pilchard fish
oil for 20 months. Enriching the diets with sunflower oil
may have advantages, which should be investigated.
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Thromboembolic potential of synthetic
vascular grafts in baboons
Peter A. Schneider, MD," Harry F. Kotzé, PhD,b Anthon du P. Heyns, DM,b and
Stephen R. Hanson, PhD, a La Jalla, Calif', and Bloemfontein] Republic of South Africa

We have compared in baboons the capacity of two types of synthetic vascular grafts to
accumulate thrombus, activate circulating platelets, and generate occlusive platelet mi-
croemboli. Grafts were incorporated into femoral arterial-arterial shunts placed unilat-
erally in 10 baboons; the unoperated contralateral limbs served as controls. The accu-
mulation of indium III CUIn)-labeled platelets onto the grafts (expanded polytetra-
fl.uoroethylene [ePTFE] or knitted Dacron, 4 mm inner diameter) and the appearance of
lUIn radioactivity in distal microcirculatory beds (calf and foot) were quantified by dy-
namic scintillation camera imaging. After 1 hour total platelet deposition per graft was
higher with Dacron (49.0 ± 8.0 x 109 platelets) than with ePTFE (3.7 ± 0.6 x 109
platelets, p < 0.01). Platelet counts decreased and p-thromboglobulin levels increased
with Dacron graft placement but were unaffected by ePTFE graft placement (p < 0.05
andp < 0.01, respectively). Emboli shed from Dacron grafts were detected as multifocal,
irregular, and changing deposits in the calves and feet. Indium III platelet activity in
the feet distal to the Dacron grafts increased 81.1% ± 21.4% from baseline values over
1 hour, whereas the activities in the feet distal to the ePTFE grafts were unchanged
(p < 0.05). The increase in lllIn-platelet radioactivity above the control limb values (excess
radioactivity) was higher for the Dacron graft group than for the ePTFE group in both
the feet (139.6% ± 46.9% vs 6.2% ± 2.6%, P < 0.05) and the calves (86.7% ± 21.7%
vs 7.3% ± 3.6%, P < 0.05). After graft removal the peripheral lllIn-platelet activity re-
turned to normal over 24 hours. We conclude that knitted Dacron is more thrombogenic
than ePTFE and that its use may be associated with peripheral thromboembolization.
The present model may be useful for evaluating graft-related thromboembolic phenomena
and the effects of mediating variables. (J VASe SURG 1989;10:75-82.)

Thrombotic and thromboembolic events com-
plicate the use of prosthetic vascular grafts for arterial
reconstruction.l" The central role of blood platelets
in graft-induced thromboembolism has been shown
by studies documenting (1) selective platelet con-
sumption and the release of platelet-specific proteins
after the placement of synthetic arterial conduits'"
and (2) reduced thrombus formation and improved

graft patency after inhibition of platelet reactions by
antiplatelet agents or by endothelialization of the
graft luminal surface.v"

The eventual disruption of an enlarging platelet
mass under high-shear arterial flow may result in the
embolization of platelet thrombus to distal circula-
tory beds.':' Whereas this potentially serious com-
plication has been observed in association with pros-
thetic grafts both clinically and experimentally,
the determinants of embolic processes remain un-
clear.4.1O-13Unfortunately, no methods have been de-
scribed that are capable of monitoring real-time em-
bolic events associated with in vivo implants.I4-16
Consequently, previous studies of thromboembolism
in this setting have generally been qualitative or an-
ecdotal.ll•12.17 In the present article we document a
quantitative method for evaluating platelet interac-
tions with vascular prostheses, the subsequent em-
bolization of platelet-containing thrombus to distal
extremities, and the importance off actors influencing
these sequelae of synthetic vascular graft placement.

From the Roon Research Center for Arteriosclerosis and Throrn-
bosis, Department of Basic and Clinical Research, Research
I!!stitute: of Scripps Clinic, La Jolla,' and the:Me:dicalResearch
Council Blood Platelet Research Unit, Department of Herna-
rology, University of the Orange Fre:e:State, Bloemfontein."

Supported in part by research grants HL31469 and HL319S0
from the: National Institutes of Health, U.S. Public Health
Service.

Presented at the ISCVSISVS Combine:d Breakfast Session, Chi-
cago, Ill., June 15, 1988. .' ..

This is publication NP. S212BCR from the Research Institute of
Scripps Clinic, La Jolla.

Reprint re:quests: Stephen R. Hanson, PhD, Department of Basic
and Clinical Research (BCRS), Research Institute of Scripps
Clinic, 10666 N. Torrey Pines Rd., La JoUa, CA 92037.

75



60

Vascular Graft
50

ë
~ 40
-.::I
~.e;;
0 30Cl.
Cl>c
!l
Cl>

]i 20ca
ii:

10

76 Schneider et al..

Fig. 1.The superficial femoral artery was isolated and can-
nulated proximally and distally with a silicone rubber
arterial-arterial shunt. The graft preparation was placed in
line distal to a roller pump by means ofTefion connectors.
Platelet accumulation on the vascular graft and in the lower
extremities was quantified by scintillation camera imaging
of platelets labeled with lIIIn-oxine.

MATERIAL AND METHODS
Graft preparation

Reinforced expanded polytetrafluoroethylene
(ePTFE) vascular grafts (4 mm inner diameter [1.D. ],
30 urn internodal distance) were supplied by W.L.
Gore & Associates Inc., Elkton, Md., and knitted
Dacron (4 mm LD., uncrimped., external velour) vas-
cular grafts were supplied by C.R. Bard., Inc., Bil-
lerica, Mass. All grafts were cut to a length of 40 cm,
were placed inside Teflon tubing to prevent blood
leakage, and were connected end to end to 4.0 mm
LD. silicone rubber tubing. As described in detail
previously," this method produces a flow channel
that is smooth in its transition from the silicone rub-
ber to the graft, without imperfecóons caused by the
coupling procedure.

Surgical procedure
In vivo studies were: performed with 10 normal

male baboons (Papio anubis), weighing 11.6 :t 2.0
kg, that had been observed to be free of disease for
at least 6 weeks before use. All experiments were
performed in compliance with the "Principles of Lab-
oratory Animal Care" and the "Guide for Care and
Use of Laboratory Animals" (NIH Publication No.
80-23, revised 1985). While they were under general
anesthesia induced with 1% halothane, each animal
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Fig. 2. Platelet deposition was significantly higher on the
Dacron grafts than on the eITFE grafts (p < 0.01). The
mean platelet counts in the two groups were similar.

underwent the placement of a shunt between prox-
imal and distal segments of the superficial femoral
artery. The vessel was isolated after a femoral incision
was made, heparin su1fate (100 units/kg) was ad-
ministered, and two transverse arteriotomies were
performed. Each arteriotomy was cannulated by
means of a 13- to lS-gauge Teflon vessel tip (Life-
med., Vernitron Corp., Compton, Calif.) connected
to silicone rubber tubing (3.0 mm LD.), thus pro-
viding arterial inflow and outflow for the shunt. Each
cannula was securely fixed by use of 3-0 silk ties that
were placed around the vessel and the cannula. Th
silicone rubber cannulas were connected and flo
was established. The wound was closed with inter
rupted sutures and the animal was positioned fo
imaging. This surgical approach was chosen since th
vascular anatomy of the lower extremity in the b
boon is similar to that in humans."

Platelet Imaging
Autologous baboon blood platelets were label

with 111In-oxine according to a previously report
protocol" and were injected before each surgical p
cedure. Images of the grafts, feet, and calves w
acquired with a Picker DC 4/11 Dyna scintillati
camera (Picker Corp., Northford, Conn.). Data st
age and image analysis were performed by means
a Medical Data System Al computer (Medtro
Ann Arbor, Mich.) interfaced with the camera
medium-energy collimator was used with good
olution by imaging both the upper and lower en
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Fig. 3. A, Platelets were adherent to the ridges present on
the surface of the ePTFE and underlying graft material was
visible. B, Dacron grafts exhibited platelet-rich thrombus
with fibrin strand formation that completely obscured the
underlying knitted graft material.

peaks of 1I1Inwith a 20% energy window. Images
were also acquired of a 5 ml sample of whole blood
(blood standard). These methods have been de-
scribed previously."

Total graft platelet deposition (labclcd plus un-
labeled cells) was calculated by dividing the deposited
graft radioactivity by the platelet radioactivity con-
tained in I ml of whole blood and multiplying by
the platelet concentration per milliliter of whole
blood." Platelet counts were performed on whole
blood by means of an electronic platelet counter
(J.T. Baker Model 810, Allentown, Pa.).

Indium 111"':'labeledplatelet activity in each limb
was determined by measuring the counts pcr minute
in standardized regions of interest (ROl) for each
foot and calf The percent excess IIIIn-platelet de-

Baseline Pre·Gralt Post·Gralt Post·Graft
Tima(hours)0 1 2.5 4

Fig. 4. The placement ofDacron grafts was associated with
decreased platelet counts and increased levels of BTG and
FPA as compared to ePTFE.

position in the experimental extremity (ipsilateral to
the graft) as compared to the control extremity (con-
tralateral to graft) was then calculated at each imaging
time point by means of the following equation:

cpm in ROl of experimental limb -
cpm in ROl of control limb

x 100
cpm in ROl of
control limb

The excess (noncirculating) radioactivity in the ex-
perimentallimb was thus expressed as a percentage
of the control limb circulating blood activity.

Experimental protocol
Each animal underwent surgery in one limb; the

contralateral limb served as a control. After the
shunt was in place, scintillation camera imaging
of baseline (time 0) labeled platelet activity in the
calves and feet was performed. Blood was drawn
from the shunt for measurements of platelet count,
f3-thromboglobulin (BTG), fibrinopeptide A (FPA),
fibrinogen, hematocrit, and white blood cell count.
The arterial-arterial shunt was then connected to a
roller pump (Masterflex, Cole Parmer, Chicago, Ill.)
and operated at a flow rate of 80 ml/min for
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Fig. 5. After graft placement, platelet thrombus embolized from the Dacron grafts to the calves
and feet. The contralateral control limbs were free of embolic material. This anterior image of
the feet was taken after placement of a Dacron graft in the right femoral artery shunt for 1
hour. Emboli appeared as multifoca1, irregular, and changing deposits in the right foot.

1 hour. Pregraft (time 1 hour) images were obtained
of the calves and feet, and blood samples were drawn.
Heparin sulfare (50 units/kg) was administered, and
the graft preparation was interconnected between
segments of the shunt tubing distal to the pwnp (Fig.
1). Vascular grafts that were placed unilaterally in 10
animals included five knitted Dacron vascular grafts
and five ePTFE grafts. After placement, the graft and
the feet were imaged continuously for 1 hour. The
graft and the arterial-arterial shunt were then re-
moved (referred to herein as postgraft period), the
superficial femoral artery was ligated, and postgraft
images of the calves and feet were obtained. Addi-
tional blood samples for biochemical assayswere also
taken at this time. Subsequent imaging of the calves
and feet was performed at 30-minute intervals for an
addition 1V2 hours (2V2 to 4 hours from time 0).
Blood samples were taken at 2'12 and 4 hours. Final
images of the calves and feet were taken 24 hours
after the procedure. None of the animals experienced
clinical evidence of limb ischemia, an observation

consistent with previous studies that involved liga
tion of the baboon superficial femoral artery.,·IO.18

Morphologic characteristics
Immediately after they were removed, graft pre

arations were perfused with lactated Ringer's sol
tion (Travenol Laboratories, Deerfield, Ill.) at 37'
for 5 minutes. Perfusion was continued with 2.5
glutaraldehyde in lactated Ringer's solution at 37'
for an additionalS minutes. Samples were then stor
at 4° C until they were processed for scanning el
tron microscopy, which was performed as descri
previously."

Laboratory assays
Serial measurements of platelet count, B

FPA, fibrinogen, hematocrit, and white bl
cell count were performed. Plasma levels
BTG were determined by means of a commer
available radioimmunoassay (Amersham, Arlin
Heights, Ill.).18.2oBlood for FPA was dra



Volume 10
Number 1
July 1989

200
Cl
Cl-IC

Gralt Post·Grah
2 3 4

Time (hours)

Fig. 6. Excess IllIn-platelet deposition in the experimental
feet as compared to the contralateral control feet. There
was a significant increase in percent excess of IllIn-platelet
activity in the experimental limbs in which Dacron grafts
were placed but no change with eITFE placement. Indium
III platelet radioactivities in the feet decreased after the
graft was removed and returned to baseline within 24
hours.

24

2 m] samples into precooled syringes conrammg r

20 ng PPACK (n-phenylalanyl-t-prolyl-r-arginyl
chloromethylketone, a thrombin inhibitor), 20 units
heparin sulfate, and a final concentration of 10
rnmol/L ethylenediamine tetraacetic acid. Samples
were centrifuged at 45,000 g for 20 minutes at
4° C. The measurement of FPA levelswas performed
by means of a radioimmunoassay (!MCO Corpora-
tion, Stockholm, Sweden)." Fibrinogen was mea-
sured as total thrornbin-dortable prorein.P:" The
mean fibrinogen level was 316 ::!: 43 mg/dl and re-
mained stable in all animals during the study. White
blood cell counts and hematocrits were performed
by use of an electronic cell counter (J .T. Baker Model
150, Allenrown, Pa.). The mean white blood cell
count was 9.1 ::!: 1.5 x I03/f.LI and the mean he-
matocrit was 33.2% ::!: 0.5%. These remained un-
changed over the course of the experiment.

Data analysis
Data were analyzed by means of CLINFO com-

puter programs provided through the Division of
Research Resources, National Institutes of Health.
Comparisons between two groups were performed
by use of the two-tailed Student t test.22 Unless other-
wise stated, values are given as the mean ::!: 1 SEM.
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Fig.7. Embolization to the calves also occurred in asso-
ciation with Dacron graft placement, and irs course was
similar to that seen in the feet. .

RESULTS
Indium Ill-platelet deposition was significantly

higher on the Dacron grafts (49.0 ::!: 8.0 x 109
platelets per graft) than on the ePTFE grafts (3.7 ::!:

0.6 x 109 platelets per graft,p < 0.01) after 60 min-
utes of exposure to flowing blood (Fig. 2). Platelet
deposition curves plateaued within 40 minutes of
graft placement. The mean platelet count was 347 ::!:

49 X 103
/ f.LI in the Dacron graft group and 379 ::!:

81 x 103/ f.LI in the ePTFE graft group. Gross eval-
uation of the graft specimens showed that the ePTFE
surface had accumulated minimal thrombus, whereas
the Dacron was covered with an evenly distributed
layer of thrombus. Scanning electron microscopy of
the ePTFE luminal surface showed platelets adherent
to the graft mesh (Fig. 3,A). Amarked accumulation
of platelet-rich thrombus was present on the Dacron
surface, which totally obscured the underlying graft
substrate (Fig. 3, B).

Systemic blood alterations as determined from
the in vitro biochemical assays are summarized in
Fig. 4. Platelet counts decreased 27.7% ::!: 5.1%
with the placement of Dacron grafts and 1.3% ::!:

2.0% with ePTFE graft placement (p < 0.05). Beta
thromboglobulin increased after the placement of
Dacron grafts (68.8 ::!: 11.9 ng/ml) and was higher
than that observed with ePTFE grafts (12.8 ::!: 3.0
ng/ml, p < 0.01). Fibrinopeptide A levels were
29.9 ::!: 14.8 nmollml after the exposure of Dacron
to flowing blood and 7.5 ± 4.2 nmollmJ with
ePTFE (p = 0.154). By 4 hours the BTG and FPA
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levels had returned to near normal values (Fig. 4).
There were no significant changes in fibrinogen
levels, white blood cell counts, or hernatocrits during
these studies in either the Dacron or the ePTFE
groups.

When lllIn-platelet activities in the feet were ex-
pressed as a percentage of baseline (time 0) values,
pregraft (time 1 hour) values for the 10 unoperared
control feet (95.6% ± 2.6% of baseline) were sim-
ilar to those in the operated experimental limbs
(98.0% ± 6.0% for the Dacron graft group and
98.9% ± 2.0% for the ePTFE graft group), indi-
cating that there was no significant increase in pe-
ripheral IIIIn-platelet activity as a result of the sur-
gical procedure and placement of the extracorporeal
circuit. Embolization of platelet thrombus to the feet
began immediately after the exposure of Dacron
grafts, but was not observed with ePTFE grafts or
in the control feet (Fig. 5). Thus after 60 minutes
of exposure to flowing blood, lllIn-platelet activity
in the feet distal to the Dacron grafts increased
81.1 % ± 21.4% above baseline values bur was un-
changed in the ePTFE graft group (p < 0.05).

The measurements of excess lllIn-platelet activity
in the feet of the experimental extremities as com-
pared to the control limbs are given in Fig. 6. Sub-
tracting the relative activity of the control limbs
showed that the Dacron and ePTFE graft groups
were similar before graft placement; excess IIIIn-
platelet activity in the experimental feet was 3.3% ±
3.0% for the Dacron graft group and 4.9% ± 2.2%
in the ePTFE graft group at baseline (time 0). One
hour after the graft was placed, the feet distal to the
Dacron grafts showed a 139.6% ± 46.9% excess of
IllIn-activity as compared to a 6.2% ± 2.6% in-
crease for the ePTFE graft group (p < 0.05). Activ-
ity decreased in the postgraft period, and after 24
hours it was similar in the control and experimental
limbs (Fig. 6), which indicated that the embolized
material had been nearly eliminated.

Embolization of platelet thrombus to the calves
also occurred after the placement of Dacron grafts
(Fig. 7). Excess lllIn-plateler activity in the calves
disral to the Dacron grafts was 86.7% ± 21.7% as
compared with a 7.3% ± 3.6% increase in the
ePTFE group (p < 0.05). Indium Ill-platelet ac-
tivity continued to increase for a short time after the
Dacron graft was removed (2 to 2V2 hours), de-
creased steadily during the remainder of the postgraft
period, and by 24 hours was similar to that observed
in the ePTFE graft group (19.6% ± 9.6% vs
5.4% ± 3.2%,p = 0.219). There was no significant
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accumulation of lllIn-platelet activity in the control
or ePTFE calves during the study.

The distribution of platelet emboli in the limbs
distal to the Dacron grafts was variable. The feet were
the most common targets for embolization; all five
feet in the group with Dacron grafts sustained in-
creases in lllIn-platelet deposition. Levels in two feet
increased to over twice the baseline values, whereas
the other feet sustained moderate increases. When
the location of platelet thrombus deposited in the
feet was evaluated by subdividing each foot in the
Dacron graft group into three equal regions of in-
terest, no significant differences in platelet accumu-
lation were found in the forefoot, midfoot, and heel.
Two calvesshowed no appreciable increase in platelet
deposition, whereas the others sustained appreciable
increases from baseline levels. The limb with the larg-
est increase in platelet deposition in the foot also
showed almost no change in the calf. Thus whereas
platelet microembolization was a consistent finding
in all cases, the absolute numbers of platelets retained
in the calf or foot exhibited considerable variability
among animals.

Finally, the total number of platelets (labeled plus
unlabeled cells) deposited in the limbs after place-
ment of the Dacron graft was evaluated by subtract-
ing the number of platelets present at baseline (time
0) from the number present at graft removal (time
2 hours). There were 5.5 ± 2.5 x 109 platelets de-
posited per limb (calf plus foot), a value equal to
11.8% ± 4.5% of the total number of platelets de-
posited on the Dacron grafts.

DISCUSSION
The present: studies document in a nonhuman

primate model the effects of two different vascular
graft materials on platelet destruction, systemic blood
alterations consistent with platelet thrombus for-
mation, and the generation of peripheral arterial
thromboernboli. No significant changes in these mea-
surements were induced by the surgical procedure or
the experimental design, which included the place-
ment of an extracorporeal circuit and roller pump.
After grafts were placed, platelet deposition was sig-
nificantly higher on Dacron grafts than on ePTFE
grafts, as previously observed.ë'-" The Dacron grafts
also caused a significant decrease in circulating plate-
let counts, with corresponding increases in plasma
levels of BTG and FPA. In contrast, no significant
changes in these measurements were associated with
exposure to the ePTFE graft. The placement of Da-
cron grafts, but not ePTFE grafts, resulted in the
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embolization of platelet thrombus to distal micro-
circulatory beds, which caused a significant increase
in peripheral IIIIn-platelet activity, as compared to
both baseline images in the same limb and concurrent
images obtained in the contralateral control limb.
Approximately 10% of the platelets accumulated by
the Dacron grafts embolized distally, and the foot
was the most common and consistent site of em-
bolization. After the Dacron graft was removed after
1hour of blood exposure, there was a steady decrease
in IIIIn-platelet activity in the distal extremities, with
most of the embolized platelet thrombus undergoing
lysis and removal within 24 hours.

This model was designed to directly evaluate the
thromboembolic consequences of graft placement
and the role of graft material properties. Grafts were
incorporated into a hernodynarnically smooth, extra-
corporeal shunt system, thus avoiding the effects of
vessel injury and possible differences in surgical tech-
nique. An occlusive roller pump was used to maintain
constant blood flow during the procedure, thereby
eliminating possible effects of hemodynarnic vari-
ables. Under these conditions platelet deposition
onto the Dacron grafts was comparable to values
obtained in a previous study performed without me-
chanical blood pumping." In addition, blood pump-
ing alone was not associated with direct activation
of platelets (Fig. 4) or measurable damage to other
formed elements. Heparin was given in standard an-
ticoagulating amounts during surgery and again with
graft placement, to prevent clot formation caused by
stasis in the shunt system. Unoperated, contralateral
limbs served as controls for comparison to the limbs
in which the grafts were placed. Dacron and ePTFE
grafts were evaluated because they are widely used
for clinical arterial reconstruction.

Graft material is a major factor influencing plate-
let deposition on vascular prostheses.v':":" Dacron
has generally been considered to be more throm-
bogenic than ePTFE, and this observation was con-
firmed in the present study. Increased rates of platelet
destruction have also been reported to vary markedly
depending on material type.4•6 The significant de-
crease in platelet count and increase in plasma levels
of BTG that occurred in the hour after the placement
of Dacron grafts further documents the important
role of platelets in this process. Although levels of
FPA were modestly increased, fibrinogen levels did
not change appreciably as a result of graft placement,
which suggests that thrombus formation in this ar-
terial flow model is regulated primarily by platelets
rather than by coagulation-dependent mechanisms.

Graft-induced platelet thromboemboli 81

Whereas thromboembolic complications have
been associated with the use of cardiovascular de-
vices, peripheral arterial thromboembolization has
been difficult to evaluate quantitatively.4.1I.12.25.26Pre-
vious reports have documented qualitatively the pres-
ence of platelet micro emboli in the renal parenchyma
after placement of proximal tubular prostheses,4.25.26
and this process appeared to be a function of the
physicochemical properties of the prosthetic mate-
rials evaluated. In the present study embolic material
was detected within minutes of Dacron graft place-
ment and before maximum saturation of the graft
surface with platelets occurred. However, factors
other than graft type may also play a role, since the
amount of embolic material did not correlate closely
with the total number of platelets collected by a given
graft, the platelet count, fibrinogen level, or hernat-
ocrit. The embolic material was also rich in blood
platelets as documented by scintillation camera IIIIn-
platelet imaging (Fig. 5), evaluation of graft surfaces
by scanning electron microscopy (Fig. 3), and mor-
phologic evaluations of renal microemboli shed from .
prosthetic surfaces in an earlier study in baboons.v'"
In healthy baboons without peripheral arterial dis-
ease, these thromboemboli were almost completely
removed within 24 hours by endogenous fibrinolytic
mechanisms. However, in patients with severe ath-
erosclerotic peripheral arterial disease, and perhaps a
diminished capacity for thrombolysis, these embolic
processes may contribute to irreversible arterial oc-
clusion, which is clinically significanr.":"

Previous reports have indicated that embolization
in the early period after graft placement may be pri-
marily atheroembolic in nature. Whereas our obser-
vations suggest that platelet microembolism may also
occur in humans after synthetic graft placement, the
contribution of this process to the occasional but
serious clinical syndromes of peripheral limb isch-
emia remains to be defined. Although late morbidity
caused by the embolization of mural thrombus ac-
cumulated by synthetic grafts has been documented
qualitatively by the retrieval of surgical specimens, a
more complete understanding of the mechanisms re-
sponsible for this process has been hampered by the
inability to monitor real-time embolic events in vivo.
Therefore the present model involving IIIIn-platelet
imaging of microcirculatory beds distal to prosthetic
grafts may prove useful for evaluating quantitatively
the extent of occlusive microembolization in vivo
with respect to graft-related variables and therapeutic
interventions.

In summary, graft-induced platelet destruction
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with subsequent embolization of platelet thrombus
was observed in a baboon model after placement for
1 hour of Dacron grafts, but not after placement of
ePTFE grafts. This mechanism may play a role in
arterial occlusive disease or ischemic syndromes oc-
casionally associated with the use of prosthetic vas-
cular grafts.

The authors thank Laurence A. Harker, MD, for help-
ful discussions, Andrew KeIly, DVM, for performing the
anesthesia., and John Dietrich, Jill Ianik, Julius Kucsma.,
Paul McFadden, Todd Price, VIla Marzec, and Christie
DeBurgh for technical assistance.
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Stephen R. Hanson, Herculaas F. Kotze, Brian Savage, and Laurence A. Harker

We have developed a model of acute Dacron graft thrombosis in baboons In order to
assess platelet alterations secondary to arterial thrombus formation. In this model,
thrombus formation was Initiated by Dacron vascular grafts Inserted as extenslon
segments Into chronic arteriovenous SIlastic shunts. Following platelet labelIng with
111In-o)(lne,platelet deposition was measured for 1 hour following blood contact
under arterial flow conditions using a scintillation camera. Graft platelet activity rapid-
ly Increased 40- to 50-fold, plateauing by 1 hour. All grafts produced equivalent reduc-
tions in circulating platelet count and blood 111ln-platelet radioactivity, demonstrating
that the labeled cells were functionally equivalent to the total platelet population. After
graft placement, the remaining platelets survived normally. Acute platelet deposition
was equivalent on grafts placed 1, 24, 48, and 72 hours following injection of the
labeled cells, Indicating that a variable delay between platelet labelIng and graft Imag-
Ing was without detectable consequence. Platelet destruction by the graft produced a
tenfold Increase in plasma levels of platelet factor 4 (PF4) and B-thromboglobulln
(BTG) but did not modify either the a-granule (PF4, BTG) or dense granule (ADP, ATP)
contents of circulating platelets.
(Arteriosclerosis 5:595-603, November/December 1985)

m... nimal models of acute arterial thrombosis have
~ had limited usefulness because the assessment
of vascular occlusion has usually involved the use of
experimental animals of questionable relevance to
.humans with observations at a single point in time
after an initiating vascular insult. 1-3Some of the un-
controlled variables that compromise the quantita-
tive aspects of such approaches include: the type
and extent of the initial vascular injury, loss of throm-
bus by embolization, loss of thrombus by thromboly-
sis, hemodynamic characteristics of the model, and
the timing and type of observations at sacrifice.
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To quantify continuously the overall rate of acute
arterial thrombus formation in vivo in a manner that is
free of uncontrolled variables, we used a primate
model of vascular graft thrombosis. This model was
developed specifically to produce an acute, signifi-
cant, and reproducible thrombotic challenge such
that the relative importance of in vivo variables and
therapies could be determined. In these studies, we
first wished to develop an efficient method for the
labeling of baboon blood platelets with 11'ln-oxine
without altering platelet survival or function. Subse-
quently, we determinedthe effects of the repeated
placement of Dacron vasouter grafts on the following
variables: graft platelet deposition, platelet survival,
platelet count, platelet a-granule contents, and plate-
let adenine nucleotides (ADP, ATP).

The choice of the baboon for these studies was
based on the baboon's hernostatic similarity to hu-
mans, together with its size, logistical ease of fre-
quent blood sampling, and its long-term acceptance
of chronically patent A-V cannulas.v" Although it is
difficult to establish equivalent thrombogenicity
among humans and other species, available evi-
dence suggests that the baboon is a good animal for
simulating arterial thrombotic processes in humans.
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"heat shrink" Teflon tubing (Small Parts lncorpo-
rated, Miami, Florida). The Teflon tubing contain-
ing the graft segment was gently heated over a
low Bunsen flame until shrinkage to about 5.3 mm
had occurred, resulting in a compression of the
Parafilm onto the external fabric interstices with-
out modification of the luminal graft surface as
documented by scanning electron microscopy
(data not shown). Silicone rubber tubing, 10 cm x
4.0 mm i.d., was transferred onto the Teflon rod
and connected to both ends of the graft segment
with Silastic Medical Adhesive (Type A, Dow Cor-
ning Incorporated). When the polymer had cured
for 24 hours, the Teflon rod was carefully pulled
from the tubing lumen (Figure 1). This procedure
produced impervious grafts rigidly constrained to
a linear geometry, and having an inner diameter of
precise dimensions (4.0 mm). The resulting flow
channel was smooth in its transition from the Si-
lastic to the graft without imperfections due to the
coupling procedure.

The 4.0-mm i.d. Silastic tubing segments proxi-
mal and distal to the Dacron graft were connected
to the 3.0-mm i.d. Silastic tubing comprising the
chronic arteriovenous shunt with 2-cm long ta-
pered Teflon connectors (Small Parts, Incorpo-
rated).

Mean blood flow rates through vascular graft
segments incorporated into the A-V shunt system
were measured continuously using a Doppler ul-
trasonic flowmeter (L and M Electronics, Daly City,
California) and WC" shell cuff type transducer
probe which fitted snugly around the Silastic tub-
ing comprising the chronic shunt. The flowmeter
and probe were calibrated in vitro using whole
baboon blood. In all studies initial blood flow rates
ranged from 170 to 220 ml/min.

Following 60 minutes exposure to flowing
blood, vascular graft segments were removed and
perfused with 2.5% glutaraldehyde in 0.1 M phos-
phate buffered saline, pH 7.4. All grafts were per-
fused at a rate of 100 ml/min for 5 minutes. Graft
segments were subsequently dehydrated in in-
creasing concentrations of ethanol, critical point
dried, and sputter-coated with approximately 35
nm of gold-palladium tor scanning electron mi-
croscopy.

ARTERIOSCLEROSIS VOL 5, No 6, NovEMBER/DECEMBER1985

We have studied the hemostatic mechanism in the
baboon and found it to resemble closely that of hu-
mans in a number of respects, including concentra-
tions of coagulation factors and plasminogen, bleed-
ing time, platelet count, platelet volume, platelet
morphology, platelet aggregation and release in vi-
tro, and plasma levels of platelet factor 4, beta throm-
boglobulin, and fibrinopeptide A using human ra-
dioimmune assaysv" (unpublished observations).

Methods
Animals

We studied 14 normal male baboons (Papio enu-
bis) weighing 8 to 14 kg who had been dewormed
and observed to be disease-free for at least 6 weeks
prior to use. Circulating platelet concentrations aver-
aged 380,000 ± 91,000 platelets/ILl (± 1 so), and
white cell counts averaged 8300/1L1± 4100. All ani-
mals had a chronic arteriovenous shunt surgically
implanted between the femoral artery and vein." Ke-
tamine hydrochloride (10 mg/kg intramuscularly)
was given as a preanesthetic agent, and the oper-
ation was performed under general 1% halothane
anesthesia. All procedures were in accordance with
institutional guidelines. The permanent shunt sys-
tem consisted of two 25-cm lengths of Silastic tubing,
3.0 mm l.d., (Dow Corning Corporation, Midland,

, Michigan) connected to 13- to 15-gauge Teflon ves-
sel tips (Lifemed, Vernitron Corporation, Compton,
California). In addition, the two Silastic lengths were
fixed with Dacron sewing cuffs (Dupont, E.!. deNe-
mours and Company, Wilmington, Delaware) at skin
exit sites. The cannulas were sterilized by autocIav-
ing before surgical placement. Blood flow was estab-
lished by connecting the two Silastic shunt segments
with a 1~cm length of blunt-edge Teflon tubing (2.8
mm i.d.), The permanent Teflon-Silastic shunt did
not detectably shorten platelet survival or produce
measurable platelet activation (see Results). In all
experiments, Dacron vascular grafts were subse-
quently interposed between the segments of the per-
manent Silastic A-V shunt.

Vascular Grafts

Uncrimped knitted Dacron grafts (Sauvage exter-
nal velour, mean porosity 2000 to 2200 mVH20/min
at 120 mm Hg) were a gift from Roger Snyder,
U.S. Catheter, Incorporated, Billerica. Massachu-
setts. All grafts were 10 cm in length, 4.0 mm i.d.
Prior to evaluation in the arteriovenous shunt sys-
tem, the grafts were rendered impervious to blood
leakage in the following manner. First, a 4.0-mm
Teflon rod (that had been thoroughly cleaned us-
ing a mild soap solution, then ethanol, and finally
by rinsing with sterilized distilled water) was insert-
ed through the graft. The graft was then externally
wrapped with a 5 x 10 cm sheet of Parafilm
(American Can Company, New York, New York)
,and placed inside a to-cm length of 6.3-mm Ld.

Silicone Rubber Cull

Teflon
Tubing

Figure 1. Dacron vascular graft connected to silicon
rubber tubing. After removal of the Teflon rod, a smoot
flow channel is achieved.
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total platelet population was recovered with minimal
leukocyte contamination «0.01%).

Percoll (Pharmacia, Uppsala, Sweden), was made
lso-osmotie with physiological Tyr0ges-ACD solution
by adding nine parts (vol/vol) of Percoll to one part of
10x concentrated Tyrodes-ACD buffer, pH 6.5. The
osmolarity of the resulting stock solution was adjust-
ed to 295 mOs/kg H20 with deionized water. Uniform
mixtures of the platelet preparation (4.5 ml) and
stock isoosmotic Percoll (5.5. ml) were poured into
polycarbonate centrifuge tubes and centrifugation
carried out in a 30° angle-head rotor at 10,000 9 for
20 minutes at 22° C. During centrifugation, platelets
moved to a position corresponding to the density of
the surrounding medium, i.e., platelets were separat-
ed on the gradient formed in situ. Identical tubes
containing density marker beads (Pharmacia) were
used to calibrate the gradients. Following centrifuga-
tion, gradients were fractionated by removing frac-
tions (0.45 ml) from the top of the gradient with an
autornatic pipette, and the platelet concentration and
radioactivity were determined for each fraction. At 1
hour after injection of the labeled platelet prepara-
tions, both the labeled and total platelet populations
had equivalent density distributions, as illustrated in
Figure 2. Thus, the density distribution of labeled
platelet activity was representative of the parent
platelet population.

Circulating platelet "'In-activity was determined
from 4 ml blood samples drawn before and after graft
placement, and collected in 2 mg/ml (ethylenedini-
trilo)-tetraacetic acid (EDTA). From each sample,
1.0 ml was used for platelet counting and hematocrit
determinations, and 1.0 ml was counted for whole
blood "'In activity. The remaining 2 ml were centri-
fuged at 3000 9 for 30 minutes and 1.0 ml of the
supernatant (PPP) was counted for plasma "'In-ac-
tivity. All blood and plasma samples were counted
using a gamma spectrometer (Nuclear Chicago, Chi-

Laboratory Procedures

Autologous baboon blood platelets were la-
beled with "'In-oxine according to the following pro-
tocol. Whole blood (100 ml) was collected directly
into plastic bags (TA-3, Fenwal Labs, Deerfield, Illi-
nois) containing 20 ml acid-citrate-dextrose antico-
agulant (NIH formula A). The blood was centrifuged
in the bag at 300 9 for 10 minutes. The supernatant

"platelet-rich plasma (PRP) was transferred to a sec-
ond bag and pH adjusted to 6.5 by the addition of
0.15 M citric acid (0.1 ml/10 ml PRP). The red blood
cell fraction was returned to the donor animal. The
platelets were formed into a pellet by centrifugation
of the PRP at 1300 gfor 15 minutes. The supernatant
platelet-poor plasma (PPP) was completely decant-
ed and discarded. To remove residual plasma pro-
teins, the bag containing the platelet pellet was care-
fully washed once by overlaying with 30 ml of
Ringer's citrate dextrose (RCD; pH 6.5) which was
then decanted and discarded. The pellet was then
gently resuspended in 5.0 ml RCD, and incubated for
30 minutes with 500 to 700 JLCi "'In-oxine (Amer-
sham Corporation, Arlington Heights, Illinois). Con-
taminating red cells were removed by a final slow
centrifugation at 200 9 for 5 minutes. Labeling effi-
ciency was determined by diluting 200 JLIof the la-
beled-platelet concentrate with 5.0 ml RCD, and
comparing the activity in 0.5 ml of the diluted platelet
suspension with the activity in 0.5 ml of cell-free su-
pernatant following centrifugation at 3000 9 for 30
minutes. In the 14 studies involving platelet labeling
and subsequent graft imaging, labeling efficiency
was 87% ± 6%. A measured volume of labeled
platelet suspension containing approximately 13%
non-platelet-bound isotope was then injected direct-
ly into the recipient animals following the preparation
of a 100 JLIstandard. Additional washing procedures
to remove nonplatelet-bound isotope were deemed
undesirable since they may produce in vitro cell
damage. Moreover, in all studies with the scintillation
camera, blood pool activities from all sources (plate-
let and nonplatelet) were a small fraction of total
deposited platelet activity and were subtracted using
appropriate computer-assisted image analysis rou-
tines as described below.

To determine whether the centrifugation proce-
dures resulted in the isolation and labeling of plate-
lets which were representative of the parent platelet
population, density separation was performed on
platelets harvested from citrated whole blood (10
ml), diluted with a half volume of Ca2+-free modified
Tyrodes-ACD buffer, pH 6.5 containing EDTA (0.5
mM). Following centrifugation at 200 9 for 10 min-
utes, the upper supernatant layer of PRP was re-
moved without disturbing the interface, and the re-
maining cells diluted to the original volume with
Tyrodes-ACD buffer, remixed and centrifuged as be-
fore. The second supernatant fraction was harvested
and pooled with the initial harvest. This procedure
was performed a total of four times; over 94% of the
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Figure 2. Separation of platelets on Percoll density gra-
dients. One hour after the injection of ", In-Iabeled plate-
lets into eight baboons, the density distribution of labeled
cells (0) was equivalent to that of the uniabeled parent
platelet population (0). Values are means ± 1 SE.
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cago, Illinois). Plasma activity per milliliter ot whole
blood was calculated by multiplying the activity per
milliliter ot plasma by the factor: (1-hematocrit). Plas-
ma activity averaged 13% ::t 5% (n = 14) of whole
blood activity in samples taken 1 hour following injec-
tion of the labeled platelet concentrate. Platelet
counts were performed on whole blood by using an
electronic platelet counter (Clay Adams UF-100,
Parsippany, New Jersey).
Mean platelet survival times were calculated by

fitting the disappearance curve ot platelet radioactiv-
ity to gamma functions as described by Murphy et
al.8, 9 The proportion of labeled platelets remaining
within the systemic circulation (i.e., recovery) was
calculated from the initial platelet activity per milliliter
of whole blood, multiplied by the estimated blood
volume (65 mi/kg), and divided by the platelet 1111n_
activity injected.

Platelet survival curves, assessed following 1111n_
platelet labeling in eight normal animals, displayed a
predominantly linear disappearance pattern (Figure
3). Platelet survival times as determined from the
computer-fitting procedure averaged 5.59 ::t 0.14
days (± 1 SE). Platelet recoveries, determined from
samples taken at 1 hour were 79.0% ± 2.8%. Re-
coveries determined by extrapolating the best fit sur-
vival curves to time zero averaged 80.5% ± 2.9%.
When the recovery of 111ln-labeled platelets was cal-
culated from circulating levels of platelet bound iso-
tope measured at 10 minutes, 20 minutes, and 1
hour following injection of the labeled platelet con-
centrate in seven additional baboons, values were
81.2% ± 3.3%, 79.3% ± 3.4%, and 78.9% ± 4.2%,
respectively (Figure 3). Thus, the recovery of the
labeled platelets was immediate and equivalent at all
early time points, and demonstrated rapid equilibra-
tion without transient platelet sequestration. These
values for platelet survival and recovery were in
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Agure 3. 111ln-plateletsurvival and recovery. Platelet
recovery was normal in seven animals at 10 minutes, 20
minutes, and 1 hour after injection of the labeled cells
without evidence of transient sequestration (0). In eight
additional animals, recoveries were normal and the plate-
lets exhibited a linear disappearance pattem (0). Values
are mean ± 1 SE.

agreement with those previously obtained in ba-
boons using a S1Crplatelet label.7,10

Platelet suspensions were analyzed for ATP and
ADP using neutralized perchloric acid extracts and
high performance liquid chromatography. (HPLC).
Platelet-rich plasma WBP) was prepared from citrat-
ed whole blood (10 ml) by three differential centrifu-
gation steps at 200 9 for 10 minutes at 22° C. These
platelet preparations have been shown to be essen-
tially free from contaminating leukocytes and repre-
sentative of the total platelet population." Total
platelet adenine nucleotides were extracted by the
addition of 11.5 M HCI04 (100 JLI) to the platelet sus-
pension (1.0 mi). Cell debris and denatured protein
were removed by centrifugation at 2000 9 for 15
minutes at 4° C and the supernatant was neutralized
by titration with 10.0 M KOH. All neutralized extracts
were stored at - 80° C prior to analysis by HPLC.

Quantitative nucleotide analysis was carried out
using a Spectra-Physics SP8000 liquid chromato-
graph equipped with a Data System (Spectra-Phys-
ics, Santa Clara, California) and coupled to a Gilson
variable wavelength UV detector operating at a
wavelength of 254 nm. A Partisil 10SAX mierepartt-
cle anion-exchange column was used (Whatman,
Incorporated, Clifton, New Jersey) and optimal reso-
lution of adenine nucleotides was achieved using the
operating conditions previously described."

Blood for platelet factor 4 (PF4) and B-thrombo-
globulin (BTG) was drawn as 5 ml samples from the
arteriovenous shunt into precooled syringes contain-
ing 1 ml of ACD, acetysalicylic acid and prostaglan-
din E1'30 mM and 1 JLMfinal concentrations, respee-
tively.13 Blood was collected before and after
placement of each graft. Samples were centrifuged
at 45,000 9 for 20 min at 4° C within 30 minutes of
collection. Then 1.0 ml of the platelet-free plasma
was removed and stored at - 20° C. Assays for PF4
and BTG were performed by competitive radioim-
munoassay. BTG determinations were carried out
using a commercially available radioimmunoassay
(Amersham, Arlington Heights, Illinois). PF4 was
measured by the procedure previously reported by
US.13To determine the platelet content of PF4 and
BTG, the platelets in PRP were lysed with Triton X
100 (1% final concentration). Cell debris was re
moved by centrifugation at 45,000 9 for 20 minutes a
4° C. Samples were then assayed in the same man
ner as the platelet-free plasma samples.

A.nalytlcal Methods
Scintillation camera imaging of both gamma ph

ton peaks of 1111n(172 keV and 247 keV) has gene
ally required high energy collimation to prevent i
age blurring, despite a decrease in both sensitivl
and spatial resolution. Since platelet-specific activ
was not a limiting factor in the present studies, a hi
sensitivity 99"fc collimator could be used with go
resolution by imaging only the lower energy pea
1111n(172 keV peak with a 5% energy window).
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ages of the Dacron grafts, including proximal and
distal Silastic segments, were acquired with a Picker
DC 4/11 Dyna scintillation camera (Picker Corp,
Northford, Connecticut) and stored on and analyzed
by a Medical Data System SIMUL computer (Med-
tronie, Ann Arbor, Michigan) interfaced with the cam-
era. This system permitted simultaneous acquisition
and analysis of data in 64 x 64 word mode. Immedi-
ately before imaging the graft segments ex vivo, 2-
minute images were acquired of the 200 JLIsample of
platelet concentrate (injection standard) and of a
segment of 4.0 mm i.d. Silastic tubing filled with auto-
logous blood and having the same luminal volume as
the graft segment (blood standard). All standards
and tubings were placed into a groove precisely ma-
chined into plexiglass to maintain a linear geometry
that was positioned approximately 1 cm from the
face of the collimator. The activities of the standards
and 10 cm graft segments were counted in the same
3.1 cm x 12.5 cm region of interest (10 x 40 pixels)
as defined by image analysis software routines.
From the time of graft placement, images were ac-
quired continuously with data storage at 2-minute
intervals. Deposited "'In-platelet activity was calcu-
lated by subtracting the blood standard activity from
all dynamic study images.

In several studies, grafts were placed and imaged
sequentially for several days following injection of a
single preparation of "'In-Iabeled platelets. Since
circulating "'In-platelet activity was lost continuously
through normal physiologic mechanisms, and acute-
ly by serial graft placement, measurements of plate-
let accumulation were expressed as a graft/blood
ratio, defined as the ratio of deposited graft activity
divided by the whole blood (circulating) platelet activ-
ity within the graft lumen measured at the beginning
of each experiment. This measurement was chosen
since it is independent of the size of the animal, the
amount of isotope injected, or the extent to which the
isotope may have decayed. The graft/blood ratio will,
however, depend upon the timing or sequence of
observations if, between periods of graft placement,
platelet functional alterations have occurred as a re-
sult of aging in the circulation or prior exposure to
thrombogenic surfaces.

To determine the graft/blood ratio, the activity of
blood within the graft lumen (1.26 ml) was deter-
mined by two separate methods. First. it was calcu-
lated directly after imaging the blood standard (1.57
ml blood volume). In the second approach, the activ-
ity per milliliter of blood present at the beginning of
each experiment was calculated by imaging the in-
jection standard before each experiment, multiplying
this value by the CPM per ml of whole blood drawn at
the time of the experiment (as determined using a
gamma counter at some later time t.), and dividing by
injection standard activity (also measured in the
gamma counter at t,). All blood samples and stan-
dards were counted simultaneously at the end of
each series of experiments. In all calculations, radio-
activity values refer to platelet activity only, with total

blood and standard values having been corrected for
the fraction of nonplatelet isotope. In the 36 studies
involving graft placement, blood activities as deter-
mined from the two methods were equivalent ::t: 8%
( ::t: 1% so, p > 0.5) demonstrating t2at either method
is appropriate for calculating the' graft/blood ratio.
Subsequent data are presented according to the
second approach since the higher activity of the in-
jection standards (vs blood standards) gave more
acceptable counting statistics.

Total platelet deposition (Iabeled plus uniabeled
cells) was estimated by multiplying the graft/blood
ratio by the factor: graft blood volume (1.26 ml) x
platelet concentration per milliliter of whole blood.
This computation involved the assumption that the
labeled and uniabeled platelet populations were
equivalent with respect to graft deposition at all
times.

Statistical comparisons were made by using Stu-
dent's ttest (two-tailed) for paired and unpaired data.
All statistical analysis and curve fitting was done
using the PROPHET system of the Division of Re-
search Resources, National Institutes of Health. Un-
less otherwise stated in this report, variance about
the mean is given as ::t: 1 SE.

Results
Effects of Graft Placement on Platelet Viability

Since platelets may undergo biochemical and
functional alterations as a result of aging in the circu-
lation, we first evaluated the importance of the delay
period between platelet labeling and infusion, and
subsequent graft imaging. In six baboons, "'In-
platelet deposition was assessed on grafts placed 1,
24, 48, and 72 hours after injection of the labeled
cells. All grafts were imaged for 1 hour, and then
removed.

Measurements of graft "'In-platelet deposition are
shown in Figure 4. Platelet deposition curves were
generally sigmoidal, and reached a plateau by 60
minutes. At 1 hour, graft radioactivity was typically
40- to 50-fold greater than the radioactivity circulat-
ing within the graft lumen. At all time points, the de-
posited activity on grafts placed 1, 2, or 3 sequential
days after the. injection of. label~d platelets was
equivalent to that observed on grafts studied 1 hour
after infusion of the normal labeled platelet popula-
tion (p > 0.2 in all cases), despite platelet aging in
the circulation or the prior placement of one, two, or
three grafts.

The disappearance of circulating "'In-platelet ac-
tivity following graft placement in five animals is
shown in Figure 5. Although a reduction in circulating
platelet radioactivity was consistently observed fol-
lowing the placement of the graft, the remaining
platelets appeared to survive normally. The survival
curves that would have resulted without the insertion
of vascular graft segments were estimated by cor-
recting the measurements of radioactivity taken on
Days 2, 3, and 4 for the acute loss of radioactivity
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Figure 4.Platelet deposition on grafts placed sequential-
ly. Identical grafts were placed for 1 hour daily in the follow-
ing sequence: Day 1, (0); Day 2, (0); Day 3, (6); Day 4,
(A). No significant daily variations (p > 0.2) were observed
over 4 days when results were expressed as the graN
blood ratio of "'In-platelet acitivity (A) or as total deposited
platelets (B). Values are means == 1 SE in six animals
(Days 1, 2.. 3) or four animals (Day 4).
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Figure 5. Acute reduction in circulating "'In-platelet ac-
tivity after graft placement. When the fraction of 'l1ln-
platelet activity remaining after graft placement was cor-
rected for the acute reductions, a normal disappearance
pattem was observed (symbols in shaded area). Each
point represents the mean of at least four determinations
== 1 SE.

resulting from each graft placed previously (Figure
5). All points on the resulting survival curve were
within the limits obtained in normal animals.

Reductions in circulating platelet concentration
and circulating "'In-platelet activity:.were determined
for the period the graft was in place:).(Table 1). Circu-
lating platelet number and platelet "'In activity de-
creased approximately 15% following the placement
of each graft, i.e., the reduction values were equiv-
alent (p > 0.5), demonstrating that the labeled and
uniabeled platelet populations were not measurably
different with respect to thrombotic platelet utilization
in this model.

In five control studies, a 20 x 3.125 cm region of
interest containing the 10 cm graft segment was
imaged, and was subsequently divided into 16 se-
quential regions with dimensions 1.250 x 3.125 cm.
The activity in each region was calculated as a frac-
tion of total image activity. Although '"In-platelet ac-
tivity appeared higher in distal graft segments, the
relative activities in proximal and distal graft seg-
ments did not differ significantly (44.7% ± 7.0% and
55.3% ± 7.0% respectively; p > 0.10). In general,
deposited platelet activity appeared to be uniformly
distributed within the graft segment without evidence
of localized deposition or thrombus propagation.
Morphologic evaluations of grafts exposed to flowing
blood for 1 hour demonstrated thrombi rich in plate-
lets with red cells trapped in a fibrin mesh (Figure 6).

Graft-Induced Release of Platelet Granule
Constituents

In 14 control studies, measurements of plasma
levels of PF4 and BTG were performed on blood
samples taken before and after graft placement.
Baseline plasma levels of each platelet specific pro-
tein showed little variation (p > 0.3 in all cases). and
the values are shown in Table 1. Following graft
placement, PF4 and BTG values increased approxi-
mately tenfold over baseline values (p < 0.001).
However, the total platelet content (j.Lg/1 08 platelets)
of these proteins as determined from lysed platelet
preparations remained unchanged in each case (p >
0.5). In addition, the content of ADP and ATP in
circulating platelets was not measurably depleted by
graft placement (p > 0.5, Table 1).

Discussion
The present study was designed to assess direct-

ly, in a nonhuman primate model, platelet deposition
and acute platelet alterations after exposure to Da-
cron grafts under arterial flow conditions. Dacron
vascular grafts were chosen as the thrombogenic
surface since these materials have direct application
in humans, and since platelet thrombus formation
could be initiated under well-defined conditions of
flow and geometry. Thus, in the present studies the
graft length (10 cm) and period of exposure (1 hour)
were selected to produce measurable platelet accu-
mulation without causing a marked and possibly con-
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Table 1. Effect of Dacron Graft on Platelets
No. of

Measurements studies Baseline After graft

Plateletcount (% baseline) 22 100 84.l±2.0

111ln-plateletactivity (% baseline) 22 100 85.3± 1.6

Platelet factor 4
plasma (ng/ml) 14 5.2±0.8 58.4± 13

platelet content (/Lg/10B platelets) 12 2.7±0.3 2.8±0.2

B-Thromboglobulin
plasma (ng/ml) 14 3.6±0.9 37.8±2.4

platelet content (/Lg/10B platelets) 12 1.7±0.1 1.9±0.1

Plateletadenine nucleotides (/LmoI/1011 platelets)
ADP 15 4.64±0.26 4.66±0.28

ATP 15 4.88±0.09 4.50±0.16

ATP/ADP 15 1.117±0.091 1.053±0.115

founding reduction in the circulating platelet count
(Table 1).

Since these in vivo studies were performed using
platelets labeled with 111ln-oxine in vitro, it was first
necessary to demonstrate that the labeled platelets
were functionally normal and representative of the
parent population. Thus we observed that the recov-
ery of labeled platelets was normal within 10 minutes

after infusion into the circulation (Figure 3). Platelet
survival curves in normal animals were predominant-
ly linear (Figure 3) and equivalent to results obtained
previously using a 51Cr-platelet label.7.10 One hour
after infusion of the labeled platelet suspension, the
labeled and total platelet populations had .identical
density distributions as determined with Percoll den-
sity gradients (Figure 2). These data suggest that the

Figure 6. Scanning electron micrograph of thrombus on graft surfaces. After 1 hour, extensive platelet deposition and
fibrin strand formation with trapped erythrocytes was evident in control grafts..Bar = 10 /Lm.
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labeled platelet population was not enriched in either
more dense or less dense platelets as a result of
platelet harvesting and labeling in vitro. Also, 1 hour
after infusion, the labeled platelets were functionally
normal with respect to thrombus formation as shown
by equivalent reductions in circulating platelet radio-
activity and circulating platelet numbers following the
insertion of Dacron grafts. Since the labeled and un-
labeled platelet populations were equivalent by all
tested criteria, total platelet deposition could be cal-
culated from measurements of graft radioactivity. In
addition, since these measurements were inde-
pendent of the timing of graft placement with respect
to platelet labeling, this model appears to be an effi-
cient one, (i.e., following a single labeling procedure,
grafts may be imaged at daily intervals with equiv-
alent results).

Graft placement, which resulted in the destruction
of approximately 15% of the 111ln-labeled platelet
population, also did not alter the survival, a-granule
contents, or dense granule contents of those plate-
lets that continued to Circulate. The findings of ele-
vated plasma levels of PF4 and BTG (Table 1) thus
imply that a-granule release had occurred only from
platelets which had reacted irreversibly with the
graft. Since about 75% of platelets removed from the
circulation, as determined from platelet counting,
were present on the graft after 1 hour (as determined
from imaging), the possibility of reversible platelet
interactions in addition to graft platelet removal by
embolization and lysis cannot be excluded. Howev-
er, since the viability and function of the circulating
platelet pool was not measurably affected, such in-
teractions must be almost totally reversible, or, affect
only a small proportion of circulating platelets.

These results are in agreement with previous stud-
ies which demonstrated normal platelet ADP/ATP
levels in patients and baboons undergoing cardio-
pulmonary bypass, 14.15but are not in accord with the
reported reduction in platelet dense granule contents
observed in patients with valvular heart disease and
Dacron vascular protheses, and in dogs with chronic
aortic grafts.16-18Since our data are consistent with
the hypothesis that acute thrombosis in vivo rapidly
produces irreversible platelet removal, we speculate
that platelet alterations associated with chronic dis-
orders involving elevated platelet turnover may
largely reflect the presence of an increased propor-
tion of younger cells rather than an abnormality ac-
quired during circulation. Under these conditions the
functional capacity of platelets has been shown to be
diminsihed in rabbits" and dogs2.0 and unchanged in
baboons." 10The clinical relevance of these observa-
tions remains unknown.

In previous studies of "'In-platelet deposition onto
vascular grafts in both experimental animals21-26 and
humans27-30 the effects of several variables have
been studied, including graft type,22.23.29.30 blood-
flow rate,23 and the effects of antithrombotic ther-
apy.25.27.29.30We believe that this model of acute
.thrombosis is suitable for assessing the effects of

other variables and therapies, and for defining sys-
temic blood alterations secondary to platelet throm-
bus formation on prosthetic surfaces in vivo.,

},)
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FACTORS REGULATING ~ FORMATION IN BABOONS

Solio IfJ.aJrnsanIg HoF 0 Kotzé. Department of Basic and Clinical Research and the Roon
Research Center for cardiovascular Disease and Throrrbosis, Scripps Clinic and
Research Foundation, La Jolla, California and M.R.C. Blood Platelet Research
Unit, Universi ty of the Orange Free State, Bloemfontein, Republic of

South Africao

A baboon arteriovenous shunt model of acute thrombosis induced by Dacron
vascular grafts was.used to study the role of physical variables regulating
thrombus deposition. After labeling autologous baboon platelets with lll-In-
oxine, and homologous baboon fibrinogen with 131-1, the deposition of these
blood elements was assessed using a gamma camera. When grafts were exposed for
periods ranging from 10 - 60 minutes, the net accumulation of platelets was
found to depend strongly on the circulating platelet count. This dependence was
always greater than first-order, indicating that a doubling in platelet count
between individual animals produced a greater than two-fold increase in platelet
deposition. Conversely, the dependence of platelet deposition on blood flow
rates ranging from 30-220 ml/min was approximately one-half order, indicating
that a doubling in flow rate between animals increased platelet ·deposition by
less than 50%. Equivalent results were obtained with untreated grafts, and with
grafts which had been preclotted with autologous whole blood. Significant
fibrinogen deposition was observed, which, in contrast to the platelet studies,
was increased at lower flow rates. '!hus,physical variables regulating thrombus
composition should be carefully considered in experimental animal models, and
perhaps in some clinical settings.

To quantify continuously the overall rate of acute arterial thrombus formation
in vivo in a manner that is free of uncontrolled variables, we used a primate
model of vascular graft thrombosis (1). This model was developed specifically
to produce an acute, significant, and reproducible thrombotic challenge such
that the relative importance of in vivo variables could be determined.
Thrombosis was initiated using vascular grafts since these materials have
widespread applications in man, and since thrombotic occlusion currently limits
the usefulness of small caliber prostheses. A baboon animal model was chosen
since this species is hemostatically similar to man (1,2). Grafts were studied
ex vivo after incorporation into arteriovenous shunts (1,3). This method
permits control of graft geometry and blood flow rate, and gamma camera imagingrcan be performed without attenuation of In-lll emissions by intervening tissues.

~

Previous Ill-In platelet studies in both experimental animals and man have
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primarily considered the importance of graft type and the effects of
anti thrombotic therapy (4-11). The present study was therefore designed to
assess the relative importance of the additional variables of blood flow rate
and circulating platelet count with respect to the deposition of lll-In-
platelets and 131-I-fibrinogen.

Animals studied

Normal male baboons (papio anubis) we~g1r199-12 kg were used in these studies.
All animals had a chronic 3.0 mmi.d. x 50 cm silicone rubber arteriovenous
shunt between the femoral artery and vein as described previously (1,3).
Vascular graft materials were connected between the two 25 cm cannulae
comprising the chronic shunt.

Vascular grafts

External velour knitted Dacrongrafts (C.R.Bard, Inc) were rendered impervious
by an external wrapping and placement inside Teflon tubing as described
previously (I). All grafts were 10 cmin length, 4.0 mmi.d., and were coupled
at their proximal and distal ends to 10 cm lengths of 4.0 mmi.d. silicone
rubber to provide a uniform flow channel (I). In several studies, the grafts
were preclotted with autologous whole blood. Residual clot was stripped from
the grafts using a 3.5 mmembolectomycatheter.

Labeling procedures

Autologous whole blood (lOOmi) was collected directly into plastic bags (Fenwal
TA-3) and labeled with 1 mCi lll-In-oxine (Amersham)according to the acid-
ci trate-dextrose method as described (1). Following a single extraction of
platelet rich plasma from whole blood, the platelets were pelleted once to
remove residual plasma proteins. Since labeling efficiencies averaged greater
than 90%,additional washing procedures were deemed unnecessary. Despite the
incomplete harvesting of platelets from whole blood, the labeled platelet
population has been previously shownto be functionally normal, with a density
distribution equivalent to that of the parent platelet population (l). Baboon
fibrinogen was prepared and labeled with 1 mCi131-1 according to the iodine
monochloride method as described (12). The clottability of the labeled
fibrinogen was greater than 93%.

Gammacamera imaging

Imageswere taken ~th a Picker DC4/11 Dynacamera and analyzed with an A3-MOS
data proc;fsing system (1). Blood standard activities were subtracted from all
images to yield deposited activity only. Results were expressed as total
(labeled plus unlabeled) platelets or fibrinogen by dividing deposited
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] activities (CPM) by the blood specific activity (CPM/m.2),and multiplying cy the

blood species concentration per mi (1).
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] Effect of variable platelet count
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The results of 22 studies in which graft platelet deposition was evaluated at
10, 20, and 60 minutes of blood exposure are shown in Figure 1. CUrve fitting
to the general equation Y = aXn indicated that the dependence of graft platelet
deposition at all time points was greater than first-order. In these studies,
blood flow rates were relatively constant, ranging from 170-220 mi/min.
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FIGURE 1. Dependence of graft platelet deposition on circulating platelet
count.

Separate groups of animals were studied at blood flow rates of 30, 80, and 220
mi/min. As indicated in Figure 2, each group had comparable mean circulating
platelet counts so that blood flow rate could be studied as an independent
variable. Variations in blood flow rate had onlX a modest effect on graft
platelet deposition. After 60 minutes, this dependence was approximately one-
half order according to the curve-fitting analysis described in Figure lo

n
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The dependence of graft platelet deposition on blood flow rate was also studied
in animals having grafts preclotted with autologous whole blood. Results are
shown in Figure 3, and were equivalent to those obtained with untreated grafts.
As indicated, all animals had platelet counts within a fairly narrow range
(352,000 - 420,000 platelets per microliter of whole blood).
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FIGURE 3. (,Effect of blood flow on platelet deposition onto untreated and
preclotted Dacron vascular grafts.
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Deposition of 131-I-fibrinogen

The results of studies in 7 animals are shownin Figure 4. Deposition appeared
to plateau by 2 hours. Between 1 and 2 hours of blood exposure, 131-1-
fibrinogen accumulation in animals studied at blood flow rates of 30 mR/min,was
modestly increased as compared to the group evaluated at flow rates of 150
mR/min. The circulating fibrinogen concentrations in all animals were within a
fairly narrow range, 3.6 + 0.5 mg/mR(+ I S.D.).
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FIGURE~. Effect of blood flow rate on fibrinogen deposi tion onto untreated
Dacrongrafts.

DISCUSSION

The results of the present study suggest that platelet interactions with small
caliber prostheses maydepend strongly on the circulating platelet count, and to
a lesser extent on blood flow rate. While a modest effect of blood flow has
been reported in a similar study by Eldrup-Jorgensen, et. al. (13), the possible
importance of variations in platelet count between animals was not considered by
these investigators. While it maynot be possible to extrapolate these results
to situations of actual graft implantation, nonetheless, given the striking
dependenceof platelet thrombusaccumulation on platelet count, we believe that
this variable should be carefully considered in animal models of experimental
thrombosis and pephaps in someclinical settings.
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It is of interest that equivalent resul ts were obtained both with untreated
grafts, and with grafts which had been preclotted with whole blood as would
normall y be done in clinical practice. This result suggests that upon blood
exposure, untreated grafts may rapidly acquire a flow surface of coagulated
blood following filling of the graft interstices. In addition, the preclotting
procedure apparently does not reduce graft thrombogenicity acutely.

Finally, this study demonstrates the feasibility of imaging l3l-I-fibrinogen
which is presumably deposited as fibrin. A modest increase in fibrinogen
deposition was observed at lower flow rates, in contrast to the platelet
studies. This resul t may reflect prolonged residence times for coagulation
factors at lower flows, giving rise to higher local concentrations of activated
species (e.g., thrombin) which promote fibrin formation. In future studies it
may be possible to determine the extent to which platelet and fibrinogen
deposition are interdependent phenomena, and, by analogy to the platelet
studies, to assess the importance of circulating fibrinogen levels.
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Summary

The pathogenesis of thrombocytopenia induced by intravenous
protamine sulphate was studied in six patients who underwent
cardiopulmonary bypass surgery, and in three normal volunteers.
Autologous platelets were labelled with IIIIndium-oxine. Platelet
lifespan was determined. In vivo 111In-platelet localization, organ
redistribution and sites of destruction were quantitated with a
scintillation camera and a computer-assisted imaging system.
Protamine induced a transient thrombocytopenia, maximal 5-10
min after injection, and 30-40 min in duration. The thrombocy-
topenia was accompanied by a transient accumulation of platelets
in the liver. The splenic platelet pool remained unaltered and no
platelets accumulated in the lungs. Platelet survival, measured in
two volunteers, was slightly longer than normal and fitted a linear
function best. There was a severe transient neutropenia during the
period of thrombocytopenia. We conclude that protarnine-
induced thrombocytopenia is caused by hepatic accumulation of
"activated" platelets or platelet aggregates, the process is revers-
ible, and in the two normal volunteers studied, platelet survival
was not affected.

Introduction

Protamine sulphate is widely used as a heparin antagonist. This
cationic polypeptide aggregates platelets loosely in vitro (I, 2) and
induces transient thrombocytopenia after intravenous administra-
tion (3-5). The approximately 20% fall in platelet count is
accompanied by a parallel decrease in systemic vascular resist-
ance, a fall in cardiac output and in increase in pulmonary artery
pressure (6-8). In one study it was found that 'Ier-labelled
platelets accumulated in the lungs after protamine infusion, a
finding interpreted as being due to pulmonary vasoconstriction
rather than intravascular obstruction by platelet micro-emboli
(5).

IIIIndium-8-hydroxyquinoline e IIIn-oxine) is an efficient
platelet label ~9) ana its physical characteristics permit quantita-
tive gamma imaging of the in vivo distribution of labelled cells
(10, 11). We have applied this new technology to study the
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kinetics, fate and redistribution of Ill-In-labelled platelets in
volunteers after the intravenous administration of protamine
sulphate.

Materials and Methods

Reagents

IIllndium-chloride (Radiochemical Centre, Amersham, U. K.) was
complexed with 8-hydroxyquinoline [100 ug oxine to 37 MBq (1 mCi)
IIlln C13] as described by Thakur (11). Protamine-sulphate was obtained
from Evans Medical Ltd, Speke, Liverpool, U. K. and heparin (Pularin)
from Alien and Hanbury's U. K. Other reagents were supplied by
commercial sources and were of analytical grade.

Labelling of platelets. [Modified after (10) and (11), and the recom-
mendations of the ICSH (12)].

All procedures were carried out aseptically at 22"C in plastic or
siliconized equipment. After discarding the first 2 ml, collected in a
separate syringe, 84 ml venous blood was drawn with a 16 g needle
(Butterfly - 16, Abbott Laboratories) sequentially .into two 50 ml
polystyrene syringes each containing 8 ml acid citrate dextrose, NIH
formula A (ACDA), as anticoagulant. Platelets were isolated and labelled
with 1llln-oxine as follows: the blood was transferred to 50 ml polysty-
rene conical tubes (Falcon 2070, Oxnard, California U.S.A.) and platelet
rich plasma (PRP) prepared by differential centrifugation at 180 g for
10 min; contaminated red cells were removed by further centrifugation of
the PRP at 180 g for 5 min; the pH of the PRP was adjusted to 6.2-6.5 by
the addition of 5 ml ACD-A per 100 ml PRP; platelets were sedimented
into a pellet by centrifugation at 800 g for 15 min; resuspended in ca. 2 ml
physiological saline; incubated for 30 min with IIlln-oxine at a final
concentration of 6.25 ug exine/ml platelet suspension; washed once with
autologous platelet poor plasma (PPP); and finally resuspended in PPP.
Radioactivity of the labelled platelets was determined in a source
calibrator and 12.95 MBq (350 uCi) or less 1111nadministered to the
subject.

Aggregation of labelled platelets with adenosine diphosphate was
assessed in vitro under the phase microscope as previously described (13)
and IIIIn-platelets not used for in vivo studies unless a normal response
was seen.

Platelet survival studies were performed as recommended by the ICSH
(13). Mean autologous platelet survival was calculated by least squares
analysis of the linear and logarithmic estimates (12) and least squares
computer fitting to a gamma function (14). Platelet recovery in the
circulation at equilibrium was derived by back extrapolation of the
platelet survival curve from days 1 to IOta zero time.

Image Acquisition and Quantiuuion of Platelet Distribution

This was done as previously described (10, 11). Briefly, a scintillation
camera was interfaced with a PDP-8 based computer-assisted imaging
system acquisition matrix and a interpolated display image. The camera
was positioned to visualize the heart, lungs, spleen and liver simultane-
ously. Geometry was maintained by using the xiphisternum and anterior
iliac spines as poiots of reference. Autologous 111ln-labelled platelets
were injected the day previous to the study to allow equilibrium and re-
entry of platelets into the circulation after temporary segregation in the
liver (10).

65



Table I Effect of intravenous protamine on blood platelet count and blood IIIln-activity
Subjects Pre-Protamine Post-Protamine Per cent decrease in platelet

IIIln-activity Platelet counr') IlIln-activity Platelet count IIIln-activity Platelet count
(%) (x 10-'1/1) (%) (x 10-'111) (%) (x 10-'111)

A 100 78 80 43 20 45
B 100 106 88 63 12 41
C 100 86 65 58 35 33
0 100 86 83 66 17 23
E 100 68 SO 36 SO 47
F 100 44 81 42 19 5
A-F, Mean ± 1SO 100 ± 0 78 ± 21 75 ± 14 51 ± 13 26 ± 14 32 ± 16
G 100 200 85 56
H 100 280 82 129 18 54
1 100 190 83 140 17 26
G-I, Mean ± 1SO 100 ± 0 223 ± 49 82 ± 0.71 118 ± 29 17.5 ± 0.7 45 ± 17
I) Patients have a moderate thrombocytopenia during cardiopulmonary bypass.
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On the day of the protamine sulphate injection, images of the heart,
lungs, liver and spleen were obtained by integrating for 30 s periods for
5 min. The heparin and protamine sulphate were injected sequentially and
30 s images integrated for 45 min. Areas of interest were selected with the
computer and time-radioactivity curves of the heart, lungs, liver and
spleen generated.

Blood counts were performed with a Coulter Model SR electronic
particle counter. Leukocyte differential counts were done on 200 cells.

Patients
Six patients (subjects A to F) were part of a study of platelet kinetics

during cardiopulmonary bypass surgery. Autologous platelets were label-
led with IIlln-oxine and reinjected the day prior to surgery. During
extracorporeal circulation patients have a moderate thrombocytopenia
due to haemodilution and sequestration of platelets in the bubble
oxygenator. The bypass procedure involved administration of 250 U
heparin/kg body mass as a bolus and thereafter continuously by intraven-
ous infusion. At the end of the bypass the heparin was neutralized with
intravenous administration of 300-400 mg protamine sulphate. 1II1n-
platelet activity in peripheral blood, and blood platelet counts were
performed at intervals before, during and for one hour after protamine
sulphate infusion.

Three normal volunteers (subjects G, H and I) were investigated in a
project approved by the Ethical Committee of the University and the
Provincial Administration of the Orange Free State. Autologous platelets
were labelled and reinjected. The following day 100 U/kg heparin was
administered intravenously. Ten minutes later 50 mg protamine sulphate,
diluted in 20 ml physiological saline, was given slowly by intravenous
injection over a period of 5-7 min. Two subjects (H and I) had no
untoward side effects. Subject G, who previously had received protamine
sulphate, had a delayed hypotensive hypersensitivity attack approximately
2 h after the administration of the protamine. The study of this subject
was not completed. Since the results in all three volunteers were similar it
was not deemed justified to expose other volunteers to the risk of
anaphylaxis and the study was terminated.

Results

1. Cardiopulmonary Bypass Surgery Patients

Six patients received protamine sulphate intravenously. The
results (subjects A to F) are given in Table 1. In order to compare
the results in different patients tllln-radioactivity of labelled
platelets just prior to administration of protamine was assumed
100% and subsequent radioactivity related to this value. The
results given are those before the protamine administration, and
the maximum decrease in absolute platelet count and IItIn_
activity observed 5 to 10 min after protamine infusion. Blood
IlIln-activity decreased by a mean (± 1 SD) of 26 ± 14% and
absolute blood platelet counts by 32 ± 16%. The magnitude of
the decrease in ti tIn-activity and platelet counts did not differ
significantly (P > 0.15; paired t statistic).

200

150
A
{lo

B
{loOl

Cl
C
Cl
J:;;
u
'E 100e

50

o
Minutes

10 15 20 25 30

Fig. 1 In vivo organ redistribution of IIIIn-labelled platelets and blood
platelet counts after intravenous administration of protamine sulphate.
Changes are expressed as a percentage relative to pre-injeetien values
assumed to be 100%. Transient hepatic accumulation of platelets mirrors
the thrombocytopenia. Heparin was administered at time A and pro-
tamine at time B. Liver D-D; spleen 0-0; heart \l- \l; blood platelet
count 0-0.

2. Platelet Survival Studies

The relevant data on radioactivity injected, recovery in the
circulation, and linear, logarithmic, weighted mean and gamma
function analysis of platelet disappearance from the circulation of
subjects H and I are given in Table 2. The results of ItIIn-platelet
survival of the same subjects done previously are also given.
Normal reference values are from our previous study (10).

Recovery in the circulation was within normal limits but in both
subjects less than in the previous study. The disappearance curves
of platelets from the circulation fitted a linear function best and
there was good correlation between platelet survival determined
by the linear, weighted mean and gamma functions. In both
subjects platelet survival was slightly longer after protamine
sulphate administration compared to the previous study, and the
number of "hits" also increased.

3. In Vivo Redistribution of Platelets after Protamine
Administration

The subject was placed under the scintillation camera and
heparin and protamine sulphate administered sequentially.
Changes in organ IIlln-radioactivity were monitored for 45 min.
Blood platelets were counted before, and 5, 10, 15, 25, 35 and



111In-radioactivity. Splenic III In-activity remained constant. No
increase in radioactivity occurred in the lungs.

Table 2 Subject and platelet survival data

Subject II1In_ Recovery in Platelet survival (hours)
injected circulation T linear Tlog Weighted Gamma Number of
MBq (mCi) (%) T (h) ± 1 SDo T (h) ± 1 SDo mean function "hits"

H
Protamine study 8.73 (236) 67 245 2.6 105 8.4 234 247 68
H
Previous study 11.39 (308) 92 238 1.6 115 5.5 229 } 230 13
I
Protamine study 10.28 (278) 65 244 2.6 110 8.7 231 243 51
I
Previous study 12.95 (350) 83 233 2.5 110 6.0 214 226 16
Normal values 72±16 216±17 2.6±1.6 101±21 9.3±5.7 177±36 179±40 9±6.4
(ref·lO)

o This standard deviation is the discrepancies between the fitted line and the data.

Table 3 Effect of intravenous protamine sulphate on blood WBC, neutrophil count and haematocrit

Subject Investigation Time (minutes) after injection of protamine sulphate
Pre-infusion 5 10 15 25 35 45

G WBC (x 10-9/1) 6.1 1.6 1.9 3.9 5.1 5.5 5.9
Neutrophils (x 10-9/1) 2.8 0.2 0.1 1.3 2.1 2.6 2.9
.Haematocrit (l/l) 0.48 0.50 0.51 0.51 0.51 0.51 0.51

H WBC (x 10-9/1) 5.4 4.0 3.5 4.0 4.2 3.9 5.5
Neutrophils (x 10-9/1) 2.8 0.9 0.8 1.3 1.6 1.9 2.9
Haematocrit (1/1) 0.39 0.38 0.36 0.36 0.39 0.38 0.38

WBC (x 10-9/1) 7.6 5.1 4.4 5.3 6.6 6.9 7.2
Neutrophils (x 10-9/1) 4.4 2.0 0.8 2.2 3.5 3.9 4.2
Haematocrit (1/1) 0.41 0.40 0.41 0.40 0.41 0.40 0.39

45 min after protamine infusion. The results obtained in subject
H are illustrated in Fig. I and 2. The results in all three normal
subjects were similar but the time lag and magnitude of change
differed somewhat, making construction of an aggregate curve
impossible. Between 3 and 5 min after protamine sulphate was
administered the platelet count started to decrease and reached a
nadir at 5 min. In subjects G, H and I the minimum platelet count
was respectively reached 10,5 and 5 min after the injection.
Platelet counts returned to baseline levels 30-45 min after
protamine administration. Organ radioactivity distribution
changed after protamine. The disappearance of platelets with
time from the circulation was mirrored by an increase in hepatic

Fig. 2 Scintillation camera images illustrating tbe transient accumulation
of 1l1In-labelled platelets in the liver after intravenous administration of
protamine sulphate. Tbe splenic pool of platelets and the heart are clearly
visualized.

4. Effect of Protamine Sulphate Administration on the Blood
Neutrophil Count

Peripheral blood neutrophils were counted before, and at
frequent intervals after protamine administation to subjects G, H
and I. The results are given in Table 3. In all three subjects a
marked transient neutropenia was more pronounced than the
thrombocytopenia. Neutrophil counts were maximally depressed
10 min after injection and had returned to normal levels at about
45 min. There was no change in the blood haematocrit of subjects
H and I, whereas that of subject G, who later had a hypotensive
reaction, increased somewhat.

Discussion

Protamine is a strongly polycationic polypeptide which is
widely used to neutralize heparin in cardiopulmonary bypass
surgery and in blood cell separator ceU component donation
procedures. Protamine aggregate platelets in vivo, probably by a
direct effect on the platelet membrane. Intravenous infusion of
protamine causes transient thrombocytopenia (3-5), a decrease in
systemic vascular resistance, a fall in cardiac output and an
increase in pulmonary artery pressure. It is not clear how the
platelets bring about their effect. It has been suggested that these
vascular changes are mediated by the release of vasoactive
platelet substances (8). Some researchers think the increase in
pulmonary vascular resistance is caused by obstruction of the
pulmonary vascular bed by platelet microthrombi (15), whereas
others consider the release of smooth-muscle-active substances
from platelets more important (5, 8).

Adverse reactions to protamine, similar to that seen in subject
G, are occasionally encountered. The clinical effect may in part be
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ascribed to release of vasoactive substances from the platelets (8).
In view of the severity of the reaction our subject G had, we did
not feel it justified to expose other volunteers to the risk.
Although the series is small the results in all three subjects were
virtually identical, thus confirming the validity of the study.

111In,a cyclotron-produced isotope, 2.8 d half-life, complexed
to 8-hydroxyquinoline is an efficient platelet label (9). The
physical characteristics of the radio nuclide permit quantitative
computer-assisted scintillation camera imaging of platelets in
vivo (10, 11). We have applied these techniques to study the
effect of protamine sulphate infusion on the in vivo redistribution
of platelets and on platelet survival to illucidate the nature of the
thrombocytopenia and to determine whether platelets accumulate
in the lungs. We confirm the finding that intravenous protamine
sulphate causes a rapid but transient thrombocytopenia. In both
the cardiopulmonary bypass surgery group and the normal
volunteers the magnitude of the decrease in lllln-labelled and
total blood platelet counts was similar (Table 1). This indicates
that the labelled platelets responded to the protamine sulphate in
the same manner as did the unlabelled platelets. Platelet recovery
in the circulation and platelet survival was within normal limits
(Table 2). The finding that platelet survival after protamine
administration was slightly longer in both normal subjects com-
pared to the findings in the same subjects in a previous study, is of
interest. The fewer "hits" in the gamma function model (14)
indicates that the platelet survival curves in both subjects were
also more linear after protamine compared to that of the previous
control studies (Table 2). It is possible that the platelets exposed
to, and presumably reversibly aggregated by the protamine,
become less reactive and are not removed from the circulation
until the end of their lifespan. This series is however far too small
for any firm conclusions in tros regard.

In vivo platelet accumulation in the lungs after protamine
infusion has been studied in dogs (5). These investigators
observed a transient tenfold increase in Ster-labelled platelets in
the lungs but not in the skeletal muscles. In our study protamine
induced thrombocytopenia was accompanied by a transient
accumulation of IIlln-activity in the liver (fig. I and 2). No
increase in lllln-platelet activity was observed in the lungs or in
the spleen. It is not apparent why our results differ from the
findings of Radegran (5), but it may be due to greater aggregation
response of canine platelets to protamine (16). The hepatic Il1ln_
platelet accumulation resembles that seen in the first 90 min after
reinjection of 1I1ln-labelled platelets in normal man and dog (10,
11). We have ascribed this phenomenon to a transient hepatic
pooling of platelets injured by the collection and labelling
procedure. The liver thus seems able to temporary sequestrate
"activated" platelets. A similar phenomenon is apparently
observed here. The protamine presumably causes in vivo aggrega-
tion of activation release of the platelets. This is a reversible
process and the platelets, after from the liver, have at least a
normal life span.

The protamine induced severe neutropenia in all three normal
subjects studied (Table 3). The neutropenia was maximal within
5-10 min after injection, and seemed to parallel the kinetics of
the thrombocytopenia. That this was not due to changes in plasma
volume was reflected by the constancy of the haematocrit.
Transient neutropenia is known to occur in anaphylaxis, presum-
ably due to rapid intravascular redistribution of granulocytes,
especially in the pulmonary capillary bed (17), but our subjects H
and I did not show any evidence of anaphylaxis. Platelets contain
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histamine which is secreted during the release reaction. Histamine
may cause a temporary pool shift of neutrophils by inducing them
to stick to vascular endothelium (18). Protamine may by this
mechanism cause a pseudoneutropenia. It should be possible to
study this phenomenon with lllIn-oxine labelled granulocytes.

This study illustrates the advantages of II1In-oxine as a platelet
label. In vivo quantitative studies of platelet redistribution and
sites of destruction are possible with the techniques we have
developed. The interaction between a drug and platelets could
thus be studied with a new approach and the pathogenesis of the
transient thrombocytopenia illucidated.
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A comparison between the use of recombinant hirudin and heparin
during hemodialysis. The purpose of this study was to determine the
anticoagulant and anti thrombotic potential of hirudin during hemodialysis
by comparing the efficacy of dialysis with heparin to that of dialysis with
recombinant hirudin (r-hirudin). Eleven patients with chronic renal failure
and on maintenance hemodialysis were included in this open cross-over
study. Conventional doses of heparin were administered during the first
dialysis of the study. Two days later r-hirudin, at a dose of 0.15 mg/kg, was
given as a bolus at the start of the second dialysis. The mean decreases in
plasma levels of urea, uric acid and creatinine were approximately 50%
after dialysis with both anticoagulants. Dialysis was therefore equally
effective. However, effective dialysis with r-hirudin was achieved with a
shorter activated partial thromboplastin time (APTT; range 65 to 103
seconds) compared to that with heparin ~>120 seconds), thereby decreas-
ing the risk of bleeding. Markedly less II In-labeled platelets accumulated
at the inlet of the artiticial kidney when r-hirudin was used. suggesting a
smaller loss of hollow tiber volume. The results indicate that hirudin may
be a suitable alternative anticoagulant for use during hemodialysis and it
thus warrants further investigation.

Extracorporeal thrombogenesis is a major problem associated
with hemodialysis. The composition of the artificial membrane in
the extracorporeal system and the large surface area to which the
blood is exposed, contribute significantly to activation of the
coagulation cascade; white blood cells and blood platelets [I]. The
use of an anticoagulant is therefore a prerequisite to prevent
thrombotic occlusion of the artificial kidney to ensure effective
dialysis. Standard unfractionated heparin is currently the antico-
agulant of choice. Its anticoagulant effect is achieved through
interaction with the natural thrombin inhibitor, antithrombin III
(AT Ill). Heparin potentiates the inactivation of thrombin by
forming a complex with its cofactor AT Ill, which serves as a
template to which thrombin binds [2). Heparin does, however, not
completely prevent thrombogenesis [3), and there are several
complications associated with its long-term use. These include
thrombocytopenia, increased bleeding tendency, osteoporosis,
increased lipolytic activity, and changes of lipid patterns [4-8].
Activation of lipolysis by heparin during hemodialysis also leads to
immunosuppressive effects [7). Therefore a safer and more effec-
tive anticoagulant would be beneficial.

Hirudin, the most potent natural inhibitor of thrombin, seems
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to be a promising alternative anticoagulant for heparin. Hirudin is
a direct thrombin inhibitor and does not require endogenous
cofactors. It reacts with thrombin in a 1:1 molar ratio to form a
noncovalent complex. The carboxy terminal region of hirudin,
which is rich in acidic residues, binds ionically to the anion binding
exocite of thrombin. The amino-terminal region binds via hydro-
phobic interaction to the apolar binding site and the Pro 46-Lys
47-Pro 48 region occupies the basic specificity pocket of the active
site [9]. Through this mechanism hirudin inhibits all the actions of
thrombin and so effectively inhibits coagulation and prevents
heparin-resistant arterial-type thrombosis when given in large
enough dosages [10). Hirudin has no adverse effects when infused
into humans, because it is pharmacologically virtually inert [11).
Hirudin is also a weak immunogen [12-14). Hirudin was first used
during hemodialysis in 1926 [15). However, impurities in the crude
preparation and the uncertainty about its anticoagulant activity
and side effects limited its clinical use. Purified hirudin is now
made in sufficient amounts by recombinant technology, and its use
during hemodialysis has already been studied in dogs [16] and
man [17). We evaluated the use of recombinant hirudin as an
anticoagulant during hemodialysis in humans. We assessed the
efficacy of dialysis by comparing r-hirudin with heparin. To
achieve this, we measured the biochemical profile, platelet count,
hematocrit, platelet function, and coagulation before, during, and
after dialysis.

Methods

Subjects
Eleven patients (median age 37 years, range 22 to 51), with

chronic renal failure (creatinine clearance < 10 ml/min) and on
maintenance hemodialysis were included. The patients gave in-
formed consent to participate. The study was approved by the
Ethics Committee of the Provincial Administration and the
University of the Orange Free State. The use of r-hirudin was
approved by the South African Medicines Control Council. All
patients refrained from taking drugs that may influence platelet
function and fibrinolysis for at least 10 days prior to, and during
the study.

Study design
This was an open cross-over study. Standard unfractionated

heparin from porcine intestinal mucosa (Heparin Sodium, Labe-
thica, SA) and r-hirudin (Hoechst AG, Frankfurt and Behring-
werke AG, Marburg, Germany) were used. Because of the
prolonged elimination of hirudin in terminal renal failure [18],
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Table 1. The mean decrease in serum levels of solutes during dialysis and the percent efficacy of dialysis with heparin and hirudin respectively

Hirudin Heparin

Decrease % Efficacy Decrease % Efficacy

Urea 13.2 :!: 1.9 mmol/liter 50:!: 7 15.7 :!:3.7 mmol/liter , 51 :!: 7
Uric acid 0.2 :!:0.1 mmol/liter 48:!: 14 0.3 :!:0.1 mmol/liter .\) 50:!: 11
Creatinine 423 :!: 152 /J.mol/liter 45:!: 6 439 :!: 149 lJ.ffiol/liter 44:!: 6

r-hirudin was administered during the second dialysis of the study.
This was to avoid possible effects of residual r-hirudin during the
second dialysis. Cuprammonium rayon type artificial kidneys
(Terumo, Japan) were used once and then discarded. Dialysis was
done against an acetate buffer on a Gambro AK 10 artificial
kidney machine (Gambro, Sweden). Each dialysis session lasted
four hours.
The day before the first dialysis of the study (Day 0), blood (53

ml in 7 ml ACD-A) was collected, the platelets isolated and
labeled with 1Illn-tropolone (19] and reinjected. One day later
(Day 1), dialysis with heparin was done. It was administered
according to the protocol in use at the Dialysis Unit. The total
intra-dialysis heparin dose during the four-hour dialysis session
varied between 5,000 and 10,000 IU. Two days later (Day 3), the
second dialysis was done with r-hirudin. A single bolus dose of
r-hirudin, 0.15 mg/kg dissolved in sterile pyrogen-free water, was
given at the start of blood flow through the extracorporeal circuit.
The heparin and r-hirudin were infused into the arterial side of
the extracorporeal circuit, between the pump and the artificial
kidney.

In a dose finding study dosages of 0.08 mg/kg (N = 2) and 0.12
mg/kg (N = 2) r-hirudin was found to be inefficient to prevent
occlusion.

Study variables
Platelet accumulation at the inlet of the artificial kidney. The

accumulation of IllIndium-labeled platelets was measured with a
NaI-scintillation probe. The probe was fixed in a position at the
inlet of the dialyzer. The radioactivity counts were expressed as
the increase over. blood radioactivity (baseline). The latter was
measured after the first minute of blood flow through the dialyzer.

Laboratory analyses
Blood was collected at the arterial side of the extracorporeal

system. Serum levels of creatinine, urea and uric acid were
determined using a Technicon DAX analyzer (Bayer Diagnostics,
Basingstoke, UK). The platelet count and haematocrit were
determined with a Technicon HOI blood cell analyzer (Bayer
Diagnostics) on blood collected in K)EDTA. Blood was collected
in 3.2% tri-sodium citrate (9:1 vol/vol) for the coagulation and ex
vivo platelet aggregation studies. The activated partial thrombo-
plastin time (AP1T; Actin FS, Dade, Miami, FL. USA) and
thrornbin time (TT; bovine thrombin; Dade) were measured with
a Cobas Fibro semi-automated optical system (Roche, Switzer-
land) [20]. The fibrinogen levels (derived fibrinogen) were mea-
sured with an Automated Coagulation Laboratory instrument
(Instrumentation Laboratory, Italy) according to the instructions
of the manufacturers [21]. The plasma antithrombin III (AT Ill)
levels were measured by means of a standard chromogenic assay
kit (Instrumentation Laboratory) with an Automated Coagulation
Laboratory instrument (Instrumentation Laboratory) [22].Ex vivo

aggregation of platelets in response to ADP (0.5, 1.0, 1.5, 2.0, 10,
and 20 ILM) and epinephrine (10 ILM) was measured as described
in detail [23]. Spontaneous platelet aggregation was also mea-
sured. The circulating platelet aggregate ratio (CPAR) was deter-
mined as described [24]. The plasma levels of heparin and
r-hirudin were determined in blood collected in 3.2% and 3.8%
tri-sodium citrate (9:1 vol/vol), respectively. The concentration of
heparin in the plasma and dialysate was determined with a
chromogenic assay kit (Instrumentation Laboratory) using the
Automated Coagulation Laboratory instrument. [25] The plasma
and dialysate concentrations of r-hirudin were determined with a
chromogenic substrate method [26].

Statistics

The effect of the specific anticoagulant on a variable within a
treatment regimen was determined by calculating the mean
difference (post-dialysis value - pre-dialysis value), and the 95%
confidence interval for the difference. The difference in effect
between treatments was determined by subtracting the change
during dialysis with r-hirudin from that measured during dialysis
with heparin. The 95% confidence interval for this difference was
calculated to compare the effect of the anticoagulants during
dialysis. The areas under the lllln-labeled platelet accumulation
curves were calculated. The mean effects of the anticoagulant,
reflected by the relative sizes of the areas, were compared by
analysis of variance (ANOV A). The corresponding 95% confi-
dence interval was calculated for the difference between treat-
ments.
A double (hirudin) or single (heparin) exponential function was

fitted to the r-hirudin and heparin concentration in time profiles
of each individual to determine the plasma distribution and
elimination half-lives.
The results are given as a mean :t 1 so if the results were

normally distributed. If not, the median and range are given.

The mean decrease in urea, uric acid and creatinine after
dialysis, and the efficacy of dialysis with heparin and r-hirudin are
summarized in Table 1. Dialysis with r-hirudin was as effective as
dialysis with heparin since none of the values differed significantly
(P> 0.05).

Coagulation and plasma levels of heparin and r-hlrudin

The changes in activated partial thromboplastin time (AP1T)
and thrombin time (TT) during dialysis with heparin and r-
hirudin, respectively, are summarized in Table 2. Plasma levels of
fibrinogen and AT III are given in Table 3. The difference
between the decrease in AT III levels during dialysis with heparin,
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Table 2. Activated partial thromboplastin time (APTI) and thrombin time (TI) during dialysis with heparin and r-hirudin

Pre-dialysis 10 min 60 min 120 min 180 min 240 min

AP1T, seconds
Hirudin 30 to 38 65 to 103 53 to 82 51 to 75 48 to 76 .~ 46 to 70
Heparin 30 to 39 > 120 > 120 58 to > 120 36 to > 120 28 to> 120

TI, seconds
Hirudin 21 to 36 > 180 > 180 > 180 > 180 > 180
Heparin 24 to 38 > 180 > 180 > 180 55 to > 180 35 to > 180

Values are given as a range at each time interval.

Table 3. Changes in fibrinogen and antithrombin III levels during hemodialysis

Heparin Hirudin

Pre z so a MD:!: 1 so 95% Cl Pre z 1 so a MD:!: 1 so 95% Cl b Hep - Hir :!: 1 so 95% Cl

Fibrinogen, gtliter 4.0 :!: 1.5 0.4 :!: 0.7 -0.1; 0.8 3.7 :!: 1.2 0.2:!: 0.4 -0.1; 0.5 -0.2:!: 0.6 -0.5; 0.2
AT III, % 83:!: 20 -7:!: 27 -25; Il 84:!: 23 12 :!: 23 -3; 29 20:!: 17 8; 31<

a The effect of the anticoagulant on a variable within a treatment regimen was determined by calculating the mean difference (MD; post-dialysis value
minus pre-dialysis value) and the 95% confidence interval (Cl).

b The difference between treatments was determined by subtracting the change during dialysis with r-hirudin (Hir) from that measured during dialysis
with heparin (Hep). The 95% Cl for this difference was also calculated to compare the anticoagulants during dialysis.
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Fig. 1. Changes in the plasma concentrations of heparin during the four
hours of dialysis. Results are given as a mean z 1 SEM.

and the increase during dialysis with r-hirudin, was significant (P
< 0.05).
The changes in the plasma levels of heparin and r-hirudin are

summarized in Figures 1 and 2, respectively. The half-life of
heparin in the seven patients who did not receive maintenance
doses was 66 minutes (median; range from 42 to 225 min). The
distribution half-life of r-hirudin was Il minutes (median: range
from 5 to 24 min) and the apparent elimination half-life was nine
hours (median; range from 2 to 107 hr). In eight of the patients
the elimination half-life ranged from 2 to 12 hours. In the
remaining three it was 20, 36 and 107 hours, respectively. No
r-hirudin or heparin was measured in the dialysate.

Accumulation of Illln-labeled platelets

The accumulation of IIIIn-labeled platelets at the inlet of the
artificial kidney is given in Figure 3. The median for the areas

Fig. 2. Changes in the plasma concentrations of r-hirudin during the four
hours of dialysis. Results are given as a mean z 1 SEM.

under the curves (AVC) for r-hirudin (0.66 hr X change from
baseline; range -0.22 to 3.88) was smaller than that for heparin
(1.22 hr X change from baseline; range -0.36 to 8.09). The 95%
confidence interval (Cl) for the difference between treatments
was from 1.0 to 2.49 hours X change from baseline.

Hematological measurements
Neither the platelet count nor the hematocrit changed signifi-

cantly within or between treatments.

Platelet function studies

The results are summarized in Table 4. There were no signifi-
cant differences within or between treatment regimens. However,
platelet aggregation in response to the higher concentrations of
ADP tended to be slightly inhibited after dialysis with heparin, but
not after dialysis with r-hirudin. The finding that there were no
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Fig. 3. The relative accumulation of / / 'Indium-labeled platelets. expressed
as the fold increase from baseline at the inlet of the artificial kidney during
dialysis with heparin (-0-) and r-hirudin (- - 0 - -), respectively. Results are
given as a mean ::!:: 1 SEM.

increases in circulating platelet aggregates is surprising, but might
have been influenced by the site of sample collection.

Discussion
This study in patients clearly demonstrates that r-hirudin can be

used successfully as anticoagulant during hemodialysis. The per-
cent decrease in plasma creatinine, urea and uric acid were
equivalent for both anticoagulants, indicating that dialysis with
r-hirudin was as effective as dialysis with heparin. When compared
to heparin, effective dialysis with r-hirudin was achieved at a
shorter APTf (Table 2). This is of particular importance since a
prolonged APTf is associated with an increased risk of bleeding
[26, 27]. The changes observed in the TT is probably of no clinical
relevance because the TT is an extremely sensitive test of throrn-
bin inhibition. Therefore it is not indicative of the anticoagulation
status or of a bleeding risk [28, 29].

The longer elimination half-life of r-hirudin is a matter of
concern. However, one must take into account that it is perhaps
not ideal to derive the long half-lives from the course of plasma
levels determined from samples collected only for four hours. Our
results does compare favorably with that measured in patients
with chronic renal failure and chronic renal disease [18], and is
considerably longer than that measured in normal humans and
animals [30-34]. The prolonged half-life provides a long-lasting
anticoagulant effect and the potential for drug accumulation. This
needs to be investigated. The reason for the large variation in
elimination times of r-hirudin from the plasma of individual
patients is not clear. There was no correlation between the
elimination times and the baseline creatinine, urea or uric acid
values. The large variation may require that the dosages be
individually adjusted when repeated treatments are given. A
possible solution may be to treat the dialyzer and not the patient,
in which case a dialyzer with a larger cut-off value will have to be
used, together with a constant infusion of r-hirudin at the inlet of
the dialyzer. In this study the dialyzers had a cut-off value of 5 kO
which prevented the removal of r-hirudin by the dialysis process.

The elimination half-life of heparin (90 min) was similar to that
measured in normal humans [35, 36]. Heparin is partially depo-
Iymerized by the cells of the monocyte-macrophage system and
the degradation products excreted by the kidneys [36, 37]. The
potential for accumulation of degradation products may therefore
explain, at least in part, some of the comptications of the
long-term use of heparin [4-8].

Markedly less Illln-Iabeled platelets accumulated at the inlet of
the artificial kidney during dialysis with r-hirudin. Excessive
platelet deposition, especially during the first three hours of
dialysis, was prevented by r-hirudin (Fig. 3). This may have
resulted in a smaller loss of hollow fiber volume because there is
a strong relationship between the number of platelets deposited
and loss of volume [38]. In this case dialysis with r-hirudin could
have been more effective during this time. Unfortunately we did
not measure it. The fact that deposition of platelets after three
hours of dialysis were similar for both anticoagulants suggests that
a minimum number of platelets will always accumulate in the
artificial kidney. This assumption is supported by the findings that
D-Phe-Pro-Arg CH2C1, a synthetic and direct thrombin inhibitor,
completely prevents platelet deposition onto native Dacron vas-
cular graft material [38], but was not able to do the same in
artificial kidneys [39].
There are several possible reasons why heparin is not as

effective as hirudin in inhibiting arterial thrombus formation.
These include: (a) heparin may contain fractions that activate
platelets directly, thereby promoting thrombogenesis [40]; (b)
activated platelets release proteins, such as platelet factor 4 and
beta-thrornboglobulin, that can inactivate heparin locally at the
surface of thrombi [41]; (c) the inactivation ofthrombin bound to
other components in a thrombus may be prevented by steric or
ionic hindrance of the heparin-AT III complex [42]; and (d)
platelets within a thrombus may be activated by meizothrombin
which is not inactivated by the heparin-AT III complex [43].

The AT III levels decreased during dialysis with heparin and
increased during dialysis with r-hirudin. The decrease after hep-
arin dialysis is not surprising and can be attributed to consumption
of AT III by heparin to inactivate thrombin [44]. However, the
decrease was not substantial and is possibly of little clinical
significance. Moreover, the decrease was transient since the AT
III levels before dialysis with r-hirudin were similar to that before
dialysis with heparin. The increase in AT III levels after dialysis
with r-hirudin is difficult to explain. It cannot result from
hemoconcentration [45] since the hematocrit did not change
markedly. AT III is an acute phase protein. The slight increase
during dialysis with r-hirudin may indicate that there was a slight
consumption of AT Ill. That can be explained by the pre-phase
enzyme activation of Factor IX, Factor X, and others. When
r-hirudin is used, these factors are activated and bound by AT Ill.
To our knowledge only one study investigated the use of

r-hirudin during hemodialysis in humans [17]. In that study a dose
of 0.08 mg/kg was effective to prevent occlusion of the extracor-
poreal circuit. In our dose finding study this dose and even a
higher dose of 0.12 mg/kg was too low to prevent thrombus
formation in the extracorporeal circuit. We therefore used a dose
of 0.15 mg/kg.

In conclusion, this study demonstrates the feasibility of using
r-hirudin in patients undergoing hemodialysis. The results indi-
cate that an intravenous bolus of 0.15 mg/kg r-hirudin was safe
and effective. Since it is administered as a single pre-dialysis dose,
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Table 4. Changes in the circulating platelet aggregate ratio (CPAR) and platelet aggregation during hemodialysis

Heparin Hirudin

Pre rt I SD a MD:!: 1 SD 95% Cl Pre rz I SD a MD:!: 1 SD 95% Cl b Hep - Hir :!: I SD, 95% Cl

CPAR 0.81 :!: 0.14 0.00 :!: 0.11 -0.07; 0.07 0.78 :!: 0.12 0.05 :!: 0.13 -0.04; 0.13 0.04 :!: &19 -0.08; 0.17

Aggregation, %
Spontaneous 4.6 :!: 1.6 1.0 :!: 1.7 -0.03; 2.2 4.5 :!: 2.0 0.6:!: 2.7 -1.3 ; 2.5 -0.4:!: 3.5 -2.9; 2.2

Adrenalin 10 ILM 55.9 :!: 9.6 -3.2:!: 10.5 -1.07; 4.3 58.9 :!: 8.4 -7.3:!: 16.0 -18.7; 4.1 -4.1 :!: 18.5 -17.3; 9.1

ADP: 0.5 ILM 9.0:!: 5.6 2.2:!: 3.9 -0.8; 5.2 15.9 :!: 14.8 -4.5 :!: 6.9 -8.6; 3.6 -3.8:!: 6.3 -9.1; 1.5

1.0 ILM 26.9:!: 16.2 -4.5:!: 17.2 -16.8; 7.8 25.1 :!: 15.7 -4.0:!: 10.1 -11.2;3.2 0.5 :!: 23.9 -16.6; 17.6

1.5 ILM 46.5 :!: 16.4 10.0:!: 19.0 -23.7; 3.5 44.6:!: 13.5 O.O:!: 19.5 -13.9; 13.9 lD.I:!: 16.6 -2.0; 22.1

- 2.0 ILM 52.6:!: 16.2 -6.9:!: 13.4 -16.5; 2.7 52.0:!: 10.8 -LO:!: 16.9 -13.1 ; 11.1 5.9 :!: 20.7 -8.9; 20.7

10.0 ILM 61.6 :!: 9.8 -5.8 :!: 9.1 -12.2; 0.8 61.6:!: 10.7 1.8:!: 12.1 -6.9; 10.5 7.6 :!: 15.4 -4.5; 17.6

20.0 ILM 63.0 :!: 9.3 -3.6 :!: 8.5 -9.7; 2.5 65.4 :!: 12.4 2.9 :!: 12.1 -5.7; 11.6 6.6 :!: 15.4 -4.5; 17.6

a The effect of the anticoagulant on a variable within a treatment regimen was determined by calculating the mean difference (MD; post-dialysis value
minus pre-dialysis value) and the 95% confidence interval (Cl).

b The difference between treatments was determined by subtracting the change during dialysis with r-hirudin (Hir) from that measured during dialysis
with heparin (Hep). The 95% Cl for this difference was also calculated to compare the anticoagulants during dialysis.

it will simplify the dialysis procedure. The shorter APTI indicates
a reduced risk of developing a bleeding tendency. The fact that
less platelets accumulated at the inlet of the dialyzer indicates that
the dose was sufficient to protect against thrombus formation. In
addition no side effects, bleeding complications or thrombotic
events occurred with the use of r-hirudin. These findings, together
with the fact that r-hirudin can be used successfully in patients
with an AT III deficiency and in patients with heparin-induced
thrombocytopenia [35], indicate that r-hirudin may be a suitable
and better alternative for heparin as anticoagulant. In this study
r-hirudin was used in only one dialysis session in each of a
relatively small number of patients. Therefore, final conclusions
and recommendations cannot be made. It will be worthwhile to
investigate the use of r-hirudin in a larger number of patients who
are undergoing serial dialysis two to three times per week.
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The effect of r-hirudin vs. heparin
on blood-membrane interactions
during hemodialysis
V. VANWYK,P. N. BADENHORSTand H. F. KOTZÉ

Department of Hematology, University of the Free State, Bloemfontein, South Africa

Abstract. The aim of this study was to determine if recombinant (r-)hirudin, used as anticoagulant
during hernodialysis, has favourable effects on blood-membrane interactions. The results were com-
pared with that obtained when standard unfractionated heparin, the anticoagulant of choice, was used.
Material and methods: Eleven patients with chronic renal failure and on maintenance hemodialysis
were included in this open cross-over study. Heparin was administered according to the existing pro-
tocol in use at the Dialysis Unit during the first dialysis of the study (5,000 to 10,000 IU). r-Hirudin,
0.15 mg/kg, was given as a bolus at the start of the second dialysis, two days later. The effect of the
anticoagulant on leukocyte and complement activation, thrornbogenesis, release of platelet activating
factor and pulmonary gas exchange was studied. Results: In most cases after dialysis with heparin
(8 of II), but not with r-hirudin, macroscopically visible thrombi formed at the inlet of the artificial
kidneys. Irrespective of the anticoagulant used, a transient leukopenia (neutropenia) developed ten
minutes after dialysis was started. Heparin anticoagulation resulted in a significant increase in plas-
ma levels of complement C3a at all time points, whereas with r-hirudin the increase was significant
after only 30 and 240 min. The O2 saturation decreased significantly during the first two hours of di-
alysis with heparin. The partial O2 pressure decreased significantly during the first two hours of dial-
ysis, irrespective of the anticoagulant used. Conclusions: We conclude that r-hirudin is superior to
heparin with regard to inhibition of thrombus formation in the dialyzer during hemodialysis. Slight.
but favourable effects on complement activation, O2 saturation and lung CO diffusing capacity were
also found with r-hirudin.

Key words: hemodialysis - recombinant hirudin - heparin - platelets - complement activation

coagulation cascade, may cause dialysis-induced pulmo-
nary dysfunction' [Biscel et al. 1975, Craddock et al.
1977, Mahajan et al. 1977, Davenport and Williams
1988].

An anticoagulant is used to reduce these blood-
membrane interactions and to ensure safe and effective
dialysis. Standard unfractionated heparin is most com-
monly used. Its action is mainly through potentiation of
its cofactor, antithrombin Ill. which in turn binds to and
inhibits thrombin [Rosenberg 1978]. However, heparin is
neither entirely safe [Swam 1981, Rupp et al. 1982] nor
is it totally effective in reducing membrane-blood inter-
actions [AnseIl and Deykin 1980, Kelly et al. 1989,
Schulman 1993]. An alternative more effective and per-
haps safer anticoagulant would therefore be beneficial.

Hirudin, a potent direct and specific inhibitor of
thrornbin, was first isolated from the salivary glands of
the medicinal leech and is now made by recombinant
technology [Markwardt 1991]. r-Hirudin has several
advantages over heparin. It does not need a cofactor to
express its activity, it has a shorter half-life, and it has the

Introduction

The artificial membranes of the extracorporeal cir-
cuit which are used during hemodialysis are all bio-
incompatible to variable degrees. This causes blood-
membrane interactions which results in activation of
especially the coagulation cascade and the alternati ve
pathway of the complement system [Andrade et al. 1981,
Hakim et al. 1984]. Activation of the complement system
can cause an increased margination and sequestration of
neutrophils in the pulmonary capillaries, which results in
a marked but transient leukopenia during the first two to
ten minutes of dialysis [lensen et al. 1973, Kelly et al.
1989]. This, together with trapping of micro-aggregates
in the pulmonary bed, as a result of activation of the
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ability to bind to and inactivate thrombus bound throm-
bin [Weitz et al. 1990]. r-Hirudin also prevents heparin-
resistant arterial-type thrombosis when used in large
enough dosages [Kelly et al. 199 I]. No serious side
effects due to its use have been documented. Its effective-
ness as anticoagulant during hemodialysis has been
shown in the dog [Bucha et al. 1990] and man [VanhoI-
der et al. 1994, Van Wyk et al. 1995].

The objective of this study was to determine wheth-
er r-hirudin has more favourable effects, possibly superi-
or to that of heparin, on the blood-membrane interac-
tions, subsequent activation processes and adverse down-
stream events, during hemodialysis in humans.

Materials and methods

Subjects: We included eleven patients (median age
37 years, range 22 to 51), with chronic renal failure
(creatinine clearance <10 ml/min) and on maintenance
hemodialysis. The patients gave informed consent to par-
ticipate in this study which was approved by the Ethics
Committee for Clinical Studies of the University of the
Free State. The use of r-hirudin was approved by the
South African Medicines Control Council. All patients
refrained from taking drugs that may influence coagula-
tion and platelet function for at least 10 days prior to, and
during the study.

Study design: It was an open cross-over study with
two consecutive dialysis procedures. The first dialysis
was done with heparin from porcine intestinal mucosa
(Heparin Sodium, Labethica, SA) as anticoagulant. It was
administered according to the existing protocol in use at
the Dialysis Unit. i. e. an initial bolus infusion when
blood flow through the extracorporeal circuit was started,
followed by maintenance doses if necessary [Lindsay
1983]. The initial dose of heparin was calculated from
the body mass of the patient to prolong the activated clot-
ting time (ACT) to 80% longer than normal. The ACT
was monitored on site and maintenance infusions were
given as a bolus if necessary. Two days later, the second
dialysis was done with r-hirudin, 0.15 mg/kg (HBW
023, Hoechst AG, Frankfurt and Behringwerke AG, Mar-
burg, Germany) dissolved in sterile pyrogen-free water. It
was given as a bolus simultaneous with the start of blood
flow through the extracorporeal circuit. The heparin and
r-hirudin were infused into the arterial side of the extra-
corporeal circuit, between the pump and the artificial kid-
ney. r-Hirudin has a prolonged elimination in patients
with end-stage renal failure [Nowak et al. 1992, Van Wyk
et al. 1995]. Therefore, to avoid possible effects of resid-
ual r-hirudin, it was administered during the second dial-
ysis of the study. Cuprammonium rayon type artificial
kidneys (Terurno, Japan) were used once and then dis-
carded. Dialysis was done against an acetate buffer on a
Garnbro AK 10 artificial kidney machine (Gambro, Swe-
den). Each dialysis session lasted four hours.

Study variables: Blood was collected at the arterial
side of the extracorporeal system at various time intervals
during dialysis. Serum levels of creatinine, urea and uric
acid were determined before and after dia!rsis, using a
Technicon DAX analyzer (Bayer Diagnostics, Basing-
stoke, UK). The plasma levels of heparin and r-hirudin
and the leukocyte and neutrophil counts were determined
before dialysis and again at 10,60, 120, 180 and 240 min
after the start of dialysis. Heparin concentrations were
determined in blood collected in 3.2% tri-sodium citrate
(9: 1 vol/vol) with a chromogenic assay kit (Instrumenta-
tion Laboratory) using the Automated Coagulation
Instrument [Larsen et al. 1978]. r-Hirudin concentrations
were determined in blood collected in 3.8% tri-sodium
citrate (9: 1 vol/vol) using the chromogenic substrate
method [Grëtsch et al. 1991]. The leukocyte and neu-
trophil counts were determined on blood collected in
K)EDTA using a Technicon H* 1 blood cell analyzer
(Bayer Diagnostics, Basingstoke, UK). Blood samples
were also collected before dialysis and at 10, 30 and 240
min in complement sample collection tubes (C3~esArg,
Amersham, UK). Plasma concentrations of complement
C3~esArg were measured with an 1251 assay system
according to the specifications of the manufacturers.
Blood samples to determine the concentrations of platelet
activating factor (PAF) were collected at the same time
intervals as those for complement measurement. The
preparation of these blood samples was done as described
[Yamada et al. 1986]. A platelet activating factor 3H-scin-
tillation proximity assay system (Amersham, UK) was
used to determine the plasma levels of PAF.

The arterial oxygen saturation level and partial pres-
sures of O2 and CO2 (p02 and pC02) were measured in
heparin anticoagulated blood before dialysis and at 120
and 240 min using an ABL 500 instrument (Radiometer,
Copenhagen). Lung function tests were measured before
and after dialysis with a Medical Graphic 1070 lung
function system (Medical Graphics Corporation, USA).
Measurements conformed to the standards set by the
American Thoracic Society [Gardner et al. 1987]. The
flow volume loop was measured by using the forced spi-
rometric technique, and the single breath technique was
used to measure the CO diffusing capacity [Wanger
1992).

At the end of each dialysis session the dialyzer was
removed and opened at the inflow side. The thrombi, if
present, were carefully removed, fixed in a 3% 0.2 M
phosphate buffered glutaraldehyde solution (pH 7.2) and
viewed with an electron microscope (Philips Transmis-
sion Electron Microscope, EM 301) at 60 kV.

Statistics: The effect of the specific anticoagulant
on a variable within a treatment regimen was determined
by calculating the mean difference (MD; post-dialysis
value minus pre-dialysis value), and the 95% confidence
interval (Cl) for the difference. The difference in effect
between treatments was determined by subtracting the
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change during dialysis with r-hirudin (Hir) from that
measured during dialysis with heparin (Hep). The 95%
confidence interval for this difference was calculated to
compare the effect of the anticoagulants.

Results

Creatinine, urea and uric acid: The baseline serum
levels of creatinine, urea and uric acid were 423 ±
152 umol/l, 0.2 ± 0.1 mmol/l and 13.2 ± 1.9 mmol/l
respectively. Dialysis efficiency, calculated as the per
cent decrease in serum levels was 44 ± 6% for creatinine,
50 ± II % for urea and 51 ± 7% for uric acid when hepa-
rin was used. The corresponding values for r-hirudin was
45 ± 6%, 48 ± 14% and 50 ± 7% respectively. None of
the values differed significantly.

Plasma levels of anticoagulant: The plasma levels
of r-hirudin and heparin are summarised in Table I.

Electron microscopy: Arterial type thrombi contain-
ing platelets, leukocytes and red blood cells were found
at the inlet of 8 of II dialyzers after dialysis with heparin
(Fig. I). No deposits were seen after dialysis with r-hiru-
din.

Leukocytes: The changes in the leukocyte and neu-
trophil counts are summarised in Figure 2. During the
first ten minutes of dialysis with heparin the leukocyte
and neutrophil counts decreased by approximately 66%
and 82% respectively. The corresponding decreases dur-
ing dialysis with r-hirudin, 72% and 88%. were not sig-
nificantly different from that found with heparin. The
counts then increased to pre-dialysis values and remained
so throughout dialysis.

Pulmonary gas exchange: The diffusing capacity of
carbon monoxide (DLCO) decreased by 1.9 ± 2.5 mil
minlmmHg (95% Cl from -4.2 to 0.4 mUminlmmHg)
during dialysis with heparin. During dialysis with r-hiru-
din the DLCO increased by 1.6 ± 2.9 mUminlmmHg
(95% Cl from -1.1 to 4.3 ml/minlmmHg). These changes
were not statistically significant within or between treat- .
ments. The other lung function tests that were measured
were not affected and the results are therefore not given.
The changes in O2 saturation and panial pressures of O~

Table I Plasma levels of heparin and r-hirudin dunng dialysis.

Heparin r-Hirudin
(Ulml) Ing/ml)

Pre-dialysis 0.00 <15
10min 0.85 ± 0.28 1208 ± 388
60min 0.62 ± 0.25 645 ± 207
120min 0.40 ±0.22 543 ± 168
180 min 0.29 ± 0.23 507 ± 187
240 min 0.15 ±0.17 487 ± 183

Fig. I A representative electron micrograph of a thrombus that

formed at the inlet of a dialyzer during dialysis with heparin. Platelets

predominate and a few red blood cells and white blood cells can be

seen (magnification X6850).
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ing dialysis with heparin and r-hirudin respectively.
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Table 2 Changes in oxygen saturation, partial oxygen (pOl) and -carbondioxide (pCOl) pressures during dialysis with heparin and r-hirudin

respectively.

Heparin r-Hirudin bHep - Hir

·MD % I SO 95%CI ·MD% I SO 95%CI % I SO 959c Cl

Oz saturation (%)

Pre-dialysis 95.0 %3.0 95.0 %3.0

120 minutes 94.0 %3.0 -1.2 % 1.1 -1.9: -D.5* 95.0 %4.0 -D.4 ± 3.9 -3.0: 2.2 -D.8 %4.0 -3.7: 2.1

240 minutes 95.0 %3.0 0.0 % 1.3 -D.9; 0.9 93.0 %5.0 -1.7 %4.1 -4.5; 1.1 1.8 %4.4 -5.6: 9.2

pOz (mmHg)

Pre-dialysis 86.7 % 18.3 83.3 % 18.3

120 minutes 74.7 % 12.9 -12.1%9.8 -18.7; -5.5* 78.7 % 16.5 -9.9 % 12.8' -19.2; -D.6* -3.0 %5.0 -13.4: 7.4

240 minutes 80.7 % 12.8 - 6.0 % 10.4 -13.0; 1.0 73.6%17.9 -9.7 % 16.3 -20.7: 1.3 3.7 % 19.6 -9.5; 16.8

pCOz(mmHg)

Pre-dialysis 29.8 %4.9 31.7 %4.4

120 minutes 30.2 %4.3 0.4 %2.6 -1.3: 2.1 30.9 %3.9 -D.9 %2.5 -2.6: 0.8 1.3 %2.2 -D.2: 2.8

240 minutes 29.3 %33 -D.5 %2.7 -2.3: 1.3 31.4 %4.5 -D.4 %3.8 -2.9; 2.1 -D. I %3.3 -2.3; 2.1

'The effect of the anticoagulant on a variable within a treatment regimen was determined by calculating the mean difference (MD: 120 or

240 minutes value minus pre-dialysis value) and the 959c confidence interval (Cl);

bThe difference between treatments was determined by subtracting the change during dialysis with r-hirudin (Hir) from that measured during dialy-

sis with heparin (Hep). The 95% Cl for this difference was also calculated to compare the anticoagulants during dialysis:

c One outlier excluded in statistical analyses

*: p :s0.05 (vs. pre-dialysis)

and CO2 are summarized in Table 2. The pC02 was not
significantly affected by dialysis or the anticoagulant
used. The O2 saturation decreased significantly during
the first two hours of dialysis with heparin. but not with

r-hirudin. The p02 decreased significantly during the first
2 hours of dialysis, irrespective of the anticoagulant used.
There were no significant differences between treat-
ments.

Tahle 3 Changes in complement (C3óJ,j"A'll)and platelet activating factor (PAF) during dialysis with heparin and r-hirudin respectively.

Heparin r-Hirudin bHep - Hir

·MD% I SO 95Ck Cl "MD% I SO 95%CI %ISD 959c Cl

C3ad''''''' (P.X/ml)
Pre-dialysis 0.45 %0.14 0.53 %0.29
10 minutes 0.97 %0.26 0.51 %0.27 0.32: 0.70" 0.84 %0.44 0.29 %0.54 -D.09; 0.67 0.21 %0.52 -D.16: 0.58
30 minutes 0.85 %0.33 0.40 %0.40 0.11: 0.69" 0.92 %0.28 0.38 %0.33 0.15; 0.61" 0.02 %0.40 -D.27; 0.31
240 minutes 0.60 %0.10 0.15 %0.13 0.06: 0.24· 0.73%0.19 0.20 %0.28 0.01; 0.39* -D.05 %0.30 -D.25: 0.15

PAF(pglmll

Pre-dialysis 265 % 101 261 %304
10 mrnutes 181 % 149 75 % 160 -197:48 203 % 187 -59 %277 -272: 155 -16 %330 -272: 261
30 minutes 240 % 160 16 % 176 -155: 123 181 % 181 -75 %325 -325: 176 59 %405 -251; 368
240 minutes 261 %213 5:t 256 -192:203 213 % 149 -48 %336 -314;219 53 %389 -261: 352

• The efTect of the anticoagulant on a variable within a treatment regimen was determined by calculating the mean difference (MD; 10. 30 or

240 minutes value minus pre-dialysis value) and the 95'h- confidence interval (Cl);

h The difTerence between treatments was determined by subtracting the change during dialysis with r-hirudin (Hir) from that measured during dialy-

sis with heparin (Hep). The 95% Cl for this difference was also calculated to compare the anticoagulants during dialysis;

c One outlier excluded in statistical analyses

": p :s0.05 (vs. pre-dialysis)
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Complement activation and platelet factor: The
changes in the plasma complement C3adeSAreand PAF
levels are given in Table 3. Heparin anticoagulation
resulted in a significant increase in C3adesAmat all time
intervals. With r-hirudin the increase was significant only
after 30 and 240 min. The circulating PAF levels
decreased ten minutes after dialysis was started, irrespec-
tive of the anticoagulant used. During dialysis with hep-
arin it then increased to approximate pre-dialysis levels.
With r-hirudin it decreased even more after 30 min.
Thereafter it also increased but tended to remain low.
None of these changes were significant.

This could possibly be due to trapping of micro-aggre-
gates in the pulmonary capillaries [Bischel et al. 1975],
although we have no proof that it happened. However,
this can possibly in part explain why the Oy-saturation
decreased during dialysis with heparin a~d not with r-hi-
rudin. A decrease in DLCO has previously been ascribed
to pulmonary leukocyte sequestration and complement
activation [Blancet et al. 1984, Vanholder et al. 1987].
Our results do not fully agree with such a hypothesis,
since an early transient neutropenia occurred with both
anticoagulants (Fig. 2), while comparable results for the
DLCO with heparin and r-hirudin were not found. The
inability to observe changes in the other lung function
tests was possibly due to the fact that it was only meas-
ured before and after dialysis. It was not possible to
repeat these measurements during the dialysis procedure.
Even though, from a clinical point of view, the changes
in the pulmonary function seem insufficient to cause
symptoms, it may have significant effects in patients with
preexistmg marginal cardiopulmonary dysfunction
[Brautbar et al. 1980].

Hemodialysis with both heparin and r-hirudin was
associated with a precipitous but short lasting fall in the
peripheral leukocyte count ten minutes after the start of
dialysis. Differential counts indicated that this decrease
was largely due to a decrease in the neutrophil count
(Fig. 2). The neutropenia indicates a certain initial level
of bioincompatibility of the dialyzer membranes, and is
not affected by the anticoagulant, since similar changes
were observed for heparin and r-hirudin, Transient neu-
tropenia is common during hemodialysis and may result
from complement activation and subsequent margination
of neutrophils to the vascular endothelium and adhesion
to the artificial surfaces [lensen et al. 1973, Dodd et al.
1983]. It has previously been argued that the hypoxia and
hypoxemia during hemodialysis are caused by seques-
tration of leukocytes in the capillary bed of the lungs
[Mahajan et al. 1977]. The results of this study may indi-
cate that possible lung damage as a result of leukocyte
sequestration did not induce a significant dysfunction in
gas exchange by the lungs. Since intradialysis lung func-
tion was not measured. and the patient group was rela-
tively small, final conclusions in this regard cannot be
made.

Activation of the alternative pathway of the comple-
ment system [Hakim 1986] and the release and acti vity
of platelet activating factor [Sakaguchi et al. 1991] are
factors which may play a role in neutrophil activation
during hemodialysis. The changes in the plasma concen-
trations of C3~esArg(Table 3) were almost mirror images
of the changes in the circulating neutrophil count in both
treatment regimes. This suggests that activation of the
alternative pathway of the complement system may play
a role in the activation of the neutrophils and subsequent
neutropenia. The use of r-Hirudin had an inhibiting effect
on complement activation at the start of dialysis. It has

Discussion

In a previous study [Van Wyk et al. 1995] we
showed that a bolus injection of 0.15 mg/kg r-hirudin
was sufficient to permit clinically effective dialysis at a
markedly shorter activated partial thromboplastin time
than with heparin. This implies that dialysis was
performed at a lower risk of bleeding [Swartz 1981].
With this study we compared the effect of r-hirudin
(0.15 mg/kg) with that of heparin on blood-membrane
interactions during hemodialysis. Macroscopically vis-
ible thrombi formed at the inlet of the artificial kidney
during dialysis with heparin (Fig. I). This was not
observed when r-hirudin was used. Thus. even though
total occlusion was prevented by the heparin adminis-
tered, it was not enough to fully prevent activation of
coagulation and of platelets. These results are not unique.
Similar results have been reported previously [Bischel et
al. 1975. Lindsay and Clark 1982]. It is important to note
that high shear conditions (high blood flow rate) exist in
the extracorporeal circuit. This results in platelet-depen-
dent arterial type thrombus formation. It is known that
dosages of heparin which are adequate to inhibit coagula-
tion do not affect platelet-dependent thrombosis [Kelly
et al. 1989, 1991]. Thrombus formation can result in
occlusion of the fibre bundle and subsequent loss of hol-
low fibre volume in the dialyzer with the resultant loss of
surface area available for dialysis [Kelly. et al. 1989].
Furthermore, embolization of the thrombi could cause
adverse downstream effects [Bischel et al. 1975].

The p02 pressure decreased during both heparin
and r-hirudin dialysis (Table 2). This can possibly be
explained by the fact that an acetate dialysate buffer was
used. It is known that the acetate buffer, due to its chemi-
cal nature. causes a loss of CO2 through the dialyser. This
can result in hypoventilation in an attempt to maintain
the arterial pressure of CO2, In such cases the hypoventi-
lation will decrease the p02 [Blanchet et al. 1984]. It is
possible that dialysis with a bicarbonate dialysate could
prevent this effect [Blanchet et al. 1984). There was a
slight decrease in DLCO during dialysis with heparin.
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been reported that during the first minutes of hemodialy-
sis an early release of PAF occurs [Tetta et al. 1993]. We
could not confirm these findings (Table 3). Although
there was a tendency for circulating PAF levels to
decrease after the start of dialysis, it was not significant.
The large variation in individual values further compli-
cates the interpretation of these results.

We were able to show that r-hirudin is superior to
heparin with regard to inhibition of thrombus formation
in the dialyzer. Slight, but favourable effects on comple-
ment activation, lung CO diffusing capacity and Oy-satu-
ration were also found when r-hirudin was used. Even
though these effects were slight, they could be clinically
relevant because in patients on chronic dialysis there is
repetitive exposure of blood to the artificial dialysis
membranes. Therefore even mild effects, on a chronic
basis may be important. However, since only II patients
were included in this cross-over study, and r-hirudin was
administered during only one dialysis session on each
patient, it is not possible to make final conclusions and
recommendations. These results warrant investigation in
a larger group of patients undergoing serial dialysis two
to three times per week. The prolonged half-life of r-hiru-
din in patients with renal failure [Nowak et al. 1992, Van
Wyk et al. 1995] will have to be taken into account when
such studies are done. In future this problem could pos-
sibly be solved by neutralizing the residual r-hirudin with
an antagonist at the end of the dialysis session.
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Subjects and Methods
Abstract 0 Lepirudin has a short half-life, and only 50-£0% of the
intravenously administered dose is excreted by the kidneys. The fate
of the remainder is unknown. We designed a study to determine the
fate of this lepirudin. In each of six baboons, (1311)lepirudin was given
intravenously as a bolus or infused over 30 min, 24 h apart. The in
vivo redistribution of [131l)lepirudin was determined and quantified by
scintillation camera imaging. In all studies, the half-life of [131I)lepirudin,
as determined from the disappearance of radioactivity, was 21 ± 3
min. The half-life determined from the disappearance of lepirudin,
measured by the Ecarin Clotting TIme (EGT) method, was similar at
23 ± 8 min. Results obtained with the labeled lepirudin are therefore
comparable with those obtained using the plasma concentration of
lepirudin. When lepirudin was administered as a bolus, 'the half-life
was 18 ± 4 min, and lepirudin was cleared from the plasma at a rate
of 42 ± 12 mUmin and by the kidneys at 23 ± 2 mUmin. Following
infusion over 30 min, the half-life and total and renal clearances were
not significantly different. In both studies, between 50 and 60% of the
administered lepirudin was excreted by the kidney. Studies on
sacrificed baboons showed that appreciable amounts of lepirudin were
present in the bile, indicating the liver as a contributor to the elimination
of lepirudin.

Experimental Animals-Eight male baboons (Papio ursinus)
supporting pennanent femoral arteriovenous shunts (A-V shunts)
of silicone rubber tubing7,8 were used. The animals were sedated
with intramuscular ketamine hydrochloride (10 mg/kg body mass,
Centaur Laboratories, South Africa) to enable handling. Anesthe-
sia was maintained with subsequent administrations when neces-
sary. One hundred milliliters of saline were given intravenously
(iv) to each baboon 30 min before the start of a study to ensure
that they were normovolaemic.

Experimental Protocol-Six baboons received [1311)1epirudin
as an iv bolus ofO.3 mg/kg as well as an infusion at a rate ofO.01
mg/kg/min for 30 min on separate days. The treatment require-
ments were such that an equal number of baboons received the
bolus or infusion on each day. The lepirudin (HBW 023, Hoechst
AG, Frankfurt and Behringwerke AG, Marburg, Germany) was
labeled with 131-iodine (1311;Radiochemical Centre, Amersham,
UK) using the IODO-GEN method.? Labeling efficiency was 98 ±
1%. It is important to note that only labeled lepirudin was infused
and that we determined the plasma concentration of the labeled
lepirudin (see later). Therefore, when reference is made to lepi-
rudin, it refers to the results obtained from the plasma concentra-
tion as determined using the ECT method.'? Similarly, reference
to labeled lepirudin refers to results obtained from radioactive
count rates of [l31I]lepirudin.

Scintillation Camera Imaging-Imaging of the in vivo distribu-
tion of labeled lepirudin was done with a Large Field of View
Scintillation Camera fitted with a high-energy collimator. Image
analysis was done with an A3-MDS data processing system that
was interfaced with the camera. Imaging was done in two phases;
they are, a dynamic image acquisition phase and a static acquisi-
tion phase.

Dynamic Image Acquisition-The baboons were positioned in
front of the detector of the camera so as to include the kidneys,
bladder, liver, and spleen in the field of view. Dynamic image
acquisition, consisting of 3-min images (64 x 64 word mode) for
120 min (infusion study) and 90 min (bolus study), started
simultaneously with the infusion of [l311)1epirudin. For analysis,
a region of interest was selected for the kidneys, the bladder, the
spleen, and the liver, and the radioactivity in each region was
expressed as a percentage of injected [l311)1abeled lepirudin, which
was estimated by the geometrical mean method of quantification
(see Static Image Acquisition). The radioactive count rates of the
left and right kidneys were summed to obtain total kidney
radioactivity.

Static Image Acquisition and Quantification of In Vivo Distribu-
tion of(13II]Lepirudin-After the dynamic image acquisition, static
anterior and posterior images of 3 min (64 x 64 word mode) were
acquired of the head, thorax and abdomen, and legs. A background
image was also acquired to correct whole body and region of
interest (organ) radioactivity for background radioactivity. Before
treatment on the second day, anterior and posterior images of the
thorax and abdomen were acquired to determine and correct for
residual PlI radioactivity as a result of infusion of[131l]lepirudin
on the previous day.

To obtain anterior and posterior whole body radioactivity, the
radioactivity in the head, thorax and abdomen, and legs was

Introduction
Hirudin is regarded as the most potent direct inhibitor

of thrombin and its recombinant form, lepirudin ([leuI,
Thr21-63-disulfatohirudin), has the same physiochemica:l
characteristics and biochemical properties as the native
protein.P Lepirudin is a 65 amino acid polypeptide (7 kDa)
produced by transfeeted yeast cells. I The interaction be-
tween hirudin and thrombin results in the formation of a
stable, noncovalent stoichiometric 1:1 complex that inhibits
all functions of thrombin.I-ê Apart from its inhibition of
coagulation, it also inhibits platelet-dependent arterial-type
thrombosis when given in high enough dosages.ê " Al-
though the pharmacokinetics of lepirudin is well-known,
there are still some unresolved issues. It is generally
accepted that lepirudin is mainly excreted in an unchanged
form by the kidneys.l-" However, approximately 40 to 50%
of injected protein cannot be accounted for in the urine.
The sites of metabolism and/or uptake of this lepirudin are
unknown. We designed this study to investigate the
metabolism and fate of lepirudin in baboons.
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corrected for background radioactivity and/or residual radioactivity
and summed. Regions ofinterest for the kidneys, bladder, spleen,
and liver were selected to determine organ radioactivity. On the
first day of the experiment, these radioactivities were corrected
for background radioactivity. On the second day, organ radioactiv-
ity was corrected for background radioactivity and residual
radioactivity, measured before the infusion of [131IJlepirudin. The
in vivo organ distribution of [131IJlepirudin was quantified by the
geometric mean method.'!

Blood Collection and Analysis-Blood, 4.5 mL in 0.5 mL of
a 3.2% sodiumcitrate solution, was collected before a study was
started and then every 15 min thereafter. The radioactivity in 1
mL of plasma was determined in a gamma counter. Plasma levels
of lepirudin were determined by the ECT method, which was
specifically developed to measure hirudin levels in plasma and
body fluids.l? The activated partial thromboplastin time (aPTT)
was measured with a fibrinometer (Clotex Il, Hyland Division,
Travenol Laboratories, Costa Mesa, CA), and reagents were
supplied by the same company. The aPIT was measured to give
an indication ofthe level of anticoagulation achieved and to show
that the labeled lepirudin was functional.

To determine if the labeling procedure affected the function of
[131IJlepirudin, uniabeled and labeled lepirudin were added to
plasma obtained from 4 baboons. Plasma concentrations were 2.5
and 5.0 .lig/mL oflepirudin. In addition, a 50/50 mixture oflabeled
and uniabeled protein was also used. The aPTT was determined
on all samples.

Urine Collection and Analysis-Urine was collected into a
urine-collecting bag with a Teflon-coated latex Foley catheter (GRS
Medicais, Kelvin, SA) for up to 24 hand analyzed for lepirudin by
the ECT method.l? The total amount of lepirudin was calculated
from the total urine volume and the concentration in urine.

Urine was also analyzed by sodium dodecylsulfate polyacryla-
mide gel electrophoresis (SDS-PAGE). Samples analyzed were
[131IJlepirudin, urine without [l31IJlepirudin (native urine), [131l]_
lepirudin added to native urine, and urine collected from the
treated baboons. The results strongly suggest that [l3lIJlepirudin
was excreted in an unchanged form. The results are not given.

Calculations-Plasma Half-Lives of Lepirudin and [131[1_
Lepirudin-The elimination half-lives of lepirudin and [131l]_
lepirudin were calculated by adjusting a one-phase exponential
function to the appropriate phases of the log-linear plasma
concentration-time and radioactive count rate-time profiles by
the method of least-squares analysis. The value k, in the function
Cm... X e-kt, was thus found, where Cmu is the maximum lepirudin
concentration or maximum radioactive count rate in plasma. The
half-lives were calculated as t1f2 = 0.693/k.

Total Clearance of Lepirudin and [131l]Lepirudin-For the
constant infusion, total clearance (CL..,tal) was calculated by
dividing the rate of infusion (mg/min or radioactive count rate/
min) by the maximum concentration of lepirudin or radioactive
count rate in the plasma. To estimate the maximum plasma
concentration or plasma radioactive count rate, an exponential
association function was fitted to the data points obtained during
the infusion period and extrapolated to maximum (i.e., an estimate
of steady-state levels).12

For the bolus injection, CL..,tal was calculated by dividing the
total dose, or the total counts injected, by the area under the curve
(AUCo-_1 of the plasma lepirudin concentration (.ug/mLI-time or
plasma radioactivity (radioactive count rate/mil-time profiles. The
area under the plasma concentration-time and plasma radioactive
counts rate-time curves up to 90 min (AUCO-901were calculated
using the trapezoid rule. The curves were extrapolated to 00 using
the formula AUCo-_ = AUCO-90+ Cp"/k., where Cp· is the plasma
lepirudin concentration or plasma radioactive count rate at the
last sampling time (90 min). The terminal rate constant (k.) was
determined from the slope of the terminal portion of the log-linear
Cp versus time curve.

Renal Clearance of [131[lLepirudin-For the constant infusion,
renal clearance (CLrenal) was calculated by dividing the rate of
appearance of[l3lIJlepirudin in the bladder (radioactive count rate/
min) by the maximum counts in the plasma. The latter was
estimated by fitting an exponential association function to the
available radioactive count rate/mL-time profiles and extrapo-
lated to' estimate the maximum value where a steady state was
reached.
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Results

For the bolus injection, CLrenalwas calculated by dividing the
maximum radioactive count rate in the bladder by AUCp-_ of the
plasma radioactivity (radioactive count rate/mL)-time profiles.

Extravascular Clearance-The plasma clearance oflepirudin by
the extravascular compartment was estimated by calculating the
difference between the total clearance and the renal clearance.

Determination of Sites of Lepirudin )\ccumulation in
Sacrificed Baboons-Two baboons were used. The one baboon
was sacrificed after 30 min ofinfusion of[l311)lepirudin. The other
one received no lepirudin and was sacrificed to obtain organs and
body fluids that served as controls for immunohistochemistry and
lepirudin determinations, respectively. The baboons were deeply
anesthetized. The test baboon was exsanguinated through the
arterial side of the A-V shunt. About 2 L of saline at 37°C were
simultaneously infused under pressure (140 mmHg) into the
venous side of the shunt to replace the blood that was lost.

Ex Vivo Quantification of the Distribution of [131l]Lepirudin-
The liver, spleen, kidneys, and bladder of the sacrificed baboons
were immediately excised by careful dissection. Residual radio-
activity in the body and that present in the liver, spleen, kidneys,
and bladder were determined by scintillation camera imaging.l!
Images of 3 min (64 x 64 word mode) were acquired. Organ
radioactivity was then expressed as a percentage of total body
radioactivity, obtained by summation of residual and organ
radioactivities.

Organ Biopsies-Biopsies of the kidneys (cortex and medulla),
spleen, and liver were collected to establish the location of the
lepirudin by using immunohistochemistry techniques. A primary
antibody, rabbit anti-hirudin antibody (diluted 1:100 in PBS;
Celsus Laboratories, Cincinnati, OH) was added to thin processed
sections of the tissues and incubated for 60 min. A secondary goat
anti-rabbit antibody (Signet kit, Johnson & Johnson. Johannes-
burg, Republic of South Africa) was added to bind to the primary
antibody and a third antibody complex, a peroxidase-antiperoxi-
dase immune complex, was used as the marker complex. These
antibody complexes become visible when the tissues are exposed
to the substrate diaminobenzidine. By adding hydrogen peroxide
to the diaminobenzidine solution, a brown precipitate forms where
lepirudin is present. Light microscopy was used to interpret the
stains. Lightmicrographs of all tissues were enlarged 200 times
and examined for the presence of lepirudin in cells.

Biopsies of the kidneys, liver, and spleen were also homogenized
in saline and centrifuged at 8000 g for 24 h. The ECT method'?
was used to test for the presence of lepirudin in the supernatant
of the homogenates.

Collection and Analysis of Duodenal and Gastric Juices and
Bile-Duodenal and gastric juices and bile were collected from the
sacrificed baboons to test for the presence oflepirudin by the ECT
method.'?

Statistics-Statistical comparison was done using Student's t
test for paired data. Values ofp < 0.05 were considered significant.
The results are expressed as mean ± 1 standard deviation (SD).

Changes in alP1'T and Pharmacokinetics of
Lepirudin-In the in vitro studies, concentrations of 2.5
and 5.0 ,uglmL lepirudin lengthened the aPIT to 87 ± 4
and 174 ± 5 s. [1311]Lepirudin, at the same concentrations,
lengthened the aPIT to 92 ± 4 and 180 ± 6 s. When labeled
and uniabeled lepirudin were mixed, the aPIT lengthened
to 90 ± 3 and 178 ± 4 s. The difference in measurements
was not significant. The labeling process therefore does not
affect the function of lepirudin.
The in vivo changes in aPTT are summarized in Table

1. The labeled hirudin was biologically active because it
caused a 2-3-fold lengthening in the aPTT. When lepirudin
infusion was stopped and following the bolus injection, the
aPTT rapidly shortened to reach near pre-infusion values
after 90 min.
The changes in circulating lepirudin and labeled lepiru-

din are summarized in Figure 1. Following infusion or the
bolus injection, the plasma levels of lepirudin and [1311]_
lepirudin decreased rapidly. In all studies, the plasma half-
life of lepirudin was 24 ± 9 min. When calculated from the



Table 1-Changes in APTT'

time (min) infusion bolus

-30 40±4
-10

0 131±20 42±6
30 79± 10 9B± 16
60 64±9 74± 13
90 56±B 64± 12

a Results are given in seconds and are expressed as mean ± 1 SO.
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Figure 1-0ynamic changes of (A) plasma lepinudin and (B) ['3'1]lepinudin
following infusion (open circles) or bolus administration (black circles). Values
are given as a mean ± 1 SO.

Table 2-Total, Renal, and Extravascular Clearance of Lepirudin and
r311]Lepirudin

route clearance r-Lepirudin ['3'I]Lepinudin
infusion total 49± 16 52± 10

renal 32± 10
extravascular 20±B

bolus total 42± 12 45± 12
renal 23±2b
extravascular 22± 12

• Values are given in mUmin and are expressed as mean ± 1 SO. bp <
0.05. infusion versus bolus (Student's t test for paired data).

disappearance of radioactivity from the blood, it was 21 ±
6 min. The difference was not statistically significant (p >
0.05). After infusion of [131Illepirudin was stopped, lepiru-
din was eliminated from the plasma with a half-life of 23
± 8 min ([13IIllepirudin = 21 ± 3 min). When the same
amount of [131Illepirudin was given as a bolus, the half-
life was 18 ± 4 min ([131I]lepirudin = 19 ± 8 min). The
mean difference in the half-lives between infused and bolus
injected lepirudin was 5 ± 10 min. The 95% confidence
interval of between -5 and 16 min indicates that the
difference was not statistically significant.

Total, renal, and extravascular clearance oflepirudin is
summarized in Table 2. Total clearance was ::::45mUmin,
whether it was calculated from the data obtained from the
concentration of lepirudin or from labeled lepirudin. Be-
tween 51 and 61% of this lepirudin was cleared by the
kidneys.
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Figure 2-0ynamic changes of ['311]lepinudinin the (A) kidneys and (B) bladder
following infusion (open circles) and bolus administration (black circles). The
radioactivity is expressed as a mean percentage ± 1 SO of whole body
radioactivity at the end of each study .

Table 3-0rgan Distribution of r311)Lepirudln at the End of Treatment

organ infusion bolus

kidneys 4.3± 1.5 5.7 ±2.3
bladder 51.2±5.2 51.2±10.3
liver 1.7±0.B 1.B±0.9
spleen 3.6±2.4 3.0±2.7

, Percent of whole body radioactivity at the end of each study. Values are
given as mean ± 1 SO.

Table 4-ECT of Bile and Duodenal and Gastric Juices, and of the
Supernatant of Homogenized Kidney, Uver, and Spleen TIssue"

sample ECT,s

bile
gastric juice
duodenal juice
kidney
liver
spleen

229
49
39
n
44
49

• Control values for the ECT method are between 3B and 40 s.

InVivo Distribution of [l31l]Lepirudin-The changes
in radioactivity in the kidneys and bladder are summarized
in Figure 2, and the in vivo organ distribution at the end
of the study in Table 3. Only ::::5%of total injected [1311]_
lepirudin was quantified in the liver and the spleen. The
results obtained in the sacrificed baboon, 0.1% of the
injected radioactivity in the spleen and 1.5% in the liver,
also showed that the liver and spleen contained little [131I]_
lepirudin. Between 50 and 60% of the injected labeled
lepirudin could be accounted for in the bladder. At the end
of infusion or shortly after the bolus was injected, the
kidneys contained ::::15% of the injected radioactivity
(Figure 2A).

The presence of lepirudin in the bile and gastric and
duodenal juices of the.sacrificed baboon was measured by
the ECT method, and the results are shown in Table 4. Of
these, only the bile contained appreciable amounts as
indicated by the markedly longer than normal ECT results.
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Figure 3-Light micrographs (enlarged 200X) of the (A) renal cortex and (B) medulla. Al and Bl are from baboons that received lepirudin. A2 and B2 are
negative controls where no anti·hirudin antibody was used. A3 and B3 show the renal cortex and medulla of the control baboon that did not receive lepirudin but
was treated with anti· hirudin antibody.

The amount of lepirudin excreted by the kidneys was
calculated from the total urine volume and the concentra-
tion of r-hirudin in urine. In two cases (1 x bolus study
and I x infusion study), very little urine could be collected.
The results are nevertheless given. After infusion oflabeled
lepirudin, 2.2 ± L9 mg oflepirudin was excreted, after the
bolus 2.2 ± L5 mg was excreted. This amount was ~54%
of the total dose of lepirudin given.

Immunohistochemisty-The results are presented in
Figures 3 and 4. The kidney, liver, and spleen of the baboon
that was not treated with lepirudin stained negative when
the tissues were incubated with the anti-hirudin antibody
(Figure 3, A3 and B3, and Figure 4, A3 and B3). This result
indicates that these tissues did not contain proteins that
interact with the antibody. Kidney, spleen, and liver tissue

526 I Journal of Pharmaceutical Sciences
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from baboons treated with lepirudin also stained negative
when the tissues were not incubated with the antibody
(Figure 3, A2 and B2, and Figure 4, A2 and B2), indicating
that the positive staining obtained in the test samples was
not a result of the staining procedure.

In the renal cortex, the cytoplasm of the epithelial cells
of the convoluted tubules, the cytoplasm of the endothelial
cells of the blood vessels, and the connective tissue stained
for lepirudin. The glomeruli stained negative (Figure 3, AI).
The renal medulla stained intensely. It is likely that
lepirudin was present in the epithelium of the thick and
thin segments of the loop of Henly and the collecting tubes.
The cytoplasm of the endothelial cells of the vas recta and
the connective tissues between the cells stained strongly
(Figure 3, Bl).



1 3

Figure 4-Ught micrographs (enlarged 2OOX) of the (A) liver and (B) spleen. Al and Bl are from baboons that received lepirudin. A2. and B2 are negative
controls where no anti-hirudin antibody was used. A3 and B3 show the liver and spleen of the control baboon that did not receive lepirudin but was treated with
anti-hirudin antibody.

The spleen did not stain for lepirudin (Figure 4, AI). On
the other hand, staining of liver is ambiguous (Figure 4,
Bl). The cytoplasm of the hepatocytes did not stain
strongly, but the cytoplasm of the endothelial cells of the
hepatic artery and portal vein and that of the epithelial
cells of the bile duct stained strongly.

lepirudin, when labeled with 1311, was not markedly af-
fected by the labeling procedure. First, treatment with the
labeled lepirudin lengthened the aPIT 3-4-fold (Table 1).
In addition, when unlabeled and labeled hirudin, either
alone or as a 50/50 mixture, were added to plasma in vitro,
the lengthening in aPIT was equivalent. This result
indicated that the labeled lepirudin was functional. Second,
when the half-life was measured from the radioactive count
rate in blood, it was 21 ± 6 min, which was not significantly
different from that estimated for lepirudin (24 ± 9 min).
These estimates were also not significantly different from
that obtained in another study.s Third, after 90 min of
treatment with labeled lepirudin, no accumulation of 131I
was imaged in the thyroid or spleen, both of which rapidly
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Discussion
In a study of this nature, where the pharmacokinetics

and mechanism of clearance of a compound labeled with a
radioisotope is studied, it is vital that the labeled compound
reacts in the same way as the native compound. There are
several lines of evidence to show that the behavior of



remove free iodine in plasma.P It is therefore reasonable
to conclude that labeling of lepirudin with 1311did not
adversely affect the function and plasma clearance of
lepirudin and that the 1311remained bound to the lepirudin.
The results obtained with the labeled lepirudin can there-
fore be compared with those of lepirudin, and conclusions
relating to the pharmacokinetics of lepirudin can be made
from the results obtained with labeled lepirudin.
It is evident that lepirudin was mainly excreted by the

kidneys (Figures 2A and B). Between 50 and 60% of the
injected lepirudin was detected in the bladder 90 min after
it was injected (Table 3), which agrees with results obtained
in humans and rhesus monkeys.6.14,15Because the clearance
oflepirudin approximates that of creatinine in humans, it
was proposed that excretion be by glomerular filtration.I4.l5
We used immunohistochemical techniques in an attempt
to verify this proposal (Figure 3). The results were rather
confusing and do not confirm glomerular filtration. Glom-
eruli in the renal cortex did not stain for lepirudin. Tissue
surrounding the glomerulus and the blood vessel did stain.
Even more surprising was the fact that the tubuli in the
medulla, and especially the epithelial cells lining the
tubules, stained intensely, which suggests tubular reab-
sorption and secretion. A well-planned study to investigate
glomerular filtration and possible tubular reabsorption and
secretion is called for. Such a study will provide definitive
answers about the mechanisms by which the kidneys
excrete lepirudin.
It is generally accepted that the fraction oflepirudin that

is not excreted by the kidneys is distributed in the
extravascular compartment.l- The in vitro results in this
study however showed that the liver plays a part in the
catabolism oflepirudin and that lepirudin was excreted in
the bile. Although we could not quantify appreciable
quantities of [131l]labeled lepirudin in the liver (Table 3),
immunohistochemical studies showed that lepirudin was
present in the hepatocytes and the tissues surrounding the
blood vessels and bile ducts. The finding that lepirudin was
present in the bile means that it has to be excreted into
the digestive system. We explain the absence oflepirudin
in the duodenal juices (Table 4) and the finding that
lepirudin was not present in the feces of normal humans
24 h after it was administered 15by digestion and absorption
of lepirudin by the enzymes present in the duodenum. It
is reasonable to assume that the 40% of administered
lepirudin that was not excreted by the kidneys, could be
excreted by the liver into the bile. However, a well-planned
study is needed to quantify the contribution of the liver to
the clearance oflepirudin from plasma. It is further evident
that the spleen plays no part in the catabolism oflepirudin
(Table 3, Figure 4).

The plasma elimination half-life of lepirudin was 18 ±
4 min when it was injected as a bolus. When the same
quantity was infused over 30 min, the estimated half-life
was not significantly different (23 ± 8 min). This result is
similar to the estimated half-life that we determined in
baboons where different dosages oflepirudin were infused
over 30 rnin.ê The half-lives estimated in the baboons are
shorter than the 55-70 min measured in humans, rhesus
monkeys, rats, rabbits, and dogS.6.15-17We have no easy
explanation for this discrepancy.

The total clearance of lepirudin from plasma was ~45
mUmin, whether the same amount was infused or given
as a bolus. Similar results were obtained when clearance
was calculated from the radioactive radioactive count rates
(Table 2). This value is not very different from that
determined in rhesus monkeys.lê but differs greatly from
the results reported for humans, rats, rabbits, and dogS.6,15
Labeled lepirudin, infused over 30 min, was cleared by the
kidneys at a significantly higher rate than that adminis-
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r-Hirudin inhibits platelet-dependent thrombosis
during cardiopulmonary bypass in baboons

V.VAN WYK, W. M. L. NEETHLlNG*, P. N. BADENHORST, H. F. KOTZÉ

From the Departments of Haematology
and 'Cerdiotbotscic Surgery, Faculty of Medicine

University of the Free State, Bloemfontein, South Africa

Background. Systemic anticoagulation is required dur-
ing cardiopulmonary bypass (CPB) to inhibit the activa-
tion of platelets, the coagulation system and ultimately
thrombus formation. Unfractionated heparin is most
commonly used, but it is neither entirely safe nor com-
pletely effective. The use of protamine sulphate to reverse
the anticoagulant effect further complicates the use of
heparin. The clinical need for a heparin substitute is
therefore obvious. Weevaluated the efficacy of r-Hirudin,
a potent and specific inhibitor ofthrombin, as anticoag-
ulant in a baboon model of cardiopulmonary bypass.
Methods. Ten baboons, divided into two groups of five
each, were used. The one group received 0.7 mg/kg r-
Hirudin as a bolus before CPBwas started. followed by a
constant infusion of 1.4 mg/kg/br for the 90min of CPB.
The other group received a bolus of 2.5 mg/kg heparin
before the start of CPB,followed by maintenance dosag-
es to maintain the activated clotting time (ACT)>400 sec.
Results. Adequate anticoagulation was obtained with
both anticoagulants. Haemodilution due to priming the
extracorporeal system with Ringer's lactate and appro-
priately anticoagulated donor blood, was equivalent in
both groups. During CPB with heparin, but not with
hirudin, there was a significant increase in the number
of circulating platelet aggregates, thrombin-antithrom-
bin (TAT)complexes and I11ln·labelled platelet accu-
mulation in the oxygenator. After the initial decrease
in platelet count due to haemodilution, it further
decreased significantly during CPB with heparin but
remained relatively constant when r-Hirudin was used
Conclusions. Our results strongly suggest that r-Hlrudin
is superior to heparin especially with respect to its inhib-
itory effect on platelet dependent thrombogenesis caused
by the biomembranes of the oxygenator.
KEYWORDS: Cardiopulmonary bypass - Hirudin therapeutic use -
Thrombosis - Blood platelets - Papio.

The use of extracorporeal circulation during cardi-
opulmonary bypass (CPB) involves extensive con-

tact between blood and artificial surfaces. Exposure of
blood to artificial surfaces leads to the activation of
blood platelets and the coagulation system with subse-
quent thrombin generation and thrombus formation.
Therefore, systemic anticoagulation is required. Standard
unfractionated (SU) heparin is most commonly used
during CPB, but it is neither entirely safe nor complete-
ly effective. Heparin markedly enhances the inhibition
ofthrombin by antithrombin III (AT III).] However, the
heparin-AT III complex is unable to inactivate thrombin
which is bound to fibrin in a thrombus. This thrombin
remains active to act as an ongoing source of thrombo-
genesis and increases heparin requirements.O The large
doses of heparin which are required to perform success-
ful CPB may induce serious side effects such as hepar-
in-induced thrombocytopenia 4 and bleeding.' In addi-
tion, despite anticoagulation with heparin, thrornbin
is still produced, fibrin formation still occurs and throm-
bi are still formed.s ? The use of protamine sulphate
(PS) to reverse the anticoagulant effect of heparin fur-
ther complicates its use. Besides the fact that the use of
PS may cause adverse events, it can by itself increase
postoperative bleedtng.vu Furthermore, inadequate
heparin reversal or heparin rebound can also cause
hypocoagulability.u u The clinical need for a heparin
substitute is obvious and has stimulated the develop-
ment of a variety of new anticoagulants. With this study
we chose to evaluate r-Hirudin as an alternative anti-
coagulant for use during CPB.
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r-Hirudin is the most potent and specific known
natural inhibitor of thrornbin." It produces a dose
dependent inhibition of arterial thrombus formation
that greatly exceeds the minimal anti thrombotic effects
produced by heparin." The major advantages of r-
Hirudin over heparin are that it does not depend on
a cofactor to express its activity, it has a very short half
life which may make neutralisation of its anticoagu-
lant activity unnecessary,'? it has no fibrinolytic activ-
ity,IHit decreases the risk of developing a bleeding ten-
dency 1920and it inhibits both free thrombin and
thrombus-bound thrombin more effectively than hep-
arin.> r-Hirudin has already been evaluated in dogs and
pigs on CPB,2122 and in two patients undergoing open
heart surgery." 24 In all instances it proved to more
adequately anticoagulate the blood and ensure effec-
tive CPB.

We used a baboon model to evaluate the efficacy of
r-Hirudin as an anticoagulant during CPB. The baboon
was chosen as experimental animal because its vas-
cular anatomy closely resembles that of humans and
because the molecular and cellular composition and
function of the haemostatic system is very similar to
that of humans.ê"

Materials and methods

Animals and anticoagulants
Ten adult healthy baboons, Papie ursinus, weights

ranging between 14 and 18 kg, were included in this
study which was approved by the Ethics Committee
for Animal Experimentation of the University of the
Orange Free State in accordance with the National
Code for animal use in research, education, diagno-
sis and testing of drugs and related substances in
South Africa (based on the "Guide for the care and use
of Lab. Animals; NIH 85-23, revised 1985). The
baboons did not receive any medication that could
affect platelet function or coagulation for at least twO
weeks prior to the study.

The animals were divided into two groups. In the one
group (n=S) each baboon received 0.7 mg/kg r-Hirudin
(HBW 023; Hoechst AG, Frankfurt and Behringwerke
AG, Marburg, Germany) as a bolus immediately before
starting the bypass procedure. This was followed by a
constant infusion of 1.4 mg/kg/hr for the 90 min dura-
tion of CPB. The r-Hirudin was infused at the inlet of
the oxygenator. The other group received 2.5 mg/kg

SU heparin (porcine intestinal mucosa, [ieparin
sodium, Labethica, S.A.) as a bolus tmmêdiately before
starting the bypass procedure. This was followed by
maintenance dosages, when needed, to maintain acti-
vated clotting times (ACT) of longer than 400 sec.

Surgical preparation and cardiopulmonary bypass
The animals were sedated with intramuscular ket-

amine hydrochloride (10 mg/kg; Anaket V, Centaur
Laboratories, RSA), and anaesthetised with 30 mg/kg
intravenous sodium pentobarbital (Sagatal, Rhóne-
Poulenc, RSA). Thereafter they were intubated and
ventilated with a volume-controlled Penion 2000 res-
pirator. Anaesthesia was maintained with a mixture of
oxygen and halothane (Fluothane; Wyeth-Ayerst
Laboratories, Philadelphia, PA).

A midline sternotomy was performed and the aor-
ta cannulated with an 18F Argyle cannula. Both the
superior and inferior venae cavae were cannulated
and snared for venous return. Cardiopulmonary
bypass was established with the use of a paediatric
membrane oxygenator (Dideco, Italy) gassed with
95% oxygen and 5% carbon dioxide. Blood flow
through the extracorporeal system was maintained
with a Travenol roller pump (Travenol Labs, Inc, Ann
Arbor MI). The extracorporeal circuit was primed with
300 ml lactated Ringer's solution (Adcock Ingram,
S.A.) and 200 ml of donor baboon blood which was
anticoagulated with either r-Hirudin (1.2 mg) or hep-
arin (9.2 mg). During the CPB procedure the baboons
were cooled to 32°C. Rewarming started ten minutes
before the end of CPB.

Blood gases were measured periodically through-
out the procedure to ensure proper ventilation. Arterial
pH was maintained between 7.35 and 7.45, the carbon
dioxide tension between 35 and 45 mmHg and the
oxygen tension >120 mmHg

At the end of the 90 minute CBP, the baboons were
sacrificed with an overdose of pentobarbital and potas-
sium chloride.

Study variables
The day before CPB, blood (53 ml in 7 ml ACD-A)

was collected, the platelets were isolated by differen-
tial centrifugation, labelled with lllIn-tropolone and re-
injected.ë' A sodium iodide crystal gamma detector,
fixed in position at the lower part of the oxygenator,
was used to determine the accumulation of Illln plate-
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let radioactivity during CPB. The radioactivity counts
were corrected for blood radioactivity and used to
construct time-radioactivity curves. After CPB the oxy-
gena tors were flushed at low pressure with saline
and imaged with a computer assisted scintillation
camera. A 3 ml blood sample, which was collected
before the CPB procedure, was also imaged to deter-
mine the radioactivity in 1 ml of blood. This count rate
and the platelet count were used to calculate the num-
ber of platelets deposited onto the membranes of the
oxygenator. Quantification of the liver and spleen
radioactivity before and after CPB was done as
descnbed.>

Blood was collected before, during and after
CPB from the venous and arterial side of the extra-
corporeal circuit. The platelet count and hematoc-
rit were determined with a Technicon H"I blood
cell analyser (Bayer Diagnostics) on blood collect-
ed in K3EDTA. To determine circulating platelet
radioactivity, blood was collected in K3EDTA, the
hematocrit (het) was determined, the radioactivity
in 1 ml of blood and 1 ml of plasma were counted
in a scintillation counter (Packard Auto-gamma
5650, Packard Instruments International S.A.,
Switzerland). Circulating platelet radioactivity (RA)
was calculated by using the following formula:
Blood RA - ([1 - het] x Plasma RA). Blood was col-
lected in 3.2% tri-sodium citrate (9: 1 vol/vol) for
coagulation studies. The activated partial throm-
boplastin time (aPTT; Actin FS, Dade, Miami, H,
USA) and 10 Ulml calcium thrombin time (CaTT;
bovine thrombin reagent reconstituted in 0.025 M
CaCI2, Dade, Miami, H, USA) were measured with
a Cobas Fibro semi-automated optical system
CRoche, Switzerland). The plasma antithrombin III
(AT III) levels were measured by means of a chro-
mogenic assay kit (Instrumentation Laboratory,
Italy) with an Automated Coagulation Laboratory
instrument (Instrumentation Laboratory. Italy). The
rhrombin-antithrornbin (TAT)-complex levels were
determined with an ELISA kit CBehringwerke,
Marburg. Germany). The circulating platelet aggre-
gate ratio (CPAR) was determined as described.ë'
The plasma concentrations of heparin and r-Hirudin
were determined in blood collected in 3.2% and
3.8% tri-sodium citrate (9: 1 vol/vol), respectively.
The plasma concentration of r-Hirudin was deter-
mined with a chromogenic substrate method 29,

and that of heparin with a chromogenic assay kit
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Fig. I.-The per cent change in the hernatoent during CPB with hep-
arin (n=5) and r-Hirudin (n=S) respectively. The preCPB level was tak-
en as 100%. Results are given as me:m±lSEM.

(Instrumentation Laboratory, Italy) using the Auto-
mated Coagulation Laboratory instrument.

The celite activated clotting time (ACT) (He mo-
chron, International Technidyne, Edison, NJ) was
measured on site throughout the 90 min of CPB.

Statistical analyses
Student's "("-test for paired data was used to test for

differences within a treatment group (preCPB vs post-
CPB). Differences between treatment groups were
tested with Student's "t''-test for unpaired data.
Repeated measures ANOVA was used to compare
curves. The mean effects of the anticoagulant as
reflected by the relative sizes of the areas under the
curves, were compared by ANOVA. Values of p<0.05
were considered to be statistically significant.

Results

Hematocrit
The changes in hematocrit are summarised in Figu-

re 1. There was an initial decrease of 24±9% with
heparin and 19± 17% with r-Hirudin. Thereafter it
remained relatively constant.

Coagulation
The changes in the plasma concentration of hepar-

in and r-Hirudin are illustrated in Figure 2. In both cas-
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TAULE I.-Changes in antithrombin /1/ (AT 1[/), tbrombin-antitbrombin complex (TATJ and circulating platelet aggregate ratio
(CPAR) in oxygenated and venous blood before and aftcr Cl'B untb heparin and r-Hirudin, respectively.Data with a normal distri-
bution are given as means ISt), otberunse the ranges are Riven tn=5 ill each case).
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Fig. 2.-The plasma levels of heparin (n=5) and r-Hirudin (n=5) in oxy-
genated (solid line) and venous blood (broken line) respectively.
Results are given as mean±lSEM.

es the concentration in oxygenated and venous plasma
remained at a relatively constant level following the
initial bolus of anticoagulants. The aPlT was longer than
300 sec and the CaTI longer than 200 sec, throughout
the CPB procedure irrespective of the anticoagulant
used and the site of blood collection. The ACT was
berween 500 and 600 sec during CPB with heparin,
but could not be used to monitor r-Hirudin since it is
too sensitive and was therefore not measurable,

The plasma AT III levels decreased significantly
during CPB with heparin and increased significantly
during CPB with r-Hirudin (Table I). TAT complexes
increased markedly in both oxygenated and venous
blood when heparin was used. When r-Hirudin was
used, TAT complexes remained unchanged in oxy-
genated plasma and increased slightly, but signifi-
cantly in venous plasma (Table I).

Circulating platelet aggregates ,

There was a significant decrease id\he circulating
platelet aggregate ratio (CPAR) in oxygenated blood
during CPB with heparin (Table I), This indicates an
increase in the number of circulating platelet aggre-
gates as a result of exposure to the artificial oxygen-
ator membranes. In contrast, there was a slight, but
not significant, increase in the CPAR in oxygenated
blood when r-Hirudin was used, which indicates
that r-Hirudin inhibited aggregate formation in the
oxygenator.

Platelet count and circulating platelet radioactivity

The results are summarised in Figure 3. The initial
decrease in platelet count as a result of haemodilu-
tion was 41 8% with heparin and 34 16% with r-
Hirudin, The corresponding decreases at the end of
CPB were 58±1l% and 35±1l% respectively, The
decrease in platelet count during CPB with heparin
was significantly more than with r-Hirudin (repeat-
ed measures ANOVA), The decreases in circulating
platelet radioactivity followed the same pattern as that
of the platelet count, The fact that the decrease in
platelet radioactivity was slightly more than that of
the platelet count may be due to the fact that the
platelets in the donor blood, with which the extra-
corporeal system was primed, were not labelled with
Illlndium,

t t t In-labelled platelet accumulation in the oxygenator

The kinetics of deposition of 111ln-labelled plate-
lets onto the membranes of the oxygenator,
expressed as the fold increase from baseline, are
illustrated in Figure 4. Significantly more labelled
platelets accumulated when heparin was used

Hepann

Oxygenated blood Venou» blood

Before After Before After

Oxygenated blood Venous hlood

Before After Before After

61.613.7 81.2143' 64.818.9 81.213.8'
23.7112.1 2':;.4113.6 10.811.6 25.5114.6'
0.83±0.17 0.8910.13 0.8710.08 0.8210.09

AT III (%)

TAT (!-lg., ml)
CPAR

79.819.4
10 to 26
0.9010.05

49.6:t10.I'
40 to >200
0.8310.03'

76.H:tH.'i
11 to 12
0.H3:tO 07

49.8:tl0.7'
32 to >200
0.7610.05

·p<O.OI: Student's -to -test for paired data, lprt"CPB IS postCPBI
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Fig. 3.-The per cent change in the peripheral platelet count (solid line,
n=5) and the circulating 1111ndium-labelled platelets (broken line,
n=5) during CPB with heparin (open circles) and r-Hirudin (solid cir-
cles). respectively. The preCPB counts were regarded as !OO'Vo.Results
are given as mean±lSEM.
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Fig.4.- The deposition of 1111ndium-bhdlt:J blood platelets onto the
oxygenator membranes during CPB WIth heparin (n-'i) and r-Hirudin
(na5) respectively. The results art: t:xpr='<tl a.' the mt:'.m±ISEM fold
increase from baseline. The mean art:as under the curves were 276
rninxchange from baseline for heparin and 3H nllnxdk!n~t: from base-
lint: for r-Hirudin,

(p<O.OS). The mean areas under the curves were
276 minxchange from baseline for heparin and 38
minxchange from baseline for r-Hirudin. At the end
of the study, the oxygenator contained labelled plate-
lets to the equivalent of 105 ml (median. range from
59 to 129 ml) of blood after CPB with heparin. The
corresponding value with r-Hirudin was 3 ml (me-
dian, range from 1 to 55 ml).

Distribution of JJ J In-labelled platelets in the spleen
and liver
Platelet radioactivity in the spleen decreased by

32±14% during CPB with heparin and by 24±16%
when heparin was used. There were no significant dif-
ferences. Hepatic platelet radioactivity remained rel-
atively constant in all cases irrespective of the antico-
agulant used.

Discussion and conclusions

Our results indicate that effective CPB can be per-
formed with r-Hirudin as anticoagulant. No obvious
adverse reactions were observed in cardiac or respir-
atory function. The administration regimen of a bolus
followed by a constant infusion was adequate to
ensure continual protection against coagulation and
thrombus formation during the procedure, thus the
extracorporeal circuit remained patent for the 90 min
of CPB. Optimal plasma levels of r-Hirudin to inhib-
it platelet deposition onto the artificial oxygenator
membranes was achieved (Fig. 4). Unfortunately the
ACT which is used to monitor the anticoagulation
response on site during CPB, is too sensitive to use for
r-Hirudin. In future the approach towards monitoring
r-Hirudin on site would be to add recombinant tissue
factor to the celite ACT system.w Bacher et at» found
that the CaTT is the most accurate assay to monitor r-
Hirudin in the laboratory. This did not prove to be the
case in this study, possibly because of the relatively
high r-Hirudin concentration in the plasma.

It is important to note that haemodilution by the
priming solution, which is represented by the decrease
in the herriatoerit (Fig. I), was equivalent for the treat-
ment groups, and that the hematocrit remained at a
constant level thereafter. It is therefore reasonable to
assume that the changes observed in the other meas-
urements were as a result of the CPB and the antico-
agulant used.

Following the initial decrease in platelet count and
circulating platelet radioactivity due to haemodilu-
tion, the platelet count decreased further when hep-
arin was used, indicating platelet consumption by the
biomaterials. This is supported by the results of accu-
mulation of 1111n-labelled platelets in the oxygenator
(Fig. 4) and the fact that markedly more platelets were
trapped in the oxygenator after it was rinsed at the end
of CPB. The increase in circulating platelet aggregates
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and the marked increase in TAT complex formation,
suggestive of thrombin formation, further support
these findings. In contrast, when r-Hirudin was used,
the platelet count and circulating platelet radioactiv-
ity remained unchanged after the initial decrease. In
addition, only a small amount of platelets accumu-
lated in the oxygenators, very few platelets were
present after the oxygenators were rinsed at the end
of the procedure and there was no significant change
in the number of circulating platelet aggregates.
Although statistically significant, the increase in TAT
complex levels in venous blood after CPB with r-
Hirudin has no clinical relevance, and may be the
result of in vivo activation of the coagulation system.

There are several possible reasons why heparin is
not as effective as r-Hirudin in inhibiting thrombin
formation and platelet deposition. These include: (a)
heparin may contain fractions that activate platelets
directly, thereby promoting thrombogenesis.se (b) the
release of heparin neutralising proteins, such as hepar-
inase and platelet factor 4, may inactivate heparin
locally at the surface of thrombi.» (c) the inactiva-
tion of thrombin which is bound to other compo-
nents in a thrombus may be prevented by steric or ion-
ic hindrance of the heparin-AT III complex.v fibrin
monomers can protect thrombin from inactivation by
the heparin-AT III complex.z (d) binding of heparin to
vitroneetin. fibronectin and other plasma proteins lim-
its the amount available for anticoagulation;' and Ce)
platelets within a thrombus can be activated by mei-
zothrombin, which is not inactivated by the heparin-
AT III cornplex.»

It is of interest to note that the radioactivity quan-
tified in the spleen decreased almost equivalent to
the decrease in blood radioactivity and by haemodi-
lution. This was expected, because platelets in the
circulation are in equilibrium with those pooled in
the spleen and pooled platelets can be mobilised free-
ly.."6 Since platelets in the liver are present in the blood
compartment of the liver.r' it was expected that the
radioactivity in the liver should decrease in parallel
with blood radioactivity. However, hepatic radioactiv-
ity remained relatively constant, thereby indicating
that labelled platelets accumulated in the liver. It is pos-
sible that activated circulating platelets were removed
from the circulation by the liver. These platelets can
be sequestrated and permanently removed from the
circulation. It is also possible that at least some of the
platelets transiently accumulate in the liver, similar to

the "collection injury" that is seen yvhen 'freshly
labelled platelets are re-injected.w This "activation
injury" can be reversed by an unknown mechanism
and "rejuvenated" platelets are again released into
the circulation.

The decrease in AT III levels during CPB with hep-
arin is not surprising and can be attributed to the
consumption of AT III by heparin to inactivate throm-
bin)9 The increase in AT III levels after CPB with r-
Hirudin is difficult to explain. Similar results were
obtained in patients undergoing haemodialysis with
r-Hirudin as anticoagulant. 40 It might be caused by a
response of the coagulation system to an intervention
or trauma.

In conclusion, we demonstrate here that r-Hirudin
is superior to heparin during CPB. Although adequate
anticoagulation was achieved with both anticoagu-
lants, we showed that thrombin formation and plate-
let deposition in the oxygenator were significantly
inhibited with r-Hirudin. The effective inhibition of
platelet-mediated thrombotic processes has impor-
tant implications: there is a decreased risk of end
organ damage by micro-aggregates and of oxygena-
tor occlusion by micro-emboli which assures more
effective oxygenation because of a larger surface area
available for gas exchange. In addition, r-Hirudin can
be useful in patients with an AT III deficiency, hepar-
in-induced thrombocytopenia, heparin-provoked
thrombosis, heparin resistance, or patients who are
allergic to protamine sulphate. It is also possible that
patients who exhibit the heparin rebound phenome-
non or who bleed excessively from heparin may bet-
ter tolerate r-Hirudin as an anticoagulant. We con-
clude therefore that r-Hirudin has the potential of
being a useful alternative and superior anticoagulant
to heparin. In the case of an overdose of r-Hirudin or
during renal failure it is possible to lower the r-Hirudin
plasma level quickly and effectively by means of
bernoflltratton.»

Acknowledgements.-We thank Mr. F. F .Terblanche. Mr.J. J. van
den Heever. Mr.J. P. Roodt. Mr. S. Lamprecht and Ms, K. C. Alexander
for theatre and laboratory assistance; Dr. J. B. van Wyk for statistical
analysis, and the staff of the Animal Unit and the Departments of
Biochemistry and Biophysics for their help. The r-Hirudin (HBW
023) was a gift from Hoechst AG, Frankfurt and Behringwerke AG,
Marburg, Germany.

References

1. Schwartz BS. Heparin: What is il?How does it work? Clin Cardiol
1990;13:112-5.

638 TIlE JOURNAL OF CARDIOVASCULAR SURGERY October 1998



r-HIRUDIN INHIBITS PLATELET-DEPENDENT THROMBOSIS DURING CARDIOPULMONARY BYPASS IN BABOONS VANWYK

2. Hogg P],]ackson CM.Fibrin monomer protects thrombin from inac-
tivation by heparin-antithrombin Ill: implications for heparin effi-
cacy. Proc Nat! Acad Sci USA 1989;86:3619-23.

3. ~eitz]I, Hudoba M, Massel D, Maraganore J. Hirsh J. Clot-bound
thrombin is protected from inhibition by heparin-antithrombin III
but is susceptible to inactivation by antithrombin Ill-independent
inhibitors.] Clin Invest 1990;86:385-91.

4. Ferraris YA,Colonel MC,Gildorin V. Predictors of excessive blood
use after coronary artery bypass grafting. ] Thorac Cardiovasc
Surg 1989;98:492-527.

5. Chorig BH, Fawaz I, Chesterman OW, Berndt MC.Heparin-induced
thrombocytopenia: mechanism of interaction of the heparin-depen-
dent antibody with platelets. Br ] Haematol 1989;73:23-240.

6. Ashmore PG, Svitek V,Ambrose P.The incidence and effects of par-
ticulate aggregation and microembolism in pump oxygenator-
systems.] Thorac Cardiovasc Surg 1968;55:691-7.

7. Brister SJ, Ofosu FA, Buchanan MR.Thrombin generation during
cardiac surgery: Is heparin the ideal anticoagulant? Thromb
Haemost 1993;70:259-62.

8. Castenada AR. Must heparin be neutralized following openheart
operations? J .Thorac Cardiovasc Surg 1966;52:716-24.

9. Umlas], Taff RH, Garvin G, Sevierk P. Anticoagulant monitoring
and neutralization during open heart surgery - a rapid method
for measuring heparin and calculating safe reduced protamine
doses. Analg 1983;62:1095-9.

10. Frater RWM, Oka Y, Hong "1-, Tsubo T, Loubser PG, Masone R.
Protamine-induced circulatory changes. J Thorue Cardiovasc Surg
1984;87:687-92.

Il. Holloway DS, Summaria L, Sandesara J, Vagher JP, Alexander JC,
Caprini JA. Decreased platelet number and function and increased
fibrinolysis contribute to postoperative bleeding in cardiopulmo-
nary bypass patients. Thromb Haemost 1988;59:62-7.

12. Bagge L, Lilienberg G, Nystrom SO, Tyden H. Coagulation, fibri-
nolysis and bleeding after open-heart surgery. Scand ] Thorac
Cardiovasc Surg 1986;20:151-60.

13. Gollub S. Heparin rebound in open heart surgery. Surg Gynecol
Obstet 1967;124:337-46.

14. Pifarre R, Sullivan H], Mornova A, Bakhos M, GriecoJ, Foy BK et
al. Management of blood loss and heparin rebound following
cardiopulmonary bypass. Semin Thromb Hemoss. 1989;15:173-7.

15. Scharf M, Engels], Tripier D. Primary structures of new "isohiru-
dins". FEBSLen 1989;255:105-10.

16. Kelly AB, Marzee UM, Krupski W, Bass A, Cadroy Y, Hanson SR
et al. Hirudin interruption of heparin-resistant arterial thrombus for-
mation in baboons. Blood 1991;77:1006-12.

17. Markwardt F, Fink E, Kaiser B. Pharmacological survey of recom-
binartt hirudin. Pharmazie 1988:43:202-7.

18. Marki WE.Wallis RB. The anticoagulant and antithromootic prop-
erties of hirudins. Thromb Haemost 1990;64:344-8.

19. \X'alenga JM, Pifarre R, Fareed J. Recombinant hirudin as an anti-
thrombotic agent. Drugs of the Future 1990:1:;:267-80.

20. Kaiser 13,Markwardt F.Anuthrombouc and hemorrhagic effects of
synthetic and naturally occuring thrornbin inhibuors. Thromb Res
19H6:4j:613-20.

21. W.llenga JM, Bakhos M,Messmore HL. Fareed J. pifarre R. Potential
use of recombinant hirudin as an anticoagulant in a cardiopulmo-
nary bypass model. Ann Thorac Surg 199151:271-7.

22. Riess C. Behr 1. Pótzsch B, Rossing R, sleese N, Schaper Wet al.
Recombmant r-hirudin as a potential anticoagulant in open-heart

surgery: Studies in a pig model (abstract). Thromb Haemost
1993;69:A2728.

23. Potzsch B, Iversen S, Riess FC,Tzanova N, Seelig C, Nowak G et al.
Recombinant hirudin as an anticoagulant in open-heart surgery: a
case report (abstract). Ann Hematol 1994;68:A53.

24. Riess F-C,Lower C. Seelig C, Bleese N, Kormann], Mi.iller-Berghaus
G et al. Recombinant hirudin as a new anticoagulant during car-
diac operations instead of heparin: successful for aortic valve
replacement in man. ] Thorac Cardiovasc Surg 1995;Il 0:265-7.

25. Hanson SR, Harker LA.Baboon models of acute arterial thrombo-
sis. Thromb Haemost 1987;58:801-5.

26. Kotzé HF, Heyns AduP, Lotter MG, Pieters H, Roodt]P, Sweetlove
MA et al. Comparison of oxine and tropolone methods for label-
ling human platelets with Indium-lIl. ] Nucl Med 1991;32:62-6.

27. Van Rensburg A], Lotter MG, Heyns AduP, Minnaar pc. An evalu-
ation of four methods of 111In planar image quantification. Medical
Phys 1988;15:853-61.

28. Bowry SK, Prentice CRM,Courtney]M. A modification of the Wu
and Hoak method for the determination of platelet aggregates
and platelet adhesion. Thrornb Haemost 1985;53:381-5.

29. Grótsch H, Damn D, Ben Youssef R, Haenel D. Comparison of two
different methods for the determination of r-DNA-hirudin in plas-
ma samples: HPLC vs a chromogenic thrombin substrate. Thromb
Res 1991;64:273-7.

30. Koza M], Walenga ]M, Fareed ], Pifarre R. A new approach in
monitoring recombinant hirudin during cardiopulmonary bypass.
Semin Thromb Hemost 1993;9:346-54.

31. Bacher P, Walenga ]M, Iqbal 0, Bajusz S, Breddin K, Fareed J.
The antithrombotic and anticoagulant effects of a synthetic tri-
peptide and recombinant hirudin in various animal models.
Thromb Res 1993;71:251-63.

32. Salzman EW, Deykin D, Shapiro RM.Effect of heparin and hepar-
in fractions on platelet aggregation. J Clin Invest 1980;65:64-73.

33. Loscalzo], Melnick B, Handin R. The interaction of platelet factor 4
and glycosoaminoglyc.ln5. Arch Biochem Biephys 1985;240:446-55.

34. Hubbell JA, McIntyre LV. Platelet active concentration profiles
near growing thrombi: a mathematical consideration. Biephys
1986;50:937-45.

35. Schoen P, Lindhout T. The in situ inhibition of prorhrombinase-
formed human n-thrombin and meizothrombin (des Fl) by anti-
thrombin III and heparin. ] Bioi Chem 1987;262:11268-74.

36. Heyns AduP, Badenhorst PN, Lotter MG, Pieters H, Wessels P.
Kinetics and mobilization from the spleen of Indium-lll-labeled
platelets during platelet apharesis, Transfusion 1985:25:215-8.

37. Kotzé HF,Heyns AduP, Wessels P, Pieters H, Badenhorst PN, LOner
MG. Evidence that IlIIn-labelled platelets pool in the spleen, hut
not in the liver of normal humans and baboons. Scund J Haematol
1986;37:259-64.

38. Badenhorst PN, LOtterMG, Heyns AduP, Van Reenen OR, Herbst
C et al. The influence of the 'collection injury" on the survival
and distribution of Indium-III-labelled canine platelets. Br J
Haematol 1982;52:233-40.

39. Rosenburg RD, Damus PS. The purification and mechanism of
action of human antithrombin-heparin cofactor. J Bioi Chem 1973;
248:6490-3.

40. Van Wyk V, Badenhorst PN, Luus HG, Kotzé HF. A comparison
between the use of recombinant hirudin and heparin during herno-
dialysis. Kidney Int 1994;4'i: 1754-9.

Vol. 39 - No. 5 THE)OURNAL OF CARDIOVASCULAR SURGERY 639



'~

American Journal of Hematology 12:16]:-177 (l982{

KonetOcsand Sites o~ DesilrtuctO(o)01O)~

111~llïldoUmaOXUlrilealabe~edlP~Blite~etsln
~<diolPathocThrombocytopenoc IPIl.urpl\j!réd1:
A Quantitative Study
A. duP. Heyns, M. G. Lotter, P. N. Badenhorst, Felicity de Kock, H. Pieters,
C. Herbst, O. R. van Reenen, H. Kotze, and P. C. Minnaar

South African Medical Research Council Blood Platelet Research Unit and the
Departments of Haematology (A.duP.H., P.N.B., F.de K., H.P., H.K.) and Biophysics
(M.G.L., C.H., O.R.v R., P.C.M.), Faculty of Medicine, University of the Orange Free State,
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Kinetics and quantification of the sites of destruction of "'-Indium-<>xine-Iabeled autolo-
gous platelets were investigated in eight patients with idiopathic thrombocytopenic purpura.
The mean platelet count was 17 ± 9 x 10'/liter; platelets were separated by differential
centrifugation and labeled with 5.6 ± 2.5 MBq 11 'In. Whole body and organ 11 'In-platelet
distribution was quantitated with a scintillation camera and a computer-assisted irnaging
system acquisition matrix. Areas of interest were selected with the computer and organ "'In-
radioactivity expressed as a percentage of whole body activity. Mean platelet survival was
49.5 :I: 29.6 hr and the survival curves were exponential. Equilibrium percentage organ
"'In-radioactivity was (normal values in parentheses): spleen 33.7 ± 8.8 (31.1 ± 10.2); liver
16.1 ± 9.5(13.1:1: 1.3);thorax22.8:1: 3.7(28.2 ± 5.6). Percentage organ "'In-activityat
the time when labeled platelets had disappeared from the circulation was: spleen 44.5 ± 16.4
(40 ± 16); liver 16.0 ± 11.5 (32.4 ± 7.2); thorax 19.7 ± 6.0 (17.7 ± 10.3). Thorax activity
corresponds to bone marrow radioactivity. Three patterns of platelet sequestration were evi-
dent. Three patients had mainly splenic sequestration, two mainly hepatic sequestration, and
three diffuse reticuloendothelial system sequestration with a major component of platelets
destroyed in the bone marrow. Splenectomy was performed in two patients. The pattern of
"'1n-platelet sequestration was not predictive of response of glucocorticoid therapy or in-
dicative of the necessity for splenectomy. Quantitative "'In-Iabeled autologous platelet ki-
netic studies provide a new tool for the investigation of platelet disorders.
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INTRODUCTION
Chronic idiopathic (or immune) thrombocytopenic purpura (ITP) is a disease of

unknown etiology, not associated with platelet alloantibodies or drugs, characterized
by thrombocytopenia caused by the patient's production of an antibody directed
against a platelet-associated antigen. In normal subjects, platelets cleared from the cir-
culation are sequestered in the liver, spleen [I], and reticuloendothelial component of
the bone marrow [2]. In ITP 5 'Cr-labeled platelet destruction in vivo is mainly splenic,
indeterminate, or hepatic, as assessed by relative changes in surface radioactivity [1].
None of the isotope techniques that have previously been employed have permitted
quantitative studies of the absolute percentage of labeled platelets sequestered in the
spleen and liver. This is a result of both the low labeling efficiency of 5 ICr for platelets
and the low gamma emission of 9070 of this radionuclide, which make it unreliable for
external organ localization with a scintillation camera.

IIIIndium-8-hydroxyquinoline (1I IIn-oxine) is an efficient platelet label [3], and
the isotope has 89 and 94070 gamma emission per disintegration for the 173 and 247 keY
photon energies, respectively. These physical characteristics permit quantitative
scintillation camera imaging of the in vivo distribution of IIIIn-oxine-labeled platelets

[2,4].
We report on the exploitation of the technology of a scintillation camera inter-

faced with a computer-assisted irnaging system for the quantitative study of kinetics,
distribution, and sites of destruction of IIIIn-oxine-labeled autologous platelets in

eight patients with ITP.

MATERIALS AND METHODS
Patients

Eight patients (subjects 1 to 8) with lTP, and not on any treatment, gave inform-
ed, written consent for an investigation that was approved by the Ethical Committee of
the Province and the University of the Orange Free State. ITP was diagnosed on the
basis of thrombocytopenia of undetermined etiology, normal or increased megakaryo-
cytes in the bone marrow, and the absence of a demonstrable cause of platelet destruc-
tion or utilization. The acute self-limiting entity seen in children was excluded.

Patients were treated with methylprednisolone, 48 mg per day, and if they re-
sponded, the glucocorticoid dose was gradually reduced over several weeks. Splenect-
omy was performed if improvement did not occur within 2 weeks (patient 4) or if the
maintenance dose of methylprednisolone was more than 8 mg per day (patient 8).

Relevant details of the patients are given in Table I.These patients have been ob-
served for less than 2 years, so a final verdict on the permanence of the remissions and
final outcome or requirement for splenectomy is not possible. The present state is as
follows. The two splenectomized patients are in complete clinical and hematologie re-
mission. The results in the patients treated only with methylprednisolone are variable.
Patients 1, 5, and 6 have normal platelet counts and are not on maintenance steroid
therapy. Patients 2, 3, and 7 have no significant haemorrhagic symptoms and are in
partial hematologie remission on low doses of prednisolone.

Reagents
11'ln-oxine (Radiochemical Centre, Amersham, U.K.) supplied as a 1ml isotonic

solution of 0.75070 NaCI containing 37 MBq (1 mCi) of III In complexed with 50 !Lg



TABLE I. Relevant Patient, Laboratory and "IIn-Platelet Kinetic Ilata
Recent
blood

Blood
Recovery platelet

platelet s Serum 1llln-<Jxine Platelets in Platelet Platelet Length of count

Sex/ Age (x 10-'/ platelet administered injected circulat ion survival turnover follow-up (X 10-'/

Subject (years) liter) antibody MBq ("Ci) (x 10-') (Ufo) (lu) (III/hr) (months) liter) Therapy

Male,32 24 Positive 5.6 (150) 26.5 47 20.1 2,286 15 166 Steroids

2 Female, 16 15 Negative 5.6 (150) 44.9 60 24.1 934 13 90 Steroids

3 Male, IS 35 Negative 4.6 (123) 6.9 51 30.7 2,012 12 110 Steroids

4 Female,I6 15 Positive 4.0 (108) 25.9 30 93.0 484 21 452 Splenectomy

5 Male,I9 < 10 Positive 11.4 (309) 7.3 47 64.9 295 16 265 Steroids

6 Female,I6 < 10 Negative 4.8 (130) 41.1 30 91.4 328 22 242 Steroids

7 Female, 57 20 Negative 3.7 (100) 28.4 72 31.9 784 6 68 Steroids

8 Female,26 <10 Positive 4.9 (131) 11.0 92 40.1 244 24 414 Splenectomy

--
Mean
(± I SO) 17 ± 9 - 5.6 ± 2.5 (150 ± 67) 24 ± 14.6 54 ± 21 49.5 ± 29.6 921 ± 799

Reference
values
(± I SO) 270 ± 50 Negative - 72 ± 15.7 232 ± 17 1,594 ± 244
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8-hydroxyquinoline, 6 mg Hepes buffer, and 100 p.g Polysorbate 80, was kindly do-
nated by the manufacturers. Other reagents were obtained from commercial sources
and were of analytical grade.

labeling of Platelets

This was performed as previously described [2]. Briefly, 475 ml of blood was col-
lected in a double-pack closed bag system containing ACD NIH formula A as antico-
agulant. Platelet-rich plasma (PRP) was obtained by centrifugation at 300g for 15min,
and the PRP was transferred to polystyrene tubes. After acidifying to pH 6.2-6.5 with
ACD, platelets were sedimented by centrifuging at 800g for 15 min, resuspended in
physiological saline, incubated for 30 min with IIIIn-oxine, washed once with platelet-
poor autologous plasma (PPP), and finally resuspended in PPP.

Less than 11.4 MBq (309 ",Ci) of III In was administered to a patient (Table 1).
Labeled platelets were used for in vivo studies only if they aggregated satisfactorily with
collagen in vitro [5].

Platelet Survival Studies
Platelet survival studies were performed on whole blood specimens as recom-

mended by ICSH [6]. Blood samples were collected at 5,15,30,45,60,90, and 180min
after reinjection of labeled platelets and thereafter twice daily. Blood volume was esti-
mated [7]. Platelets were counted by phase microscopy [8]. Mean autologous platelet
survival was calculated by least-squares computer fitting to a gamma function [9). All
data points were used until 20aJo of the zero time radioactivity was reached. Platelet re-
covery in the circulation at equilibrium was derived by back extrapolation of the plate-
let survival curve to zero time. Platelet turnover was calculated from the blood platelet
count and the platelet intravascular life span and corrected for the exchangeable splenic
platelet pool [10].

Image Acquisition and Quantitation of Platelet Distribution
This was performed with a large field of view Searle Pho Gamma scintillation

camera interfaced with a Medical Data Systems A2 computer-assisted imaging system
acquisition 64 x 64-matrix. The methods were modified from a previous study with
another scintillation camera system [2].

Geometry was maintained by using the xiphisternum and anterior iliac spines as
reference points. Anterior and posterior whole body IIIIn-radioactivity was measured
at equilibrium and daily by obtaining four images by positioning the camera so as to en-
compass the whole of the patient. Regions of interest were selected by computer analy-
sis to determine specific organ or regional activity from the scintillation camera images.
The thorax and upper abdominal region were subdivided into the heart, liver, and
spleen. The thorax radioactivity is that of the thoracic region remaining after subtrac-
tion of cardiac radioactivity and would thus include the lungs and bony cage.

Whole body and region of interest radioactivity counts were corrected for attenu-
ation by calculating the geometrical mean -ie, the square root of the product of the an-
terior and posterior counts. The corrected counts calculated by the geometrical mean
method represent the radioactivity of the organ as if it were situated in the
midanterior-posterior plane of the body.

The initial (equilibrium) radioactivity was derived by back extrapolation ofleast-
square regression analysis of data, and the final organ radioactivity was determined at
the patient's platelet survival time.
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RESULTS
Platelet Recovery and Survival in the Circulation and Turnover

As shown in Table I, platelet recovery in the circulation was variable, and the
mean of 54070 did not differ significantly (0.1 > P > 0.05; Student's t test) from
normal. Platelet survival was shortened, varying from 20.1 to 93.0 hr with a mean of
49.5 ± 29.6 hr. The shapes of the survival curves were exponential, and in all patients
the platelets were removed from the circulation after only one ''hit'' in the gamma func-
tion model. Mean platelet turnover was 58070 that of the reference value and was mark-
edly lower than normal in all but patients 1 and 3.

Early Distribution of 111ln-Plateletsin Organs
At equilibrium mean Illln-platelet activity in the liver, spleen, and in the thoracic

area corresponded to that of normal subjects (Table Il). However, hepatic radioactiv-
ity varied widely between patients. Two patients (2 and 8) had considerably less and
three patients (1,4, and 5) had more liver radioactivity than normal. Splenic IIIIn-ac-
tivity of the ITP patients was very similar to that of the normal group.

Final Organ 111ln-PlateletSequestration Pattern
The results are given in Table Il. Organ II lln-radioactivity is expressed in two

ways: as a percentage of equilibrium whole body IIIIn-activity assumed to be 100070,
and as a percentage of Illjn-radioactivity present in the whole body at the patient's
platelet survival time (figures in parentheses).

The patients could be separated into three groups on the basis of the major organ
or region of IIIIn-radioactivity accumulation: three with a splenic, two with a hepatic,
and three with a reticuloendothelial system (RE system) pattern of platelet destruction.
These distribution patterns are illustrated with scintillation camera images (Figs. 1-3).

Whole body III In-radioactivity decreased in six of the eight patients and reached
a mean of 89.4 ± 7070 at the time of platelet survival in the circulation. This is signifi-
cantly (0.01 < P < 0.02; Student's t test) less than in normal volunteers.

- ... - '-'-~'_.'-"'-'-'.' --._ .....- .. ~... --_.- .. ,..,.. - .... --.-- ...--_ ......

Fig. I. A scintillation camera image of "'In-oxine platelet distribution at the time of platelet disappear-
ance from the circulation (patient I). The pattern is that of splenic sequestration of labeled platelets. The

liver is hardly visible.
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TABLE II.
N

Equilibrium Final
("70activity distribution) ("70activity distribution) ::!:l

It>

Subject and pattern Non-spleen "<
:I

of sequestration Liver Spleen Thorax Whole body Liver Spleen Thorax (non-liver) Whole body
(Il

----_ .._-------- ~
Splenic

!2..

I 20.4 39.3 22.5 100 10.7" 55.6 18.3 33.7 93.4
( 11.4)b (59.5) (19.6) (22.5)

2 5.4 27.7 19.2 100 4.6 61.1 23.8 34.4 99.6

(4.6) (61.1 ) (23.8) (33.9)

3 14.1 48.5 22.9 100 10.8 72.4 1.9 16.8 85.2

(12.7) (85.0) (2.2) (12.5)

Hepatic
4 19.4 33.4 23.6 100 28.0 31.1 15.6 40.9 85

(33.0) (36.6) (18.4) (15.4)

5 36.2 30.0 19.2 100 38.5 35.0 14.5 26.5 98.5

(39.1) (35.5) (14.7) (23.9)

RE system
,-,

6 13.1 27.7 19.2 100 17.2 30.0 24.2 52.8 87

(19.8) (34.5) (27.8) (32.7)

7 11.4 21.5 27.6 100 10.5 30.2 21.3 59.3 80.7

(13.0) (37.4) (26.4) (30.3)

8 9.4 41.3 28.5 100 8.0 40.3 29.1 51.7 85.9

(9.3) (46.9) (33.9) (29.7)

Mean ± I SO 16.1 33.7 22.8 100 16.0 ± 11.5 44.5 ± 16.4 19.7 ± 6.0 39.5 ± 14.5 89.4 ± 7

±9.5 ±8.8 ± 3.7 ±O (17.9 ± 12.1) (49.6 ± 17.9) (20.9 ± 9.7) (22 ± 15.2)

Reference ± I SO 13.1 31.1 28.8 100 32.4 ± 7.2 40.0 ± 16 17.7 ± 10.3 27.6 ± 16.2 98 ± I

±1.3 ± 10.2 ±5.6 (33 ± 7.4) (40.7 ± 16.2) (18.1 ± 10.5) (24.3 ± 16.3)

"Percentages are expressed relative to equilibrium whole body "'In-radioactivity assumed to be 100"70.
bPercentages in parentheses are expressed relative to the whole body "'In-radioactivity present at the patient's survival time.

',:'
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Fig.2. A scintillation camera image of '''In-oxine platelet distribution at the time of platelet disappear-
ance from the circulation (patient 5). The pattern shows prominent hepatic sequestration of labeled plate-

lets. The spleen is clearly visible.

DISCUSSION
The exploitation of I"ln-oxine as a platelet label, in conjunction with the

modern technology of a computerized scintillation camera system, allows a new quanti-
tative approach to the study of platelet kinetics and organ distribution of labeled
platelets [2,4]. Some aspects of the technique, such as preparation of platelets, varia-
tion in size of viscera, and blood volume, are difficult or impossible to control and may
influence the results. We acknowledge that geometrical complexities make surface
counting as an estimate of organ radioactivity subject to error. We have minimized
geometrical and attenuation errors by adopting the geometrical mean method. With
this method we have shown that quantifications of organ radioactivity in vivo and in re-
moved postruorten specimens correspond within 5OJo in baboons [II]. Although our
method is now more accurate than that previously described [2], the interpretation of
our data should take the technical problems into account.

Platelet survival in our patients was shortened, the disappearance curves fitted
that of an exponential function, and the random destruction is reflected by the seques-
tration of platelets after one "hit." The advantage of II 'In-oxine over "er-sodium
chromate as a platelet label is evident in this study. Autologous platelets could be
labeled, despite the severe thrombocytopenia. This eliminates the effect of alloanti-
bodies, present in 19OJoof patients, induced by pregnancy and transfusion, on allogenic
platelet survival [12].

Platelet recovery in the circulation at equilibrium was low in our patients (fable
I). This is probably due to rapid destruction ofa population of the transfused platelets,
since the pooling of platelets in the spleen remains normal in ITP [13,14]. Platelet turn-
over in all our patients but two was markedly reduced. This is at variance with the re-
sults of other investigators, who have reported normal or increased platelet turnover
[13,14]. We have no ready explanation for this discrepancy. The labeled platelets were
not significantly contaminated with plasma, red cells, or lyrnphocytes. It is possible
that the difference is due to the interpretation of the platelet disappearance curves, but
this is unlikely. In our patients the curves fitted an exponential function and there was
no evidence of a long "tail" which may have influenced the calculation of platelet sur-
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Fig.3. A whole body scint illation camera image of II 'In-exine platelet distribution at the time of platelet
disappearance from the circulation (patient 8). The pattern is that of diffuse reticuloendothelial system se-
questration of labeled platelets. The spleen and liver are evident. The presence of radioactivity in the areas

of bone marrow distribution is prominent.

vival. Baldini [IS] has pointed out that antiplatelet antibodies may technically alter re-
sults of "er-labeled platelet survival. The antibody can cause release of the label in
vivo in rabbits [16]. as well as in man [IS]. These results suggest that platelet survival
measured by the lier method may be falsely reduced in some patients with ITP and
thus give a relatively high estimate of platelet turnover. A possible explanation for our
results may be that less IIlln-oxine than Ster is released by antiplatelet antibody. Our
study was done with autologous platelets. a technique that is not possible with s 'Cr in
severe thrombocytopenia. One may speculate that these circulating platelets are rela-
tively resistant to antibody injury and thus have longer survival times. Obviously. our
finding needs confirmation and further investigation.
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This study provides some quantitative data on the sequestration pattern of plate-
lets in ITP, Whole body III In-radioactivity decreased significantly in six of our eight
patients (Table II), whereas in normal subjects this remained virtually constant [2]. We
have referred to the possible release of radiolabel by antiplatelet antibody, and these re-
sults would support the in vivo loss of some. III In-exine in ITP. Unfortunately, we did
not collect urine and stools in these studies, and the avenue of III In loss from the body
remains unknown. This in vivo loss of radionuclide influences quantification of organ
I I IIn-radioactivity if this is expressed relative to the initial whole body activity. We
have thus also calculated organ radioactivity relative to whole body radioactivity at the
time of platelet disappearance from the circulation (Table II). It is, however, evident
that one cannot accurately interpret these data unless it is known whether the I I IIn-
label is released from platelets in the circulation or if it is released after they have been
sequestered in the reticuloendothelial system.

In studies with 5lCr-tagged platelets, it has been shown that the spleen is the ap-
parent site of platelet destruction in 59070, and the liver in 14070of cases with ITP. In
27070 the site of destruction is indeterminate [1]. None of the techniques that have been
employed in the past permitted calculation of the absolute percentage of injected label-
ed platelets sequestered in the liver or spleen. We recognize three patterns of platelet seo.
questration in our patients.

In three patients the major site of platelet destruction was the spleen (Table II,
Fig. I). Splenic sequestration in these patients occurred at the expense of hepatic de-
struction (patients 1 and 2) or the RE system (patient 3). In two patients hepatic III In-
radioactivity accumulation was prominent (Table Il, Fig. 2), and thoracic and especial-
ly splenic platelet destruction was relatively slight. The third pattern of platelet destruc-
tion was that of diffuse RE-system sequestration and was observed in three patients
(Table Il, Fig. 3). We suggest that in this group the bone marrow is the major site of
platelet destruction. The accumulation of platelets in the thorax at the end of the study
consists almost exclusively of radioactivity present in the bony cage of the thorax. In
postmortem and in vivo studies in baboons we found no III In-radioactivity in the lungs
at the end of the platelet life span, and all residual radioactivity of this region was pres-
ent in the bone marrow [11]. This is in accord with the findings of other workers who
have not been able to show destruction of platelets in the lung [17,18]. The scintillation
camera data and percentage of radioactivity accumulation thus reflects the phagocytic
activity of the reticuloendothelial component of the bone marrow. This is evident on
examination of the scintillation camera image (Fig. 3). It is clear that our methodology
of quantification would underestimate this component of platelet sequestration, since
the activity of the pelvic bones, skull, and proximal long bones are not taken into ac-
count. The diffusely spread nature of the bone marrow makes quantitative studies in
these regions impossible, since we have not been able to obtain high enough radioac-
tivity count statistics in these organs for quantitative data. We have shown that there is
no significant utilization of platelets in normal vasculature [2], but this may be differ-
ent in thrombocytopenic subjects [19]. It does, however, seem reasonable to assume
that the major sites of platelet destruction are the spleen, liver, and bone marrow. The
calculated nonsplenic, nonhepatic component of platelet destruction in our patients
(Table Il) shows that the bone marrow is apparently a major site of platelet sequestra-
tion in lTP. This is clearly so in the diffuse RE-system destruction pattern group of
patients, where more than 50070 of platelets are sequestered in bone marrow. The im-
portance of the bone marrow as a site of platelet sequestration in lTP will also be
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underestimated in a study with rein fused labeled platelets, since the possible intra-
medullary destruction of platelets immediately after release from megakaryocytes is
not taken into account.

The clinical importance of 5 'Cr-labeled platelet studies in the therapeutic evalua-
tion of ITP is controversial. Najean et al [18,20] concluded that in patients where
splenic sequestration can clearly be demonstrated, splenectomy will lead to remission.
Aster and Keene [21], in contrast, suggest that the site in which labeled cells are seques-
tered appears related to the severity of the disease at the time of the study. Our series is
far too small for evaluation of therapeutic response relative to the platelet sequestration
pattern, but some generalizations may be made (Tables I and Il). Splenectomy was not
necessary in any of the three patients with a splenic pattern of platelet sequestration; all
responded to glucocorticoid therapy. The two patients (patients 4 and 8) in whom
splenectomy was performed had a hepatic and a RE-bone marrow sequestration pat-
tern, respectively. Platelet survival, recovery in the circulation, and the presence of a
PF3 releasing serum antibody could not be related to the platelet sequestration pattern
or the therapeutic response in our patients. Our findings are thus in agreement with the
conclusions of others [l ,22,23] that isotope studies are of little value in predicting the
benefit of splenectomy in ITP and that the decision for or against splenectomy must be
based upon clinical criteria such as the response to glucocorticoids and the duration and
severity of the thrombocytopenia.

The development of these new techniques for the study of platelet kinetics in ITP
provides new insights into the patterns of platelet sequestration in this disorder. It is es-
pecially evident that the role of the bone marrow in this regard has been underestimated
in the past. Exploitation and refinement of this methodology will lead to a better under-
standing of platelet kinetics in health and disease.
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Platelet Turnover and Kinetics in Immune Thrombocytopenic Purpura:
Results With Autologous lll[n-Labeled Platelets and Homologous

51Cr-Labeled Platelets Differ

By Anthon du P. Heyns. Philip N. Badenhorst. Mattheus G. Lotter. Henry Pieters. Paula Wessels. and Harry F. Kotzé

with 5'Cr-HPwas consistently shorter than that of "'In-AP.
Platelet turnover determined with 5'Cr-HP was thus over-
estimated. The difference in results with the two isotope
labels was apparently due to greater in vivo elution of 5'Cr.
Although the limitations of the techniques should be taken
into account. these findings indicate that platelet turnover
is not always normal or increased in ITP. but is low in
severe disease. We suggest that this may be ascribed to
damage to megakaryocytes by antiplatelet antibody. The
physical characteristics in '1I1nclearly make this radionu-
clide superior to 5'Cr for the study of platelet kinetics in
ITP.
<I> 1986 by Grune & Stratton, Inc.

Mean platelet survival and turnover were simultaneously
determined with autologous IIIln-labeled platelets ('"in_
AP) and homologous 5'Cr-labeled platelets (5'Cr-HP) in ten
patients with chronic immune thrombocytopenic purpura
(ITP). In vivo redistribution of the "'In-AP was quantitated
with a scintillation camera and computer-assisted image
analysis. The patients were divided into two groups: those
with splenic platelet sequestration (spleen-liver "'In activ-
ity ratio >1.4), and those with diffuse sequestration in the
reticuloendothelial system. The latter patients had more
severe ITP reflected by pronounced thrombocytopenia,
decreased platelet turnover, and prominent early hepatic
platelet sequestration. Mean platelet life span estimated

(RES). In ITP it seems that the sier labeling method
spuriously reduces the estimate of mean platelet survival
time, and platelet turnover is therefore erroneously overesti-
mated.

nLA TELET turnover is generally regarded as normal or
li increased in chronic immune thrombocytopenic pur-
pura (ITP).I-4 However, the estimate of the extent of the
increase in platelet turnover varies from a mean of 4.9 times
normal I to 2.3 times normal.' This difference has been
ascribed to difficulties to accurately estimate of platelet life
span in ITP. S Because the calculation of the platelet turnover
is dependent on the estimate of the platelet life span, it is
clear that the result of the latter is critical.

The sier labeling technique" is used in most laboratories
for the determination of platelet survival. This radionuclide
has a low binding efficiency for platelets and, in ITP with
severe thrombocytopenia, it is impossible to determine the
life span of autologous labeled platelets by this method.
1llln-oxine is a superior platelet label," and its high gamma
photon yield facilitates quantitative imaging of the in vivo
distribution of labeled platelets." 1IIIn labels platelets with
high efficiency, permitting kinetic studies with autologous
platelets even in the presence of severe thrombocytopenia":"

We have further investigated our previous finding that
platelet turnover is not always increased in ITp9 and now
relate this to the pattern of platelet sequestration in the
disease. We compared the results of estimates of platelet life
span with IIlln-oxine-labeled autologous platelets (1IIIn_AP)
with that determined by "Cr-labeled homologous platelets
Cler-HP). The results differed; this influenced the estimates
of platelet turnover. Turnover estimated with IIlln_AP was
usually increased in those patients with a splenic sequestra-
tion pattern, but was decreased in patients in whom Illln_AP
were destroyed diffusely in the reticuloendothelial system

MATERIALS AND METHODS

Patients

Ten patients (patients I to lO) with ITP, and not on any
treatment, gave informed, written consent to participate in a study
approved by the Ethical Committee of the University of the Orange
Free State. ITP was diagnosed on the basis of conventional clinical
criteria: adult-onset thrombocytopenia of undetermined etiology,
normal or increased numbers of bone marrow magakaryocytes, and
the absence of a demonstrable cause of platelet destruction or
utilization such as systemic lupus erythematosus, drug ingestion, or
hypersplenism. Relevant patient details are given in Table I.

Platelet Studies

Autologous platelets were labeled with IlIln-oxine (Radiochemi-
cal Centre, Amersham, England), fully described elsewhere.'?'!' In
brief, 200 to 300 ml of blood was collected in syringes containing
acid-enrate dextrose NIH formula A (ACD). Platelet-rich plasma
was prepared by centrifugation and was acidified with ACD to pH
6.2-6.5. The maximum number of platelets was harvested from the
blood by washing platelets from the red cell layer four times.
Platelets were labeled with IlIln-olline in a saline medium. resus-
pended in autologous platelet-poor plasma. and reinjeered only if
they aggregated normally with ADP. Homologous platelets were
labeled with "Cr-disodiumchrornate as recommended by the Inter-
national Committee for Standardization in Hematology.· IlIln_AP
and sICr-HP were injected simultaneously. Contamination of the
platelet product with '"In or I'Cr-labeled plasma proteins and red
cells was measured.'

In vivo distribution of IIlIn_AP was quantitated with a scintilla-
tion camera and a computer-assisted imaging system as previously
described+" Whole body and region of interest (ROl) "'In-radioac-
tivity was corrected for attenuation by the geometrical mean meth-
od, and ROl activity was expressed as a percentage of whole body
activity. The initial (equilibrium) radioactivity was derived by back
extrapolation of linear least-squares regression analysis of data, and
the final organ radioactivity was determined at the patient's own
platelet survival time.

Platelet survival was estimated from whole blood specimens
collected at 5,15,30,45,60,90, and 180minutes after reinjeenon of
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Table 1. Patient Data and In Vivo Organ "'In Radioactivity at Zero Time

Patients and
Panern of Number Blood ,,, In Activity "'In Activity
Platelet SexlAge of Platelet Count in Spleen in Liv«

Sequestration (yrl Pregnancies (x lO-I/LI (% of Whote Body) (% of Whote Body)

Splenic
1 F/16 0 18 32.1 25.9
2 F/34 1 95 29.8 12.5
3 F/68 9 88 22.1 12.9
4 F/16 0 119 46.9 12.3
5 F/25 0 60 33.5 23.9

Mean ± 1 SO 76 ± 39 32.8 ± 9.8 15.8 ± 6.7
DiffuseRes
Normalrecovery

6 F/20 0 8 20.6 40.1
7 F/19 0 4 8.8 39.6
8 M/20 5 22.2 46.8

Low recovery
9 M/20 5 22.4 47.8
10 F/16 0 7 32.9 38.5

Mean ± 1 SO 6±2 21.4 ± 8.6 42.6 ± 4.4
Referencevalues 150-400 31.1 ± 6.1 9.6 ± 1.2

labeled platelets and thereafter as necessitated by the rate of
disappearance of platelets from the circulation." Blood volume was
estimated," and platelets were counted by phase microscopy, or, if
more than 30 x 109 IL, with an electronic particle counter. Mean
platelet survival was calculated by a non linear, least-squares curve-
fitting technique. A computer program fitted the data to the
following mathematical models: weighted mean," multiple hit."
Dornhorst,' Meuleman," polynomial," and a order." All data
points lying between equilibrium or maximum blood radioactivity,
and 20% of this activity, were included. Curve fitting was visually
inspected with a graphics display monitor. Goodness of fit of each of
the mathematical models to the data was evaluated by calculating
the SO of the data points around the regression curve. There was no
significant difference in the goodness of fit with these models."
Therefore, only the results of the mean platelet survival time
estimated with the multiple hit model are presented. In all patients,
the clearance of platelets from tbe circulation was exponential,
reflected by removal of platelets after a single "hit."

Platelet recovery in the circulation at equilibrium was derived by
back extrapolation of the platelet survival curve to zero time. Platelet
turnover was calculated from the blood platelet count and the
platelet intravascular life span.' The correction factor for the splenic
pool was 90% divided by the percentage of "'In-AP quantitated to be
present in the spleen at equilibrium.

Platelets (rom four normal subjects were labeled with "'ln and
s'Cr as described above. Platelet subpopulations in the platelet-rich
plasma were separated by density on discontinuous arabinogalactan
(stractan) gradients as described by Corash et al." and the radioac-
tivity was measured. Radioactivity in the (our buoyant density
subpopulations was expressed as a percentage of that of the total.
Mean platelet volume was measured electronically with a multi-
channel analyzer."

Elution of Radionuclide From Labeled Platelets

The in vivo relc;ilse of S'Cr and' "'In from platelets was measured
by deterrnjning tltt radioactivity present in platelet-poor plasma of
all the specimens collected for the estimation of mean platelet life
span. This radioactivity, not associated with platelets or other cells,
was expressed as a percentage of "'ln or s'Cr whole blood radioactiv-
ity at equilibrium, normalized to 100%.

Statistics

The normal distribution of the data was assessed with the Shapiro-
Wilk test. Paired or unpaired data were evaluated with either the
r-test for different means or the nonparametric Wilcoxon's rank sum
test where appropriate. The relationship between two variables was
expressed as the correlation coefficient, r, and its significance was
evaluated with the t test.

The percentage SO of the platelet turnover owing to the propaga-
tion of errors introduced by the measurements of the platelet count,
the platelet life span, and the estimate of the splenic platelet pool size
was computed by addition in quadrature of the fractional SOS.lO

RESULTS

Pal/ern of/llln-Labeled Platelet Destruction

The results of quantification of organ '''In radioactivity at
the end of platelet life span are given in Table 2.

The patients were separated into two groups on the basis of
major organ or regional "'In-AP radioactivity accumulation:
five with a splenic sequestration pattern, and five with a
diffuse pattern of platelet destruction in the RES. The
distinction was based on the percentage of "'In-AP in the
spleen and the liver at the end of the platelet life span. The
normal spleen-liver ratio is 1.4 ± 0.6. Those patients with a
spleen-liver ratio ~ 1.4 were classified as having "splenic
sequestration," and those with a lower ratio were classified as
having "diffuse RES sequestration." Two patients (9 and 10)
of the latter group were segregated as a subgroup because
they had exceptionally low recovery values and, as compared
with others in this group, had relatively long platelet survival
times (Table 3).

In the group with a splenic sequestration pattern, the mean
spleen "')n activity was 50.8% ± 13.6%, and that of the liver
was 19.4% ± 7.1%. Splenic activity was significantly higher
(P < .025), and that of the liver was significantly lower
(P < .025), than that of controls (I test). In the group with
diffuse RES sequestration, the mean hepatic "'In activity of



plasma, and the labeled platelet-rich saline eventually
injected was determined in three patients. Although there
was a loss of approximately one-half of the platelets during
the isolation and labeling procedures, mean platelet volume
did not change significantly: whole blood 16 ± 2 fL, platelet-
rich plasma 17 ± 2 fL, and platelet-rich saline 15.5 ±.2 fL.

The mean platelet life span, range 4.3 to 65.9 hours, of
IIIIn_AP was decreased in all patients and correlated with the
platelet count (r = 0.58, P < .05). The mean platelet life
span of the diffuse RES sequestration group was shorter than
that of patients with splenic sequestration. The results,
however, were variable, and patients 9 and 10 had platelet
survival times that were much longer than those of the others
in this group.

Mean platelet turnover of all patients was 53 x 109

platelets per liter per day ± 49 (range 4 to 114). The mean
platelet turnover of the splenic sequestration group was
significantly higher (P < .005, Wilcoxon test) than normal.
Platelet turnover in patients with a diffuse RES sequestra-
tion pattern was variable and was markedly low in patients 9
and 10.

"Cr-labeled platelets. Patients were reinjected with a
mean of 2.8 MBq ± 0.8 (84 ~Ci ± IS) 'ICr, labeling 135.2 x
108 ± 57.3 platelets. Mean platelet recovery in the circula-
tion in all patients was 51% ± 21% and, although lower than
normal, was not significant (P > .5). The mean recovery in
the circulation of the diffuse RES sequestration group was
much lower than normal in patients 9 and lO.

The mean life span of "Cr-HP was shortened to varying
degrees (range 1.8 to 39.6 hours), and in the patients with
diffuse RES sequestration it was shorter than in patients
with splenic sequestration. Patients 9 and lO were notewor-
thy exceptions. Mean platelet turnover of the whole patient
group was normal, 93 x 109 platelets per liter per day ± 80
(P > .1). There was, however, a significant (P < .005, Wil-
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Table 2. Sequestration of '''In-labeled Platelets at the End of Platelet life Span

Organ or Region "'In Radioactivity RatioPatient and
(Whole Body Activity) (%)Sequestration Splaen-Uver Splaer>-Ramaindar

Pattern Spleen Liver Remainder- Ratio Ratio

Splenic
..,.

1 33.6 24.4 41.6 1.4 0.8
2 61.9 26.6 11.3 2.3 5.5
3 41.6 12.1 43.6 3.4 1.0
4 66.3 11.4 22.2 5.8 3.0
5 50.5 22.6 27.2 2.2 1.9

Mean:!: 1 SO 50.8 :!: 13.6 19.4:!: 7.1 29.2 :!: 13.6 3.0:!: 1.7 2.4:!: 1.9
Diffuse RES
Normal recovery

6 21.0 41.1 37.9 0.5 0.6
7 9.9 40.0 49.9 0.3 0.2
8 21.7 44.8 33.4 0.5 0.6

Low recovery
9 22.5 47.6 29.7 0.5 0.8
10 35.5 39.1 29.3 0.9 1.2

Mean:!: 1 SO 22.1 ± 9.1 42.5 ± 3.6 36.6 :!:8.5 0.5 :!:0.2 0.7 ± 0.4
Reference values

(n - 6) 37.2 ± 8.8 29.2 ± 9.6 31.7 ± 8.3 1.4 ± 0.6 1.3 :!:0.5

'The remainder is \1'ln radioactivity located neither in the spleen nor liver. This may be regarded as approximately reflecting bone marrow activity.

42.5% ± 3.6% was significantly higher (P < .0005), and the
mean splenic activity of 22.1 % ± 9.1% was significantly
lower (P < .025), than that of normal subjects (t test).

The IIlIn radioactivity other than in the liver or the spleen,
designated "remainder" (Table 2), varied from patient to
patient and did not reflect the pattern of platelet sequestra-
tion. Although the spleen-remainder ratio was lower in the
diffuse RES sequestration group, this ratio was too variable
to distinguish patterns of platelet destruction.

Distribution of the In Vivo IIIIn Platelet Activity
at Equilibrium

In the group with diffuse RES destruction, mean hepatic
IIIIn activity was four times higher (P < .005, t test) and that
of the spleen was significantly lower (P < .025, t test) than
normal (Table 1).

Platelet Recovery, Life Span and Platelet Turnover

Blood platelet counts, mean platelet survival. recovery in
the circulation, and platelet turnover measurements as deter-
mined with Illln-labeled and "Cr-labeled platelets are given
in Table 3.

IIlln-labeled platelets. Patients were reinjected with a
mean of 11.8 MBq ± 5.3 (319 ~Ci :t 143) IllIn, labeling
20.7 x 108 ± 22.1 platelets. The blood platelet counts were
much higher in the splenic sequestration group than in the
diffuse RES sequestration group. A greater mean number of
labeled platelets and more IlIIn was thus reinjected per
patient in the splenic sequestration group. Mean recovery of
platelets in the circulation of all patients was 55% ± 25%,
which was somewhat lower, but not significantly so (P > .2),
than that of normal. In patients 6, 7, and 8, with diffuse
sequestration of platelets, recovery was about normal.
Patients 9 and 10 had very low recoveries.

Platelet size distribution in whole blood, platelet-rich
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Table 3. Isotope Date: Estimates of Platelet Recovery. Life Span. and Turnover

Blood "'In-labeled Autologous Platelets ·'Cr-Labeled Homologous Platelets

Patient and Platelet Pletelets "'In Recovery in Platelets DtCr~ Recovery in
Sequestration Count Injected Administered Circulation Life Span Turnover Injected Administered Circulation Life Span Turnover

Pattern {x to·'Il) Ix to ., MBqv.Cn (%1 (h) (to··pl/L/dey) (x to-') MBq(pCi) (%) (hl (pl/L/dayl

Splenic
1 18 40.0 7.4(2001 51 5.0 115 180.8 3.2(1201 65 3.3 174
2 95 52.0 18.5(5001 65 65.9 44 132.0 4.1(1501 35 28.5 103
3 88 40.0 22.2(6001 76 20.8 117 122.8 3.0(1121 89 11.1 220
4 119 52.0 14.1(3801 58 37.6 129 130.1 4.1(1501 52 24.5 198
5 60 3.4 13.3(3601 79 35.6 55 67.1 2.4(901 55 23.5 83

15.1 ± 5.6 3.4 ± 0.7
Mean:!: 1 SO 76 ± 39 30.3 ± 24.8 (408 ± 1511 66 ± 12 33.0 ± 22.6 92 ± 39 126.6 ± 40.4 (124 ± 261 59 ± 20 18.2 ± 10.6 156 :!: 60
Diffuse RES

Normal recovery

6 8 3.5 9.3(2501 62 12.9 17· 83.7 2.7(1001 59 8.3 26
7 4 2.7 6.7(1801 88 4.3 22 106.1 2.7(1001 53 2.7 35
8 5 4.0 9.3(2501 40 7.2 19 82.0 2.2(801 61 1.8 77

low recovery

9 5 4.5 5.6(1501 15 37.6 4 205.1 1.9(701 16 24.6 6
10 7 5.2 11.1(3001 16 35.6 6 241.9 1.9(701 28 39.6 6

Mean:!: 1 SO 5.8 ± 1.6 8.4 ± 2.2 44 ± 31 19.5:!: 15.9 14 :!: 8 144 ± 74.6 2.3 ± 0.4 43 ± 20 15.4 ± 16.3 30 ± 29
Reference values

(± 1 SDI 150-400 - - 61 ± 12 226 :!: 24 38 ± 6 - - 68 ± 13 220 ± 24 35 ± 5

Abbreviation: pi. platelets.

·The percentage SO of platelet turnover introduced by the fractional SO of the platelet count (0.51. the platelet life span (0.11. and the estimate of the splenic pool size (0.061 was 26%.
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Table4. Percentage of Distribution of Normal Platelets of Different Densities labeled With "'In and ·'Cr

StrsclsnDenSIty Str8ClsnDensity StreetsnDensity StreetsnDensity
(g/mU (g/mll (g/mll (g/mll
1.084 1.071 1.066 1.062

Specimsn "'In "Ct "'tn "Ct "'In "Ct IHln "Ct

1 53.0 51.0 32.0 34.0 10.0 10.0 5.0 5.0
2 48.0 48.6 28.6 31.5 17.1 15.8 6.0 4.0
3 50.0 53.0 24.0 25.0 21.0 19.0 5.0 3.0
4 51.0 50.0 23.0 24.0 14.0 16.0 12.0 10.0

Mean ± 1 SO 50.5 ± 2.1 50.7 ± 1.9 26.9 ± 4.2 28.6 ± 4.9 15.5 ± 4.7 15.2 ± 3.8 7.0 ± 3.4 5.5 ± 3.1
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coxon test) difference in the mean platelet turnover of the
patients with different sequestration patterns.

Comparison of Mean Platelet Survival and Turnover
Measurements With IIlln_AP and sICr-HP

A mean of 8.0% ± 3.1% slCr and 7.5% ± 6.5% 1IIIn was
present in the plasma in which the labeled platelets were
suspended. Contamination of labeled platelets with labeled
red cells was low; 1.3% ± 1.1% and 1.1% ± 1.6% for slCr and
111In,respectively.

Mean survival of 1IIIn_AP was 26.3 hours ± 19.7, and that
of sICr-HP was 16.8 ± 13 hours. This difference was
significant (P < .005, Wilcoxon test). This difference was
evident whether women patients had had previous pregnan-
cies or not. The difference influenced the estimate of mean
platelet turnover: with 1IIIn_AP it was 53 x 109 platelets per
liter per day ± 49, which was significantly (P < .005,
Wilcoxon test) lower than the 93 x 109 platelets per liter per
day ± 80 as estimated with sICr-HP.

Labeling of Platelet Subpopulations

Labeling efficiencies with IllIn and "Cr of density-
dependent platelet subpopulations separated on a stractan
gradient, were similar (P > .2; Hest) (Table 4).

Plasma Radioactivity

The 1IIIn and "c- radioactivity in platelet-poor plasma
was measured for the duration of the platelet life span. The
changes in radioactivity in plasma during the first nine hours
after reinjection of labeled platelets are illustrated in Fig I.
"Cr activity was higher than that of IIIIn (P < .005. t test)
throughout the life span of the platelets. but the difference
was more striking in the first few hours after reinfusion of
labeled platelets.

DISCUSSION

It has generally been stated that platelet turnover is
increased in patients with ITP. and that this increase is
especially evident when the blood platelet count is <SO x
109/L.I-s but not all authors agree.9.l1-24 A major difficulty
thwarting the clarification of the problem is the inaccuracy
of the measurement of platelet turnover in ITP. In ITP. it is
difficult to measure three of the variables used in calculating
platelet turnover: mean platelet life span. recovery of plate-
lets in the circulation, and the blood platelet count. We have
exploited the superior physical characteristics of IlIln and its
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Fig 1. Plasma '''In and ·'Cr radioactivity of blood samples
taken to measure mean platelat survival time. ·'Cr plasma activity
was significantly lP < .0051 highar than that of "'In. This is
prasumably due to in vivo elution of the label.

high platelet labeling efficiency to minimize these difficul-
ties. This radionuclide makes it possible to determine platelet
survival and to image the in vivo distribution of autologous
platelets quantitatively even in the presence of severe throrn-
bocytopenia":" In addition, the size of the splenic pool may
be determined accurately with quantitative imaging.":"
It is convenient to consider our findings in the context of

the in vivo distribution of the labeled platelets. In our
previous study, we divided patients with ITP into three
groups on the basis of the sites of platelet destruction: splenic,
hepatic, and diffuse RES sequestration." Because this group-
ing was somewhat arbitrary and there was considerable
overlap, we have now grouped the hepatic and diffuse RES
sequestration patients together. The division between the two
major groups was based on the spleen-liver ratio and was
clearcut. Although they had low spleen-liver ratios, patients
9 and la had low recovery values and relatively long mean
platelet survival times; we have therefore separated them as a
subgroup. Most of the platelets not destroyed in the liver or
spleen. ie, the remainder. are sequestrated in the bone
marrow.8•9•2S Although the spleen-remainder ratio was lower
in patients with diffuse RES platelet sequestration. this ratio
neither identified another pattern of sequestration nor
improved on the discriminatory value of the spleen-liver
ratio. We observed a relationship between the blood platelet
count and the sequestration pattern. Splenic sequestration
was seen in patients with a relatively high platelet count,
whereas diffuse RES sequestration occurred in those with
low platelet counts. We therefore agree that the pattern of
platelet sequestration is related to the severity of the
disease."



QUANTITATIVE PLATELET KINETICS IN ITP

In normal subjects, mean platelet survival estimated with
IlIln and slCr as cell labels is similar." We now demonstrate
that in ITP the survival of IIIIn_AP is significantly longer
than that determined simultaneously with sICr_HP. This
agrees with our previous view8 and has recently also been
found in moderately thrombocytopenic patients with ITP
studied with 1111n_and "Cr-labeted autologous platelets." It
is unlikely that the discrepancy is due to isoimmunization
because previous pregnancies or blood transfusions were not
relevant in our patients. Neither is varying use of homolo-
gous v autologous platelets the explanation."
It has been shown in vitro that small molecules such as

slCr are more readily lost from platelets than is IIIIn-binding
protein." Our results, although not conclusive, suggest that
this may occur in vivo. Plasma activity of slCr was signifi-
cantly higher than that of 111In,especially during the early
period after reinjection of labeled platelets. The in vitro
contamination of labeled platelets with slCr or IlIln in
plasma was similar; therefore, the infusion of free radio nu-
c1ide does not explain the difference in platelet survival times
with the two isotopes. However, it is possible that the two
radionuclides may be bound to different plasma proteins.
This would affect the clearance rates of the isotopes from the
circulation and is an alternative explanation for the results in
Fig 1.

We also investigated the possibility that SICr and IlIln do
not label the circulating platelet population uniformly or to
the same extent. Misleading platelet survival information
could be obtained if one of the isotopes had a greater affinity
for a specific platelet subpopulation. This is unlikely because
IlIln and IICr radioactivities were distributed equally in the
platelet subpopulations separated on stractan. In addition, a
select population of platelets with a different mean volume
from that of whole blood platelets was not lost during
harvesting and labeling.

Finally, platelets remaining in the circulation in ITP after
a steady state has been reached may be relatively resistant to
antibody injury. Autologous labeled platelets may thus have
a longer mean survival time in the patient than does the
heterogeneous platelet population of a normal donor. This
has a precedent in autoimmune hemolytic anemia." Our
study has not excluded this possibility.

The estimate of the size of the splenic platelet pool will
also influence the calculation of platelet turnover. The size of
the splenic pool is considered normal in ITP,'6 but the
estimates of the percentage of recovery of labeled platelets in
the circulation vary from lowl to near normal.' This discrep-
ancy may be owing to the methods used in determining
recovery. It is not clear whether it is more appropriate to
estimate recovery by extrapolation of blood radioactivity
values to zero time (as in ref. I and our study) or by
measuring blood radioactivity at equilibrium.' Our data do
not answer this question, but demonstrate that the estimate
of recovery may be influenced by the pattern of platelet
sequestration. If (one assumes that the only significant
exchangeable platelet pool is in the spleen, percentage of
platelet recovery in the circulation and splenic radioactivity
should total - 100%. In normal subjects, mean platelet

recovery is 61% ± 12%, and at equilibrium 31.1% ± 6.1% of
IIlln-labeled platelets are present in the spleen." This was
not so in ITP. In patients with a splenic sequestration
pattern, mean recovery was 65.8% ± 11.8%, and the size of
the splenic pool was estimated at 32.8% ± 9.8%, resembling
that of normal subjects. In contrast, the group of patients
with diffuse RES platelet sequestration had a mean IIIIn_AP
recovery of 44% ± 31% and a mean spleen pool of 21.4% ±
8.6%. This deficit may readily be accounted for by the very
high liver IlIln_AP activity at equilibrium. It seems likely
that in patients with diffuse RES sequestration of platelets
many platelets are destroyed in the liver before attainment of
equilibrium between the blood and splenic platelet pools.

All of the above factors should be taken into account when
considering platelet turnover in ITP. We estimate that the
propagation of errors introduced by the determination of the
parameters used to calculate platelet turnover has a percent-
age SD of 26% in patients with a blood platelet count of 10 x
109IL. There was also marked variation from patient to
patient as reflected by the large SDs. Therefore, it is clear
that the physiological interpretation of results of kinetic
studies in these patients should be guarded.

Notwithstanding our reservations, our results indicate that
platelet turnover calculated with "Tn-labeled autologous
platelets identifies a subset of patients with low platelet
turnover, and that these patients have more severe disease as
reflected by a low platelet count and diffuse RES sequestra-
tion of platelets. Platelet turnover measured with 1IIIn_AP
was high in all patients with a splenic sequestration pattern.
The mean increase was 2.2 times that of normal (range 1.2 to
3.0). In contrast, mean platelet turnover was decreased
(mean 0.4 times normal) in all patients with diffuse RES
sequestration of 1IIIn_AP, and especially so in patients 9 and
10. Mean platelet turnover estimated with IICr_ HP was
significantly higher in both patient groups than platelet
turnover measured with 1IIIn_AP. Our results are thus not in
accordance with studies in which platelet turnover was found
to be either normal or increased in ITpl-4.l0 but tend to agree
with those of recent studies with IICr-labeled platelets":"
and IIlln-labeled platelets.9.'4.l7

These results may be related to other findings difficult to
reconcile with the concept that platelet production is always
increased in ITP. There is some evidence that antiplatelet
antibodies may damage megakaryocytes and impair rnega-
karyocytopoiesis. Rolovic et al" have shown that megakaryo-
cytopoiesis in rats with thrombocytopenia induced with
heteroimmune antiplatelet serum is markedly altered. They
demonstrate coexistent platelet destruction and defective
thrombopoiesis in this experimental model of fTP. It has also
been shown that the antiplatelet antibody of ITP binds to
both platelets and megakaryccytes'P' and may impair plate-
let production at the level of the mature megakaryocyte." It
therefore seems plausible that the low platelet turnover
demonstrated in our patients may be owing to antibody-
mediated injury to the megakaryocytes. The more severe
impairment of thrombopoiesis seen in patients with diffuse
RES sequestration of platelets may be related to the finding
that this destruction pattern typical of severe disease is owing
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to greater amounts of antibody bound to platelets.l4 It seems
plausible that megakaryocytes may be damaged in such
patients with high antibody levels. .
It it evident that the application of the techniques of

labeling autologous platelets with "'In and the technology of
quantification of the in vivo distribution of labeled platelets
have provided new insights into the pathogenesis of ITP.
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IN-111-LABELED PLATELET KINETIC STUDIES IDENTIFY
THOSE PATIENTS WITH CHRONIC ITP WHO WILL RESPOND
TO INTRAVENOUS GAMMAGLOBULIN

Philip N. Badenhorst, Anthon du P. Heyns,
Harry F. Kotzé, Jan P. Roodt and Mattheus
G. Lëtter.
SA Medical Research Council and University
of the Orange Free State Blood Platelet
Research Unit, Bloemfontein, South Africa.

INTRODUCTION

Chronic idiopathic thrombocytopenic purpura
(ITP) is an autoimmune disease characterized by
accelerated platelet destruction in the presence
of antiplatelet antibodies. The platelets,
coated with these antibodies, are sequestered by
the reticuloendothelial system (RES) and
prematurely removed from the circulation,
resulting in a shortening of the mean platelet
lifespan (MPLS). The main forms of treatment
'available are corticosteroids and splenectomy,
but high doses of intravenous gammaglobulin
(IVlgG) has also been shown to be effective
therapy for especially acute, but also chronic
ITP. The major advantage of IVlgG is that the
platelet count rises relatively quickly and this
may be of considerable benefit in tiding a
patient over an acute hemorrhagic episode.

Although the precise mechanism of action of
IVlgG in ITP is unknown, it is generally accepted
that non-specific blockade of the Fc receptors in
the RES plays an important role. It is therefore
evident that a technique that can demonstrate the
effect of IVlgG on the pattern of platelet
sequestration in ITP, may be useful in eliciting
the mechanism of action of this form of therapy.
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We have developed reliable methods for
studying the in vivo distribution of In-111-
labeled platelets with computer-assisted image
analysis (Heyns et aI, 1980). These methods
permit the accurate determination of the patterns
of platelet sequestration in ITP. In a previous
study we recognized two groups of chronic ITP
patients: those with predominantly splenic
sequestration (spleen:liver ratio> 1.4), and
those with diffuse sequestration in the RES
(spleen:liver ratio < 1.4) (Heyns et al, 1986).
The patients with a diffuse sequestration had
more severe ITP reflected by a pronounced
thrombocytopenia and decreased platelet turnover.
These sequestration patterns not only correlate
with the severity of the disease, but can also be
used to determine and compare the response to
various forms of therapy.

PATIENTS AND METHODS
Patients

Nine patients with chronic ITP, 7 adults and
2 children, and not on any treatment, took part
in the study. The patients (or their parents)
gave informed, written consent to participate in
a study approved by the Ethical Committee of the
University of the Orange Free State. All
patients had typical chronic ITP, diagnosed on
the basis of conventional clinical criteria:
adult onset thrombocytopenia of undetermined
etiology, or in the case of the children, ITP
lasting for longer than 6 months; normal or
increased numbers of bone marrow megakaryocytes;
and the absence of a demonstrable cause of
platelet destruction or utilization such as SLE,
drug ingestion or hypersplenism.

Intravenous Gammaglobulin
Sandoglobulin was administered intravenously

to all patients in a dosage of 400mg/kg for 5
days (total dose of 2g/kg).

....-
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Platelet Studies
'Platelets, autologous for the adults and

homologous for the children, were labeled with
In-111, as previously described (Heyns et al,
1984), and injected into the patients. Platelet
survival was estimated from whole blood specimens
collected at 'frequent intervals after injection
of the labeled platelets. A least squares
computer fit to a gamma function (Murphy and
Francis, 1971), was used to calculate the mean
platelet lifespan.

In vivo distribution and sites of
sequestration of the In-111-labeled platelets
were determined with a scintillation camera
interfaced with a computer as described elsewhere
(Badenhorst and Pieters, 1985). The platelet
kinetic studies were performed before and after
treatment with IVIgG.

In the adult patients blood was also
collected before and after IVIgG therapy for the
determination of platelet associated IgG levels.

RESULTS
The results of the platelet counts, MPLS and

platelet sequestration patterns for the patients,
before and after IVIgG, are given in Table 1.

The patients were separated into responders
and non-responders on the basis of disappearance
of the bleeding tendency, a clinically meaningful
increase in the platelet count and a significant
lengthening of the MPLS.

Although the mean platelet counts of all
patients increased significantly after IVIgG
(p<0.05), only the responders reached clinically
safe levels. As a group the responders had
significantly higher pre-treatmen~ platelet
counts than the non-responders (24 ± 11 vs 14 ±
9.x 109/1), but it had no predictive value in the
individual patient because the ranges were

. ,.,1'
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PIt count Spleen:Liver

TABLE 1. Platelet Counts and Kinetic Data

Pre Post

MPLS

(hours)

Pre Post

Ratio

Pre Post

Responders

1 • 36 188

2. 35 90
18 763.

4. 20 230

5. 10 202

Mean
lSD

24 157
ill ±70

Non-responders

1 . 10 20

2. 9 60

3. 27 30

4. 10 22

Mean
lSD

14
i9

33
i19

Reference 150-400

42
2

26

0.5

0.3

14
i19

8

22
0.3

0.2

8
ilO

224 ± 21

171

19

54
18*

25

67
i7l

11

23

0.7

0.8

9
ill

4.9 2.2
2.8 1.4

2.3 0.5

5.7 5.3*
7.6 1 .3

4.7 1.4
±2.2 ±0.7

0.3 0.6

1.0 1.0

1.6 0.7

1 .3 2.5

1.1 1.2
±0.6 iO.9

1,4 ± 0,6

* The platelet count started to decrease while
the post therapy kinetic study was in progress.
These data points were not used for statistical
analysis.
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eq~ally large in each group (10 - 36 vs 9 - 27 x
10 /1). The same applied for the MPLS (14 ± 19
vs 8 ± 10 h). However, the responders could
easily be identified by the pattern of platelet
destruction. The responders all had a splenic
sequestration pattern (spleen:liver ratio 4.7 ±
2.2), which returned to normal after IVIgG (1.4 ±
0.7). On the other hand, the non-responders all
had diffuse sequestration patterns (spleen:liver
ratio 1.1 ± 0.6), which remained unchanged after
IVIgG.

The platelet associated gammaglobulin levels
before and after treatment are given in Table 2.
There was a significant reduction in platelet
associated antibody levels after IVIgG in all
patients in which it was measured. .

TABLE 2. Platelet Associated IgG Levels (ng/107
platelets)

Before Therapy After Therapy

Mean
± 1SD

58
61
56
40
64

55
11

53
54
43
35
51

47
8

Reference o - 35

DISCUSSION
The spleen plays a key role in ITP: it not

only sequestrates antibody-coated platelets
(Aster and Jandl, 1964), but it is also an
important source of antibody production .

.. rf'"

~.
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(Karpatkin et al, 1972). The spleen removes
slightly sensitized platelets particularly
effectively, whereas platelets heavily coated
with antibody, are preferentially removed by the
liver (Aster and Keene, 1969). The results of
measurements of the levels of platelet-associated
IgG have also confirmed the concept that the
sequestration pattern reflects the severity of
the disease (Kernoff et al, 1980). More recent
studies with autologous, In-111-labeled platelets
and accurate computer-assisted quantitative
imaging of platelet sequestration in ITP, is also
in accord with this view (Heyns, 1985). These
studies also clearly demonstrated that platelet
sequestration in the more severe forms of ITP is
not limited to the liver, but also occurs in the
bone marrow.

Although radionuclide-Iabeled platelet
studies reflect the severity of ITP, they were·
thus far of little benefit in predicting the
response to treatment, especially splenectomy
(Aster and Keene, 1969; Ries and Price, 1974;
Heyns et al, 1982). The fact that the present
study could identify those patients with chronic
ITP that will respond to IVlgG, is of interest.
It confirms the finding of a recent similar study
(Kawasugi et al, 1989).

The present study also throws some light on
the possible mechanism of action of IVlgG in ITP.
Only patients with a splenic sequestration
pattern, and representing a less severe form of
ITP, responded to IVlgG. This does not fully
support the proposal of reticuloendothelial Fc
receptor blockade as a mechanism of action.
However, the dissociation of antibodies from
platelets may be a possibility, since platelet
associated IgG levels decreased significantly in
all patients in whom it was ,measured. We could
not demonstrate a difference in platelet
associated IgG levels between the responders and
non-responders, but the technical difficultie&
encountered when the platelet counts are very low
and the lack of specificity of current
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antiplatelet antibody determinations make this
area difficult to study accurately.

Although this study involved only a few
patients, the results clearly show that platelet
kinetic studies will identify those patients with
ITP who will respond to IVlgG. This is very
useful, especially in the light of the high cost
of this form of therapy.

It is also evident that a clear
understanding of the mechanism of action of IVlgG
in ITP will require a much better understanding
of immune regulation, macrophage function, and
platelet-bound immunoglobulins and their
association with platelet antigens.
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pathogenesis of HI V-associated thrombocytopaenia. We determined the
mean platelet life span (MPLS) and calculated the turnover of
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(l95:!:: II h) and slightly increased platelet production (2.5 :!::O.6x109/l1h).
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increased platelet production. This may be an early subclinical phase in
the development of full-blown HIV -associated thrombocytopaenia.
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thrombocytopaenia per se, however, is not clear,
and has been attributed to an increase in
peripheral platelet destruction, a defect in platelet
production or a combination of these (3-7).

The evidence that the pathogenesis of platelet
destruction in HIV infection is similar to auto-
immune thrombocytopaenic purpura, is persua-
sive. HIV infected patients with thrombo-
cytopaenia have normal or increased numbers
of megakaryocytes in the bone marrow, no
splenomegaly and increased amounts of IgG,
IgM, C3 and immune complexes associated with
their platelets (5, 8-10). Such platelet-associated
antibodies may enhance premature sequestration

Patients infected with HIV/AIDS often have
haematological abnormalities such as cytopaenias.
In advanced AIDS, pancytopaenia is the rule (1).
The pathogenesis of HIV-associated thrombo-
cytopaenia and other cytopaenias difTer. The
cytopaenia in HIV/AIDS is usually ascribed to
bone marrow suppression whereas thrombocyto-
paenia may be caused by either bone marrow
dysfunctiorior immune destruction of platelets (2).

Seven to 12% of HIV-infected patients present
with thrombocytopaenia (I, 2). The etiology of
this thrombocytopaenia may also be due to other
infections or medication and thus may be difficult
to unravel. The mechanism of HIV-associated
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Table 1. Patient characteristics. platelet count. MPLS. platelet production and sequestration pattern of senescent platelets ('p<0.05)

Platelet sequestration
('Yo of whole body)

Patient. Platelet count MPLS Platelet turnover Bone

sex. age (Xl09/1) (h) (Xl09/1/h) Spleen Liver marrow

Thrombocytopenia

1 M.38 3 0.6 12.0 64 26 10

2 F.29 5 0.7 13.1 37 36 27

3 M. 36 19 1} 270 41 55 4

4 M.31 60 2.2 43.0 50 30 20

5 M.36 12 2.9 12.0 75 9 16

6 F.34 54 11.5 6.2 68 9 23

7 M.30 8 1.2 14.3 68 15 17

Mean::: ISO 23:::24· 30:::38· 18.2::: 12.6' 58:::15· 26::: 17 17::: 8'

Normal Platelet count. shortened platelet hfe span

8. F. 33 356 144 5.4 22 31 47

9 F. 25 296 116 3.5 50 19 31

10. M. 33 266 104 4.5 39 26 35

11 F. 22 259 98 2.8 50 20 30

12 F. 40 157 83 2.6 30 37 33

Mean::: ISO 267::: 72 109:::23· 3.8::: I .2· 38::12 35::19 35::7

Normal platelet count. normal platelet hfe span

13. F; 22 296 209 2.4 51 23 26

14. F; 27 186 202 1.6 47 26 27

IS. F; 28 345 192 2.9 44 27 29

16. M; 24 238 188 2.4 46 24 30

17. F; 33 369 182 3.4 34 36 30

Mean:: ISO 287::75 195::11 2.5::0.6· 44::6 27::5 28::2

Reference value (12. 20) 150-400 224::23 1.8::0.4 36::10 29::8 30::8
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of platelets primarily in the spleen, but also the
liver and bone marrow (11, 12).

Defective platelet production may also play a
role in the pathogenesis of the thrombocytopaenia.
The megakaryocytes of patients with HIV/AIDS
may have abnormal ultrastructural and micro-
scopic features (5), and dysfunctional maturation
and defective platelet production may be evident
(14-17). The infection of megakaryocytes with
HIV may explain why anti-retroviral therapy may
alleviate the thrombocytopaenia (18).

The pathogenesis of the platelet destruction
may be elucidated by measuring mean platelet life
span (MPLS), platelet turnover as a reflection of
platelet production (12, 13), and quantifying the
importance of various components of the reticu-
loendothelial system (RES) in the destruction of
lllIn-labelled platelets.

The aim of this study was to use these methods
to clarify the cause of thrombocytopaenia in
persons infected with HIV. A control group of
patients with HIV infection and normal blood
platelet count was included in the study to
determine whether the infection had a subclinical
effect on platelet kinetics.

Platelet kinetics in HIV -thrombocytopaenia

Materials and methods

Patients
Seventeen clinically stable patients infected with
HIV gave informed consent to participate in a
study which was approved by the Ethics
Committee for Clinical Studies of the
University of the Orange Free State. Their data
are summarised in Table 1. Seven of the patients,
three male homosexuals and four with hetero-
sexual infection with the virus, had severe to
moderate thrombocytopaenia. All the subjects,
for at least 10 d prior to and during the study,
had not taken drugs that may have influenced
platelet function and/or survival. None had
splenomegaly or concomitant infection at the
time of the investigation.

Platelet kinetics
Autologous platelets were labelled with lllIn_
tropolone and the MPLS estimated as previously
described (19, 20). Radioactivity of blood sam-
ples in EDT A was determined in a well-type
scintillation counter (Packard Auto-gamma 5650,
United Technologies, Packard). In the patients
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with thrombocytopenia, blood was collected
every 15 min for the first hour after injection of
the labelled platelets, every 30 min for the next
4 h and then four times daily. In those patients
with normal platelet counts, blood was collected

_ at 15 and 30 min, 1, 2 and 4 h and then twice daily
for 7 d. Blood disappearance curves of the JJJIn_
labelled platelets were constructed from the data.
MPLS was estimated by fitting a gamma function
to the blood clearance curves. In all cases, the
radioactivity in the 30-min blood sample and all
data points containing> 15% of the radioactivity
of the 30-min blood sample were used to calculate
MPLS. Recovery of the labelled platelets in the
circulation at equilibrium was calculated from the
JJJIn radioactivity injected and by back extra-
polation of the survival curve to zero time (21).
Platelet turnover was calculated after correcting
for the effect of the splenic platelet pool (22). This
is an indirect estimate of platelet production.

The in vivo distribution and sites of sequestra-
tion of labelled platelets was quantified as
described in detail (20, 23). Briefly, anterior and
posterior images with and without a posterior
and anterior placed standard radioactivity source
were acquired of the thorax and abdomen using a
large field of view scintillation camera interfaced
with a data processing system. The images were
acquired 90 min after the labelled platelets were
injected and then daily for 10 d. Regions of
interest were selected for the spleen and liver, and
an appropriate background. Organ radioactivity
was corrected for attenuation using the depth
independent build-up method (23) and expressed
as a percentage of injected radioactivity.

Platelet counts were made with a Technicon H* 1
blood cell analyser (Bayer Diagnostics,
Basingstoke, UK) on blood collected in K3EDT A.

Results

The results are summarised in Table I.Patients 1-7
had moderate to severe thrombocytopaenia and a
significantly shorter MPLS than normal, i.e.
outside two standard deviations of the reference
value of 224::!:23 h (20). Their platelet turnover was
increased between 6- and 20-fold. The mean
sequestration of platelets in the spleen was
significantly (p<0.05) higher and that in the bone
marrow significantly lower than normal (p<0.01).
Sequestration of platelets in the liver was normal.

Patients :&-17 had a normal peripheral blood
platelet count. This group was divided into two
subgroups on the basis of the results of their MPLS.

The first group, patients 8-12, had a shortened
MPLS and a doubling of platelet turnover. The
sequestration pattern of senescent platelets in the
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spleen, liver and bone marrow in this group was
normal.

The second subgroup, comprising patients 13 to
17, had a normal MPLS accompanied by a slight,
but statistically significant (p<0.05), higher mean
platelet turnover. The platelet sequestration pat-
tern of this group was within normal limits.

Discussion

The results of this study indicate that patients
infected with HIV may be divided into those with
thrombocytopaenia and a markedly shortened
MPLS; those with a normal platelet count and a
shortened MPLS; and those with a normal
platelet count and a normal MPLS.

Patients with HIV -associated thrombocyto-
paenia and marked increase peripheral platelet
destruction had increased platelet production.
This pattern corresponds to that seen in some
patients with idiopathic thrombocytopaenic pur-
pura (12, 13).

The second patient group, with moderately
shortened MPLS, had a normal blood platelet
count. This indicates that their increased platelet
production compensated for the platelet destruc-
tion, thus maintaining the blood platelet count.

The third patient group, with normal MPLS
and a normal platelet count, had a slightly
increased platelet turnover. This suggests that
there may be a degree of compensated thrombo-
cytolysis in these patients. We have not studied
whether this can be ascribed to HIV infection of
the megakaryocytes.

Our results do not support the view that
thrombocytopaenia in patients with HIV can be
fully explained by decreased production of platelets
by megakaryocytes infected with the virus. The
thrombocytopaenia in our patients was also not
due to a combination of increased peripheral
destruction and decreased production of platelets,
as has been described elsewhere (17, 18,24).

The findings of this study, however, are in
accord with the notion that the thrombo-
cytopaenia is caused primarily by an increased
peripheral destruction of platelets (7, 25). There
may also be concomitant inefTective thrombo-
cytolysis. Thrombocytopaenia develops in those
patients who can not compensate for the
excessive platelet destruction by an appropriate
increase in effective platelet production. We have
not investigated the cause of the increased platelet
destruction. Therefore, we do not know whether
the pattern of platelet sequestration in the
reticuloendothelial system could be related to
platelet-associated immunoglobulins or comple-
ment fractions.



It has been proposed that splenectomy may be
a beneficial adjunct to other therapy in patients
with HIV -associated thrombocytopaenia (25).
Platelet kinetic studies, particularly quantifying
the sites of platelet sequestration, may thus be of
value to identify those patients who may benefit
from the operation (6, 7,14,25-27). Five of the 7
patients with HIV -associated thrombocytopaenia
in our study had increased splenic platelet
sequestration. These patients have not been
subjected to splenectomy, and we can therefore
not comment on this therapeutic option.

In summary, our results indicate that HIV-
associated thrombocytopaenia is mainly due to
increased platelet destruction, mainly in the spleen.
This platelet destruction may start early in the
course of the infection. The effect may be masked
by a compensatory increased platelet production
that is sufficient to maintain the peripheral blood
platelet count within normal limits.
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Kinetics and sites of sequestration of
indium l Ll-dabeled human platelets
during cardiopulmonary bypass

.,
.'

A new approach for the study of the kinetics and quantification of the in vivo and ex vivo sites of
sequestration of platelets during cardiopulmonary bypass (CPB) is described. Autologous platelets of four
patients were labeled with "'In-oxine and reinfused on the day prior to CPB for coronary artery bypass
grafting. Changes in blood "'In-Iabeled platelet radioactivity and blood platelet counts were monitored
during the operation. In vivo "'In-Iabeled platelet redistribution \Vas quantified with a scintillation
camera and a computer-assisted imaging system before and after CPB. Sequestration of '"In-Iabeled
platelets in the bubble oxygenator was measured. "'In-Iabeled platelet activity in the blood decreased by
46% ± 5% within 5 minutes of CPB. but this decrease was mostly due to hemodilution: the true loss of
platelets from the circulation was 13% ± 4%. Intraoperatively. whole body "'In activity decreased by
34.8% ± 5.4%. and in the 48 ensuing hours a further slight loss of radionuclide occurred. In the pump
oxygenator 10.8% ± 1.3% of administered platelets were sequestered. especially in the innermost active
layers of the defoaming mesh of the bubble oxygenator. Mean survival time of circulating platelets was
58 ± 8 hours and fitted an exponential function best. The bleeding time increased to 40 minutes during
operation and returned to normal within 24 hours. During operation '"/n-Iabeled platelets accumulated
somewhat in the liver (10.7%) but not in the spleen. thorax. or head. In the 48 hours after operation.
platelets were sequestered mainly in the liver. The scintillation camera with computer-assisted imaging
allows in vivo quantitative studies of platelet kinetics of a type which has not been possible with previous
techniques.

A. F. Hope, M.T. (S.A.), A. duP. Heyns, D.M., M. G. LOtter, Ph.D.,
O. R. van Reenen, M.Sc., F. de Kock, B.Med.Sc. (Hon.), P. N. Badenhorst, D.M.,
H. Pieters. B.Sc. (Hon.), H. Kotze, M.Sc., J. M. Meyer, M.Med., and P. C. Minnaar, D.Sc.,
Bloemfontein, South Africa

The widespread use of cardiopulmonary bypass
(CPB) makes necessary the understanding of the factors
causing the significant risk of hemorthage during and
after this type of operation. The coagulation system,
blood platelets, drugs such as heparin and protamine
sulfate, design of the extracorporeal oxygenator, and
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cyanotic heart disease have all been implicated as
causative factors.'

In this study of four patients we focus on the kinet-
ics, fate, and function of platelets during operations
with CPB. Platelets were labeled with 'llindium oxine,
a new physiological platelet label." The physical
characteristics of this radionuclide make possible the
quantitative studies with a scintillation camera of the in
vivo redistribution of labeled cells. We could thus de-
termine the loss of platelets from the circulation and
their accumulation in different components of the pump
oxygenator, and we could quantitate the in vivo
sequestration of labeled platelets in different organs.

Materials and methods
Patients. Four patients, A to D, agreed to participate

in a study approved by the Ethical Committee of the
Provincial Administration and University of the Orange

0022-5223/81/060880+07$00.70/0 © 1981The C. V. Mosby Co.
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Free State. The patients were white men, aged 37 to 55
years, and had coronary artery bypass grafting with one
to three saphenous vein anastomoses. The period of
anesthesia lasted from 3 hours, 15 minutes to 5 hours,
10 minutes, and the duration of CPB ranged from 45 to
167 minutes. Just before CPB, they received heparin,
250 U/kg body mass, as a bolus and thereafter 65
U/kg/hr. At the end of CPB, heparin administered dur-
ing the operation was neutralized with intravenous prot-
amine sulfate in a dose ranging from 325 to 475 mg.

ClPB. Patients were perfused with a Sams Model
5000 pump console equipped with a custom-packed
tubing circuit (Bentley Laboratories, Inc., Irvine,
Calif.), a Bentley BOS-lO bubble oxygenator, a
Bentley 27 JLm cardiotomy filter, and a Bentley Q 220
cardiotomy reservoir. A microemboli filter was not in-
serted in the arterial line. A pulmonary artery vent was
used only in Case A. The pump was primed with 2,000
to 2,500 ml of electrolyte solution (Plasrna-Lyte B,
Baxter Travenol Laboratories, Inc., Deerfield. Ill.)
containing heparin, 3,000 UIL, cephalosporin, 1 gm,
and the autologous red cells recovered from the
platelet-labeling procedure. Platelet sequestration in the
pump oxygenator was determined postoperatively by
draining the apparatus of blood, dismantling it, and
counting radioactivity of the components under the
scintillation camera. Since the tubing and connections
had virtually no radioactivity, imaging was performed
only on the oxygenator, cardiotomy filter, and reser-
voir. Forpurposes of analysis, the components of the
oxygenator were separated into the six defoaming
layers and the whole of the remainder. IIIIn activity of
surgical swabs, waste suction, and chest drainage blood
was measured.

Platelet studies. IIIIn-chloride (Radiochemical Cen-
tre, Amersharn, U. K.) was complexed with 8-hydroxy-
quinoline" and platelets were labeled with the IIIIn_
exine as previously described." Briefly, on the day
prior to operation, 425 ml of autologous blood was
collected in a double-pack closed-bag system (PA-20,
Fenwal Laboratories, Morton Grove, Ill.) containing
75 ml acid-eitrate-dextrose NIH formula A (ACD-A) as
anticoagulant. The bag was centrifuged at 300 g for 15
minutes and the platelet-rich plasma (PRP) was trans-
ferred to polystyrene tubes (Falcon 2070, Oxnard,
Calif.). The pH of the PRP was adjusted to 6.2 to 6.5
with ACD-A. Platelets were centrifuged 800 g for 15
minutes, resuspended in physiological saline, incu-
bated for 30 minutes with IIIIn-oxine, washed once
with autologous platelet-poor plasma (PPP), and finally
resuspended in 2 to 3 ml of PPP. Radioactivity was
determined in a Picker radionuclide source calibrator

IlIln-labeled platelets 88 1

'fable L Changes in 1I1/n-labeled platelet
radioactivity in the peripheral blood during
cardiopulmonary bypassI P.,;,,, I

A I B I c I D Mean :!: J SD

Decrease in Il1ln activity 43 52 48 40
(%)

Hemodilution (%) 28 43 31 30
Loss of I1lln activity (%) 15 9 17 10

46 :!: 5

33 :!: 7
13 :!: 4

and approximately 14.8 MBq (400 JLCi) of 11IIn-labeled
platelets was administered to the subject. Platelets were
counted with a Coulter Model FN electronic particle
counter." Aggregation of labeled platelets was induced
with collagen (Hormon-Chemie, Munchen) and assessed
in vitro under the phase microscope. 3 IIIIn-labeled
platelets were not infused unless a normal aggregation
response, shown by the presence of aggregates consisting
of more than 10 platelets, was observed.

Platelet survival studies were performed as recom-
mended by the International Committee for Stan-
dardization in Hematology. 5 The platelet survival
curves were constructed from the data of blood col-
lected twice daily after the operation and back extrapo-
lation to zero time. Mean autologous platelet survival
was calculated by computer analysis of a multiple hit
gamma function model. 6 The normal platelet survival
determined by this method in our laboratory is
179 ± 40 hours (± 1 SD), and the survival curve fits a
linear function best. 7

In vivo platelet distribution and sites of destruction
were determined quantitatively with a scintillation
camera and a computer-assisted imaging system, with
slight modification of our previously described rneth-
od.": 8 Quantitation was performed 90 minutes after
injection of the IlIln-labeled platelets (the baseline
value) and repeated about 3 hours before and 24 and 48
hours after operation. Imaging was done with a mobile
scintillation camera, data being acquired on a magnetic
tape and later transferred to a PDP-8 based, computer-
assisted imaging system. The camera with a divergent
collimator and the pulse-height analyzer set to include
the 173 keV photopeak was positioned to visualize the
heart, spleen, and liver simultaneously. Geometry in
day to day imaging was maintained by using the xiphi-
sternum and anterior iliac spines as points of reference.
Areas of interest were selected with the computer and
radioactivity in specific organs was determined daily by
summation of regional images of the head and neck,
thorax, abdomen and pelvis, and lower limbs. Radio-
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Fig. 1. Percentage changes in blood platelet count and blood 1llln-labeled platelet radioactivity during operations
performed with cardiopulmonary bypass in four patients. This is a composite figure and results are related to the
sequential surgical events. Times when the operation started and when heparin (HEP) and protamine sulfate (PS)

were administered are indicated.

activity of organs was expressed as a percentage of
whole body radioactivity. For purposes of analysis,
preoperative whole body IlIln activity was regarded as
100% and all other measurements were expressed rela-
tive to this. No attempt was made to correct the relative
slight errors of geometry and attenuation inherent in
this method of in vivo quantitation of radioactivity. 8

Alterations in blood volume caused by connection to
the CPB system were measured by monitoring changes
in blood 12~I-albumin radioactivity injected just prior to
CPB. Platelet function in vivo was evaluated with the
standardized bleeding time. 9

Results
Platelet loss during cardiopulmonary operations.

The loss of IIlln-Iabeled platelets from the circulation
during operation was determined by comparing changes
in blood 1IIIn concentration and platelet counts before,
during, and after operation. Hemodilution resulting
from CPB was measured by the decrease in peripheral
blood 12~I-albumin radioactivity before and after CPB.
The results are given in Table I and illustrated in Fig. I.
Blood IIlln activity decreased markedly, but two thirds
of this decrease was due to hemodilution, which oc-
curred when the patient was put on the CPB circuit.
Blood platelet counts changed in parallel with the

changes in blood IlIln activity. The true loss of IIlln_
labeled platelet radioactivity was 13% ± 4% of that
present in the blood preoperatively. This loss was evi-
dent within 5 minutes of CPB.

The loss of Illln activity from the body was also
determined by measurement of whole body radioactiv-
ity with the scintillation camera before and after opera-
tion (Table II). Results are expressed relative to preop-
erative 1IIIn activity assigned an arbitrary value of
100%. During the operation there was a mean loss of
34.8% of IlIln activity, and in the 24 to 48 hours after
operation a further slight loss of the radionuclide oc-
curred. We could account for the intraoperative loss of
IlIln-Iabeled platelet radioactivity as follows: A mean
of 10.8% ± 1.3% of administered labeled platelets
were sequestered in the different components of the
extracorporeal pump oxygenator (Table Ill). The re-
mainder, determined as 17.6% ± 3.6%, was located in
the blood remaining in the pump oxygenator at the end
of the operation, in the surgical swabs, waste suction,
and chest drainage blood.

Distribution of platelets in the pump oxygenator.
Sequestration of 1I1ln-Iabeled platelets in the different
components of the defoaming mesh layers and the
oxygenating column/heat exchanger of the pump oxy-
genator was quantitated. Results, expressed as a per-
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Table IL Loss and redistribution of tllln radioactivity before and after cardiopulmonary bypass

Time of '"In quantification

Area Pre-op. I Immediately pOSIOp. I 24 hr pOSIOp. I 48 hr postop.

Whole body 100 ot 0 65.2 ot 5.4 57.9ot11.0 56.8 ot 5.8
Liver 7.9 ot 1.0 7.0 ot 1.8 (10.7) 8.5 ot 1.8 (14.7) 8.4 ot 1.6 (14.8)
Spleen 14.9 ot 6.0 8.7 ot 3.4 (13.3) 7.8 ot 3.1 (13.5) 7.8 ot 2.4 (13.7)
Thorax (including heart) 30.4 ot 3.2 21.3 ot 1.3 (22.7) 19.3 ot 3.5 (33.3) 19.8 ot 2.4 (34.9)
Lower limbs 5.8 ot 3.2 1.8 ot l.l (2.8) 1.6 ot 1.6 (2.8) 1.8 ot 1.0 (3.2)
Head 18.7 ot 6.3 12.2 ot 2.8 (18.7) 12.lot4.3(20.9) 11.lot 1.9 (19.5)
Lower abdomen and pelvis 15.8 ot 1.5 10.6 ot 4.2 (16.3) 6.8 ot l.l (11.7) 6.2 ot 0.5 (10.9)

Legend: Quantities are expressed as a mean (:!: I SD) percentage of the preoperalive whole body "'In activity. The values in parentheses are those of organ radioactivity
expressed as a mean percentage of the whole body activity at the time of the '''In quantification.

'fable HI. Sequestration of 1ll/n-labeled platelets in components of the extracorporeal pump oxygenator

Component

Patients I
I--A---r---B---'--C--r---D--; Mean ot I SD

M: Gaseous microemboli inhibitor (PUf) 0.2 0.2 0.2 0.2 0.2 ot 0
A: Mesh (PPAC) 1.0 2.6 2.2 3.6 2.3 ot I
B: Mesh (PPAC) 0.2 0.8 1.0 0.8 0.7 ot 0.35
C: Mesh (PPAC) 0.2 0.3 0.3 0.3 0.28 ot 0.05
D: Mesh (PPAC) 0.2 0.3 0.2 0.3 0.25 ot 0.06
E: Polyurethane foam with anti-foam (20 pores/sq inch) 0.4 0.2 0.2 0.3 0.28 ± 0.10
F: Nylon tricot filter (mesh 150) 0.7 0.5 0.6 0.6 0.6 ± 0.08
Total (M,A.B.C.D.E.f) 2.9 4.9 4.7 6.1 4.65 ± 1.32
Remainder of oxygenator 4.8 2.8 4.5 4.7 4.2 ± 0.9
Cardiotomy reservoir 2.1 0.9 0.7 0.4 1.03 ± 0.75
Cardiotomy filter 2.1 0.6 0.6 0.5 0.95 ± 0.77
Totals 11.9 9.2 10.5 11.7 10.8 ± 1.3

Legend: Results are expressed as a percentage of "'In administered to the patient. PUF. Polyurethane foam. PPAC. Polypropylene mesh with antifoarn coating.
A to D mesh. lOfoam. and F filter refer to components of the oxygenator illustrated in Fig. 2.

centage of total 1IIIn activity administered to the pa-
tients. are given in Table III and illustrated in Fig. 2.
Most of the platelets were sequestered in the bubble
oxygenator. and relatively small quantities of radioac-
tivity accumulated in the cardiotomy reservoir and
filter. Since there was minimal radioactivity in the tub-
ing. connectors, and cannulas after they were drained
of blood, this 1IIIn activity was disregarded. As is evi-
dent, the highest concentration of trapped platelets were
in the bubble column and the innermost active layers of
the defoaming mesh (Fig. 2. A and B, Table Ill).

Circulating blood platelets. Blood platelets were
counted and 1llln-labeled platelet activity determined at
intervals before, during. and after the operation. The
changes in the t "In-labeled and absolute blood platelet
counts, expressed relative to an assumed 100% preop-
erative value, are illustrated in Fig. 1. The mean basal
platelet count was 245,000 ± 28,300/ JLl pre-opera-
tively and decreased by 29% to a mean of 174,000 ±
58,300/ JLl at the end of CPB. There was a further tem-
porary decrease of 26% in circulating platelets to

128.000 ± 31,000/ JLl after intravenous administration
of protamine sulfate. The decrease in the t IIln-labeled
platelet activity was consistently of greater magnitude
than that of the blood platelet count. Circulating platelet
counts and IlIln activity tended to decrease during
hypothermia and to increase during the period of re-
warming, but these changes were not statistically sig-
nificant (p > 0.1. one-tailed Student's t test for paired
data).

Survival of t "In-labeled platelets in the circulation
was determined. The survival curves fitted an exponen-
tial function best. Platelet life-span determined by the
gamma function model was 46. 61, 62. and 64 hours for
Patients A to 0, respectively, with a mean survival of
58 ± 8 hours. Platelet function was assessed in vivo
with the standardized bleeding time. During operation,
while the patients were on CPB. the bleeding time in all
four patients was longer than 40 minutes (normal3 to 6'h
minutes). Twenty-four hours postoperatively the bleed-
ing times had returned to within the normal range.

Distribution of t IIIn-labeled platelets in organs •
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Fig. 2. Sequestration of IlIln-labeled platelets in the different
components of the pump oxygenator. This scintillation cam-
era image shows that most platelets are trapped in the bubble
column and the innermost layers (A and Bl of the defoaming
mesh. The gaseous microemboli inhibitor is shown (Ml.

1llln-labeled platelet radioactivity in organs was quanti-
tared preoperatively, immediately after the operation.
and 24 and 48 hours after the operation. Results are
given in Table II. Organ radioactivity is expressed rel-
ative to preoperative whole body radioactivity, as-
signed as 100%. and also is calculated as a percentage
of whole body activity at the time of quantification.
During operation there was a relative increase in he-
patic IIlln activity, whereas that of the spleen. lower
limbs. thorax, head, and abdomen decreased in parallel
with the loss of III In-labeled platelets from the whole
body. In the 24 to 48 hour postoperative period, Illln
radioactivity in the liver increased while that in the
spleen, thorax, lower limbs, and head remained con-
stant. Radioactivity in the lower abdomen and pelvis
decreased. . .
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Discussion

111Indium is a cyclotron-produced radionuclide,
half-life 2.8 days, with 183% gamma emissions of 171
and 245 ke V. These physical characteristics permit
quantitative scintillation camera imaging of the in vivo
distribution of labeled platelets. We have reported on
the labeling of a physiologically normal human platelet
population with IIlln-oxine3 and the study of platelet
kinetics and quantitation of the in vivo distribution with
a whole body counter and a scintillation camera inter-
faced with a computer-assisted imaging system in man 7

and dog." Quantitation of isotope distribution is some-
what affected by geometry and attenuation. H Radioac-
tivity in the liver and spleen is slightly overestimated,
but this does not affect the results materially. The
techniques that we have used in our previous studies" 8

had to be modified for the present investigation. The
patients could not be transported to a whole body counter
and a stationary scintillation camera. Whole body and
organ IIlln activity was thus determined with a mobile
scintillation camera. Results may also have been influ-
enced by the difficulties with postoperative positioning
of the patients under the camera. The results of the
preoperative quantification of organ IIlln activity corre-
sponds reasonably closely to those of our previous
study," except that spleen radioactivity (11.6% ±
3.5%) is low compared to the 25.9% ± 10.1% of the
standard method.

Although operations performed with CPB have be-
come commonplace, they may still be complicated by
serious bleeding. Platelets play a key role in hemostasis:
Defects in vascular endothelium are breached by platelet
adhesion and aggregation. and platelet phospholipid
provides a surface on which thrombin generation is
accelerated. Activation or sequestration of platelets by
the CPB equipment may thus induce a bleeding diath-
esis. 10It is generally agreed that CPB is associated with a
30% to 50% decrease in the preoperative blood platelet
count. II The thrombocytopenia has been attributed to
various factors such as adhesion of platelets to machine
material, consumption of platelets in disseminated in-
travascular coagulation, platelet aggregation induced by
heparin and protamine, mechanical damage to platelets,
and hemodilution by pump priming solutions.P

The pattern and degree of thrombocytopenia ob-
served in our patients is in agreement with that of the
literature." There was a rapid mean decrease of 29% in
the platelet count evident within the first 5 minutes of
CPB. The platelet count stabilized during the period of
extracorporeal circulation but decreased further after
administration of protamine sulfate (Fig. I). We as-
sessed platelet function in vivo with the standardized
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bleeding time," a suitable screening test for the mea-
surement of the overall hemostatic role of platelets in
vivo.':' During CPB the bleeding time was longer than
40 minutes in all four patients. This degree of prolon-
gation should occur only with a blood platelet count
less than 10.000/ JLIif platelet function is normal.':' We
may thus conclude that our patients had an acquired
qualitative platelet defect. This finding is in accord with
those of previous reports. IS. 16 The defect may be
caused by the release of the platelet granule contents
induced by contact with foreign surface or by the
thrombin generated during the operation.'!

The in vivo redistribution of IlIln-labeled platelets
was studied to determine the sites of platelet sequestra-
tion. Organ IlIln activity was quantified in vivo with
the scintillation camera. and peripheral blood 1I11nac-
tivity was determined. IlIln activity in the pump oxy-
genator was also measured. The mean intraoperative
loss of IlIln activity. as determined with the scintilla-
tion camera. was 38% ::!: 4.6%. Some of the in-
traoperative loss was the result of the operative proce-
dure. with its attendant blood loss, but there was a
definite accumulation of IlIln-labeled platelets in the
pump oxygenator. This finding is not in accord with the
results of a prev ious study, which revealed that plate-
lets were not lost in the extracorporeal circuit, but re-
turned to the circulation and were sequestered in the
liver after bypass was discontinued. 18In the pump oxy-
genator most of the platelets adhered where the bubbles
coalesce at the top of the oxygenating column and
where the bubbles burst on the first layer of the
silicone-treated defoaming mesh. This finding would
be consistent with the view that platelet adhesion to
biomaterials is favored by the formation of blood-gas
interfaces on the surface of the biomaterial. 19.20

The changes in organ IIIIn radioactivity during op-
eration are interesting (Table II). Hepatic IlIln activity
remained constant. whereas mean total body activity
decreased by 34.8%. This would suggest that platelet
microaggregates or platelets damaged in the oxygenator
pump are sequestered in the liver. Microemboli have
been shown to be present in cardiotomy return blood in
bubble oxygenators and to a lesser extent in membrane
oxygenators.!' IlIln activity in the thorax decreased
during the operation. The fact that this decrease was of
a degree equivalent to the loss of IlIln activity from the
whole body indicates that pulmonary microemboliza-
tion during CPB was not significant and that IlIln_
labeled platelets in the lung are in equilibrium with
those in the blood. Radioactivity in the head decreased
by 32% intraoperatively, similarly indicating that sig-
nificant microembolism to the brain did not occur.

III[n-labeled platelets 8 8 5

')

Splenic IIIIn activity decreased during the operation.
The decrease (40%) was very similar in magnitude to '
that of whole body IIIIn loss. This reflects mobilization
of platelets from the exchangeable splenic platelet
pool" in response to platelet loss from the peripheral
blood.

Platelets pool temporarily in the spleen and liver of
dogs during hypothermia.P In our study this was ob-
served in only one patient (data not shown), in whom
platelet 1111nactivity clearly increased in the liver dur-
ing cooling and decreased again with warming. The
composite data of Fig. I show that IlIln activity in the
blood did not change significantly during the period of
hypothermia.

This study illustrates the advantages of IIIIn as a
platelet label for the study of kinetics, in vivo redis-
tribution and sites of sequestration, and ex vivo aggre-
gation in the pump oxygenator. We were able to mea-
sure loss of radionuclide from the body and show
accumulation in the CBP oxygenator pump and mobili-
zation of platelets in the liver, but not in the lungs or
brain. This type of study is not possible with the other
currently available platelet isotope labels.
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Summary

The kinetics. in vil'o distribution and sites of sequestration of
autologous In-Ill-labelled platelets and other platelet function
parameters were studied in ten patients with type Ila or IIb
familial hypercholesterolaemia and thrombotic complications of
atherosclerosis. The ill vitro platelet aggregation response to ADP
(P = (L50) and collagen (P = O.~6): binding of fibrinogen to
platelets (P = 0.61): and plasma beta-thromboglobulin levels (P =
OAl) of the patients and normal reference subjects did not differ
significantly. The in vivo distribution of In-Ill-labelled platelets
at equilibrium was within normal limits. and at the end of platelet
life-span the sequestration pattern of labelled platelets in the
reticuloendothelial system was also normal (spleen P = 0.31: liver
P = U.5~). There was minimal evidence of ill l'il'O platelet
activation: only mean platelet lifespan (MPLS). IlI5:t 57 hours
(difference between mean MPLS of patients and controls was
2) hours. with a lI5% confidence interval from 23to 31 hours: P =
O.()2): mean platelet platelet turnover. 22l1H:t H2~ platelets/ul/
hour (P = ().()()5): plasma platelet factor ~ (P = O.U2): and the
mean circulating platelet aggregate ratio, n.H :to. I (P = O.U2):
differed ~ignificantly from normal. These results suggest that
abnormalities of platelet function and kinetics observed in type Il
hvperlipoprotcinuerrua cannot be ascribed wholly to the hyper-
lipidaemia. but may he induced by the associated atherosclerosis.

Introduction

The prevalence of coronary vascular disease in South Africa is
the highest in the world (1). The mortality is particularly high
amon~~t the Indigenous Afrikaners and Indians. and Jews.
whereas the rural Black Africans are .not affected. The most
important ri~k factor is the high incidence of familial hyper-
lipidaemia among the Afrikaners (2).

Long-~tandlng elevation of plasma lipoprorcins. particularly
11l\' -dcnsitv lipoprotein and very-low-densit y lipoprotein. is
ussocratcd with an increased incidence of urhe rosclerosis. This
may be because elevation of plasma LDL damage, the vascular
endothelium (3). increases the infiltration of the artery media
with lipoprotein, and stimulates the proliferation of the smooth
muscle celb (~). Endothelial damage triggers a response which is
characterized hy complex cellular and biochemical interactions
culminating in the secretion of growth factors hy rnonocytes. the

Correspondence to: Professor A. Ju P. Hevns. MRC Blood Platelet
Research Unit. Universitv uf the Orange Free State. PO Box JJ9 (G2).
Bloemfontein l!.~(HI.South Africa

endothelial cells themselves. and platelets. These growth factors
induce the proliferation of vascular smooth muscle cells convert-
ing fatty streaks into fibrous plaques. This succession. appropri-
ately termed the response-to-injury hypothesis. may eventually be
complicated by the occlusion of the vessel or. by thrombosis (5).

It is clear that platelets and lipids may play an important.
possibly decisive. interrelated role in the pathogenesis of
atherosclerosis and its major complication. thromhosis. In this
study we therefore studied the effect of hyperlipidaemia. due to

type II a or Il b familial hypercholesterolaemia. on ill vitro tests of
platelet function and for evidence of ill I'ivo platelet activation.
focussing on the kinetics of ln-l l l-labelled platelets.

Patients, Materials and Methods

Patients

The patient data are summarized in Table I. Ten males. aged 28 to
~6 years. aave informed consent tu participate in the project approved by
the' Ethic;1 Committee of the Provincial Administration and the Univer-
sitv of the Orange Free State. A diaunosis of familial hypercholes-

. te;olaemia. uf either type II a ur lib. w-as made according (0 standard
criteria (6). All were on medication. but therapy was withheld for at least
I~days before commencing the study.

Reference values for the in vitro and ill ..ivo platelet tunerion tests were
determined in our laboratory employing the same standardized methods,
reagents and internal and external quality control procedures used in this
stuJv. Normal healthv male volunteers. aucd 21 to -4 vears. with the same
sh,i~-e~onomic background as the pati~nt group. ;nJ with no clinical
evidence or history of cardiovascular diseuse, participateJ. These subjects
were nonsmokers and had taken nu medication known tu affect platelet
function fur at least 2 weeks prior to. and Juring the srudv. Since the
reference values for kinetics of ln-l l l-Iabelled platelets were ascertained
over a longer period of time than the course of the present study. und to
avoid the unnecessarv adrninistrution of rudioactive materials to volun-
teers. all the reference values were not dcterrmncd in the same group uf
subjects. The numhers of subjects used to determine reference values for
the different tests are given in the relevant secuons reporung the results of
this study.

Blood Plu/eh'/ Studies

Platelet labelling and measurement of mean platelel life-span (MPLS)
were done as described in detail elsewhere (7-'J). Bricflv, autologous
platelets Wen: isolated from citruted blood bv diffcrenuul ccntrifugution
and repeated washing of the red cell layer. The platelet' were coneen-
trated. resuspendeo in Plasmalvre B (Baxter. Truvcnol Laborumnes Inc:
USA). and In-l l l-oxinc (Radiochcrnicul Centre. Arnershum. UK I aJJe:J.
After incubating for JO minutes at room iernpcrature , the labelled
platelets were concentrated anJ resusperuled in platelet poor plasma for
reinjection. The ability of the labelled platelets to aggregate in response tu
ADP was tested on a glass slide (10). The labelled platelets wen: regarded
as damaged by the in vitro manipulation. and therefore unsuitable fur ill
v;"o studies. if they did not respond tu ADP hy forming aggregates
consisting of 10 ur more platelets.
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tuu; I Patient clinical data

Patient Age Svcholesterol Svtrigtyccrides S-LDL S-HDL Relevant history
(rnmol/l) (mmol/I) (mmol/I) (mol/l}

I ~I 7.9 U.7 5.9 1.7 \Iyocardial infarction 19~2. IlJ~.'

2 ~5 9.5 2.~ 7.5 U.9 Mvocardial infarction IlJ7U. 11,I7ó
Pulrnonarv em holism IlJ7ó. 19~ I, .'\1 9.3 ~.2 óA I.U Clinical stigmata of hyperlipidaemia

~ -16 h.3 2.R -I.Ó U.-I Clinical stigmata of hy pcrlipidac rnia
Peripheral arterial di,c·as.:

5 .' I h.::' U.-I 5.11 1.0 Coronurv bypavs ,urgen' IllSI

ó -Ill Il.ó ' , 9.5 1.1 Coronary bypass ,urg<:n l'iSI_.-
I 27 1::'.11 ::'.U lJ.7 1.-1 Clinical stigmata "f h\ perlipiducnuu

S .,7 H.~ I.h 7.7 U.-I Myocardial infarction l'iS::'. I'I~-,
Coronary bypass surgery II,I~::'

1,1 -12 \I.~ I..J ~.O 1.2 Myocardial infarction I\I~::'

III 2~ 12.U 1.5 IO.H U.S Clinical stigmata of hyperlipidaemia

Meun .17 lJ.3 I.t 1 7.5 1.11
SO 7 2.1 1.1 ::'.1 IL-I

Reference 3.\I-h.5 <I 7 2.2--1.6 U.9-1.:>
values
(n = 11111)

percentage aggregation observed. divided hy the time: needed to attain
maximum aggregation. was also measured (1-1).

Beta-thromboglobulin (BTG) and platelet factor -I (PF-I) were meas-
ured in blood samples collected with no venous stasis. The first 5 ml of
blood was discarded and the blood collected directly into Thrombotect
tubes (Abbot! Laboratories. North Chicago. USA). The specimens were
handled exactly as recommended by the manufacturers and BTG and PF-I
assayed with commercial kits for PF-I (Abbott Laboratories, North
Chicago. USA) and BTG (Radiochemical Centre. Arncrsharn. UK)
respectively.

Circulating platelet aggregates. expressed as an aggregate: ratio. were
determined according tu Wu and Hoak (15). Blood is collected into either
formalin. which fixes aggregates. or ethylenediaminetetraacetic acid.
which disperses them.

Binding of 1·125-fibrinoge:n to platelets was measured (Ió).

MPLS was determined from the rate of disappearance of labelled
platelets from the circulation. The disappearance curv es were constructed
from the radioactivity counts in blood samples collected 15 and 90 minutes
after reinjeetien of the labelled platelets. and then twice daily. The: count
rate of the blood samples was measured in a well-type scintillation
counter. MPLS was estirnatcd by fitting a gamma function (II) to the
blood clearance curves. Recovery of the labelled platelets in the CIrcula-
tion at equilibnurn was calculated from the r adioactivuv/rn I Injected and
back extrapolation of the survival curve: to zero time.

Quantification of ill vivo redistribuuon and SItes of sequestration of
plarelers "as done as described fullv elsewhere (~. \I). Bricflv, the
distr ibution of labelled platelets was irnagcd With a large field of view
vcrntillauon camera and the scinugrurns analvzcd on an A: \IDS data
processing "stem. Whole body and region of interest (ROl) ln-l l l-
r.ulioucuv Ity was corrected for attenuation by the geometric mean
method. and Ral activity expressed as a percentage of whole body
aeti, uv. That rudioucuvuy not In the liver or spleen. IS referred to as the
"remainder". At the end of platelet lifespan this radioactivity is situated
rnainlv in the bone-marrow (12). The Initial (equilibrium) rudioacrivity
was derived by hack extrapolation of linear least-square regression
analysIS of data. and the final organ rudioacnvity was determined at the
vubjccts own mean platelet survival time.

Platelets were counted with an electronic panicle counter (Coulter
:\lllul.'1 S·Plus; Coulter Electronics. Florida. USA). Platelet turnover was
calculated from the MPLS and the platelet count. corrccung for the
vplcruc platelet pool (13). The size of the spleruc pool "' .. , dcrcrrmned With
quanutuuvc ImOl!!lng.

The 1/1 1'1/'" platelet aggregation respon« to adcnovrne dipho-phate
(ADP. SI!!mal. ;1I1Ucollagen (soluble collagen Bchnngwcrke t "'as meas-
urcd rurbuhmvrnc.rl!v in an aggregomcrcr t Aggrecodcr PA.1: Ill. Kvoro ,
Japan). The pl.lt.:kt count lo the aggrcgornctcr "'a~ JUlu'teu tll JI"' x 10"/
I. The maxrrnurn change in optical densll~ mduced h\ the .'!!gre!!Jting
agent "a, related to the difference in oencal den"t~ between plarelct rich
and platelet poor plasma and expressed as percentage aggregation.
Concentration, of ugornsts arc final cuvette conccnrruuon-,

The platelet aggregation response: to different concernrauons of ADP
was dcterrruncd. and a log-log dose- response: curve rcflccung the relation-
ship hetween ADP concentration and percentage platelet aggregation.
plotted. A linear regression function was fitted Hl the data points and the
eoncentranon of ADP required to aggregate 511"0 of the platelets (ADP .. )
determined. The threshold value. that is the minimum concentration ADP
needed to induce the secondary aggregation response. was also deter-
mined (1-1).

Platelet aggregation induced by a single concentration of collagen.
I ug/rnl , was determined. The aggregation index. i.e. the maximum

Statistical Methoeis

'Data 'were assessed for normal distribution with the Shupiro-Wilk test
Unpaired data were evaluated with the t-tcst for different means. or th
non-parametric Wilcoxons rank sum test. "here appropriate. Th
difference between sample means was compared hy determining the lJ;",
confidence intervals (17).

Results

Plareler Labelling

The results are summarized in Table 2. Virtually all plate le
were isolated from the whole blood hy the repeated washin
procedure. Platelets were labelled with a high specific activit:
The contamination of the labelled platelets with plasma proteil
was 2.8 ± 1,2% and with red cells OA ± ().X'~,;,.

The labelled platelet population was considered vianie becau:
in vitro their aggregation response to ADP WaSnormal. and the
vivo recovery of labelled platelets in the circulation was norm'

Plate/er Kinerics

The difference between the sample mean MPLS in furnil
hypercholesterolaemia and normal subjects WaS 25 hours, wit]
95% confidence interval (Cl) from 23 to 31 hours: and P = Il.(
The MPLS of three of the patients (no. 3. X and lO: Table 2) w
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Table .1 Platelet labelling data

Patient Blood platelet Platelets Mean platelet Hits Recovery Platelet Labelling In·111
count (x 10"11) isolated from lifespan ('~o ) turnover efficiency administered

blood (%) (hours) (ul/hour ) (%) (1\IBq)
.,0 I tOO ~5S ~O 57 IS35 S" 17

~ :\73 lOO ~IR 17 55 ~79" HS 17
.' 155 96 1O~ 6 57 ~71(1 7R IS.. ", 93 2!O 30 ..7 16..9 7.. 16
5 ~71 48 ~OO 30 57 ~~l~ 7ó 17
n ~1I1l 4 .. ~~I 30 ó~ 1-+7~ S-I 17
7 '" lJ~ ~"II 30 55 ~1I07 S' 17.'_.) , .'
K ~7~ lOO 4') I SJ ·C6~ S' 16,-
4 ~7lJ 1011 ~.... 13 60 111-17 78 15
III ~~I 11111 155 3 67 2~t~2 7K 17

Mean ~7~ lJS IlJ5 IS ilO ~~')S 81 III
SD 63 .3 57 I~ 10 8:!-t -I

Rd.:r':IK': 1511--11111 lJ~ ± .3 ~21 ± 21 22 ± 1-1 61 ± lO 1797 ± 350 1'6.-1 :!: 6.S
values
(n = -Ill)

/"hIt· .I In \ in, J"trihution of In-l l l-labclled plarelcts

Organ or whole body radioucuvuv I"n)
Equilibrium At end of platelet lifespan

P"tI~n! LI\ er Spleen Rem.under Liver Spleen

~.-I J~.X :,s,7 :!6.0 50.", 111.11 3-1X :':' , 30.') 5:!.')- -.' 11.1l 3Y.5 '1111 20.0 "lJ.X
-+ IS.lI J2.1 -+~'I :!7.0 "·U
-' IS.lJ 35.11 -+h I :!7.~ -+7.1
(> li." 3~.1 :'7 ..l ~5.1 ..3.5
7 7.7 24." ,,~.-:- 17.7 5... 1
X 1.'.11 ~II.-+ ,,, " ~ I.:! 39.5
Y 15.11 27.-+ 57 :' ..5.5 2').8
III 17.3 .,".11 -I".S 25.8 -lO.:!

Me.m 13.11 33.1 5-1.11 :!6.ó -IS.:!
SD -I.~ 3.3 5..' 7.3 7.11

Reicrcnee 11.-1 ~lJ'-+ 5Y.1 21D -12.3
values
In = 17)
SD 1.4 ti.1 ti.!) ó.7 7.0

shorter than 179 hours: i. e. outside the 95% (2 SO) limits
delineated hy the reference population.

Mean platelet turnover in the patients was significantly higher
(P = ().()05) than normal (Table 2).

The results of the measurement of the in I'iro distribution of
In-Ill-labelled platelets are summarized in Table 3.

At equilibrium. platelets were apportioned mainly to the
spleen and the blood. The difference between the mean size of the
splenic platelet pool in hypercholesterolaemia and normal sub-
jects was 3.7%. with a 95% Cl from -0.6% to ~'~;,: and P = (L09.
The difference in mean hepatic radioactivity of the patients and
the reference group at equilibrium was I.ó% with the 95% Cl
from -().~% to 2.8%: and P = O.IX. Hepatic rudioacriviry of
patients no.". 5. and 10 W:.lS high and outside the 1)5'~'olimits of
the normal population.

At the end of mean platelet life-span the radioactiv itics in the
spleen und liver had increased significantly compared to that at
equilibrium (p = ().()()()4). whereas the radioactivity located in the
remainder of the tissues (i.e. non-hepatic, non-splenic activity)
decreased significantly with time (P = 0.000 I). The difference in
mean final hepatic radioactivity of the patients and the reference
group at equilibrium was 1.7% with a 95% Cl from -1I."'}'o to

lI.4%: and P = 0.54. The difference in mean final. splenic
radioactivity was 2.9% with a 95% Cl from -2.8% to 11.4%: and
P = (UI. Also. the difference in mean final radioactivity in the
remainder of the body was 0.7% with a 95% Cl from -0.45% to
5.9'7'0: and P = 0.79.

Tests for in vivo platelet activation: The results are summarized
in Table 4.

In vitro platelet aggregarion. The platelets of the patients.
. compared to those of the reference group. were not more
sensitive to ADP since the ADP,o (P = (l.50) and the threshold
response to ADP (P = 0.98) did not differ significantly. Percen-
tage platelet aggregation induced by collagen (P = 0.46) and the
collagen-induced aggregation index (P = 0.(7) of the platelets of
the patients. also did not vary significantly from normal.

Binding of fibrinogen to platelets. The platelets of the patients
and controls bound l-125-fibrinogen to the same extent
(P = 0.6l).

Circulating plarelers aggregares. The platelet aggregate ratios
were slightly. but significantly lower (indicating that there are
more aggregates in the circulation) in the patients with familial
hypercholesterolaemia than in the normal control subjects: the

Remainder

~~.X
16.1
.",..'
:!IU
25.K
31.3
2X.3
34.3
~U
J·UI

~X.~
6.11

~X.\I

n.6
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Table .J In vitro platelet function rests

Patient 2 3 -I 5 h 7 Mcan z SO Reference \ ~I·
ues In = ~(I1

Platelet aggregation
ADP threshold ().IM) -I I 2 2 -I 3 -I 2 ~.8 ± 1.2 2.K ± lI.Y
ADP (50) ().IM) 11.5 36 -1.-1 -I.h 7.3 6.7 S.3 -1.6 ó.-I ± 2.6 7.0 ± LY

Collagen
lIggrl!g:i.ltion (O~J) 76 ti':! 73 6Y 73 71 ó-l 75 71.3 ± 3.9 7-1.ti ± 1~.2
uuurcuation index 7.-1 h.3 -I.Y 5.1 7.8 X.Y 5.ti 7.2 6.7 ± I.-l 8.-1 ... ~.-I

1:'I.i·ihri~()gen hinding
().lg/Ill' plarelcrs) 5.2 S.2 NO' -1.-1 III 5.2 -1.-1 Y.O h.h ± ':.-1 6.Y ± IU

Circulating platelet aggrcgat~s
(rutio ) O.Y IU LO O.X 0.6 0.7 lJ.'} 0.7 11.1" ± 11.1 O.I! ± Il.l

Plasma STG (pg/Il 2-1 -17 X -15 60 -13 -IS 35 3X.X ~ Iti.2 32.6 :!: IS.5
Plasma I'F-I I ~Ig/I) ti -I ti ,

Il :; 2 -I -I.ti :: 2.1 1.6 :!: s.o-
NO = not done

difference in the ratio was O.I. with a 95'Yn C[ ranging from 0.01 to
U.19. and an associated P = (l.02.

Plasma BTG and PF·1. The differences in mean plasma STG of
the patients and the reference group did not differ significantly
(P = (U2) hut mean plasma Pf'-l levels were slightly higher in the
patients compared to controls (P = (J.()2).

Discussion

Although platelet aggregation. measured in an uggregometer.
is the most common platelet function test employed. several
factors. difficult to standardize. complicate the interpretation of
the results. In this study technical variations were minimized and
the results of aggregation tests made more sensitive hy construct-
ing a dose- response curve and determining the minimum concen-
tration of ADP needed to induce the secondary uggregation
response and the collagen aggregation index. Our results indicate
that the aggregution response of plarelets to ADP and collagen is
normal in rypes I [a and Il b familial hypercholesterolaemia. In
our study. the hinding of fibrinogen tu the platelet membrane in
patients and controls also did not differ ~Ignificantly. supporting
the rionon thu: platelet uggreguuon in response tu ADP and
collagen is normal in this diseuse. This association between
Iibnnogcn hinding und the results of in vitro platelet aggregation
tests. i-, in accord with the belief of Plow (1ft). Our results of the
platelet aggregatory response are in agreement with those of
several other workers (IS-11). but are contrary 10 other reports
indicaung that platelet aggregauon is sigruficanrly increased in
type II hy pcrlipiduemias (22-2ól. The view that platelet
hypcrrcucuvuv may not be an important facet of type" hyper-
cholc-tcrolacrnia. is further supported by the findings that
hy pohpacrmc drug therapy does alter platelet aggrcgunon in such
paucnt-, (IX. 21). It should howe\·er. be noted that we have
rnc.r-urcd the response of the plateleb til ADP and collagen only.
Ev ulcntlv dlffcrcnces in platelet reaClI\II~. not detected by
,tudy In~ the responses to only these two a~ont'h. may exist.
Thu-. the plutclers of rats (27) and rabhlt~ (:~qwuh diet-induced
hy perllplJ;Jcmla arc hypersensitive to thrornbm-mduccd aggrega-
non. Our results may therefore be: asenbed til the b~·t that the
rnechanivm whercbv thrornbin uggregutes platclctv. Jltfc::rs from
that Ill' collagen and ADP (29).

STG and PF-l. platelet specific proterns stored In the: alpha
grunulc-, Ill' platelets. are: released when platelets are activated,
Elevation of the plasma levels of these tw" proterns may therefore
reflect ill "il'() platelet activation. However. the half-life of PF4 in
plasma is extremely short (30) because it binds to the vascular
endothelial cells almost immediately (31 ). Elevation of the plasma
PF-l levels probably therefore only reflect in vitro platelet

activation in response to venesection and manipulation of the
platelets. To avoid this artefact. it is thus necessary to control all
the procedures involved in the measurement of these proteins
rigidly. That the precautions taken in our study were adequate. is
supported by the finding that PF-llevels were low in the reference
group.

In our study mean plasma STG levels in the patients witl
hyperlipidaemia were within normal limits. Our results are simila
to those reported by Zucker (21) and Nordoy- ct al. (32)
However. conflicting results have been reported in the literature
Similar to our results. several studies have found increased level
of plasma PF4 in hyperlipidaemia (19. 21. 33. 34)'. Elevation 0

STG as well as PF-l has also been reported (33. 35. 36). Altheug
these results suggest that STG and PFJ levels may be elevated i
familial hyperlipidaemia. it should be noted that the difference
are small. and that the concomitant increase in PF-l may refle
artefactual in vitro platelet activation despite taking preeaunor
to avoid this.

Our patients did have some evidence of ill "ivo platel
activation. Our finding that circulating platelet aggregates we
elevated. is in accord with those of others (33. 37). It is howev
not clear what the significance of this finding is and why ti
results of this test differed from the other III vttro tests for platel
function. It is also notable that the difference between the me
aggregate ratio of normal subjects and the patients was ve
small. although statistically significant. This test is therefore like
to be of little. or no. clinical value In the assessment of
individual patient.

We also investigated ill 1';1'0 platelet function hy the quanti
tive measurement of platelet kinetics. ln-I l l-oxine is now firr
established as the platelet label of choice. especially because
physical characteristics of this radio nuclide permits comput
assisted image analysis of the in 1';1'() distribution and sites
sequestration of labelled platelets. The methods of plan
labelling have been refined in this laboratory. Techniques h:
been developed to isolate and label a fully rcpresentutive plan
population and the labelled platelcts arc viable (H. Yl.
methods of quantifying the platelet redistribution and sites
sequestration with the geometric mean method. have also b
validated (12).

The measurement of M PlS is widely regurdcd as the rr
sensitive and most specific test of in "iru platelet functi
Random removal of platelets from the circulation shortens
MPlS and alters the shape of the platelet survival curve.
resultant increased platelet utilization will also be mamfestee
an increase in platelet turnover. Our results suggest that this I

indeed be so in some of the patients with hypercholesteroluer



The results of our study therefore indicate that the determination
of the sites of platelet sequestration is not likely 10 be lJi value for
the assessment of in vivo platelet activation. This finding was not
surprising. since we have previously demonstrated that platelets
interacting with extensive arterial lesions. such as aortic aneu-
rysms. are also eventually sequestered normally in the reticuloen-
dothelial system (.U). This. and the result of the present study.
indicate that the interaction of platelets with a diseased arterial
wall is reversible and transient.

Although there is some evidence of ill I'h'o platelet activation
in this disease. the precise effect of hypercholesterolaemia on
platelet function and the interaction of platelcts with the vessel
wall. remains to be established. It seems likely that many. if not
all. of the changes in platelet function may be due to the
activation of the platelets when they come into contact with an
atherosclerotic vessel wall. rather than attributable to elevated
blood cholesterol and other lipids. In any event. the effects of
atherosclerosis and hyperlipidaemia on platelet iunction and
kinetics seem to be closely interrelated in a complex fashion that
may be difficult. if not impossible to separate by techniques
presently available.

The MPLS was shortened in 30% of our patients. Although the
means of the MPLS of patients and the reference group differed
significantly (P = 0.02). the 95% confidence interval from 4 10

48 hours between the means of the two groups. suggests that it
may be difficult 10 interpret the results of this measurement in
clinical studies. As expected. mean platelet turnover of the
patients was elevated. compensating for the increased utilization
of platelets; their blood platelet counts therefore remained
normal.

There is evidence that hyperlipidaemia does shorten platelet
survival in man (38). monkeys (3. 39) and rabbits (40. 41).
However. this has not been found in all studies: Zucker et al. (21)
and Harket and Hazzard (18). described normal MPLS in type
IIa heterozygous hyperlipidaemia. Age may also be an important
determinant. since in elderly. and not the younger patients with
heterozygous familial hypercholesterolaemia. platelet lifespan is
shortened (19). However. our patients with shortened MPLS
were not older than the others. It should also be noted that our
patients. despite their relative young age. had evidence of
complications of atherosclerosis. Although vessel injury by itself
does not necessarily shorten platelet survival (42). there is
evidence that atherosclerosis per se may. because of endothelial
damage. cause increased platelet utilization and by this mechan-
ism shorten the MPLS (18). Furthermore. the MPLS mav also be
intluenced by the presence or 'absence of an active t-hrombo-
embolic process at the time of the study. Since such processes are
episodic. results of estimates of the MPLS will probably vary in
the same patient from time to time. Considering these factors and
the results of the above mentioned and our studies. it seems likely
that the extent of concomitant degenerative vascular disease in
patients with hyperlipidaemia may be the most important cause of
the shortened MPLS in this complex situation. This view is
strengthened by the finding in rabbits (40) and in pigtail monkeys
(3) that platelets from hyperlipidaemic animals survive normally
in normal animals. and that platelets from normal animals have a
shortened MPLS in hyperlipidaemic animals. This suggests that
the shortened MPLS is due to an altered vascular environment
and does not primarily reflect functionally changed platelets. The
adherence of platelets 10 the exposed vascular subendothelium
may however he facilitated by the exposure of platelets to
chronically elevated lipid levels. fhis alters the cholesterol:
phospholipid ratio of the platelet membrane (23) making the
platelets hyperreactive (43).

We have also investigated the in vivo distribution of In-111-
labelled platclets at equilibrium. and their sites of sequestration at
the end of the :<.IPLS. Our results suggest that the platelets of
these pauents may he more susceptible to the "collection injury"
induced hy the isolation and labelling of plarelets. In three of the
patients hepatic activity at equilibrium was higher than normal.
The accumulation of the platelets in this organ is apparently
transrent. because recovery of labelled platelets in the circulation
wa~ normal. Our results indicate that the alteration of the platelet
mernr-rune hy chronic exposure to hypercholesterolaemia has no
rncuvuruble influence on the size of the splenic platelet pool.

Wc determined the sites of sequestration of the In-Ill-labelled
platelets in the patients. testing the hypothesis that the platelet
abnorrnalitv associated with hyperlipidaemia may he reflected by
an altered platelet sequestration pattern. Because the incorpora-
tion of excess cholesterol into the platelet membrane increases
platelet microviscosity (43). it has been suggested that the rigid
platelets may he easily sequestrated in the spleen and susceptible
to phagocytosis (·H ).

However. the pattern of the sites of sequestration of In-11 I-
labelled platelets was normal in this patient group: at the end of
platelet life-span. spleen and hepatic radioactivities of all patients.
including those with shortened MPLS. were within normal limits.
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Thromboembolic events associated with significant morbidity and mortality have been
observed in patients with beta-thalassemia major (TM). These include arterial as well as
venous thrombosis and the development of early arteriosclerosis. To elucidate the pos-
sibility that TM patients may develop a hypercoagulable state we carried out a study of
platelet kinetics on ten patients with TM and four patients with thalassemia intermedia
(TI). Autologous platelets were labeled with indlum-111-oxine, and the platelet lifespan
(PLS) was determined. A significant shortening of PLS was observed In 13 out of 14
patients examined. The mean PLS (:1 SO) In ten patients (8 TM, 2 TI) who underwent
splenectomy was 107 : 36 hr (control splenectomized 248 + 51 hr) (P < .001) and in four
nonsplenectomized patients (2 TM, 2 TI) was 102 : 64 hr (control 224 + 23 hr) (P < .01).
The short PLS in addition to reported findings of Increased circulating platelet aggre-
gates and the decreased response of TM platelets to aggregating agents suggests in vivo
platelet activation in thalassemie patients.

Key words: thalassemia, thrombosis, arteriosclerosis

INTRODUCTION

Hernostatic disorders have been observed in patients
with beta-thalassernia major. A mild hemorrhagic ten-
dency, which includes tendency to bruise easily and fre-
quent epistaxis, has been reported by Hilgartner et al. [1]
and by us [2,3]. More severe cerebral hemorrhages were
also reported especially following multiple blood trans-
fusions; however, their frequency has not been deter-
mined [4,5]. Thromboembolic events, which are associ-
ated with significant morbidity and mortality, also occur
in beta-thalassemia major patients. These include recur-
rent and transient ischemic cerebral manifestations and
stroke [6-8]. and a high frequency of thrombotic lesions
in the pulmonary arteries has been observed at autopsy
[9].

Several groups have investigated different aspects of
the herriostatie system in beta-thalassernia. The reported
minor abnormalitites in the prothrombin time and the
plasma levels of the clotting factors I, IT, V, VII, IX, and
X probably result from parenchymatous liver damage
[1]. We and others have noticed a significant decrease in
platelet aggregation responses to various agonists
[2,3,10]. While these platelet function anomalies could
be the cause of the mild hemorrhagic tendency observed

© 1989 Alan R. L1ss, Inc.

in thalassemia, they could also result from a hypercoag-
ulabie state and could reflect an acquired functional de-
fect caused by "exhaustion" of the platelets following
their in vivo activation (e.g., by ADP from lysed eryth-
rocytes) [11]. Evidence for this assumption is provided
by the significant increase in the numbers of circulating
platelet aggregates, particularly in splenectomized thalas-
semic patients with high platelet counts [12]. The bene-
ficial effect of aspirin therapy in splenectomized thalas-
semic patients who suffer from hypoxernia without any
evidence of heart failure or pulmonary infections [13],
lends additional support to this hypothesis.

To elucidate further the possibility of in vivo platelet
activation in beta-thalassernia major, we have studied
platelet kinetics in 14 patients. The shortening of the
mean platelet lifespan that was found is another sensitive
indicator of increased platelet consumption in vivo.
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TABLE I. Patients' Data

Synthetic ratio of No. of
Sex/age globin chains

.,
transfusions

Patients (yr) Origin' Diagnosis" (~/a) per year

Splenectomized
I. M.B. M 23 KJ. TM 0.01 16
2. Z.O. F 22 KJ. TM 0.19 17
3. N.S. F 17 KJ. TM 0.29 12
4. A.T.N. M 29 A TI 0.43
5. G.L. F 24 KJ. TM 0.18 14
6. S.l. F 30 A TM 0.06 5
7. S.Y. F 26 A TM 0.05 7
8. l.O. M 17 KJ. TM 0.01 16
9.D.S. F 18 A TM 0.04 II
10. V.A. M 25 A TI 0.1 4

Nonsplenectornized
Il. S.O. M 16 A TI 0.41
12. AJ. F 19 A TM 0.31 II
13. A.S. M 13 A TI 0.19 2
14. L.A. F 10 A TM 0.07 12

"Origin: KJ., Kurdish-Jewish; A. Arab.
bDiagnosis: TM, thaJassemia major: TI. thalassemia intermedia.

MATERIALS AND METHODS
Patients

Fourteen patients with homozygous beta thalassemia,
eight females and six males, aged 10-30 years, were
investigated. The patients received no treatment at the
time of the study, and their last blood transfusion was at
least 4 weeks prior to the study. The patients consented
to participate in the study, which was approved by the
Human Experimentation Committee of the Hadassah
University Hospital. Thalassemia major was diagnosed
as previously described [14].

Platelet Kinetics

Platelets were labeled, and the mean platelet lifespan
(MPLS) was estimated as described in detail elsewhere
[15-19]. After discarding the first 2 ml. 42.5 ml of blood
was collected into a syringe containing 7.5 ml acid-ei-
trate dextrose (ACD), NIH formula A (Fenwal, Baxter-
Travenol Laboratories Inc .• IL). The blood was trans-
ferred to a 50 ml sterile. conical polystyrene tube (Falcon
Labware. Oxnard, CA) and platelet rich plasma (PRP)
was prepared by centrifuging at 180g maximum. After
acidifying the PRP to 6.5 ± 0.2, by adding 0.5 ml ACD-
A for each 10ml PRP, the platelets were concentrated by
centrifuging the PRP at 750g muimum for 3 min. The
Supernatant was removed, and platelets were resus-
pended in 3-4 ml physiological saline. The appropriate
volume of In-l l l-oxine (Radiochemical Centre, Amer-
sham. UK) containing 1.25 times the required In-Ill
radioactivity was added to the PRP and incubated for 30
min at room temperature. The unbound radioactivity was
removed by centrifuging the platelets to a pellet for 10

min at 1,200g maximum, decanting the supernatant, and
resuspending the platelets in platelet-poor plasma. La-
beled platelets were only used if their aggregation re-
sponse to ADP was normal [15-18]. The platelet sus-
pension was reinjected after allowing it to stand at room
temperature for I hr.

The MPLS was determined from the rate of disappear-
ance of labeled platelets from the circulation. The dis-
appearance curves were constructed from the radioactiv-
ity counts in the blood samples collected 30 min after
reinjection of the labeled platelets and then daily. MPLS
was estimated by fining a gamma function to the blood
radioactivity data [20]. This model assumes that platelets
are removed from the: circulation after sustaining a num-
ber of insults or "hits." If platelets are removed after a
single hit, it reflects random removal, and this results in
an exponential curve. Removal after an infinite number
of hits will theoretically result in linear survival, reflect-
ing age-dependent platelet destruction. The number of
hits will therefore give a clue to the mechanism of plate-
let destruction and will reflect the shape of the survival
curve.

STATISTICS

The mean results of platelet lifespan of the normal
subjects and the patient groups were evaluated with the
t-test for unpaired data [19].

RESULTS

The patients' relevant clinical and laboratory details
are presented in Table I. Ten patients had beta
thalassemia major, as judged by the characteristic clini-
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TABLE II. Platelet Kinetics

In-Ill Platelet
administrated count MPLS

Patient (!Lei) (x 10 -"L) (hr)

Splenectomized
I. M.B. 15.6 562 76

2. Z.O. 18.7 440 73

3. N.S. 17.4 355 137
4. A.T.N. 5.8 700 87

5. G.L. 9.1 463 84

6. 5.1. 21.3 744 155

7.5.4. 6.6 652 164

8.1.0. 7.4 638 59

9.0.5. 12.0 750 113

10. V.A. 7.3 1093 96

Mean z; I SO 12.1 :: 5.7 594:: 257 107 :: 36
Reference (n = 4)a 13.2 :: 3.4 290 :: 89 248:: 51

Nonsplenectomized
II. S.O. 15.3 419 192

12. A.J. 18.1 206 96

13. A.S. 13.7 280 44

14. L.A. 9.6 199 74

Mean z I SO 14.2 ::!: 3.6 276:: 102 102:: 64

Reference (n = 27)" 9.1 :: 4.4 274 :: 59 224 :: 23

"Reference: data from patients without hemoglobinopathy.

"Hits"

cal features. transfusion requirements. and the l3/a
synthetic ratio. Four patients had beta thalassemia inter-
media. The hemoglobin levels on which the patients
were maintained were 8-9 g/dl.. All patients except one
had very high plasma ferritin levels (2.500-7.000 ug/L),
while patient S.O. had a level of 390 ug/L (normal levels
50-300 ug/L). Ten patients underwent splenectomy be-
tween 3' and 18 years prior to the study. All patients had
enlarged liver with different degree of impaired liver
function tests. None of the patients had esophagial var-
ices. impaired coagulation tests (prothrombin time. acti-
vated partial thromboplastin time). or thrombocytopenia.
Some of the patients received desferrioxamine therapy.
which was discontinued 14 days prior to the platelet ki-
netic studies.

Platelet Survival
The relevant subject data. estimate of the MPLS. and

the number of "hits" given by the multiple hit model are
summarized in Table II. The time-radioactivity curves
illustrating the mean rate of disappearance of labeled
platelets in normal splenectomized subjects and the sple-
nectomized patients with thalassemia are illustrated in
Figure I.

The MPLS of the splectomized thalassemics was 107
+ 36 hr (::t I SO); this is significantly shorter than that of
the splenectomized normal subjects with no hernoglobin-
opathy (P = .00(1) investigated with the same tech-
niques and reported previously [19]. The nonsplenecto-
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Flg.l. The mean platelet survival curves (%1 SEM) In nor-
mal splenectomized subleets and the splenectomized pa-
tients with thálassemla. The curves were generated by com-
puter fitting of the data to the multiple hit model. Whereas
the curve of normal subjects Is linear (reflecting a mean
platelet lIfespan of 228 % Sl hr [SO)), that of patIents with
thalassemla Is exponential (mean platelet Jlfespan 107 % 36
hr [SO)). The curve of the nonsplenectomlzed thalassemla
patients (mean platelet lIfespan 102 :!: 64 hr [SO)) Is not
shown; It closely resembles that of the splenectomized pa-
tients with thalassemla.

mized patients with thalassemia also had a significantly
(P = .00(1) shortened MPLS (102 ::t 64 hr [+ LSD])
compared to normal. The MPLS of the splenectomized



and nonsplenectomized thalassemia patients did not dif-
fer significantly (P = .94).
The number of "hits" required to remove the platelets

from the circulation indicates that in thalassemia, plate-
lets are removed from the circulation randomly, and not
in an age-dependent manner. Thus, in splenectomized
patients, platelets were removed after 1.5 ::t: 0.8 "hits"
and in those with intact spleens after 1.0 "hits." Both
these values are significantly (P = .000 I) less than the
reference values of the normal subjects with or without a
spleen that we have studied.

DISCUSSION

Several methods to measure the in vivo processes of
platelet activation have evolved in recent years. The
measurement of the mean platelet survival time is now
regarded as more sensitive and specific than platelet im-
aging, the measurement of beta-thromboglobulin and
platelet factor 4 in the plasma, the detection of circulat-
ing platelet aggregates, and the measurement of plasma
thromboxane A2 levels (21]. A representative population
of indium-II I-labeled platelets disappear from the cir-
culation in an age-dependent manner in healthy human
subjects, with or without a spleen [15,19). The multiple
hit model assumes that in this instance an infinite number
of insults or "hits" are required to effect destruction of
an individual platelet. The resultant platelet survival
curve is almost linear [22).

Our data show that the mean survival of platelets is
decreased in adult patients with beta-thalassemia major
of intermedia with or without prior splenectomy. The
shortened mean platelet survival time is associated with
an exponential curve and removal of platelets from the
circulation after one to three hits. This indicates random
destruction of the circulating platelets in thalassernia,
which may be due to in vivo platelet activation. This
hypothesis is supported by the results of several studies.
For instance, in thalassemia, there is an increase in the
number of platelet aggregates in the circulation [12],
malonyldialdehyde (MOA) production is enhanced [23],
and the platelets are hyporeactive to aggregating agents
[1,3,10]. The latter finding, first thought to be respon-
sible for the mild hemorrhagic tendency manifested by
many of the patients (I ,3J, does not negate the view that
platelets are activated in vivo in thalassemia. Indeed,
platelets of patients with a thrombotic tendency may
show a decreased response to aggregating agents [II].
This may be related to a "refractory state" induced by
preexposure and preactivation of the platelets by agonists
such as ADP [24,25]. In thalassemia it may be caused by
the release of ADP and other thromboplastic materials
from the hemolyzing red blood cells. Hypoxia caused by
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chronic anemia may also be involved in platelet activa-
tion, since it has been shown that chronic hypoxia may
damage the vascular endothelium [36J. Endothelial in-
jury initiates the interaction of circulating platelets with
the vessel wall. The association between intravascular
hemolytic anemia and predisposition to hypercoagulable
state has been suggested by Rabiner and Rosenfeld (26].
Findings suggestive of hypercoagulable state and in vivo
platelet activation were also observed in sickle cell dis-
ease (SCD), which is also a chronic hemolytic disorder.
These findings included impaired platelet aggregation [27-
29], the presence of increased number of circulating
platelet aggregates [30], elevated concentration of
plasma beta-thromboglobulin, a platelet protein released
during platelet activation [31), and a significantly short-
ened MPLS during sickle cell crisis (32]. These findings
support the view that platelet activation may contribute
to the vasoocclusive problems associated with SCD.
Consequently, in one study a beneficial effect in prevent-
ing SCD pain crisis has been demonstrated by the plate-
let-inhibitor drugs aspirin and dipyridamole (33].

Vasoocclusive crises do not occur in thalassemia;
however, there is accumulating evidence that patients
with thalassemia major may develop a hypercoagulable
state. In a survey of 138 patients with thalassemia, 27
patients suffered from ischemic cerebral manifestations,
including transient ischemic attacks and strokes [6-8].
Furthermore, thrombosis in the pulmonary arterial tree
may be more important in thalassemia than is generally
recognized. Wasi et al., from Thailand, have reported
that pulmonary arterial thrombotic lesions are very prev-
alent at autopsy in patients with beta-thalassemia major
or hemoglobin E disease [9]. In 19 of 43 (44%) of their
patients there were obstructive lesions in the pulmonary
artery. These consisted of organized, recanalized throm-
. boemboli, partly or completely occluding the lumen of
the arteries. Some large arteries showed changes indis-
tinguishable from primary pulmonary arteriosclerosis. In
13 patients there was hypertrophy of the right ventricle
consistent with langstanding pulmonary vascular embar-
rassment, which culminated in right heart failure. The
authors noted that this complication was associated with
splenectomy (17/19), and that 18 of the patients were
older than 20 years. These findings imply that many of
these patients suffered repeated "silent" pulmonary mi-
croembolization culminating in cor pulmonale. Extend-
ing these findings, the group from Thailand later re-
ported the high prevalence of hypoxemia especially in
patients who have been splenectomized. These patients
responded to treatment with aspirin and dipyridamole
with a rise in their arterial oxygen content [13).

Our experience supports the view that there may be a
thambotic tendency in thalassemia. Four of our adult
patients (not included in the present study) developed
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major thrombotic events. One patient had peripheral ar-
terial thrombosis, the second had cerebral thrombosis,
the third had two documented events of massive pulmo-
nary embolism, and the fourth had two events of deep
venous thrombosis of his legs demonstrated by venogra-
phy.

Several additional factors may predipsose a throm-
botic tendency in thalassemia. Splenectomy in patients
with erythroid hyperplasia caused by hemolytic anemia
is associated with a persistent thrombocytosis, which
may lead to venous thrombosis and pulmonary embolism
[34]. Splenectomy may also predispose to arterial throm-
bosis; young healthy individuals previously splenecto-
mized have an increased incidence of myocardial infarc-
tion [35].

In conclusion, in this study we have shown that the
mean platelet lifespan is shortened in thalassemia. This
can be related to platelet activation secondary to injury of
the vascular endothelium caused by anemia and hypoxia
and/or to the chronic hemolysis with continuous release
of ADP and other thromboplastic materials from the he-
molyzing erythrocytes. Although the risk for thrombosis
seems to increase after splenectomy, our results show
that the MPLS is shortened even in those patients with
intact spleen. The present findings indicate that it may be
appropriate to administer platelet-inhibitor drugs to these
patients. Prolonged anti thrombotic therapy is definitely
indicated in thalassemia patients who have had a throm-
botic event since such events may be regarded as a com-
plication of the underlying hemolytic process.
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Summary

Bay U3405 is a thromboxane A~ (TxA2)-receptor antagonist
that inhibits the binding of TxA~ to its target cells. The aim of this
study was to determine if Bay U340S could be used to inhibit
arterial thrumbosis. A thrornboaenic device. consisrina of
uncrimped Dacron vascular graft m;terial (0.5 cm~) built int~ the
wall of silicone rubber tubing with 4 mm inside diameter. was
exposed to native flowing blood under arterial blood flow
conditions (100-140 ml/min) by interposing the devices as exten-
sion segments into permanent femoral arteriovenous shunts
implanted in baboons. Thrombus formation was quantified in
vivo by measuring the deposition of '''In-labelled platelets onto
the graft material with a scintillation camera. In six baboons, a
bolus injection of Bay U3405. calculated to attain an initial
plasma concentration of 300 ng/ml. reduced the maximum throm-
bus formation measured over a 2 h study period. Platelet deposi-
tion was reduced by 33 ± 14% (SO) at 2 h as compared to control
studies done in the same baboons. The accumulation of additional
platelets onto a thrombus that was allowed to form for I h. was
reduced by 58 ± 28% at 2 h. Ex vivo platelet aggregation in
response to ADP. activated partial thromboplastin time (APTT).
prothrombin time (PT). and thromhin time (TT) were not
affected by the treatment. Ex vivo platelet :Iggreg:ltion in
response to collagen was markedly inhibited for 2 h after treat-
ment. The results demonstrated that selective blocking of the
Tx Ay-rcccptor on plateleis reduced platelet-dependent thrombus
formarion and the accumulation of addition ..t! platelets in :1 freshly
formed thrombus. This may provide a via hie approach for
preventing excessive thrombus formation in patients undergoing
arterial rcconstructivc surgery.

Introduction

Recognition of the role of thrornboxanc A~ (TxA:) as. a
physiological modulator of rhrornbosis. "a~)'r:"m and broncho-
sp<lsm (1-3) provided a strong incentive [or developing TxA:
antagonizing drugs. Two approaches have been Iollowcd: the fir.-t
involved the development of TxA:-~~ nihcta-c inhibitor» that
suppre~s the convcrsion or prostaglandin H~ to T\A; (21. and the
second the development of TxAy-antagonot» that hind. the effect
of TxA: on its target cells (3). Bay U.3-U15113R 1,.'1 .l-f1ullrnphenyl-
sulfonamido) 1.2.3A-tetahydro-9-carbazokprnp:muic acid, B:lycr
AG. German) I is a TxA:-reeeptor antag,'n"t th.Jt dfecti\l.:ly
blocks the effects of TxA: on platelets and smooth rnu-clc cells in
vitro and ex vivo (4. 5). Studies in animal nwdc" have shown that
treatment with Bay U3405 reduces in "ivo coron:l~ artery
thrombosis (6). protects against myocardial damage following
coronary artery occlusion and reperfusion (7). i~ clfcctivc in the
prevention of TxA: mediated thromboembolic disorders and
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sudden death (8. 9) and inhibits platelet aggregate formation on
deendothelialized blood vessels (10). Comparative studies further
suggest that Bay U3-ill5 may be a more effective antithrombotic
drug than aspirin (10.11).

The thrombotic nature of prosthetic graft material and its
interaction with platelets may be one of the most important
contributing factors in early thrombosis and thromboembolic
complications following arterial reconstructivc surgery (12). This
study was therefore designed to determine the antithrombotic
effects of systemic treatment with Bay U3405 on graft-induced
thrombus formation. We used an in vivo baboon model. where
acute arterial thrombosis was initiated by exposure of flowing
blood to Dacron vascular graft material. We also determined if
Bay U3405 could reduce the accumulation of additional platelets
onto a preformed thrombus. The results showed that administra-
tion of a single dose of Bay U3405. calculated to attain an initial
plasma concentration of 300 ng/ml. reduced both platelet deposi-
tion on a vascular graft as well as the accumulation of additional
platelets in a fresh thrombus. There was no measurable effect on
coagulation or the ex vivo aggregation response of platelets to
ADP.

Methods
Animals

Six norrnal male baboons (Papie ursinus} weighing between 9 and
IJ kg were studied. The project was approved by the Ethics Committc for
Animal Experimentation of the Provincial Administration and University
of the Orange Free State. The animals were apparently disease free and
did not receive drugs that may affect platelet function or coagulation for at
least :! weeks before the study. Permanent exteriorized silicone rubber
arteriovenous shunts (AV-shunts) had been implanted between the
femoral artery and vein as described (13). These shunts neither shorten
platelet survival time. nor produce activalion of plalelets or coagulation
( I~I.

In each experiment a thrombogenic device. prefilled with isotonic
~Iine to avoid a blood-air interface. was incorporated a, an cxlensinn
segment into the perrnanent AV-shunt by means nf teflon connectors
(1.'1. Blood now rate through the device was 11"'-141' mUmin. producing a
.. all shear rate similar to th ..t found in medium- to large-sized arteries
(I~). In the treatment studies. Bay U34115was injected as a bolus into the
perrnanent AV-shunt at least 15 min before the start of a study. The dose
was calculated to achieve an initial plasma concentration of 300 ng/ml.
Bay UJ.WS was.dissolved in pure ethanol (stock conccntration = 5 mg/ml)
and diluted in saline for injection. The total injected dose was dctermined
by calculating the plasma volume from the bematoerit. mcasured before
the study. and by assuming a blood volume of 65 ml blooJlkg (16). We
excluded possible residual drug effect on the control studies by doing the
control studies the day before the treatment studies. Il was shown that
previous. short-term placement of grafts does not affect platelet deposi-
tion on days subsequent to graft placement (13).

Thrombogenic Device
We used uncrimped. knitted Daeron vascular graft material (0.5 cm2

)

as a thrombogenic surface. It was built into the wall of silicone rubber



tubing (4 mm inside diameter). Half the circumference of the tubing wall
(1.5 cm long) was carefully cut from the tubing. A template. cut from a
teflon rod. was used to ensure that the pieces which were removed from
different devices were identical. A teflon rod (4 mm diameter) was
inserted into the tubing. and the graft material (1.5 cm long) positioned to
fit snugly over the cutting. The piece of tubing that was removed was
fastened over the Dacron graft and the edges were covered with Silastic
medical adhesive (Type A. Dow Corning Incorporated). To ensure that
the device was impervious to blood leakage. heat shrink teflon was shrunk
over the fitted piece. After the polymer was allowed to cure for 24 h. the
teflon rod was carefully removed and the device washed with a mild soap
solution. then rinsed with ethanol and finally with distilled water.

Graft Imaging and Quantificution of Graft Platelet Deposition

Autologous platelets were labelled with 1llln-tropolone (16. 17).
Imaging and quantification of the deposition of the labelled platelets on
the graft material were done as previously described (13. 18. 19). Briefly.
the deposition of labelled platelets on the graft surface was imaged with a
Scarlc Pho scintillation camera fitted with a high resolution collimator.
Good image resolution was obtained by imaging the low energy peak
(172 keV) of 1IIIn with a 5% window. Imaging of the graft segments.
including proximal and distal silicone tubing segments. was started
simultaneous with blood flow through the extension segment of the AV-
shunt. The images (128 x 128 byte mode) were continuously acquired for
2 h. with data storage cvcryS min on an AC MOS data processing system.
An image of a blood standard (3 ml) was also acquired to determine
circulating 1IIIn-radioacti\'ity per inl of blood. A region of interest (1 x
1.5 cm) of the graft segment was selected to determine deposited and
circulating radioactivity in each of the images of the dynamic study.
Radioactivity in a region of similar size of circulating radioactivity in the
proximal segment of the extension tubing was determined and subtracted
from the radioactivity in the graft region of Interest in order to calculate
deposited III In-platelet radioactivity only. The ratio between deposited
radioactivity and circulating radioactivity in I ml blood (from the blood
standard) was calculated. The latter was appropriately corrected for
plasma radioactivity (13). The number of platclets deposited on the graft
was calculated by multiplying the ratio" uh the number of platelets per ml
blood.

Wc have measured the effect of systemic treatment wuh Bay U3-U)~ on
deposition of platclcts on a native graft and the effect on the accumulation
of additional platelets in a fresh thrombus. To measure the latter. a
thrombogenic device was incorporated as an extension segment in a
permanent Av'-shunt of a baboon whose platelets "ere not labelled with
111In. After the "cold" thrombus was allowed to form for I h. the device
was removed. carefully washed with saline and Incorporated into the AV-
shunt uf an animal "hose platelets "crc labelled. Imaging of the
deposition of labelled platelets on the fresh thrombus was done for ~ h
and platelet deposition quantified.

Laboratorv Procedures

In each cvpcnmcru. blood sample, "crc collected before and after
nl""un: of th.: hlood to the thrornbogcruc dC'\lCC The plarclc: count and
hernatoent "crc ..Icrcnnined with a Techmeen H~ I>I"od ccll analyser on
!'I1"ud collected in F.DTA. The same ~mple "a' used tu correct "hole
hlood radloact'\l1~ for plasma r;,dloaC1l\u~ In order to calculure platelet
radi"ac11\'it~ (13) Blood was collected In J.K'\, ", ..hum curare (II volumes
of !'Ilo"J to I volurne citratc) for the dctcrrmnanon uf thc APTT. PT. TT.
plavma fibnnogcn concentration. anurhrombm III IAT 111). activated
prorein C IAPc) and D-Dimer. APTT anJ PT ILc'nnon O'J!!n,"tlcs) and
TT (Rochc Diagnosuca) were measured on a fihnn"mctcr (Clorcx Jl.
Hylund}. fibnnogcn was indirectly dctcrrmncd "uh an Automated
Coagulation Laboratory (Instrumentation Laboratoncvt. AT-Ill was
measured u~lng a chromogenic substrate Iln'trumc'ntat,on Laboratories.
Viole Monza. Italy) and APC and D-Dlmer "ere determined using
commercially available assay kit systems (Bchrtngwcrkc).

The in vitro aggregation response of platelets. before. 10 min and
!30 min after treatment with Bay U3-U)5. was determined turbidimetri-
cally in an Monitor IV Plus aggregometer (Helena Laboratories). The
method has been described fully (20). Briefly. blood was collected in 3.8%
sodium citratc (9: I). platelet rieh plasma prepared by differential
centrifugation. and the platelet count adjusted to 200 x 10911 with platelet
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Fig.2 Accumulation of additional platelets onto a non-radioact
thrombus that was allowed to form for I h before i1 was inserted in
permanent AV shunt of a baboon whose platelets had been labelled w
IlIln

poor plasma. The aggregation response. measured at 4 min follow
addition of ADP (20. 10.2 and 1.5 ~M) or collagen «LOS gil). was rela
to the difference in light transmission between platelet rich and plat
poor plasma and expressed as a percentage. Dose response curves
constructed to calculate the effective dose of ADP that will cause 5
aggregation (ED~).

Statistical Analyses

Student's Hest for paired data was used to test for differe
between means. Data in the text arc given as a mean ± I SD

Results

Platelet Deposition on Fresh Grafts

Exposure of flowing blood to the thrombogenic surface Io
reduced the mean platelet count by approximately 17"10.
approximately 13"10decrease in tt tin-platelet radioactivity wa
significantly different (Table 1). In the treatment studie
mean platelet count decreased by approximately 4"10 and
platelet radioactivity by approximately 11"10. The 17"10 decre
platelet count observed in the control studies was signifi
larger than the 4"10measured in the treatment studies (t = 2.



Table 1 Antithrombotic and anticoagulating effects of treatment with
Bay U3405 (300 ng/ml plasma)

Control studies Treatment studies

Baseline At 2 h Baseline At 2 h

Platelet count
(x 10"/1) 337 ± 91 281 ± 97 283 ± 103 271 ± 84
% Decrease 17 ± 10 4±4
% Platelet
In-Ill-activity 100 ± 0 87 ± 6 100 ± 0 89 ± 7
Fibrinogen (g/l) 5.1 ± 1.1 5.6 ± 1.0 5.9 ± lA 6.2 ± 1.5
APTT (s) 42 ± 6 43 ± 3 -4 ± 3 41 ± 2
PT-(s) 15 ± 1 14 ± 1 15 ± 1 14 ± 1
'rr (s) 27 ± 3 26 ± 2 27 ± 3 27 ± 3
AT11I(%) 75 ± 11 82 ± 10 78 ± 6 81 ± Jl
APC(%) 78 ± 16 69 ± 30 69 ± 8 63 ± 16
D-Dimer (lig/mi) <0.5 <0.5 <0.5 <0.5

and expressed all other aggregation responses relative to this
Treatment with Bay U3405 had no measurable effect on the
platelet aggregation response. The EDslI was not significanth
different. i. e. 4.9 ± 1.2 IlM before treatment versus 4.5 ± 1.1 Il~'
2 h after treatment (t = 0.8201, p >0.05. 95% confidence interva
from -0.7 to 1.7 IlM). The aggregation response to collagen wa,
markedly inhibited 10 min after treatment with Bay U3405. an,
this inhibition was maintained for 2 h.

Coagulation and Fibrinolysis

The results are summarized in Table 1. In both the control am
treatment studies. two hours of exposure of the thrombogen»
devices to flowing blood had no measurable effect on coagulatior
and fibrinolysis.

Discussion

The inhibitory effects of Bay U3405 on the action of TxA:: am
TxAj-rnirnetics lasts for 3-8 h (5. 6). Although we did no'
determine the plasma concentrations of Bay U3405 during the
study period, collagen-induced platelet aggregation was stil
markedly inhibited 2 h after treatment (Table 2). The bolu-
injection was therefore sufficient to study the effects of Bay
U3405 on acute arterial thrombosis during the 2 h of exposure ot
the thrombogenic device to native flowing blood.

A bolus injection with Bay U3405, which would result in a
calculated initial concentration of 300 ng/ml plasma, inhibited
platelet-dependent thrombus formation induced by the vascular
grafts (Fig. I). Both the rate and the extent of platelet deposition
were reduced. Treatment also reduced the rate and extent of
accumulation of additional platelets in a fresh thrombus (Fig. 2).
In this model, the blood platelet count is an important determin-
ant of the number of platelets that will be deposited; more
platelets are deposited if the peripheral blood platelet count is
higher (18,23). It is therefore possible that some of the reduction
in platelet deposition in the treatment studies can partially be
attributed to the lower platelet count (Table 1). However. the
difference in platelet count between the control and treatment
studies was small, and we believe that this difference cannot fully
explain the observed reduction in platelet deposition and platelet
turnover in the thrombus.

A significant inhibition of acute arterial thrombus formation
was achieved by blocking the Tx Ay-rcccptor, Aspirin, which
acetylates cyclo-oxygenase and so prevents TxA2 synthesis by
platelets (21), has no measurable effect on platelet deposition in a
similar model of acute arterial thrombosis (22). Our results. and
those of others using different approaches (10. Il.24. 25) strongly
suggest that receptor blockade may be a more effective strategy of
treating arterial thrombosis than inhibition of TxA2-synthesis.
This assumption is further supported by the variable success that
was achieved with TxA2-synthetasc antagonists (2. 25). Aspirin
prevents the synthesis of both the prostaglandin derived agonists
(TxA2, cyclic peroxides) and antagonists (prostaglandin D2) by
platelets (24. 26). When the TxAy-blockcrs are used. the pro-
aggregatory effect of TxA2 and the cyclic peroxides on platelets is
blocked, while inhibition of platelet function by prostaglandin D2
(and prostacyclin) is not affected (25). Our results therefore imply
that the inhibitory role of the prostaglandin derived antagonists is
important in thrombogenesis. The fact that their function is not
impaired by Bay U3405 may therefore explain why the TxA2-

receptor blocker may be a better approach to treat arterial
thrombosis.

The ex vivo aggregation response of platelets to ADP was not
measurably affected by treatment with Bay U3405 (Table 2), a
finding which contrasts with that in other studies (5, 10).

Table 2 The ex vivo aggregation response of platelets before. 10 min
and 130 min after treatment of the baboons with Bay U3405 (300 ng/ml
plasma)

Agonist Concen- Before 10 min after 130 min after
tration treatment treatment treatment

ADP 20 (IIM) 100 ± 0 96 ± 8
10 (IlM) 87 ± 6 84 ± 12
2 (IIM) 15 ± Il 21 ±.1l
1.5 (IlM) 5 ± 8 6 ± 7

Collagen 0.05 gil 80 ± 5 14 ± 5 19 ± 9

p <0.05.95% confidence interval from 2 to 24%). suggesting that
less platelets were consumed as a result of treatment.

Since the decrease in platelet count was similar to the decrease
in 1llln-platelet radioactivity. it is reasonable to assume that the
interaction of labelled platelets with the thrombogenic device is
comparable to that of unlabelled platelets. It is therefore valid to
calculate the number of platelets deposited from the ratio of
deposited labelled platelet radioactivity to circulating labelled
platelet radioactivity.

Measurements of acute deposition of platelets on grafts are
shown in Fig. 1. In the control studies the deposition curves were
generally sigmoidal. almost reaching a plateau by 120 min. At this
point a mean of 3.48 ± 1.58 x loY platelets were deposited. In the
treatment studies the shapes of the deposition curves were
similar. The plateau in deposition was reached after approxi-
mately lOOmin. at which timc 2.ml ± 0.85 x 1O~platelets were
deposited. After 2 h of blood exposure a mean of 2.18 ± 0.77 x
1II~ platelets were deposited. This represenis a reduction of
33 ± l~% in deposition when compared lo control studies (t

5.nl!1. p <0.001. 95% confidence interval frum II! to ~%).

Accumulation of Addirional Platelets unto a Prrformed Thrombus

This is shown in Fig. 2. A plateau in accumulation was reached
after approximately 70 min in the control and treatment studies.
At 2 h a mean of 3.23 ± 1.96 x 10~platelets were deposited in the
control studies and 1.25 ± 0.92 x 10q platelets in the treatment
studies. Treatment reduced the mean by 51!± 28% (t = 4.9744,
P <0.01. 95% confidence interval from 28 to !!S%).

In Vitro Platelet Aggregation

The results are summarized in Table 2. We regarded the
aggregation response to 20 IlM ADP before treatment as 100%,
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However, there are differences between the studies that may
explain our results. It is possible that the plasma concentration of
300 ng/ml of Bay U3405 was too low to inhibit the effects of ADP
on platelets. In in vitro studies where platelets were incubated
with Bay U3405, a concentration of 355 ng/ml was needed to
decrease platelet aggregation by 50% (5). In another. similar
study. a concentration of 4.2 ug/rnl had no effect on ADP-induced
aggregation (9). On the other hand. when the drug was infused. a
concentration in excess of 500 ng/ml was required 10 "significantly
inhibit ADP and collagen aggregation responses" (10). It there-
fore seems that higher plasma concentrations are needed to
inhibit ex vivo platelet aggregation. Our results nevertheless
compare favourably with the results obtained in studies where
other TxA~-antagonists were used. These antagonists inhibited
platelet deposition on Dacron vascular grafts in humans (24). and
improved graft patency in dogs (25) without inhibiting ex vivo
platelet aggregation induced by ADP.

Treatment with Bay U3405 did not completely inhibit platelet
deposition onto the vascular graft. as is found when potent
antithrombins (19. 27), or monoclonal antibodies and peptides.
that block the binding of fibrinogen to its glycoprotein Il b/IIl a
receptor on the platelet membrane (22. 28) are used. It is possible
that higher concentrations of Bay U3~05 may cause more
inhibition of thrombus formation. At the dosages that we have
used, neither coagulation (Table 1) nor the ex vivo platelet
aggregation response to ADP (Table 2) were affected. The lower
dosage which was used may explain why platelet deposition and
accumulation of additional platelets onto the preformed thrombus
were only partially inhibited. since both thrombin formation and
the effect of ADP on platelets were not affected. Also bear in
mind that thrombin and ADP activate and aggregate platelets via
non-thromboxane pathways (19. 27).

In conclusion. we have demonstrated that a single dosage of
Bay U3~OS effectively inhibited acute pl;ltelet-lkpendent throm-
bus formation induced by a vascular graft. It also inhibited the
accumulation of additional platelets in a freshly formed thrombus.
These effects were seen despite the findings that the ADP-
induced platelet aggregation response and coagulation were not
rncusur ably altered. Bay U340S can therefore be used 10 prevent
excessive thrombus formation in patients undergoing arterial
reconstructive surgery. an effect that muv improve graft perform-
ance over the long term.
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Summary

The in vivo activity of MA-16N7C2. the first monoclonal antibody
that contains an echistatin-like RGD-sequence and inhibits platelet gly-
coprotein (GP)lIb/IlIa function. was determined in baboons. A dose-
finding study assessing haemostatic variables such as bleeding time
and ex vivo platelet aggregation showed that doses of as low as
0.1-0.3 mg/kg resulted in a pronounced effect. The effects were dose-
dependent and lasted for several days. implying that MA-16N7C2 is a
potent and long-acting GPilb/IlIa inhibitor. Following the initial
studies. the anti thrombotic effect of 0.1 and 0.3 mg/kg of the antibody,
given as a bolus. was determined in a baboon model of platelet-depen-
dent. arterial-type thrombus formation. In these studies. a thrombogenic
device consisting of Dacron vascular graft material was inserted as ex-
tension segments into a permanent arteriovenous shunt. The results
confirmed the potent and long-lasting antithrornbotic effect of
MA-16N7C2. Surprisingly. the antithrombotic effect was stronger 48 h
after a dose of 0.3 mg/kg administration than on the day of treatment
with 0.1 mg/kg. despite the fact that comparable numbers of GPllb/IIla
recepters were occupied on resting platelets. We postulate that with the
high dose of MA-16N7C2 and after an extended period. occupied
GPllb/IlIa may be internalised by the platelets. Upon platelet activa-
tion. these receptors become reexposed but are unable to participate in
thrombus formation. This is in contrast to unoccupied internal
GPllb/IHa receptors early after a low dose of MA-161'7C2.

Introduction

Blood platelets are the first line of host defence when normal blood
vessel; are injured. Platelet adhesion, aggregation and further platelet
recruitment culminate in haemostatic plug formation to prevent exces-
sive bleeding. This is accompanied by the consolidating effect of fi-
brintogem binding to glycoprotein tGP,llblllla. the fibrinogen recep-
tor on the platelet membrane. Endothelial cells in the: proximity possess
thrornboregulators that limit the size of the haemo-uuc plug. However.
induction of excessive platelet activation by biomarenals and structures
such as an ulcer or fissure in the fibrous cap of atheroma overcomes the
normal thrornboregulatory mechanisms. The platelets then become a
major prothrombotic offender predisposing to arterial \ aso-occlusive
disease (1-6). Inhibition of platelet functiun i~ therefore a major avenue
of search for potent anti thrombotic agents. The present mainstay of this
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approach is to develop monoclonal antibodies. peptides and peptidomi-
metics that can prevent the binding of fibrinogen. through the carboxy
terminal dodecapeptide (7) or the Arg-Gly-Asp (RGD) recognition se-
quence of fibrinogen to GPIlbllIIa (8-15). Such agents prevent in vitro
and ex vivo platelet aggregation and in vivo thrombosis in experimen-
tal models and patients (13-17). The major differences amongst the
agents are mainly in their affinity for GPIlbllIIa and in their plasma
half-life. i. e. the time they can act as inhibitors of platelet function in
vivo (8-16). An intriguing further possibility is that platelets can be-
come loaded with the inhibitor: indeed. evidence has been pro-
vided that GPlIb/IIIa is a cycling receptor (18. 19) and as such can
internalize not only fibrinogen but also anti-GPIIblllIa products into the
platelet a-granules (20. 21). Such process would be favored when
products are used with a low off-rate. such as high affinity antibodies.

In this study we report on the antithrombotic effects of a murine mo-
noclonal antibody, MA-16N7C2, in a baboon model of platelet-depen-
dent arterial type thrombus formation. MA-16N7C1 inhibits GPIlb/Illa
function and is the first antibody described with an echistatin-like
RGD-containing sequence in the CDR3-region of its heavy chain.
which however is not fully responsible for the inhibitory effect (22).
The antibody furthermore recognises the Ca:· -dependent GPllblllIa
complex also on resting platelets. but binding is accelerated and with
higher affinity upon platelet activation.

Materials and Methods

Antibody Preparation

Antibody MA-16N7C2 was purified from ascitic fluid from BALBIc mice
by protein A Sepharose 4B affinity chromatography in 0.1 M Tris·HCI. pH 8J.
After elution at low pH (0.1 M glycine. pH 2.8). the antibody was dialyzed
against PBS and purity was analyzed with SDS-PAGE. Protein content was
determined using the Bio-Rad protein assay (Biokad Laboratories. Brussels.
Belgium) with bovine gamma globulin as standard.

Species Specificiry

Blood from dogs. cats. rabbits. pigs and baboons was anticoagulated with
0.12 vol 145 mM trisodium curate. whereas for rat. hamster and guinea pig
blood. an additional I U/ml heparin (Liquemine; Roche. Basel, Switzerland)
was added.

Platelet-rich plasma was obtained after centrifugation of the blood for
10 min at ISO X g. Platelet aggregation was performed on PRP with ADP (Sig-
ma Chemicals Co., St. Louis. MO) or collagen (Hormon Chemie. Miinchen,
Germany) as inducers using the optical method. Gel-filtered platelets were pre-
pared from PRP by chromatography on a 20 X 2.5 cm Sepharose 2B column
(Pharmacia, Uppsala, Sweden) using 5 mM Hepes, 0.34 mM NazPO., 12 mM
NaHCO),I34 mM NaCI, 2.9 mM KCI,IO% ACD. pH 5.5.
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Platelets were counted in a Platelet counter (Cell-Dyn 610; Sequoia-Turner
Co., Mountain View, CA) and 200 ul of l50-200.I()l/~1 gel-filtered platelets
was put into the wells of microtiter plates which had been pretreared with
10 ~glml poly-L-lysine (lOO ul/well), The plates were cenuifuged at 4° C for
15 min at 150 g. After removal of the supernatant, the platelets were fixed for
15 min at 25° C with 0.5'k (v/v) formalin (50 ~Uwell). After washing with PBS
containing 0.0029c (w/v) Tween 80. plates were blocked with I "le bovine serum
albumin and next incubated with MA-16N7C2 for I h at room temperature.
After another washing step. the bound material was detected with rabbit ami-
mouse IgG (H + Lj coupled to horseradish peroxidase (Nordic Immunology.
Tilburg. The Netherlands) diluted 1/3000 in PBS. 0.1 'k BSA. 0.0029c Tween
for Ih. Following a final wash. colour development was done using 160 ~l of a
solution containing 0.4 mglml l.2-onhophenylene-diamine (Fluka Chemie,

- Buchs. Switzerland) in 17 mM citric acid. 65 mM Na,HP04 and 0.003'k H,O,.
The reaction was stopped with 50 ~I of 4 M H,S04 and absorption was
measured at 442 nm in an ELISA-reader (EAR 40; AT. SLT-Labinstruments.
Austria).

Allimal Studies

/. Dose-finding studies. Baboons (Papie hamadryasj of either sex, weighing
7-12 kg. were anaesthetized with 10 mg/kg ketamine hydrochloride (Irnalgene
500; Sanofi. Toulouse. France) and 0.06 mg/kg atropine i. m. During the first
experimental day anaesthesia was maintained with 30 mg pentobarbitol i.v.
(Nembutal; Abbott Laboratories. North Chicago. III at hourly intervals.

Antibody used for i. v. injection was in PBS. I mM CaCI, and appro-
priately diluted with saline in order to have an injection volume of I ml. The.
preparation contained less than 29 EUlml endotoxin (Kabivitrum, Stockholm,
Sweden). Samples were taken before and I h after injection until a dose was
obtained giving a prolongation of the bleeding time of at least 30 min. Sub-
sequent determination of bleeding times and blood collection of samples
were carried out until the bleeding time was back into the normal range
($IOmin).

Bleeding times were performed on the shaved volar surface of the arm using
an autornared template device (Sirnplate II; General Diagnostics. Mams Plains.
N. J.). No pressure cuff was applied. Blood was collected for determination of
haematocrit. platelet count, ADP· and collagen induced platelet aggregation.
determination of remaining binding sites for MA-16S7C2 and determination of
plasma levels of murine monoclonal antibodies.

De/enntnarion oJ remaining binding si/es. '::I-Iabeling of antibody was
done using lodogen-reagent (PIerce Chemical Company. Rockford. IL I as de-
scribed (22. 23). Remaining binding sues on platelets from baboons treated
with antibode. were determined in duplicate by incubating PRP. with platelet
counts adjusted to 200.000 pU1-I-1with autologous plasma. with a saturating con-
centration (2 I-I-g/ml)of l'-.II-MA-16~7C2 for 15 min at room temperature. 80 1-1-1
of this was then carefully layered over either 200 1-1-1of an oil-layer consisting
of 3/4 \'01 silicone oil (Jansen Chimica. Beer-e. Belgium: and 114 vol paraffine
oil (VEL Haasrode. Belgium) or 0\ er 200 !-LI15et \UlTU-'( lo Eppendorf tubes
and centnfuged at 12.000 g for 4 mm. The ups, conummg th<: platelet pellet,
were cut and platelet-associated radioacuvny lI.as rneasured With a gamma-
counter (Packard. Meriden. CT).

Plasma levels. Plasma levels of munne II1OIlO>.:I"nal:Ulllbodlo were
measured lo an ELISA using plates coated .. Ith ol !-Lg/mlafTiOll~-punfied (APt-
goat ann-mouse IgG (H + L) antibodies th,h.~ Immunu Re-earch, West
Grove, PA) and developed with AP-goat ann-rnou-e I~-G 'lltJpkJ to horse-
radish peroxidase (Jackson lmrnunoResearrh, We'>! Grove. PAl. Standard
CUf"O were constructed by adding known amounts of ~IA·I bS7c:! to baboon
plasma.

1. Thrombosis studies. Thirteen normal male baboon, (PaplD ursinus) were
used. The arumals weighed between 10 and 15 19 and were disease-free for at
least 6 week.s prior to use. All procedures were approv ed by the Institutional
Ethics Comrniuee for Animal Experimentation in accordance with Federal
Guidelines (Guide for the Cane and Use of Laboratory Animals. Public Health
Service National Institute of Health publication number 85-23, 1985). The
peripheral blood platelet counts, 282 :t 62 X 109/1. were normal, The baboons
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supported pennanent· Teflon-Silastic arteriovenous (AV) shunts implanted in
the femoral vessels (24). These shunts do not derecubly shorten platelet sur-
vival or produce measurable platelet activation (24-26).

Stud» protocol. Platelet dependent. arterial type thrombus formation was
induced by Dacron vascular graft material (0.5 cm') that was built into the wall
of silicone rubber tubing (inside diameter = 4 mm). The method of preparation
of the thrombogenic device is described in detail cm.

In each experiment. a thrombogenic device. prefilled with saline to avoid a
blood-air interface. was incorporated as an extension segment into the penna-
nent Av-shunt by means of teflon connectors (24). The devices were kept in
place for 2 h whereafter they were removed and blood flow through the penna-
nent shunt was reestablished. On the day before the treatment studies (day OL
control studies were done in all baboons. On day I. the baboons were treated
with a bolus injection of 0.3 mg/kg tn = 7 lor 0.1 mg/kg m = 61 of\tA-16S7C2
15 min before the devices were placed. Devices were again placed on day 2 and
3. Blood flow rate through the device was 100-140 mUmin. producing wall
shear rates similar to that found in medium to large sized arteries (25). The
antibody was diluted in saline for injection.

Graft imaging alld quantification oJ pla/eier deposition. Autologous blood
platelets were labeled with IlIln-chloride as previously described (28) and
reinjeered at least one hour before thrombogenic devices were placed on the day
the control studies were done. Imaging and quantification of the deposition of
1llln-platelets were done as described in detail (24). Image acquisition of the
grafts, including proximal and distal silastic segments. was done with a Searle
Pho scintillation camera filled with a high resolution collimator. The images
were stored on and analyzed with a Medical Data Systems A' computer
(Medtronic, Ann Arbor, Mil interfaced with the camera. Dynamic image
acquisition. 5 min images (128 X 128 byte mode) for 2 h. was staned simulta-
neous with the start of blood flow through the devices. A five minute image
(128 X 128 byte mode) of a 3 ml autologous blood sample was also acquired
each time that the grafts were imaged to determine circulating blood radio-
activity (blood standard). A region of interest (I X 1.5 cm) of the graft segment
was selected to determine the deposited and circulating radioactivity in the
proximal segment of the extension tubing. This activity was substracted from
the radioactivity in the graft region to calculate deposited radioactivity. The
ratio between deposited 1llln-platelet radioactivity and circulating radioactivity
in one ml blood (from the blood standard) was calculated. The latter was
appropriately corrected for plasma IIlln-radioactivity (24). The number of
platelets deposited on the graft was calculated by multiplying the ratio with the
number of platelets per ml of blood (27).

Labora/or ....measuremen/s. In each experiment. blood samples were col-
lected before and after exposure of the blood to the thrombogenic device. Th
platelet count and haematocrit were determined in blood collected in 2 mg/m
disodium EDTA using a Technicon H2 blood cell analyser IBayer Diagn
sties). This sample was also used to correct whole blood radioactivity for plas
ma radioactivity in order to calculate platelet radioactivity (2-1).

Blood from MA-16N7C2-treated baboons without inplants was furtherrno
collected in 3.g~ sodium curate (9 volumes blood to I volume curate) to de
termine the activated partial thromboplastin time lAm) and the plasma fibri
ogen concentration. Am (Dade) was measured on a fibrinometer (Clotex I
Hyland) and fibrinogen was indirectly determined with an Automated Coag
lauon Laboratory (Instrumentation Laboratories). The template bleeding ti
was measured as described (25).

The in vitro aggregation response to platelets before. 10 min and 24 and 4
after treatment with MA-16N7C2 was measured turbidimetrically in a Monit
IV Plus aggregometer (Helena Laboratories). The method has been fully
scribed elsewhere (29). The aggregation response, measured at 4 min followi
addition of ADP (20 IlM) or collagen (0.05 gii). was related to the difference
light transmission between platelet-rich and platelet-poor plasma and expres
as a percentage.

The number of GPIIblllla recepters occupied by MA·16N7C2 was cal
lated as described above. Platelet-rich plasma was incubated with near satu
ing levels of 11!I1-MA-16N7C2 and the number of radiolabelled mol
bound per platelet determined,



The number of recepters occupied b~ the monoelorul antibody was finally
obtained by -ubiracung the number of labelled molecule- bound 10 the plarelets
aha mfu-ion of annbody from that obmned he:fore Infu'ulO

Stausurol analvsis. Student's lesllI",o-uilcOl "'3.' U'<Ó III IN for difleren-
ces when rhe data were normally distnbured. Dau 10 lhe: 1nl are ~I\en a., the
mean: SD.

Results

/. Dose-finding Studies

Preliminary studies indicated that MA·16\7C did not bind to
platelets or inhibit platelet aggregation when platelet» from dogs. cats.
pigs. rabbits. rats. hamsters. mice or guinea pigs were used. Platelets
from baboons on the other hand clearly did bind and were inhibited by
the antibody. We therefore used this species to evaluate the in vivo
potential of the antibody.

First a dose finding study was done. the results of which are repre-
sented in Fig. I. In the initial experiment a bolus injection of I mg/kg
MA-16N7C2 was given. in the second and third. consecutive doses at
one hour intervals were administered. Following these injections. the
studies on the baboons were continued until bleeding times returned
into the normal range.

I.v. administration of MA-16N7C2 had profound. dose-dependent
and long-lasting effects on bleeding times and platelet aggregability,
Full recovery from the total dosage of 0.4 mg/kg. 0.5 mg/kg and
I mg/kg required about 90 h. with some dose-dependent variation.
Platelet counts never dropped below ISO.(XlO/lll. An overall significant
correlation was found between the number of remaining binding sites
and the extent of aggregation induced by ADP (r = 0.85: p <0.001).
collagen (r = 0.74; P <0.001) and the bleeding times (r = -{l.83;
p <0.001). However. normalization of bleeding times and collagen-
induced aggregation was faster following 0,4 mg/kg than following
I mg/kg MA-16N7C2 administration. despite parallel recovery of
remaining binding sites.
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Based on estimations of 65 ml blood volume/kg. 15CJ,of the platelets
being sequestered in the spleen (29) and the detenninations of platelet
count and number of remaining binding sites in pre- and I h post-injec-
tion samples, one can calculate that 77, 75. 63. 66. 69, -lO and 4N: of
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injected antibody became bound to the platelets when 0.05. 0.1. 0.2 .
. 0.3,0.4,0.5 and 1.0 mg/kg MA-16N7C was administered respective-
ly. This apparent saturation of platelet receptors was reflecied in the
peak plasma levels of murine antibodies measured I h after injection:
low to undetectable plasma levels of murine antibody persisted until
platelet binding sites were nearly saturated. at which point the plasma
levels increased significantly.

2. Thrombosis Studies

120

Platelet deposition. Platelet deposition onto the thrombogenic
device is shown in Fig. 2. In the control studies. platelets were rapidly
deposited. After two hours of exposure of the flowing blood to the
thrombogenic surface. 3.34 ± 0.34. 109 platelets were deposited. Treat-
ment with 0.3 mg/kg MA-16N7C2 virtually abolished deposition on
the day of treatment and the antibody still resulted in marked inhibition
after 24 and 48 h (Fig 2A). After 24 h. deposition was still inhibited by
approximately 8Wc vs control after two hours of placement of the
thrombogenic device. The corresponding inhibition after 48 h was 71lj'(.
Treatment with 0.1 mg/kg antibody was not as effective as treatment
with 0.3 mg/kg (Fig. 2B). On the day of treatment. deposition was
inhibited by approximately 31'* 2 h following placement of the device.
The corresponding inhibition after 24 h was approximately 14CJc.

Platelet receptor occupation. Ten minutes following a bolus infu-
sion of 0.3 mg/kg of MA-16N7C2. approximately MCk of the
GPlIblIlIa receptors were occupied by the antibody (Fig. 3). Occupa-
tion decreased almost linearly. reaching a value of approximately 16CJc
72 h after treatment. Extrapolation of the decrease of receptor occupa-
tion suggested that the antibody remained platelet bound for up to 61 h
after injection. Treatment with 0.1 mg/kg MA-16N7C2 blocked
approximately 41 CJo of the GPIIblIlIa receptors 10 min after injection.
The decrease that followed also fitted a linear function best. and the
estimate of antibody bound to the platelet was approximately 41 h.

Bleeding time and ex \'i\'o platelet aggregation. The bleeding
time was lengthened ten minutes following injection of 0.3 mg/kg
MA-16N7C. but returned to normal values 24 h later (Table I).

MA-16N7C2 inhibited the ex vivo aggregation of platelets in
response to ADP and collagen and these effects were dose-dependent
(Table I). The inhibitory effect also lasted for some time following
injection. i. e. in the case of the high dose. normal aggregation was
obtained approximately 72 h following treatment. In the case of the low
dose. the aggregation response returned to normal 24 h following treat-

Table J Bleeding time and the ex vivo platelet aggregation response before
and following treatment with 16N7C2 (ND = not done)

Measurement oese r....

Pr. 15"." 24 hour1 48 hour1 12 """'.

Bleeding (line (/Tlln) 0.3 mg/kg 2.0.2 20.7 5. 1 4 • 1 3 .0.5

lJ. VIVO platelet aggregauon re-sponse

ADP 0.3 mg/kg 100 0 52. 10 83 • 11 100

(20 IMI 0.1 mg/kg 100 75. 16 100 NO NO

Collagen 0.3 mg/kg 100 21 t 0.2 52 t 11 74 t 17 100

(0.05 gil) 0.1 mg/kg lOO 68 t 19 lOO NO NO
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ment. The estimated half-life of inhibition of ADP-induced aggregation
by 0.3 mg/kg antibody was approximately 12 h. The corresponding
half-life of inhibition of collagen-induced aggregation was approxi-
mately 10 h.

Platelet count. The changes in platelet count as a result of the place-
ment of thrombogenic devices and between placements are given in
Fig. 4. In all studies. the platelet count decreased as a result of place-
ment of devices irrespective of the presence of the antibody. The
decrease ranged from Il to 22%. The platelet count between place-
ments of devices dropped reaching a minimum 48 h after antibody
administration.

Coagulation measurements. Neither treatment with MA-16N7C2
nor placement of the thrombogenic devices affected the Am or
plasma concentration of fibrinogen markedly.

Discussion

In this study. we assessed the in vivo activity of the first described
anti-GPllbfllla monoclonal antibody with an echtstatin-like RGD-
peptide containing sequence (2~) in baboons. The initial pan of the
study was done to determine the effects of different intravenous doses
of MA-16N7C~ on GPllbfllla-receptor occupation. bleeding time and
the ex vivo aggregation of platelets in response to ADP and collagen. In
the second part. the anti thrombotic potential of'MA-16N7C2 was
assessed in a baboon model of platelet-dependent arterial-type throm-
bus formation.

Intravenous infusion of MA-16N7C~ caused a dose-dependent
lengthening of the bleeding time and inhibition of ex vim platelet ag-
gregation. \I hich took several days to recover. Pla.,ma levels of murine
monoelorul antibodies only started to increase \I hen 6()t;t to 701k of
available GPllbfllla-receptors were occupied. confirming a high affini-
ty of the antibody for its target (22). In addition. the disappearance of
MA-16N7C2 from the plasma preceded normalisation of the bleeding
time. return of platelet aggregability and recovery of the number of
binding sites on the platelet membrane.

The relationship between the number of GPllblllla recepters avail-
able after treatment with MA-16N7C2 and the inhibition of ex vivo
platelet aggregation is in agreement with results obtained upon admin-
istration of 7E3. another anti-GPllbflIla antibody. to humans (16):
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. when approximately 70C;cof recepters are occupied. ex vivo platelet ag-
gregation in response to ADP is abolished. 30~0,;c receptor occupancy
results in an attenuated aggregation. whereas blocking 15-25'7c of the
receptors did not affect aggregation.

As was observed with other anti-GPIIblllla antibodies. such :IS 7E3.
U-CP-8 and AP-2 when infused in humans or baboons (12. 14. 31 I.
we also here could observe that bleeding times normalised before ADP-
induced platelet aggregation. This implies that detection of an abnormal
ex vivo aggregation response not necessarily predicts abnormal platelet
haemostatic function in vi \'0 (12).

A bolus infusion of MA-16i\7C2 inhibited platelet-dependent
thrombus formation in a dose- and time-dependent manner. Maximurn
inhibition was observed on the day of injection of 0.3 mg/kg
MA-16N7C2. Following this dose. platelet deposition was still
markedly inhibited 48 h later. Similarly. when U-CP-8 and AP-2 were
studied in a comparable model. platelet deposition was markedly in-
hibited shortly after treatment and returned progressively to control
values over the next 48 h (12. 27.31). However. in the case of these an-
tibodies. much larger doses were required to obtain equivalent effects.
The effect of MA-16N7C2 therefore seems to be more powerful and
longer lasting than that of the above mentioned antibodies.

In the dose-finding studies. administration of MA-16N7C2 caused a
decrease of about 60% in the blood platelet count. which reached a
nadir after approximately 48 h. The decrease in platelet number due to
the placement of the thrombogenic device in untreated animals. was
also found in the animals that received MA-16N7C2. This is in contrast
with results obtained when baboons were treated with a thromboxane
receptor blocker (BAY U3405. 27). a thrombin inhibitor (D-Phe-Pro-
Arg chloromethylketone, 32, 33). a factor Xa inhibitor (rTAP, 34) and
more particularly with other monoclonal anti-GPIlblllla antibodies
(12). The reason for this discrepancy is at present unclear. The de-
crease in the platelet number strongly suggests that platelets were con-
sumed by the thrombogenic surface. However. in view of the relatively
few platelets that were deposited. especially on the day of infusion
of 0.3 mg/kg. one must conclude that the turnover rate of deposited
platelets was high.

In contrast to other studies using anti-GPllbfllla antibodies. we
here could relate differences in platelet function to receptor occupation.
The decrease in receptor occupation following the bolus injection fitted
a linear function best. and extrapolation of these curves suggest that
MA-16N7C2 remained platelet bound for between 41 and 61 h. Furt-
hermore, the differences in inhibition of platelet deposition following
0.3 and 0.1 mg/kg administration in relation to GPllblllla receptor
occupation are noteworthy. For example. on the day of injection of
0.1 mg/kg approximately 41'1- of recepters were occupied with
MA-16N7C2, which resulted in about 3]1K inhibition of platelet
deposition. In contrast, 48 h following injection of 0.3 mg/kg. receptor
occupation was approximately 31'1-. while platelet deposition was
inhibited by about 71%.

The reason for this difference in inhibition at similar levels of re-
ceptor occupation is not clear. A possible explanation may well be the
interchange between extra- (50-80'1-) and intraplatelet (40--20'KJ pools
of GPIIblIIIa (18,19) and uptake of anti-GPllblllla antibodies and
desintegrins into the intraplatelet pool (20. 21 J. With the high dose of
MA-16N7C2, initially up to 65% of the external recepters were occu-
pied. Over an extended time period. e. g. 48 h. these receptors can
interchange with unoccupied internal recepters. Since receptor occupa-
tion was measured on unstimulated platelets, only the surface exposed
GPIIbIIIIa are detected. However, when platelets become activated
during thrombus formation, the intracellular pool of GPllblllla is
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expresssed on the surface (35, 36). In the case of a high dose of anti-
body and after an extended period. the GPIIblIIIa receptors are to some
extent blocked and thus unable to contribute to platelet deposition.

When on the other hand only 0.1 mg/kg MA-16N7C2 was given and
thrombus formation is measured shortly thereafter. i.e. before signifi-
cant GPIIblIIIa cycling can occur. an unaffected. functionally active
pool of internal recepters became exposed. As a result. a larger throm-
bus formed. This assumption is further strengthened by the difference
in recovery patterns obtained following infusion of I and 0.4 mg/kg
MA-16N7C2: the number of free available GPlIblIIIa-receptors
recovered in parallel. whereas normalisation of the bleeding time,
collagen-induced aggregation. and to a lesser extent ADP-induced
aggregation was faster following a dose of 0.4 mg/kg than after a dose
of Img/kg.

An alternative hypothesis is that platelet a-granules may become
loaded with antibody. which then would be secreted upon platelet
activation. in a manner comparable to the normal mechanism of fibrin-
ogen uptake and secretion. This hypothesis is strengthened by obser-
vation that transfusion of platelet concentrates from dogs 48 hafter
treatment with an i. v, bolus injection of 0.8 mg/kg 7E3-Fab. to un-
treated dogs. stili prevented occlusion of an everted (inside out) carotid
arterial segment that had been inserted in a transsecred femoral artery
(37).

In conclusion. our results con finned the anti thrombotic action of an
anti-GPlIblIlIa monoclonal antibody. We could also show that a puta-
tive "loading" of internal GPlIblIlIa receptors can result in a higher
than expected anti thrombotic action. Whether the same holds true for
smaller GPIIblIIIa antagonists awaits further study.
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Antithrombotlc Effect of Platelet Glycoprotein Ib-Blocking
Monoclonal Antibody Fab Fragments

in Nonhuman Primates
Nancy Cauwenberghs, Muriel Meiring, Stephan Vauterin, Veronika van Wyk, Seb Lamprecht.

Jan P. Roodt. Levente Novák, Jolan Harsfalvi, Hans Deckmyn. Harry F. Kotzé

/1bstraet-Platelet adhesion in arterial blood flow is mainly supported by the platelet receptor glycoprotein (GP) lb. which
interacts with von Willebrand factor (v\Vf) that is bound [0 collagen at the site of vessel wall injury. Antibody 6B4 is
a monoelonul antibody (:Y1oAb) raised against purified human GPlb. :Y1oAb 6B4 inhibits both ristoeerin- and
botroeenn-induced. vWF-dependent human platelet agglutination. :Y1oAb 6B4 funherrnore blocks shear-induced
adhesion of human platelets to collagen I. We studied the antithrombotic effect of this inhibitory murine :Y1oAb 6B4 in
a baboon model of arterial thrombosis. When injected into baboons. intact IgG and its Ff ab), fragments caused almost
immediate thrombocytopenia, whereas injection of the Fab fragments alone did not. Fab fragments were subsequently
used to investigate their in vivo effect on platelet deposition onto a thrombogenic device, consisting of collagen-rich,
glutaraldehyde-fixed bovine pericardium 10.6 crrr'j, at a wall shear rate ranging from 700 to 1000 S-I. Baboons were
either pretreared with Fabs to study the effect of inhibition on platelet adhesion or treated 6 minutes after placement of
the thrombogenic device to investigate the effect on interplatelet cohesion. Pretreatment of the animals with bolus doses
ranging from 80 to 640 J.Lg/kg Fab fragments significantly reduced 'lIln-labeled platelet deposition onto the collagen
surface by =439~ to 65%. Only the highest dose caused a significant prolongation (doubling) of the bleeding time. Ex
vivo ristoeenn-induced platelet agglutination was equally reduced. Treatment with a bolus of IlO J.Lg/kg Fab fragments
after a thrombus W:lS allowed to form for 6 minutes had no effect on further platelet deposition. We therefore conclude
that Fub tragruerns or derivatives of inhibitory anti-GPlb antibodies may be useful compounds to prevent thrombosis.
iArtericscler Thromb Vase Bioi. 2000:20: 1347-1353.)

Key Words: platelet adhesion D platelet aggregation III thrombosis Cl glycoprotein Ib 0 monoelorial antibodies

B lood platclets. through the proccxs,», of adhesion. actio
vation. shape change, the relcase renetion. and aggregu-

lion. form the lirsl lint: of deleuse when blood vessels are
damaged. Platclcis form a hernostruie plug al the Sill' of injury
10 prevent excessive blood loss. Extensive platelet activation.
11OWe\·~r. may overcome the normal throruborcgulatory
rncchanisrns iha: limit the size of the hernosunie plug. The
pt.uclcis then become major prorhrorubouc ortenders predis-
posing lO vaso-occlusive disease.' :

Plaldt:l adhcxion is regarded ;L~ the lrigger for hcmostasis
and thrombosis. When subendothelial wll;l!:!en is exposed at
the site of vessel injury. circulating von Willcbrand factor
(\'WI-"\ hinds to it and. under the influence (If arterial blood
tlow. undergoes a confcrmational change enabling il 10 hind
to its receptor. glycoprotein (GP) Ih. 1111 the platelet mem-
hrane.' As a result. motion of the plald':I" on the collagen
sunnee is decreased. which may then he foll'l\\ed hy firm
adhesion mediated by other collagen reccprors.: After the

initial adhesion. platelets will aggregate, an interaction that is
assured through the binding of GPllb-lIla complexes with
multivalent ligands, in particular. vWF 'UlO fibrinogen." TIlt!
platelet GPlb receptor is thus important for iniliating a
thrombus at the site of the exposed lesion. Abnormalities in
GPlb_ as seen in Bernard-Soulier syndrome. result in defi-
cient platelet attachment to a site of vascular injury and a
predisposition to clinical bleeding."

Lately. much effort has been directed to develop antibodies
and peptides that can block the binding of the adhesive
proteins to GPllb-IUa_ and many of these arc being tesled in
clinical trials.' ......On the other hand. the development of
compounds that interfere with the vWF-GPlh axis has lagged
behind. Only a few in vivo studies that investigated the
effects of inhibition of platelet adhesion on thrornbogenesis
are described. They include the use of anti-vWF rnonoclonal
antibodies (Mo Abs), 111-12 GPlb-binding snake venom pro-
teins like echicetin'? and crotalin. I. aurintricarboxylic acid
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that binds 10 vWF.'5 and rccombinant vWF fragments like
VCL.1h-1K all of which inhibit vWF-GPlb interaction. All of
these studies showed the potential feasibility of antithrom-
boric therapy based on inhibition of the GPlb-vWFaxis.

A number of potent. inhibitory anti-GPlb antibodies have
been produced and were extensively tested with respect to their
in vitro effect under both static (platelet agglutination. vWF
binding) and flow conditions. I" We are aware of only :2 success-
ful in vivo studies on guinea pigs. in which Ftab'), fragments of
PG-I. a monoclonal ami-guinea pig GPlb antibody. were
uSOO.cll.21These fragments were shown to significantly prolong
the time to arterial microvascular graft thrombosis without
prolonging the bleeding time." In another guinea pig model. the
frugrnerns could effectively reduce thrombus formation on a
laser-induced injury." However this PG-I antibody is specific
for guinea pig platelets and does not cross-react with human
plutclets. Part of this rather surprising lack of in vivo studies is
due to the low cross-reactivity of the anti-human GPlb MoAbs
with platelets from commonly used laboratory animals. This
situation necessitates the use of nonhuman primates us experi-
mental animals. However. even then. attempts to perform in vivo
studies arc hampered because injection of the anti-Gf'lb MnAbs.
as well as the snake venom protein echieerin that reacts with
GPlb. invariably causes severe thrombocytopenia.I'v'v-" cJ

Wt! have studied the antithrornbotic efficacy of a novel
murine MoAb. 684 (lgG I). raised against human platelet
GPlb. in in vitro lUH.! in vivo studies. In vitro. 68-1 and its
Frub'). and Fab fragments all potently inhibited the hinding
of vWF to human GPlb under both static and now conditions.
and they also hound 10 haboon platelets. In the in vivo studies
in which 684 was injected into baboons. the intact MoAb
caused immediate and severe thrombocytopenia: injection of
its F(ah'): fragments resulted in a moderate decrease in
platelet count. whereas the Fab fragments did nOL have a
major effect on platelet count. Furthermore. the Fah trag-
rncms were studied in a baboon model of platelet-dependent
arterial thrombosis. Platelet deposition 01110 collagen-rich
bovine pericardium was inhibited when the fragments were
injected into the baboons before a thrombus was generated.
On the other hand. when the Fab fragments were injected
after a thrombus was allowed to form, no inhibition of further
thrombosis was observed.

Methods
Preparation and Purification of Intact :\loAb 6B4,
Ftab' ho and Fab Fragments
The antibody used in these studies. 684 ï subtype I!!GII. ,\ a munne
:'.l11Ah raised against purified human GPlb. GPlb wa' punfied fmm
outdated platelet concentrates collected by rhe Belgian Red Cros, in
Leuven, Belgium. according la the method described by W,.:!;, and
Clcmerson.> BAlB/c mice were irnmururcd by mtrapcruoncal
injection with the purified GPlb. Murine aruibodiev were prepared by
conventional hybriderria technology as previously described." and
generared hybridorna cells were screened for amibody production in
an ELISA by usmg purified GPlb. Hybridoma cells producing
anti-GPlb Mo Abs were grown and subsequently injected into
pristane-prirned BALB!c mice. After 10 Jays ascites !luid was
collected. The IgG was extracted from the ascites by using protein
A-Sepharose Cl-4B (Phannacia), These antibodies were screened
for inhibition of ristoeerin-induced human platelet aggregation as
described below. Mo Ab 6B4 IgG totally abolishes both the
ristueerin- and the botroeerin-induced aggregation of human plate-
let-rich plasma (PRP).

To prepare Ft ab"). fragments. \10Ab 684 was dialyzcd overnight
against a O.l mollL citrate buffer (pH .3.5). The aruibodv was
digested by incubation with pepsin (Sigma Chemical Co: 'I part
pepsin to :WO pans .\10Ab) for I hour at 37°C. Digcsuon was stopped
by adding I volume of a I mollL Tris-HCI buffer (pH 9) to 10
volumes of antibody solution .

Monovalent Fab fragments were prepared hy papain digestion. A
1:10 (vol/vol) solution of I mollL phosphate buffer (pH 7.3) wa,
added to the antibody. Papain (Sigma) wa, aJJeJ al a ratio of I
volume papain to 25 volumes of the phosphate buffer containing the
MoAb. 10 mmoilL L-cysleine-HCI (Sigma). and 15 mrnol/l, EDTA.
After incubation for 3 hours at .n°c. digcsuon was SIOppe'J by
adding freshly prepared iodoacctarnide solurien (Sigma) to a final
concentration of 30 rnrnol/l.. which was then kepi in the dark al room
temperature for .30 minutes,

Both F(ab'): and Fab fragments were further purified from
contaminating intact IgG and Fe fragments by u~ing prolein
A-Sepharose. The purified fragments were finally dialyzcd against
PBS. The purity of the fragments was Jelennined hy SOS-poly-
acrylamide gel electrophoresis. and the prorein concentration was
measured by using bicinchoninic acid prolein assay reagent ,\
(Pierce Chemical CO).

Further Antibody Characterization
MoAb 684 binds to a (Hisl-VaI2!!91 rccornbinant GPlbll' (rGPlbll'l
fragment expressed by Chinese hamster ovary e.:lIs."· indiearing that
its epilope is localized within the arnino-tcrrrunul region of GPlbll'.
MoAb 684 Fabs were fun her lCSh:J for inhibition of ristoeerin- and
botroeenn-induced binding of \'WF to the rGPlbll' fragment by
ELlSA.!7 Microtiter plales were coated with :'\ ,ug/ml \10Ah 2D4
for 4g hours al 4°C. MoAb 204. an anti-GPlb :'I.1oAh Ihal we
produced. hinds 10 the rGPlha fragment hut does not hlock vWf
binding. Xonabsorbed sires were blocked with -'Ik skimmed milk.
whereafter the plales were washed with Tris-bulfercd saline contain-
ing O.l '71: Tween 20. Purified rGPlbn' fragments were immobilized
on MoAb 204 by incubaung 2 ,ug/mL rGPlbll' for 2 hours al .l7°C_
After being washed with Tris-buttercd saline- Twecn 20. increasing
concentrations of 684 Fab fragment' diluted in Tris-butfcred saline-
Tween 20 were added. followed hy 1.25 or 0.6 }.Lg/mL purified
human v\VF. respectively. when risroeenn noo ,u!!/ml) or borrocc-
tin ({l.5 }.Lg/mL) was used as a modulator. Binding of \"Wr was
dererrnined by incubating rhe resulting mixture for I hour with
horseradivh pcroxidase-cconjucutcd polvelonul anli-v\Vf antibody
(Dako). diluted 113000 in Tris-bulfcrcd saline-Tween 20. The color
reaction. slopped by addition of 4 rnol/l, H,SO,. was gencrmed with
o-phenylent:Jiamine (Sigma). Rivtoeerin was supplied hy abp, und
purified \'WF was purchased fmm the Red Cross, Belgium. The
punficarion of botroecrin from crude Hutlirop» jararnc« venurn
(Sigma) was performed as previously described. :.'

The effect of 684 Fab on shear-induced platelet adhesion to
collagen was rested in a Sakcriassen-rype parallcl-plate flow charn-
ber at shear rates of 650. I JO(l. und 2tiOO s' as previously
devcribed.?" Human collagen rype I (Sigma) was dis solved in
50 mmoVL acetic acid (I rng/rnl.). dialyzed I'm 41< hour-, aguinst
PBS. subsequently sprayed onto plastic Therrnanox coverstips. and
stored al room temperature overnight before use. Twelve milliliters
of blood umicoagutared with low-molecular-weight heparin (25
U/ml: Clexane, Rhóne-Poulenc Rorer) was preincubared with tiB4
Fab fragrnerus al J7°C for :'\ minutes. This was then used II) perfuse
the collagen-coated coverstips. After 5 minutes of perfusion. lhe
plarelets were fixed with methanol and the coverstips stained with
May-GriinwaldlGiemsa. Platelet adhesion (percent of total surface
covered with platelers) was evaluated with a lighr microscope
connected 10 an image analyzcr. An average of 30 fields per
coverslip were analyzed. Platelet adhesion was expressed as percent
maximal platelet adhesion obtained in the absence nf inhibitor.

Animal Studies
Normal male baboons (Papil! ursinus) were used. The animals
weighed between LO and 15 kg and were disease-free for al least 6
weeks before the experiments. All procedures were approved by the
Ethics Commillee for Animal Experimentation of the Lniversity of
the Free State in accordance with the Xationat Code for Animal Lse
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in Research. Education. Diag novis and Testing of Drugs and Related
Substances in South Africa.

The baboons had permanent polytetrafluoroethylene (Teflonj-
silicone rubber (Silastic) urtcriovcnous shunts implanted in the
femoral vessels ..''' Blood now through the shunts varied between 100
and I~O mL/min. resulting in wall shear rates between 700 and 1000
s ", which compares well with the shear rates found in medium-size
arteries.:" Handling of the baboons was achieved through anesthesie
with ketamine hydrochloride ï = 10 mg/kg 1.\1; Anaket-V. Centaur
Laboratory).

Study Protocol
To test the effect of the \10Ab on platelet count. 6B4. its f(ab');
fragments. or its Fab fragments were administered to 3 different
baboons. The plasma volume was calculated by assuming a blood
volume of 65 mUkg body mass and correcting for the hernatocrit."
Platelet-dependent arteriul thrombus formation was induced by using
bovine pericardium CO.6 cm: fixed in buffered gluraraldebyde i? The
pericardium was built into the wall of Silastic tubing (3-mm inside
diameter). The method of preparation of the thrombogenic device
has been described in detail;" except that fixed bovine pericardium
was used instead of Dacron vascular graft material. In each experi-
ment. a thrombogenic device prefilled with saline to avoid a
blood-air inrerfuce was incorporated as an extension segment into the
permanent arteriovenous shunt by means of Teflon connecrors.:"
Two approaches were followed lO determine the effect of 6B4 Fab
fragments on platelet adhesion and interplatelet cohesion onto the
collagen of the bovine pericardium.

Dose-Response Effect of 6B4 Fab Fragments Oil Platelet
Adhesion and Deposition
Seven baboons were used in the first studies: in lotal IJ perfusion
cxperirncrus were performed. In the first 5 cxpcrirncrus (3 baboons).
a thrombogenic device wax placed to delermine the deposition of
plarelcts (see the seclion below on graft imaging and quanrificauon
of platelet deposition). After 30 minutes. the device was removed
and blood flow through the permanent aneriovenous shunt reestab-
li,hed. Fifteen minutes after removal of the device. each baboon was
treated with a bolus of 80 ,ug/kg 6B4 Fah fragments (in 2 mL saline I.
and l:i minutes utter treatment. a second rhrornhogenic device was
placed for JO minutes to determine the effect of the Fab tragmcnrs on
rhrombcgcnesis. The device was again removed and blood now
rhrouph the permanent shunt c-rablished. This step wa, followed by
a veeund bolus injection of Fab fragments nw ,ug/kgl 10 attain a
cumulative dose of 160 fLg/kg. After IS minutes. 3 third thmmbo-
ge:ni.: device was placed for 30 minutes and platelet deposition wus
rneu-urcd. In .t other experiments (2 baboons). the same study
protocol was used. except 2 doses of J:!O ,ug/kg were administered.
Sham vtudicv were done in.t other cxperirncrus I::!baboonsj. In these
vtudicv, the same prolocolof placement of thrombogenic devices was
totlowcd. bUI the baboons were not treated with Fab Iragrnerus.

Effect of AI/ti-GNb 6B4 Fragments on
Interplatelet Cohesion
In a veeund series of 12 experiments. ti haboonv were used. In all
haho,In'. a rhrcrnbogcruc device wa' placed for 2~ rmnurcv. In ti
expcnrnerns (3 baboons). the baboons received a boluv mjecuon of
I-'ab Ira)!ments of 110 fLglkg. The frugmerus were injected ti rrunutes
aucr placernent of the thrombogenic device to allow enough platetcts
tu he depo-ned to cover the collagen surface. In the other ft
e xpcnrncms () baboons). the baboons did not receive any Fab
fragm.:nts.

In both approaches. blood was colleered at different time: points 10

determine platelet count and bemaroerit CEDTAl. circulating and
platctct-uvsociated radioactivity. the cx vivo aggregation of platelets
in response 10 ristoceun, and the plasma concernrauons of Fab
tragrncn« (see the section on laboratory measurerncmv). The time
points at which the blood was collected are given in the figures.

Graft Imaging and Quantification of
Platelet Deposition
Autologous blood plateleis were labeled with "Tn-rropotone." and
imaging and quantification of the deposition of the '''In-labcled
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platelets were done as described in detail.v-" In brief, image
acquisiiion of the grafts, including proximal and distal Silasric
segments. WJ.~ done with a large-field-of-view scintillation camera
fitted with a high-resolution collimator. The images were stored on
and analvzed with a Medical Data Systems A' computer (Mcdtronic)
interfac;d with the scintillation camera. Dynamic 2-minule image
acquisition was started simultaneously with the start of blood now
through the devices. A 2-minute image (128 X 128-byte mode) of a
3-mL autologous blood sample collected in EDT A was also acquired
each time that the grafts were irnaged to determine circulating blood
radioactivity (blood standard). A region of interest of the grafl
segment was selected to determine the deposited and circulating
radioactivity in each of the dynamic images. Radioactivity in a
region of similar size in the proximal segment of the extension tubing
was determined and subtracted from the radioactivity in the grJfl
region to calculate deposited radioactivity. Platelet deposition was
expressed as the total number of platelets deposited. The method to
calculate this has been described in detail.>'

Laboratory Measurements
Receptor Binding Studies
6B4. its Ftab), fragments. or Fab fragments were labcled with :\.1':.11
(Amersham) by using the Iodo-Gen method ..'" lcdo-Gen was pur-
chased from Pierce. Baboon PRP. adjusted with autologous plasma
to a count of LOO 000 platelets!,uL. was incubated with different
concentrations of iodinated 6B4. Ftab'), fragments. or Fab fragments
for 15 minutes at room temperature. The mixture was layered onto
20'k· sucrose buffer (wt/vol) containing 0.1'70 (wt/vol) BSA and
centrifuged for 4 minutes at 10 OOOg in Eppendorf tubes. The top
fluid. including the plasma. was removed and the pellets were
counted in a gamma counter. Binding studies were performed in
duplicate on the PRP of 2 baboons.

III Vitro and Ex Vivo Platelet Aggregation
The aggregation of platelets in response to ristoeerin (ABP) was done
on 10 mL of blood collected in I mL of 3.~% trisodium curare. PRP
was prepared by differential centrifugation-" and the platelet count
adjusted to ~OO 000 plateletsl,uL with autologous plasma. The
aggregurion response was measured in a Monitor IV Plus aggrc-
gometer (Helena Laboratories) and recorded for :i minutes. The
percent aggregation at 5 minutes was calculated as the difference in
light transmission between PRP and platelet-poor plasma.

In in vitro studies. the PRP was preincubaicd for 5 minutes with
serial dilutions of intact IgG 6B4. Hab'); fragments. or Fab frag-
ments before aggregation was initiated. Inhibition of aggregation
was calculated from the difference in the aggregation response of
platelets without and with antibody or fragments. In the ex vivo
determinarions. inhibition was calculated from the difference in the
aggregation response of platelets before and after treatment of the
baboons.

Plasma levels of 684 Fab fragments were measured with a
sandwich ELISA. In brief. microtiter plates were coated overnight at
.t°C with 5 ,ug/mL polyclonal goat anti-mouse IgG (Sigma). After
unoccupied binding sites were blocked with BSA. serial dilutions of
baboon plasma were added to the wells and incubated for 2 hours .
Bound 6B.t Fab fragments were detected by using goat ami-mouse
IgG (Fab-specific) conjugated to peroxidase (Sigma) and developed
by using II-phenylenediamine as described above. Standard curves
were constructed by adding known amounts of tiB4 Fab fragments to
baboon plasma,

Bleeding Time
The bleeding time was determined by using the Simplate II device
(Organon Teknika) according to the instrucuons of the manufacturer.
The volar surface of the forearm of the baboons was shaved. and a
pressure cuff was applied and inflated to 40 mm Hg.

Statistical Analysis
Student's , test for paired data was used to test for statistically
sicnificant differences. Data given in the text are rncan z Sf, Prob-
ability values <0.05 were considered statistically significant.
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Figure 1. Semilog plots showing inhibitory effect of anti-GPlb
6B4 Fab fragments on ristocetin- (0.3 mg/ml, A) or botrocetin-
(0.5 ).Lg/ml. B) induced vWF binding to an rGPlba (His1-
VaI289)-fragment. The rGPlba fragment (2 ).Lg/ml) was immobi-
lized on MoAb 204 (5 ).Lg/ml) coated onto microtiter plates.
vWF (1.25 or 0.6 ).Lg/ml, respectively, when binding was
induced by ristocetin or botrocetin) was added together with
increasing concentrations of 6B4 Fab fragments. vWF binding
was detected. Data are mean c Sê (n=3). OD inoicates optical
density.

Results
In Vitro Effect of 6B4 Fab Fragments on
Human Platelets
Mo Ah 68-l Fah fragments blocked the ristoecrin- (I rng/rul.)
and botroecrin- (0.5 ,ug/mL) induced human platelet aggluti-
nation. with an IC~, of 1.2=':0.3 ,uglmL (2-l:'::6 nrnol/L) and
2.0:::0.5 ,ug/mL (-lO::: 10 nmol/L), respectively. For the intact
68..t IgG. these values were 0.3 ,uglmL (2.0 nrnol/L) and 0.8
,ug/mL (5.3 nrnol/Li, respectively. 68..t binds to an epuope
localized on the amino-terminal pan (Hisl-VaI289) of
GPlha. TIle inability of 6B4 to bind to denatured GPlb during
Western blotting (not shown) strongly suggests that this
antibody hinds 10 a conformation-sensitive epuope on GPlba.
The 684 Fah fragments dose-dependently inhibited both the
ristoecrin- (300 ,uglmL) and botroecrin- !O.5 ,uglmLl induced
binding of \WF to the (1-289) rGPlba fragment (figure I).
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Figure 2. Effect of anti-GPlb 6B4 Fab fragments on shear-
Induced adhesion of human platelets to human collagen
I-coated coverslips. Blood was perfused at a constant shear
rate of 650 so' (0, n=2), 1300 so, (0, n=3), and 2600 so, (t.,
n= 3) for 5 minutes. Data are mean = SO and are expressed as
percent of maximal platelet adhesion relative to control value in
the absence of 6B4 Fab (35%, 33%, and 29%, respectively, at
650, 1300 and 2600 s- ').
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Figure 3. Semilog binding curves of anti-GPlb '251-6B4 IgG (0),
'251-F(ab'h (0), and '251-Fab fragments (t.) to baboon platelets in
plasma. Data are mean of duplicate measurements in PRP from
2 baboons.

with an IC~IIof 1.8 ,ug/mL (36 nmol/Lï and 2.5 ,ug/mL (50
nrnol/L). respeen vely.

TIle 6B..t Fab fragments inhibited platelet adhesion to
human collagen type I in a concentration-dependent manner
at shear rates of 650. 1300 .• ind 2600 s' (Figure 2). with a
50'7e reduction of surface coverage obtained at a eoncentra-
tion of 3.5 ,Llg/mL (70 nmol/L). l.l ,Llg/mL (22 nmol/L), mld
.0.5 ,Llg/mL (10 nmol/L). respectively.

In Vitro Effect of :vnoAb 6B4 and lts F(ab' hand
Fab Fragments on Baboon Platelets
Binding of the antibody and its fragments to baboon platelets
was dose dependent and saturable. llalf saturation (KD~') W'L"
obtained with -l.7 nmol/L for 68-l IgG. 6.4 nmol/L for
F(ab'):. and 49.2 nmol/L for Fab (Figure 3). At saturating
concentrations. ristocetin-induced aggregation was corn-
pletcly abolished (Figure 4). TIle IC~, or platelet aggregation
was obtained at 4.5 nmol/L. 7.7 nmol/L. and ..to nruol/L for
6B4 IgG. Fïub'}, and Fab fragments. respectively.

Effect of Injection of 'JoAb 6B4. F(ab'h, and Fab
Fragments on Peripheral Platelet Count in Baboon s
In 1 baboon. 100 ,Llglkg intact antibody caused a profound
decrease in the blood platelet count «JoxIO"/L) within 10
minutes after injection. After 48 hours. the platelet count was
still < 100X 1O'/L. When 100 ,Llglkg 68..t (-'(ah'), fragments
was injected into 2 baboons. the platelet count decreased
rapidly to between 120 and 150X 10·/L. ie, hy =60'7r. hut
then reached preiufusion values withill 2-l hours. Finally.
when 80 to 320 ,Llg/kg of the monovalent 6134 Fah fragments
wa.s injected. the platelet count (45 minutes after injection)
decreased by only== IOrle 10 20'k and hy only 26'!r when 640

1 10 100
684 (nmollL)

Figure 4. Semilog plot showing effect of anti-GPlb 6B4 IgG (0).
F(ab'h (0). and Fab fragments (.0.) on ristocetin-induced baboon
platelet aggregation. Data. expressed as percent inhibition, are
mean of duplicate measurements in PRP from 2 baboons.
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Platelet Counts, Plasma Levels of 6B4 Fab Fragments, Ex Vivo Rlstocetln-Induced Platelet Agglutination,
and Bleeding Times After 6B4 Fab Administration

Platelet Counts
Plasma Levels.

% Decrease ;Lg/mLTime. minDose. ",g/kg

n~S

0

80

160

n=4

0

320

640

% Inhibition of Ex Vivo
Ristocetin-lnduced (1.5 mg/mL)

Platelet Agglutination
Bleeding
TImes. s

ND inoicates not determined. Administration of 80-640 ",g/kg 6B4 Fab fragments to baboons was performed. Values are given
as mean-::SE.

Statistical comparisons were made by Student's f test for paired sample groups: "P<O.OS.

Pre 307:: 32

90 272:: 22

150 248::19

270 315::31

Pre 283:: 23

90 219::10

150 210::13

270 238:: 20

24 h 236:: 13

o
11

19

o
23

26

16

17

,ug/kg was injected (the Table). On the basis of this result. the
ól3~ Fub fragments were used for further studies.

Effect of Different Doses of :\-'oAb 6B4 Fab
Fragments on Platelet Deposition
Platelet adhesion and deposition onto thrombogenic devices
sequcruially placed 30 minutes apart are surnmurizcd in
Figure 5. In the sham studies (Figure 5A). placement of the
previous graft had no significant effect on platelet deposition
that tonned on subsequent grafts.

In the treatment studies (Figure :iB). dosages of 80 and 160
,ug/kg (1 X))O ,ug/kg 6134 Fah) significamly inhibited platelet
deposition in comparison with control by =43'iC and 53'k_

-SP==.,;t-.""..., ~r;:;-';;=~;o""",.~,J;:\i?;=*',,,:-'"t~
t
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Figure 5. Platelet deposition onto 3 thrombogenic devices con-
taining bovine pericardium placed consecutively at times 0 (Ci».
60~ .• ). and 120 (A,V) minutes for 30 minutes (top shaded
bars). A, Sham experiments (n=4). B, After injection of 0 (e)
(n = 9). 80 (11). and 160 (.6.) ",g/kg 684 Fab fragments (n= 5) or
320 (0) and 640 (V) ",g/kg (n=4). Values are given as
mean::SE.

0.07=0.03 0 190::20

1.72=0.14 26=9 160::33

4.84=0.56 47::12" 250:: 45

0.45=0.09 8=3 ND

0.02=0.01 0 232::42

9.13=0.48 25=21 340::63

15.35= 1.38 80=9" 405:: 45"

1.19=0.09 15=9 ND

0.04=0.01 7=3 ND

respectively. Doses of 320 and 640 ,ug/kg (2X 320 ,ug/kg 6B~
Fab) significantly reduced platelet deposition hy 56'7c ,U1d
65o/c. respecti vel y .

Plasma levels of 6B4 Fab fragments and inhibition of ex
vivo agglutination determined on samples obtained 45 min-
utes or 2 hours after administration changed in both a dose-
and time-dependent manner (the Table). Ex vivo risioccrin-
induced platelet aggregation was significantly inhibited at
doses of 160 and 640 ,ug/kg. Both risteecrin-induced platelet
aggregation and plasma values returned to bascline within -'
hours after antibody injection.

Bleeding times determined in the treatment studies before
and 45 minutes after injection of 80 [0 320 ,ug/kg 6B4 Fab
fragrnerus were not significantly prolonged. Only a dose (If
640 ,ug/kg significantly prolonged the bleeding time.

Effect of 684 Fab Fragments on
Interplatelet Cohesion
Treatment of the baboons with 110 ,uglkg 6B4 Fah did not
affect platelet deposition when the animals were injected after
a thrombus was allowed to form for an initial 6 minutes
{Figure 61.

Discussion
The initial step in platelet adhesion consists of vWF binding
to GPlb. We investigated the effect of inhibiting this inter-
action on platelet function both in vitro and in vivo. A murine
Mo/vb, 6B4, that binds [0 a conformational epirepe in the
amino-terminal part of GPlba was used. The antibody and its
fragments potently inhibited the binding of vWF to an
rGPlba fragment (Hisl-Val289) and dose-dependently in-
hibited vWF-dependent human platelet agglutination. The
intact antibody and its fragments also dose-dependently
inhibited human platelet adhesion to type I collagen in a flow
chamber at wall shear rates of 650, 1300. and 2600 s - I, This
inhibition was shear dependent, ie, more pronounced at
higher shear.

Of interest was the finding that 684 did not react with
platelets from dogs. hamsters, pigs. or guinea pigs hut did
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Figure 6. Influence of late treatment of baboons with 684 Fab
fragments on platelet deposition. The thrombogenic device was
placed at time 0 and platelet deposition determined for 24 min-
utes (top shaded bar). After 6 minutes (arrow). animals were
either left untreated (0) or treated with a bolus of 110 (0) lig/kg
684 Fab fragments (n=6). Values are given as meanz Sê.

bind to baboon platelets with much the same characteristics
as to human platelets. As a result. baboons were used for in
vivo and ex vivo studies. Both the intact antibody as well as
its F(ab'), fragments caused immediate thrombocytopenia.
similar to what. was seen when other anti-GPlb MoAbs were
injected into different experimental animals.IIl.22.:!J On the
other hand. the Fab fractions had only a moderate effect on
the blood platelet count. and we therefore decided to use the
Fah fractions to assess the antithrornbotic effect of 6B4 in a
baboon model of arterial thrombosis."! TIle glutaraldehyde-
fixed bovine pericardium was highly thrombogenic: after 30
minutes of exposure to native flowing blood. =3X 10" plate-
lets deposited on the area of 0.6 cm'. In similar studies. only
=O.7X 10· platelets accumulated in 30 minutes on Dacron
vascular graft material (0.9 crrr) ..1\ It is therefore also not
surprising that a number of control thrombogenic devices be-
came occluded before 30 minutes of exposure to flowing blood.

Treatment of baboons with 6B4 Fab fragments inhibited
platelet deposition on the thrombogenic devices by 439c to
65'7t:. TIle observed effect must be ascribed to the effect of the
antibody. because sequential placement of thrombogenic
devices in untreated baboons caused no decreased deposition.
1\0 complete inhibition of platelet deposition was observed.
even at high doses.

It is possible that this incomplete inhibition was due to the
medium shear rates (700 to 1000 so') used in this study. In
general. in now chambers a more effective inhibition with
vWF-GPlb inhibitors is obtained at higher shear rates.'I.IL'"
which we also demonstrated here by finding a more pro-
nouneed effect of 6B4 on platelet adhesion to collagen when
a higher shear was applied in a flow chamber: also. in vivo an
arterial thrombus was more readily prevented than a venous
one." This implies that inhibition of GPlb would result
especially in arterial effects. which in addition could result in
less bleeding risk.

The doses used indeed caused a significant reduction in
thrombus size without apparently increasing the risk of
bleeding since bleeding time was only mildly prolonged at
the highest dose. This finding supports data obtained with
other GPlb-vWF-blocking agents (VCL. anti-vWF MoAb
AJvW-:2) that lengthened the bleeding time only moderate-
ly.\I.\:!·\7.," This finding is important and might provide a
major advantage in the development of anti thrombotic agents

compared with GPllb-llla antagonists. like ReoPro.\? On the
other hand. the GPlb-\'WF interaction in contrast to the
GPUb-llla-fibrinogen interaction is the ultimate first step in
platelet adhesion under fast blood flow. Because binding of
vWF to GPlb also activates plaielets.v-" it is reasonable to
assume that by inhibiting \'WF-GPlb binding. fewer platelets
will be activated. The smaller thrombus that finally forms
may therefore be a consequence of both fewer platelets that
adhere to collagen and less platelet aggregation. TIlUS. where
GPUb-llla blockers mainly prevent platelet aggregation. in-
terruption at an earlier stage by a GPlb blocker is expected
not only to limit the platelet plug that is formed but also to
reduce additional platelet-dependent effects. such as granule
release. thought to play a role in the development of ancrio-
sclerosis and restenosis."!"

TIlere are also indications that the Grlb-IX- V complex is
involved in platelet-platelet interactions. Ruggeri et al""
recently reported that blocking the GPlh-vWF interaction.
after platelets from PPACK-anticoagulated blood had ad-
hered to bovine collagen in vitro for 100 seconds at 1500 s-'.
prevented further thrombus growth measured after another
740 seconds, even at low shear rates that do not normally
initiate \'WF-dependent platelet adhesion. To test this concept
in vi \'0. we perfomled a second series of studies to investigate
the role of GPlb in platelet-platelet interactions at intermedi-
ate shear rates. A thrombogenic device was placed as un
extension segment in the permanent arteriovenous shunt and
exposed to native flowing blood. After 6 minutes the baboons
were treated with the Fab fractions of 6B4. We postulated that
a 6-minute exposure (number of platelets deposited was
=0.6X lO") was sufficient to allow ample coverage of the
pericardium with adhering platelets. Inhibition of platelet
deposition due to treatment. when compared with shrun
studies. would therefore reflect inhibition of plureler- platelet
interactions. Because no such effect was seen. it strongly
suggested that GPlb does not play a major role in in \'iv.o
platelet-platelet interactions under the conditions used in this
stud".

In conclusion. we have reported on the first anti-human
GPlb antibody that can be used successfully to prevent
platelet adhesion and thrombus formation in vivo. thereby
confirrnina the predominant role of GPlh tIl platelet adhesion
in vivo. Our studies. however. do not SUppOI1the hypothesis
that GPlb also plays a part in platelet-platelet interactions in
vivo. On the basis of our results on bleeding times and the
inhibition of thrornbogenesis. we propose that tbc Fab frag-
ments or derivatives of the anti-GPlb MoAh 6B4 may be
useful compounds in preventing arterial thrombosis in those
patients in whom thrombosis is expected. ie, af~cr ~'ascular
engrnftment, endarterectomy. or balloon caihererizauon.
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DOSE-DEPENDENT INHmITION OF ACUTE ARTERIAL THROMBOSIS BY
MONOCWNAL ANTIBODY (16N7C2) IN A BABOON MODEL

P.N. Badenhorst, H.F. Kotzé, S. Lamprecht, M. Meiring, V. van Wyk
and H. Deckmyn'

Department of Haematology
University of the Orange Free State, Bloemfontein, South Africa
'Center for Thrombosis and Vascular Research
University of Leuven, Belgium

iNTRODUCTION

The pivotal role that blood platelets play in haemostasis and thrombosis caused a
keen interest in the development of specific inhibitors of platelet function. The platelet
glycoprotein (GP)IIblIlla receptor complex for fibrinogen is a particularly attractive
target for therapeutic intervention, since it is the exclusive mediator of platelet
aggregation. There are about 50,000 GPllb/ma receptors on the surface of normal
platelets. When they are reduced to about 10,000 there is a marked decrease in platelet
aggregation, a mildly prolonged bleeding time and abolition of in vivo thrombus
formation'. 16N7C2, a murine monoclonal antibody against human platelets, was
developed at the Center for Thrombosis and Vascular Research at the University of
Leuven. Preliminary studies showed that it blocks the GPIIb/Illa receptors of human
and baboon platelets, but that it has no effect on cat, dog, pig, rabbit, rat, hamster,
mouse and guinea-pig platelets. We therefore decided to evaluate the in vivo potential
of this monoclonal antibody in baboons.

METHODS

Thrombosis Model

We measured lllIn-platelet deposition onto vascular grafts in a model of acute
arterial thrombosis in baboons as previously described2

• A piece of Dacron vascular
graft material (0.5 cm') was inserted as an extension segment in a permanent femoral
arterio-venous shunt in a baboon and platelet accumulation dynamically imaged with a

scintillation camera .

(\
RadiolabeledBlood EIe_lW. Ediled by J, Manin-Comin
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Experimental Protocol
•

On the first day of the experiment the baboon's platelet were labelled with l l Iln-
tropolone and reinjected as described'. The thrombogenic device was inserted and
platelet deposition imaged for two hours. The thrombogenic device was then removed
and blood-flow re-established. On the second day the monoclonal antibody was
injected, the thrombogenic device inserted 15 minutes later and imaged for two hours
after which it was removed and blood-flow re-established. The latter procedure was
repeated for the next two days.

A dose of 0.3 mg/Kg of antibody was administered to seven baboons and a dose
of 0.1 mg/Kg to six baboons.

Quantification of GP nh/ma Receptor Occupation

The number of receptors occupied by the monoclonal antibody was estimated as
described'. Platelet-rich plasma was incubated with a near saturating dose of 1251-
16N7C2 and the number of radiolabelled molecules bound per platelet determined. The
number of receptors occupied by the monoclonal antibody was estimated by subtracting
the number of molecules of 1251-16N7C2 bound to the platelets after 16N7C2 infusion
from that obtained before 16N7C2 infusion.

Other Tests

The following routine coagulation tests were performed: repeated platelet counts;
a template bleeding time; platelet aggregation studies with ADP and collagen; a
prothrombin time and an activated partial thromboplastin time.

RESULTS

Platelet Deposition on the Thrombogenic Surface

A bolus injection of 0.3 mg/Kg of 16N7C2 virtually abolished platelet deposition
on the thrombogenic surface on the first day. Platelet deposition was still inhibited by
± 79 % after 24 hours and ± 65 % after 48 hours (Fig. la). Injection of 0.1 mg/Kg
of the antibody inhibited platelet deposition by ±42 % on the day of injection and by
± 28 % after 24 hours (Fig. 1b).

Receptor Occupation

Injection of 0.3 mg/Kg of 16N7C2 blocked ± 64 % of the GPIIb/illa recepters
10 minutes after injection (Fig. 2). Receptor occupation then decreased in a linear
fashion over the next few days. With the 0.1 mg/Kg dosage, ± 42 % of the receptors
were blocked after 10 minutes, 28 % after 24 hours and 10 % after 48 hours.

Platelet Agg,regatloo

16N7C2 also affected the platelet aggregation response to ADP and collagen.
Injection of 0.3 mg/Kg totally inhibited platelet aggregation induced by ADP.
Thereafter there was a steady increase in aggregation that returned to normal by the
third day. Collagen induced aggregation was markdly decreased but not totally
~lished on the first day. Otherwise the pattern was similar to that found with the
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ADP induced aggregation. The injection of 0.1 mg/Kg of the monoclonal antibody only
marginally inhibited platelet aggregation (Fig. 3b) "

Coagulation Tests

The bleeding time was only prolonged (20 minutes) on the first day after injection
of 0.3 mg/Kg 16N7C2, but returned to normal levels (5 min) by the second day.

The platelet count did not drop following the injection of 16N7C2, nor did it have
any effect on the routine coagulation tests.
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F"agure 1. lbe effects of a bolus injection of 0.3 mglKg ODd0.1 mglKg of 16N7C2 ODplatelet deposition
on a thrombogenic surface are illustrated. lbe top curve in eacb grapb shows platelet depositiODover a 2
bour period before eacb treatment. A dosage of 0.3 mg of antibody abolished platelet deposition ODthe
first day. Platelet deposition was still inhibited by 79 ~ after 24 bours and 65 ~ after 48 boura (a). A
dosage of 0.1 mglKg resulted in 8 42 ~ reduction in platelet deposition on the first day and 28 " nftt:r
24 boura (b).
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Figure 2. Receptor occupation was measured 10 min after injection of 0.3 mglKg of 16N7C2 and theo
daily for 3 days. Initially 64 ~ of receptors were blocked. It theo decreased in 8 linear fashion over tho
Dext few days. .~r
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Figure 3. The platelet aggregation responses to 10 !£M ADP and 0.05 gil collagen are shown for both
the 0.3 mglKg BOd 0.1 mglKg dosages of 16N7C2. The higher dose inhibited platelet aggregation
dramatically on the first day. Thereafter there was a steady return to normal by day 2. The effect of 0.1
mglKg of the monoclooal antibody was less pronounced but followed a similar pattern.

DiSCUSSION

Glycoprotein Ilb/Illa is a two-chain, calcium dependent platelet surface molecule.
Its Ilb subunit contains the fibrinogen gamma-chain binding region and the amino
globular head of the ma subunit contains the RGD-binding region. Sequence analysis
of the monoclonal antibody 16N7C2, revealed an RGD-sequence in the hypervariabie
region of the heavy chain that is probably responsible for antibody binding.

The aim was to reduce the number of functional GPnb/ma receptors to a level
that would allow an adequate antithrombotic effect without the danger of a bleeding
tendency. We calculated that this could be achieved by a dose of 0.3 mg/Kg of the
monoclonal antibody to occupy approximately 70 % of the nb/ma recepters. The
measured receptor occupancy after injection of 0.3 mg/Kg of 16N7C2 was 64 %, but it
was sufficient to abolish platelet deposition on the thrombogenic surface. This dosage
of l6N7C2 produced a long term antithrombotic effect with about 6S " of platelet
inhibition after 48 hours (Fig la). Receptor occupancy decreased in a linear fashion
over days and corresponded with the platelet survival of S days in the baboon. This
could indicate that the increase in unblocked receptors is caused by an influx of new

platelets from the bone marrow
No adverse effects were encountered: The platelet count did not fall, blood

coagulation was not effected, and the bleeding time was only moderately prolonged on

the first day.
Although these experiments with l6N7C2 are promising, at least two factors

regarding the. use of monoclonal antibodies to GPnb/Illa as antithrombotic agents have
to be considered. First, there is the question of immunogenicity. We are dealing with a
mouse antibody that has the potential to elicit an immune response in man. Although
only two out of 16 patients showed an immune response in the Phase 1 study with the
7E3 monoclonal antibody'. repeat therapy remains a problem. Attempts are being made
to modify monoclonal antibodies in such a way that they lose their immunogenicity .
Secondly, it must be remembered that GPllblllIa belongs to the super-family of
integrin receptors. There is a high homology between the different integrins and one
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can anticipate some cross-reactivity to develop which could either have a beneficial or
harmful effect. This is certainly an aspect that has to be investigated.

These experiments confirmed the usefulness of lllIn-labelled platelets and the
baboon model to evaluate antithrombotic agents in vivo. They also showed that
16N7C2 is an effective antithrombotic agent with a long term effect in this model of
arterial thrombosis. 16N7C2 seems to block the Ilb/Illa receptors permanently because
the increase of unblocked receptors over time corresponded with the influx of new
platelets into the circulation. Although monoclonal antibodies to GPnblllIa are
excellent research tools, much more development is needed before they can be
successfully introduced as antithrombotic agents in clinical medicine.
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onds) was started and maintained for 4 hours. Platelet depo-
sition was interrupted during treatment. After infusion was
stopped, platelets accumulated again, but not as much as in
the untreated animals. Maximum platelet deposition, 0.70/.±
0.2% of injected labeled platelets, was significantly less (P
< .01), and was reached after approximately 23 hours. There-
after, deposition decreased to 0.4% ± 0.2% at 53 hours. The
shunts in all of the untreated animals occluded at some
stage during the study, while only one shunt occluded in
the treated animals. We conclude that 4 hours of treatment
of a freshly formed thrombus with a full antithrombotic dose
of r-hirudin markedly reduced the maximum thrombus size
and the rate of initial platelet deposition after treatment was
stopped. This approach could produce lasting benefits in
certain clinical settings.
© 1995 by The American Society of Hematology.
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A Four-Hour Infusion of Recombinant Hirudin Results in Long-Term

Inhibition of Arterial-Type Thrombosis in Baboons

By H.F. Kotzé, S. Lamprecht. and P.N. Badenhorst

Intravenous recombinant (r)-hirudin has a potent antithrom-
botic effect in aspirin- and heparin-resistant platelet-depen-
dent thrombus formation in baboon models. However, these
thrombi reform when therapy is stopped after 60 minutes.
To determine if 4 hours of therapy can produce a lasting
antithrombotic effect, we investigated the extent of deposi-
tion of "'In-Iabeled platelets onto 0.S-cm2 segments of Da-
cron vascular grafts for 53 hours. These grafts had been
incorporated into exteriorized permanent femoral arteriove-
nous shunts in baboons. Platelet deposition in eight un-
treated animals was generally sigmiodal. Maximum platelet
deposition, 1.7% ± 0.9% of injected labeled platelets, was
reached after approximately 4 hours. Deposition then gradu-
ally decreased to 0.4% ± 0.2% of injected labeled platelets
after 53 hours. After a thrombus was allowed to form for 15
minutes in six animals, intravenous treatment with r-hirudin
at a dose of 20 nmol (0.14 mg)/kg-min-' (aPTT >300 sec-

THROMBIN PLAYS A pivotal role in thrombosis and
hemostasis. It amplifies the thrombotic process by acti-

vation of platelets and coagulation factors V and VUl. It
also stabilizes and enlarges the thrombotic mass by cleavage
of fibrinogen and activation of factor XIII. Fibrin-bound
thrombin mediates platelet recruitment into existing thrombi
and promotes further activation of coagulation.!" When com-
plexed to recombinant (r)-hirudin, thrombin loses its effects
on platelets and coagulation, and thrombosis cannot pro-
ceed.':" Therefore, it is not surprising that r-hirudin, in high
enough dosages, interrupts platelet-dependent arterial-type
thrombosis."!' Although the studies clearly show that r-hiru-
din inhibits acute arterial thrombosis. it is not clear what the
effect on thrombosis is after treatment was stopped. espe-
cially in view of its short half-life in plasma." In one study
where a native Dacron vascular graft (Bard Vascular Sys-
tems Division, Billireca. MA) was treated with D-Phe-Pro-
Arg chloromethyl ketone (PPACK), a specific thrombin
inhibitor with a similar effect on platelet deposition than
r-hirudin." platelet deposition proceeded at the same rate as
in the untreated studies after treatment was stopped and
reached approximately the same level of deposition after I
hour.' In another study where a IS-minute old thrombus was
treated with either r-hirudin or PPACK for I hour. platelets
deposited at a slower rate (v untreated studies) after treatment
was stopped and approximately 20% to 40% less platelets
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were deposited onto the thrombus during the following 3
hours when compared with the untreated animals. II

In this study, we investigated if 4 hours of treatment with
a full antithrombotic dose of r-hirudin may result in long-
term inhibition of platelet deposition after treatment was
stopped. This was done in a baboon model of arterial throm-
bus formation. I) The baboon was selected as the experimen-
tal model because of its similarity to humans with respect
to the molecular and cellular composition and function of
the hernostatic apparatus." Thrombogenic devices consisting
of Dacron vascular graft material were inserted as extension
segments into chronic femoral arteriovenous access
shunts.":" Systemic treatment with r-hirudin was started 15
minutes after the devices were placed and maintained for 4
hours. The devices were kept in place for up to 53 hours.
Thrombogenesis was assessed by measuring the deposition
of IIIIn-labeled platelets onto the thrombogenic device for
the first 6 hours after placement and then twice daily.

MATERIALSAND METHODS

Animals studied. Thirteen normal male baboons tPapio ursinus)
were used. The animals weighed 10 to 15 kg and were disease-free
for at least 6 weeks before use. All procedures were approved by
the Institutional Ethics Comminee for Animal Experimentation in
accordance with Federal Guidelines (Guide for the Care and Use of
Laboratory Animals, Public Health Service National Institutes of
Health publication number 85-23. 1985). The baboons supported
pennanent Teflon-Silastic arteriovenous (AV) shunts (Ven Products,
Johannesburg, South Africa) implanted in the femoral vessels. IJ

These shunts do not detectably shorten platelet survival or produce
measurable platelet activation.P''? In addition, we used normal ba-
boons without AV shunts to measure the mean platelet life span.

Study protocol. A thrombus was generated using uncrimped.
knitted Dacron vascular graft material (0.5 cm') that was built into
the wall of silicone rubber tubing (4 mm inside diameter). The
method to construct the thrombogenic device is described in detail."
In each experiment, a thrombogenic device, prefilled with saline to
avoid a blood-air interface, was incorporated as an extension seg-
ment into the permanent AV shunt by means of Teflon connectors. IJ

The devices were kept in place for 53 hours in both the untreated
(n = 8) and treated (n = 6) baboons. Blood flow rate through the

Blood, Vol 85, No 11 (June 1', 1995: pp 3158-3163



r-HIRUDIN REDUCES POSTIREATMENT THROMBOSIS

device was 100 to 140 mUmin. producing wall shear rates similar
to that found in medium to large sized arteries." In the treatment
studies. r-huridin (Hoechst AG. Frankfurt and Behringwerke AG.
Marburg. Germany) was systematically infused at a rate of 20 nmol/
kg-min-I for 4 hours. Treatment was started 15 minutes after place-
ment of the thrombogenic device. The r-hirudin was dissolved in
saline and infused into the tubing of the AV shunt distal to the

thrombogenic device.
Graft imaging and quantification of platelet deposition. Autolo-

gous blood platelets were labeled with IIIIn-chloride as previously
described.n.ls Imaging and quantification of the deposition of IIIIn_
platelets were done as described in derail.":" Image acquisition of
the grafts. including proximal and distal silastic segments. was done
with a Searle Pho scintillation camera (Siemens Medical Division.
Hoffman Estates. n..) fined with a high-resolution collimator. The
images were stored and analyzed with a Medical Data Systems Al
computer (Medtronic. Ann Arbor. MI) interfaced with the camera.
Dynamic image acquisition. lO-minute images (128 x 128 byte
mode) for 6 hours. was started simultaneous with the start of blood
flow through the devices. Thereafter. a static image of 10 minutes
(128 x 128 byte mode) was acquired twice daily until the end of
the study. A lO-minute image (128 x 128 byte mode) of a 3 mL
autologous blood sample to determine circulating blood radioactivity
(blood standard) was also acquired each time the grafts were imaged.
A region of interest (1 x 1.5 cm) of the graft segment was selected
to determine the deposited and circulating radioactivity in each of
the dynamic and static images. Radioactivity in a region of similar
size of circulating radioactivity in the proximal segment of the exten-
sion tubing was determined and subtracted from the radioactivity in
the graft region to calculate deposited radioactivity. IIIIn-platelet
deposition was expressed in two ways. First. deposited graft radioac-
tivity was expressed as a percentage of total injected IlIlo-platelet
radioactivity. Total injected radioactivity was determined by imaging
the injectate for 10 minutes. Deposited graft radioactivity was appro-
priately corrected for physical decay of Illlo. Secondly. deposited
graft radioactivity was expressed as a percentage of IIllo-platelet
radioactivity in the circulation at the time of imaging. This was
determined from the count rate of the blood standard. corrected for
plasma IIIIn_radioactivity.ll The corrected count rate was multiplied

by the blood volume. estimated to be 65 ml.1Icg.
17

The disappearance of IIIIn-Iabeled platelets from the circulation
was also determined in four normal baboons. and the mean platelet
life span calculated. The method is described in detail."·

IB

LAboratory measurements. The times at which blood samples
were collected for the different determinations can be seen in the
Results section. The platelet count and hematocrit of blood samples
collected in 2 mg/mL disodium EDT A were determined using a
Technicon Hl blood cell analyzer (Miles Inc. Tarrytown. NY). The
same blood sample was used to correct whole blood radioactivity by
subtracting plasma radioactivity to calculate platelet radioactivity."
Blood was collected in 3.8% sodium citrate (9 vol blood to I vol
citrare) to determine activated partial thromboplastin time (aPTn.
thrombin time (IT) and the plasma r-hU\ldin concentration. aPTT
and TT were measured on a fibrinometer (OOleX II: Hyland Division.
Travenol Laboratories. Costa Mesa. CA) usmg reagents supplied by
the manufacturer. The plasma r-hirudin concentration was deter-

mined as described. I'
Statistical analysis. Student's r-test (two-tailed) for paired or

unpaired data was used to test for differences when the data were
normally distributed. If not. the Mann-Whitney U-test for nonpara-
metric data was used. Data in the text are given as the mean = SD.

RESULTS

Platelet count and platelet radioactivity. The mean
platelet count before the start of the study was 352 :!: 89 X
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l09/L in the untreated animals and 326 :!: 65 x l09/L in
the treated animals. The changes in platelet count following
placement of the thrombogenic devices are illustrated in Fig
lA. The largest decrease. 30% (median. range = 9% to 56%)
was observed in the untreated animals during the first 6 hours
after placement of the devices. The corresponding
in the treated animals. 9% {median. range = 0 to 19).
significantly less (P = .014. n = 14. Mann-Whitney
After 6 hours. the platelet count continued to decrease
both cases until the end of the study. This decrease
similar in the untreated and treated animals. ie, 8%
range = 2% to 40%) and 10% (median. range = 0%
25%), respectively (P = .844. n = 14. Mann-Whitney
test).

The disappearance curves of 1I1ln-platelet
from the circulation of normal baboons and in the
and treated baboons are shown in Fig lB. The disaPI:>earan
of labeled platelets from the circulation of both the
and treated animals was accelerated when compared
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that in the normal animals. We calculated the platelet sur-
vival time using the multiple hit model.20 The calculations
excluded the data points collected during the first 6 hours
of the study. The mean platelet life span (MPLS) of IlIln_
labeled platelets in the baboons without thrombogenic de-
vices was normal. 138 :!: 14 hours. ISThe MPLS in the un-
treated animals ranged from 17 to 80 hours (median. 60
hours). In the treated animals it ranged from 35 to 79 hours
(median. 55 hours). In both cases. it represented a shortening
in the MPLS of approximately 40% to 43% when compared
with the normal animals.

Thrombus formation. The results are illustrated in Fig
2A and B. Figurc;,.-2Arepresents the timeJradioactivity curves
where deposited radioactivity was expressed as a percentage
of total injected radioactivity. In the untreated animals, plate-
lets rapidly accumulated after the thrombogenic devices were
placed. Maximum deposition. 1.7% :!: 0.9% of injected la-
beled platelets. was reached approximat.ely 4 hours after
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placement of the devices. Thereafter. deposition gradually
decreased, reaching 0.4% :!: 0.2% of the injected labeled
platelets after 53 hours. Treatment with r-hirudin, started IS
minutes after the thrombogenic devices were placed (deposi-
tion = 0.3% :!: 0.1 % of injected radioactivity). interrupted
platelet deposition during the 4 hours of treatment. In fact,
it appears that deposited labeled platelets actually detached
from the thrombus during treatment. After treatment was
stopped, platelets were again deposited, but at a much slower
rate. and to a much lesser extent than in the untreated studies.
Maximum deposition, 0.7% :!: 0.2% of injected labeled
platelets, was reached after approximately 23 hours. Maxi-
mum deposition was approximately 59% less than in the
untreated animals. Thereafter, deposition gradually de-
creased almost in parallel to that observed in the untreated
studies. At the end of the study 0.4% :!: 0.2% of the injected
labeled platelets were deposited.

The results in Fig 2B represent the deposition curves when
deposited radioactivity was expressed as a percentage of
total circulating radioactivity at the time each image was
acquired. By expressing the results in this way, one can
relate the extent of deposited platelet radioactivity to the
circulating radioactivity at the time of imaging. In the un-
treated animals. the ratio remained relatively constant after
a maximum was reached. It does appear that platelets are stiU
being deposited during the first 20 to 25 hours. Thereafter,
deposited radioactivity decreased almost in parallel with cir-
culating radioactivity, ie, the relationship remained constant.
In the case of the treated animals. maximum deposition was
reached approximately 23 hours after the devices were
placed. Thereafter. the ratio remained relatively constant in-
dicating that deposited radioactivity decreased in parallel
with circulating radioactivity.

Coagulation. Figure 3A summarizes the changes in the
plasma concentration of r-hirudin, When infusion was
stopped. the plasma levels decreased rapidly to approxi-
mately 15% of the maximum plasma concentration 2 hours
after treatment was stopped. Figure 3B summarizes the
changes in aP1T in the experimental animals over the first
6 hours of the study. Ten minutes after treatment was started.
the aP1T was longer than 300 seconds. This was maintained
by the infusion. When infusion was stopped after 4 hours.
the aP1T shortened. but did not return to pretreatment values
(Table I). There was a slight prolongation in the aP1T (sig-
nificantly longer at 21 hours) in the untreated animals. The
TT remained slightly prolonged for up to 30 hours in the
treated animals (Table 1).

60

DISCUSSION

In the untreated animals platelets were rapidly deposited
after the thrombogenic devices were placed and maximum
deposition was reached after approximately 3.5 hours. There-
after. thrombus-associated platelet radioactivity decreased
towards the end of the study (Fig 2A). Sigmoidal deposition
was also obtained in patients with aorta aneurysms and Da-
cron vascular grafts implanted for up to 10 years/l.lJ al-
though maximum deposition was reached at a later stage."
This indicates that a fresh thrombus is typically more robust
than an older. stabilized one. After maximum deposition was
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reached. thrombus radioactivity decreased almost in parallel
with circulating radioactivity (Fig 2B). This strongly sup-
ports the hypothesis that a dynamic equilibrium exists be-
tween deposited and circulating platelets. and that the rate
of thrombus formation and dissolution is equivalent. It is
unlikely that the loss of radioactivity from the thrombus was
due to elution of JJ J In from deposited platelets. because JJ J In
does not elute from labeled platelets when they are aggre-

gated in vitro, or, when they are incubated at 37°C for 24
hours in plasma.24.23

Thrombus formation was effectively il1!£nupted during
the 4 hours of treatment of the IS-minute old thrombus (Fig
2). This is consistent with the view that r-hirudin blocks the
activity of thrornbin on platelets and coagulation."!" It also
confirms the findings that r-hirudin interrupts platelet-rich,
arterial-type thrombus formation induced by Dacron vascu-
lar graft material, collagen coated tubing, endarterectornized
aorta segments. and following angioplasty.v"

When treatment was stopped. platelets were again depos-
ited (Fig 1). However, the rate of deposition was much
slower and markedly less platelets were deposited than in
the untreated animals. It is notable that the short-term treat-
ment with r-hirudin reduced the maximum size of the throm-
bus by approximately 59% and that maximum deposition
was attained at a much later stage. Also important is the
finding that at 21 to 30 hours after placement of the devices,
the thrombi in both untreated and treated animals were of
equivalent size (Fig 2). This, and the fact that the disappear-
ance patterns of circulating and thrombus radioactivity in
both the treated and untreated animals were almost parallel
after maximum deposition was reached (Fig 2B), suggest
that the surface thrombogenicity was essentially the same
in the treated and untreated animals after 21 hours. The
comparable shortening of the MPLS in both groups (Fig 1B)
further supports the finding that surface thrombogenicity is
similar after 21 to 30 hours. A shortening in MPLS is gener-
ally regarded as a sensitive measure of in vivo platelet activa-
tion and increased consumption due to thrombosis.":"

Our results strongly suggest that the effect of r-hirudin on
thrombosis was transient. In spite of this. a long-term benefit
of a smaller thrombus and reduced initial thrombogenicity
«21 hours) was achieved. If acute thrombosis is indeed
robust, as is suggested by the deposition curves in the un-
treated animals. the early intervention of thrombosis could
produce a lasting benefit in certain clinical settings. This was
indeed the case where a 2-hour infusion of r-hirudin reduced
restenosis following balloon angioplasty of atherosclerotic
arteries in rabbits, possibly as a result of inhibition of plate-
let-dependent thrombus formation." These beneficial effects
were obtained when treatment was started before angi-
oplasty. In this study, we started treatment IS minutes after
the thrombogenic devices were placed. Therefore. we simu-
lated a situation where normal hemostasis should have been
achieved before treatment was started. This was done to

Table 1. Changes In aPTT and TT In the Untreated and r-Hirudin-Treated Animals

TImelh)

6 21 30 47 53

41 :!: 4· 39:!: 3 39:!: 3 41 :!: 8
168 :!: 33· 61 :!: 10· 56:!: 9· 50:!: 3· 50 :!: 3·

3D:!: 5 29:!: 2 31 :!: 5 3D:!: 2

>180 35:!: 4· 37 :!: 7· 28:!: 5 26 :!: 3

Measurement 0

aPIT (si Untreated 36:!: 5 40 :!: 3
Treated 39 :!: 3 >300

IT (51 Untreated 29:!: 2 30:!: 3
Treated 27:!: 1 >180

Values are given as a rneen z 1 SO.

• p < .05 v time O. Student's Hest for unpaired data.
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reduce the risk of excessive bleeding as a result of ineffective
hemostasis due to treatment. In view of our results, similar
beneficial results may be expected in the maintenance of
coronary artery patency following successful thrombolysis
or after vascular engrafunent, without adversely increasing
the risk of excessive blood loss.

The mechanism by which the lasting benefit was achieved
is unclear. It is unlikely that residual r-hirudin in plasma or,
r-hirudin in complex with circulating thrombin, played a
part. First, r-hirudin was rapidly removed from the plasma
(Fig lA), and secondly, the half-life of the effect of circulat-
ing r-hirudin on aPTf, approximately 47 minutes, was too
short to affect the time to reach maximum deposition. It is
possible that the characteristics of the thrombus surface
played a part. r-Hirudin forms a tight complex with thrombin
and can bind and inactivate thrombin bound to fibrin(ogen)
in a thrombus. 12.30.31 In complex with thrombin, r-hirudin
also inhibits the thrornbin-platelet reaction." These charac-
teristics may explain why platelet deposition was interrupted
during the treatment period. The long-term benefits with
respect to thrombus size may also relate to these inhibitory
functions of r-hirudin. It is possible that, because of its high
affinity for thrombin," the r-hirudin bound to thrombus-
associated thrombin may remain bound for relatively long
periods, even when no circulating r-hirudin is present. If this
is the case, recruitment of platelets to the thrombus can be
mediated by nonthrombin mechanisms like ADP or throrn-
boxane A/~ as r-hirudin does not affect the activity of these
agonists on platelet function." This can also explain the
slower rate of platelet uptake because these two platelet
agonists are not as potent as thrombin."

After the rapid shortening during the first 2 hours after
treatment was stopped (Fig 2B), the aPTf remained slightly,
but significantly longer than pretreatment times for the re-
mainder of the study (Table 1). It is possible that thrombin,
which forms as a result of thrombogenesis. activated protein
c.).< It was recently shown that infusion of low doses of
thrombin into baboons increases the plasma levels of acti-
vated protein C in a dose-dependent manner and that aPTf
lengthens accordingly." This may explain the slightly pro-
longed aPTf at later stages of the study. This mechanism
could also be responsible for the slower rate of platelet depo-
sition and the decrease in maximum thrombus size in the
treated animals. It was shown that activated protein C inhib-
its platelet-dependent thrombus forrnauon."

Our results indicated that a 4-hour interruption of platelet
deposition onto a freshly formed thrombus produced a last-
ing effect. After treatment was stopped. the rate of platelet
deposition was much slower than in the untreated animals.
the size of the thrombus was markedly reduced. and maxi-
mum deposition was reached at a much later stage. AV shunt
patency was also affected. In the treated animals. only one
shunt occluded in comparison with all the shunts in the
untreated animals. These benefits were achieved despite the
finding that the effect of r-hirudin was transient. and that
after 21 to 30 hours. the thrombogenicity of the thrombus
surfaces were similar in the treated and untreated animals.
Our approach to start treatment after normal hernostasis had
been achieved was justified and may be applied in certain

K01ZÉ. LAMPRECHT. AND BADENHORST

clinical settings to reduce the risk of bleeding. This approach
may be used to reduce restenosis after balloon angioplasty.
to improve vascular graft patency after implantation. and to
maintain coronary artery patency after successful fibrinoly-
sis.
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ABSTRACT: Recombinant hirudin, a potent and direct inhibitor ofthrombin, effectively
inhibits platelet-dependent thrombosis. Our aim was to establish the plasma concen-
tration at which r-hirudin expresses its optimal antithrombotic effect. We measured the
extent of inhibition of Illln-labeled platelet deposition onto 0.6 cm2 segments of Dacron
vascular grafts. These grafts were incorporated as extension segments into exteriorized
permanent femoral arteriovenous shunts in baboons. In six control studies a mean of
1.99 ± 0.26 x 109 platelets were deposited at the end of 120 min. In the treatment
studies, a thrombus was allowed to form for 10 min in six animals. Treatment for 30
min with r-hirudin at dosages of 140, 70, and 35 ug/kg/min, but not 14 ug/kg/rnin, dose
dependently interrupted platelet deposition. The relationship between the percent in-
hibition of platelet deposition caused by r-hirudin and the plasma concentration of
hirudin was exponential (i.e., % Inhibition = 95(1-eO.23 M Ir.hirudinl) (R2 = 0.76). From
this, we estimated that 50% inhibition of platelet deposition will occur at a plasma
concentration of approximately 3.3 IJ.gr-hirudinlmL and 80% at 8.1 lJ.g/mL. The rela-
. tionship between the inhibition of platelet deposition and the plasma concentration of
hirudin makes it possible to estimate the dose of hirudin that will result in a given level
of inhibition of platelet deposition. © 2000 Wiley-Liss, Inc. and the American Pharmaceutical
Association J Pharm Sci 89: 579-585, 2000

INTRODUCTION

Thrombin is pivotal in regulating the processes of
thrombus formation at sites of vascular injury
and on the surface of vascular graft material.
Thrombin is generally regarded as the most im-
portant in vivo regulator of platelet activation
and aggregation and it activates coagulation fac-
tors V and VIII to increase activation of pro-
thrombin. Thrombin also stabilizes the throm-
botic mass by cleavage of fibrinogen and activa-
tion of factor XIII. In addition, it regulates its own
formation through activation of protein C.1-4
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Journal of Pharmaceutical Sciences, Vol. 89, 579-585 (2000)
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Thrombin is also an important growth factor that
initiates the proliferation of smooth muscle cells
and, in addition, modulates the effects of other
growth factors." It is therefore not surprising that

..thrombin is one of the major targets for the de-
velopment of agents that can inhibit its function.

When complexed to hirudin, thrombin loses all
its prothrombic functions.ê"? As a result, hirudin
is being aggressively developed for clinical appli-
cations in man. Most of this development is based
on the anticoagulant effect of hirudin, i.e., its abil-
ity to inhibit venous-type thrombosis in which fi-
brinogen predominates and platelets play a lesser
role.8,9 There is also evidence that direct inhibi-
tion of thrombin or activated factor X inhibits ar-
terial-type thrombosis in which platelets pre-
dominate and fibrinogen plays li lesser role.10-13
These effects were observed in cases in which
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thrombogenesis is resistant to conventional treat-
ment with aspirin and heparin." However, the
dosages required to inhibit platelet deposition
also produced a corresponding impairment of he-
mostasis, 4which may increase the risk of a bleed-
ing tendency developing.P

In this study, we attempted to establish the
minimum dose of hirudin that will effectively in-
hibit platelet-dependent thrombogenesis under
arterial blood flow conditions. A baboon model of
arterial thrombosis was used because the molecu-
lar and cellular composition and function of the
hemostatic apparatus closely resembles that of
humans.14.15 Thrombogenic devices consisting of
Dacron vascular graft material were inserted as
extension segments into chronic arteriovenous
(AV) shunts. The animals were systemically
treated for 30 min with different dosages ofhiru-
din, starting 10 min after placement of the de-
vices. Platelet deposition, measured in real time
as the deposition of 111In-Iabeled platelets onto
the thrombogenic device- was assessed for 120
min.

MATERIALS AND METHODS
Animals Studied

Twelve normal male baboons iPapio ursinus)
were used. The animals weighed between 10 and
15 kg and were disease-free for at least 6 weeks
before use. All procedures were approved by the
Ethics Committee for Animal Experimentation of
the University of the Orange Free State in accor-
dance with the National Code for Animal Use in
Research, Education, Diagnosis and Testing of
Drugs and Related Substances in South Africa.
The baboons supported permanent Teflon-Silastic
AV shunts implanted in the femoral vessels.l"
These shunts neither shorten platelet survival
nor cause measurable platelet activation.14-16

Study Protocol

Platelet-dependent arterial-type thrombus for-
mation was induced with uncrimped, knitted Da-
cron vascular graft material W.6 cm2) that was
built into the wall ofsilicone rubber tubing (4 mm
inside diameter). The method of preparation of
the thrombogenic device is described in detailP
In each experiment, a thrombogenic device, pre-
filled with saline to avoid a blood-air interface,
was incorporated as an extension segment into
the permanent AV shunt by means of Teflon con-
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nectors.14,15 In six baboons, control studies were
done in which the devices were placed for 120
min. At the end of the study, the devices were
removed and blood flow through the permanent
shunt re-established. In six other animals with
platelet counts matching those of the control ba-
boons, treatment for 30 min with r-hirudin (Lepi-
rudin, Hoechst AGlBehringwerke AG, Frankfurt,
Germany) at dosages of 140 (20), 70 (10), 35 (5),
and 14 (2) !-Lg(nmoll/kg/min was started 10 min
after placement of the thrombogenic devices. The
devices were kept in place for a further 90 min
before removal, when after flow through the per-
manent shunts were reestablished. A washout pe-
riod of 24 h was allowed between treatments,
which were randomized to balance for possible
effects of residual hirudin. The hirudin was dis-
solved in saline and was infused into the tubing of
the A-V shunt distal to the thrombogenic device,
i.e., the treatments were systemic.
In all the studies, the starting blood flow rate

through the devices was 100-140 mUmin, pro-
ducing wall shear rates similar to that found in
medium- to large-sized arteries.P

Graft Imaging and Quantification of
Platelet Deposition

Autologous blood platelets were labeled with
l11In-tropolone as previously described. IS Imag-
ing and quantification of the deposition of lllIn_
platelets were done as described in detail.14•17 Im-
age acquisition of the grafts, including proximal
and distal Silastic segments, was done with a
Searle Pho scintillation camera fitted with a high-
resolution collimator. The images were stored on
and analyzed with a Medical Data Systems A3

computer (Medtronic, Ann Arbor, MI) interfaced
with the scintillation camera. Dynamic image
quisition, lO-min images (128 x 128 byte
for 2 h, was started simultaneously with the
of blood flow through the devices. A lO-min
(128 x 128 byte mode) of a 3-mL autologous
sample was also acquired each time that
grafts were imaged to determine circulating
radioactivity (blood standard). A region of
est of the graft segment was selected to detennin
the deposited and circulating radioactivity
each of the dynamic images. Radioactivity in
region of similar size of circulating rJ'll,,·,nJ'lI'T1VlT.

in the proximal segment of the extension
was determined and subtracted from the
tivity in the graft region to calculate depos
radioactivity. Platelet deposition was 0"'''''0.''''''
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as the total number of platelets deposited. The
method to calculate this is described in detail. 14

The percent inhibition caused by treatment was
calculated from the number of platelets deposited
at the end of treatment and the number of plate-
lets deposited at 40 min in control baboons. In
general, platelet deposition in the control baboons
reached a steady state at 40 min. The control ba-
boons were selected to have blood platelet counts
that matched that of the treated baboons. This
was done to eliminate the effect of differences in
platelet count on platelet deposition.i"

Laboratory Measurements .

The times at which blood samples were collected
for the different determinations can be seen in the
Results section. The platelet count and hemato-
crit of blood samples collected in 2 mg/mL disodi-
um EDTA were determined with a Technicon H2
blood cell analyzer (Bayer Diagnostics, Tarry-
town, NY). The same blood sample was used to
determine whole blood and plasma radioactivity.
Blood radioactivity was corrected by subtracting
plasma radioactivity to calculate platelet radioac-
tivity." The radioactivity in the different samples
was determined in a well-type scintillation
counter. Blood was also collected in 3.S% sodium
citrate (9 volumes blood to 1 volume citrate) to
determine the activated partial thromboplastin
time (aP'IT), the plasma levels of hirudin, and
thrombin-antithrombin III (TAT) complexes.
aPTT was measured on a fibrinometer (Cobas Fi-
bro, Hyland Division, Travenol Laboratories,
Costa Mesa, CA) using reagents supplied by the
manufacturer. Hirudin was determined using the
ecarin clotting assay'" and TAT complexes mea-
sured by an ELISA method (Enzygnost Com-
bipack, Behring, Marburg, Germany).

Analyses

Differences between means were tested using
Student's test (two-tailed) for paired data. A dif-
ference was regarded as significant if P was
<0.05. Values in the text are given as a mean ± 1
SD. To calculate the half-life of hirudin in plasma,
a one-phase exponential decay function CH =
ae'"), in which H = plasma concentration of hi-
rudin in ug/rnl, and t = time in minutes, was
fitted to the data. The half-life was calculated as
0.693/k.

RESULTS

The effect of hirudin on platelet deposition is
summarized in Figure 1. Treatment with 140, 70,
and 35, but not 14 j.Lg/kg/min hirudin, abolished
platelet deposition during infusion. At a dose of
35 ug/kg/min it took somewhat longer than with
the higher dosages for the inhibitory effect to be-
come apparent. After the treatment was stopped,
platelets started to deposit again after a lag pe-
riod. This lag phase was longest at the highest
dose of hirudin (Fig. I). The rate at which plate-
lets were deposited during the SO-min period after
treatments were stopped was 10 ± 6 x 106/min at
a dose of 140 ug/kg/min, 19 ± S x 106/min at a dose
of 70 ug/kg/min, 22 ± 7 x 106/min at a dose of 35
j.Lg/kg/min, and 22 ± 6 x 106/min at a dose of 14
ug/kg/min. In the control studies, the rate of
platelet deposition was 17 ± 6 x 106/min.

The relationship between the percent inhibi-
tion of platelet deposition and the plasma concen-
tration of hirudin at the end of the infusion period
is illustrated in Figure 2. It is best described by an
exponential association function

% Inhibition = 95(1 _ e-O.23 x [r.hirudin]) (1)

where n = 21 and R2 = 0.76. This relationship
implies that platelet deposition will be inhibited
by 50% at a plasma concentration of 3.3 ug/ml,
and by SO%at a concentration of S.l ug/ml..

In all studies, the half-life of hirudin was 20 ±
3 min. The small standard deviation from the
mean indicates that the half-life was not affected
by the dosage of hirudin used. The aPTI and
plasma levels of the TAT complexes are summa-
rized in Table I. TAT complexes remained low
during the infusion of hirudin, irrespective of the
dosage. After infusion was stopped, TAT com-
plexes formed during the following 70 min, and
the amount formed was inversely related to the
dosage used. TAT complexes increased approxi-
mately 40-fold in the control baboons.

DISCUSSION

A constant infusion of hirudin inhibited platelet
deposition onto the surface of a fresh thrombus in
a dose-dependent manner (Fig. I). The blood flow
rates, 120 to 140 mL/min, produce wall shear
rates of 400 to 470 S-I, similar to that found in
large- and medium-sized arteries.11,14 A throm-
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Figure 1. The effect of treatment with r-hirudin on platelet deposition. The solid bar
represents the time of infusion. Values are given as a mean ±1 SEM. (-- Control;
- - - -140 ug/kg/min; - - - 70 ug/kg/min; - - - 35 ug/kg/min; - - - - 14 p.g/kg/min).

bus was allowed to form before treatment was
started; we therefore investigated the effect of hi-
rudin on platelet-platelet interactions. Our re-
sults are similar to those in which treatment with
hirudin was started simultaneous with the place-
ment of Dacron vascular graft material, homolo-
gous endarterectomized aorta, and collagen-
coated tubing.P These data clearly show that hi-
rudin is an effective inhibitor of platelet-
dependent thrombogenesis, irrespective of the
nidus ofthrombogenesis. It is not clear whether
the inhibition of platelet deposition was due to
interruption of platelet deposition or whether a
steady state was achieved between platelet depo-
sition and dissolution of platelets from the throm-
bus, similar to the steady state that is achieved
when animals are not treated.l0.12.14 It is prob-
ably a combination of both mechanisms. In the
case of the latter, it is reasonable to assume that
the residence time of platelets in the thrombus
was short, possibly because the complexed throm-
bin is unable to convert fibrinogen into fibrin to
stabilize the forming thrombus. In support of this,
one must also bear in mind that platelets can also
be activated by nonthrombin rnechanisms+!" and
that these mechanisms in their own right can
cause thrombogenesis, although at a slower rate.
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The mechanism of inhibition of platelet depo-
sition by hirudin is unknown. It is known that
hirudin binds avidly to thrombin, whether it is
present in plasma or in the thrombus, and so in-
hibits all its effects on platelets and coagula-
tion.4.6.2o It is reasonable to assume that, in our
study, thrombin was generated during the first 10
min before treatment was started. We did not
measure TAT complexes as an indication of
thrombin generation, but have shown in a similar
study that the plasma levels of TAT complexes
increased approximately eightfold during this pe-
riod.12 When treatment is started, the hirudin
can bind to both thrombus-bound and plasma
thrombin, causing the thrombin to lose its
on coagulation and platelets.ê? This will .
thrombogenesis. One must bear in mind
thrombin is currently regarded as a major
lator of platelet activation and aggregation
vivo.4 After this initial inhibition of thrombin,
rudin can inhibit thrombogenesis in at least
ways. First, the thrombus can continue to ge
ate thrombin, which binds to hirudin, similar
that following the initial period after tre
was started. Second, because of complex
tion with hirudin, less thrombin is available
activate platelets. This can further inhibit
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Figure 2. The relationship between the percent inhibition of platelet deposition as
'a result of treatment with r-hirudin and the plasma concentration of r-hirudin at the
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bin generation because activated platelets pro-
mote thrombin generation considerably, and hi-
rudin also prolongs the lag phase of the burst of
prothrombin activation in recalcified platelet-rich
plasma in a dose-dependent mariner." Our results
do not identify which of the two mechanisms was

responsible for the inhibition of platelet deposi-
tion. It is likely that both are in operation and
that the relative contribution of each to inhibit
platelet deposition can change during the treat-
ment period. The lack of increase in the plasma
levels of TAT-complexes (Table I) can either be

Table 1. The aPTT and the Plasma Concentration of Thrombin-Antithrombin III
(TAT) Complexes in the Baboons Where Thrombogenic Devices Were Used (Values
are given as a mean :t: 1 SD.)

Measurement

Time (min)
Dosage

1J.g/kg!min 0 40 85 115

140 42 ± 6 >500 120 ± 6 101 ± 5
70 38 ± 8 >500 97 ± 6 83 ± 7
35 40 ± 9 194 ± 56 81 ± 8 74 ± 12
14 39 ± 4 119 ± 17 63 ± 6 54 ± 7

140 7±1 4±2 11 ± 3
70 9±6 5±3 13 ± 6
35 8±3 6±2 20 ± 8
14 12 ± 4 8±3 32 ± 10

Control 4±1 123 ± 16

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 89, NO, 5, MAY 2000

aPTT (s)

TAT complexes (ug/ml.)
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the result of decreased generation of thrombin be-
cause of decreased platelet activation 7 or the re-
sult of sufficient hirudin available to bind to the
generated thrombin." Of interest is the finding
that platelet deposition was not inhibited at the
lowest dose of hirudin (Fig. 1) despite the fact that
the plasma levels of TAT-complexes remained un-
changed during treatment (Table I), This may be
due to activation of platelets through nonthrom-
bin mechanisms.l" platelet activation by endog-
enous thrombin 7 that was not accessible to hiru-
din because oflow plasma levels of hirudin, or the
procoagulant activity of factor Xa in the presence
of hirudin. 21 One must also bear in mind that the
minimum concentration of thrombin to initiate
platelet activation is much lower that that re-
quired to rapidly clot plasma."

The relationship between the magnitude of in-
hibition of platelet deposition and the plasma con-
centration of hirudin fitted an exponential asso-
ciation function best (Fig. 2). It is important to
note that the asymptote was 9lo/c (i.e., maximum
predicted inhibition of platelet deposition that
can be attained). Because a thrombus was al-
lowed to form for 10 min, 100o/c inhibition cannot
be achieved. In fact, the number of platelets de-
posited after 10 min was approximately 7% of
maximum deposition in the control studies. The
relationship predicts that 50o/c inhibition of plate-
let deposition will occur at a plasma concentra-
tion of approximately 3.3 IJ.ghirudinlmL and 80%
inhibition at approximately 8.1 ug/rnl., These es-
timates can be used to calculate the rate of infu-
sion of hirudin to maintain a plasma concentra-
tion that will result in a given inhibition of plate-
let deposition, i.e.

Infusion = Clearance (ml/min)
x plasma concentration (ug/rnl)

= (In 2/tv2 x plasma volume)
x plasma concentration (2)

where t1l2 = 20 min and plasma volume (1 -
hematocrit) x 65 mUkg body mass.22 The infusion
rate for a lO-kg baboon with a hematocrit of 0.45
will be approximately 40.7 ug/kg/rnin to maintain
a plasma concentration of 3.3 ug/rnl, to inhibit
platelet deposition by approximately 50%. Simi-
larly, an infusion rate of 100 ug/kg/min will be
required to maintain the plasma concentration at
8.1 ug/ml, to inhibit platelet deposition by ap-
proximately 80%. The relationship and calcula-
tion of the infusion rates are based on the inhibi-
tion of thrombin generated by a thrombus having
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a surface area of roughly 0.6 cm2
. It remains an

open question whether the values will be valid if
thrombi are of a different size where more, or less,
thrombin are generated.

When treatment with hirudin was stopped,
platelets again deposited onto the thrombus sur-
face (Fig. I). Both the time from the end of treat-
ment to the start of deposition and the rate at
which platelets deposited were, to a large extent
dependent on the dosage. In general, at higher
doses the lag phase was longer and the rate of
deposition slower. We have no ready explanation
for this finding. It is possible that, at the high
dose, enough hirudin infused into the thrombus to
inactivate the thrombus-bound thrombin and
that it also took longer for this hirudin to dislodge
from the thrombin. Our results may also suggest
that there is a threshold limit of thrornbin-
hirudin complex below which the inhibitory effect
of this complex is not effective to inhibit platelet
deposition after treatment was stopped. In an-
other study we have shown that the combined ef-
fect of short-term inhibition of platelet deposition
and a slower rate of deposition results in long-
term benefits of a smaller thrombus with a re-
duced thrombogenic surface.lO,12 We now show
that the dose has an important effect on platelet
deposition after treatment was stopped. It is not
clear how this effect is brought about.
It is of interest to note that it took relatively

long for TAT complexes to increase after treat-
ment was stopped and that markedly less TAT
complexes formed at the end of the study com-
pared with the control studies, even at the low
dose of hirudin. This indicates that less thrombin
was formed after the treatment was stopped, im-
plying a reduced capacity of the thrombus surface
to generate thrombin. It is difficult to explain why
TAT complex formation was delayed. It is un-
likely that residual hirudin in plasma was re-
sponsible because these measurements were
made 90 min after treatment was stopped, i.e.,
approximately after three half-lives of hirudin. It
is likely that thrombus-bound hirudin will reduce
the capacity of the thrombus to produce thrombin,
a hypothesis that is supported by the finding that
the amount of complex formed was indirectly re-
lated to the dosage, i.e., the plasma concentration
of hirudin. It is conceivable to assume that, at
higher doses, more hirudin will infuse into the
thrombus and bind to thrombin. This can have
important benefits with respect to restenosis. It
was shown that thrombin modulates gene expres-
sion in cultures of endothelial and smooth muscle
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cells, including the genes encoding platelet-
derived growth factor, whose expression is in-
creased after treatment with thrombin.5•23

In summary, we have shown that hirudin in-
hibits platelet deposition onto a freshly formed
thrombus in a dose-dependent manner at doses
greater than 35 ug/kg/rnin. We were able to cal-
culate, from the relationship between the plasma
level of hirudin and the percent inhibition of
platelet deposition, that a plasma level of 3.3 fJ.g/
mL will reduce platelet deposition by approxi-
mately 50%. Similarly, 80% reduction will be
achieved at a plasma level of approximately 8.1
ug/ml.. These relationship estimates pertain to
inhibition of thrombin generated by a thrombo-
genic surface ofO.6 cm". It remains an open ques-
tion whether it will also apply if more, or less,
thrombin is generated.
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Summary

Recombinant tick anticoagulant peptide (r-T AP) is a potent and
specific inhibitor of activated coagulation factor X which effectively
interrupts in vivo arterial thrombosis during treatment. It is. however,
uncertain if it also affects thrombosis after treatment is stopped. This
was tested in a baboon model of arterial thrombosis where platelet
deposition onto Dacron vascular graft segments. inserted as extensions
into permanent femoral arteriovenous shunts. was measured. The
baboons were intravenously treated with 10 Ilg/kg/min (Iow dose.
aPTT = 39 ± I s) and 25 Ilg/kg/min (high dose. aPTI = 58 ± 2 s) r-TAP
for two hours. During treatment the r-TAP inhibited thrombin forma-
tion and dose-dependently interrupted platelet deposition onto the graft
segment. This effect lasted for up to two hours after treatment with the
low dose. Following treatment with the high dose. the graft segments
were kept in place for 53 h. After treatment was stopped. platelets again
deposited. but at a much lower rate than in control studies. Maximum
deposition was approximately 389c lower than in the control studies.
Total platelet deposition over 55 h. calculated as the area under the
deposition curve. was approximately 40'7c (p <0.05) less than in the
control studies. A significant shonening in the mean platelet life span
and an approximately IS-fold increase in thrombin-antithrombin III
complexes during the first 31 h indicated that the thrombus surface
remained thrombogenic and that the effect of r-TAP was transient. We
have shown that 2 h of treatment with a full antithrornbotic dose of
r-TAP markedly reduced both the rate of platelet deposition after treat-
ment was stopped and the total number of platelets deposited over
55 h. This was in spite of the finding that the anti thrombotic effect of
r-TAP was transient.

Introduction

The propensity of thrombi. particularly when rich in platelets. to
propagate and to induce activation of the coagulation system depends
on the activity of thrombin bound to fibrin in a thrombus and the pro-
coagulant activity of thrombus-associated factor Xa. Under these cir-
cumstances both these factors are protected from inhibition hy anti-
thrombin III (1.2). This explains why heparin is relatively ineffective
to inhibit arterial-type thrombosis where platelets predominate O. ~).
However. the direct inhibitors of thrombin and laetor Xa are able to
inhibit these thrombus-bound factors and so effectively inhibit arterial
thrombosis (~. 5). As a result, there is considerable interest in the devel-
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opment and testing of agents that can achieve inhibition of thrombin
and its production.

Tick anticoagulant peptide. a 60-amino-acid protein isolated from
the tick. Ortnithodoros moubara. is a highly specific inhibitor of coagu-
lation factor Xa (6). Its recombinant fonn. r-T AP. was characterised as
a competitive. tight-binding reversible inhibitor of factor Xa (7). It has
been shown that its use in vivo prevents arterial-type platelet-rich
thrombus formation (5). maintains coronary artery patency following
thrombolysis (8). and prevents venous thrombosis (9). However. it is
not known if the anti thrombotic effect exerts itself only during infusion.
or. if r-TAP has an effect after treatment is stopped. similar to r-hirudin
(10).

In this study. we investigated the efficacy of r-TAP as a potential
anti thrombotic drug. Special attention was paid to its role in suppress-
ing thrombogenesis after systemic treatment with a full anti thrombotic
dose was stopped. A baboon model of arterial thrombosis (II) was used
because the molecular and cellular composition and function of the
haemostatic apparatus closely resembles that of humans (12). Throm-
bogenic devices consisting of Dacron vascular graft material were
inserted as extension segments into chronic arteriovenous (A V) shunts
(II. 12). In short-term studies. the effect of two doses of r-TAP on
platelet deposition was investigated. In long-term studies. the animals
were systematically treated for 2 h with a full antithrombotic dose of
r-TAP, starting at the time of placement of the thrombogenic device.
Platelet deposition. measured in real time as the deposition of In-III-
labelled platelets. onto the device was assessed for 4 h after treatment
was stopped and twice daily for 3.5 days.

Materials and Methods

Animals Studied

Twenty normal male baboons (Papio ursinus) were used. The animals
weighed 10-15 kg and were disease-free for al least 6 weeks prior 10 use. The
peripheral blood platelet count. 315 :t III X 109/1. was normal. All procedures
were approved by the Ethics Committee for Animal Experimentauon of the
University of the Orange Free State in accordance with Federal Guidelines
(Guide for the Care and Use of Laboratory Animals. Public Health Service
National Institutes of Health publication number 85-23. 1985). The baboons
supponed permanent Tenon-Silastic AV shunts implanted in the femoral
vessels (II). These shunts do not delectably shonen platelet survival or produce
measurable platelet activation (11-13). In addition. we used four normal
baboons without AV shunts to measure the mean platelet life span.

Study Protocol

The experimental set-up and schematic representations of the thrombogenic
devices that were used in this study is illustrated in Fig. I.
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Short-term studies. Eight baboons were used. Platelet dependent. arterial
type thrombus formation was started using uncrimped. kruned Dacron vascular
graft material (4 mm inside diameter. 2 cm long 1 that W3.' built into the wall
of silicone rubber tubing (4 mm inside diameter). The method of preparation
of the thrombogenic device is described in detail (II). In each experiment. a
thrombogenic device. prefilled with saline to avoid a blood-air interface. was
incorporated as an extension segment into the permanent AV-shunt by means of
teflon connectors (II: 12). A control study was done" here the devices were
placed until it occluded. When occluded. the dev ice, were removed and blood
flow through the permanent shunt re-established. roTAP (Corvas International.
Gent. Belgium 1 was then systematically infused at a rate of 25 fJ.g/kglmin
tn = 4. high dose: or 10 ug/kg/rnin (n = 4. low dose) for two hours. Sixty min-
utes after treatment was started. a thrombogenic device was placed for 180min.
where after it was removed and blood 110"" through the permanent shunt re-
established.

Lang-term studies. Twelve baboon, were u~. Thrumbus was generated
u,ing uncrirnped. knitted Dacron vascular graft matenalt05 cm:) that wa, built
mto the wall of silicone rubber tubing 14 mm msrde durneren. The method to
construct the thrombogenic device is described m <ktall t 141.We decided 10 use
thl' de\ Ice because we have shown that it .J<lC'o n<.lto.:duJc: :I.' f~uently a., the
de\ ICe used In the short-term studies (lOl. rn.1Jnl) t-.xau\C the vurface area to
",hleh the blood is exposed is much smaller. Tho: thrumh.~ef1le dc:\le~ were
placed and kept in place for 55 h in both unireared tn = bl;mJ treated arumals
In = 61. In the treatment studies. r-T AP wa.\ ~)\lenulll."all) mfu-.ed al 3 rate of
25 fJ.g/kglmin for 2 h. Treatment was started \lmulta='IJ' with placement of
the thrombogenic devices.

In all the studies. the starting blood 110'" rolle thnJugh the de\ictS wen:
100-140 mUmin. producing wall shear rate, similar to that found m medium to
large sized arteries {121. The r-TAP was dissolved m -ahne a.nd "'~ infused
into the tubing of the A-V shunt distal to the thrornbogemc device.

Craft lmaging and Quantification of Plateier Deposiuon

Autologous blood platelets wen: labelled with IlIln-tropolone as previously
described (15). Imaging and quantification of the deposition of IlIln-platelets
were done as described in detail (II. 14). Briefly. image acquisition of the
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Fig. I A schematic representation of
the experimental set-up to study plate-
let deposition. The enlarged device on
the left was used for the long-term stud-
ies and that on the right for the shon-
term studies

f.:3 MOS

Computer

grafts. including proximal and distal silastic segments. was done with a Searle
Pho scintillation camera fitted with a high resolution collimator. The images
were stored on and analysed with a Medical Data Systems Al computer
(Medtronic, Ann Arbor. MI) interfaced with the scintillation camera. Dynamic
image acquisition. 10 min images (128 x 128 byte mode) for 3 h in the short-
term and 6 h in the long-term studies. was started simultaneously with the start .
of blood flow through the devices. For the long-term studies. static images of
10 min (128 X 128 byte mode) were acquired twice daily until the end of the
study. A ten ..minute image (128 x 128 byte mode) of a 3 ml autologous blood
sample was also acquired each time the grafts were imaged to .
circulating blood radioactivity (blood standard} A region of interest of the
segment was selected to determine the deposited and circulating radioecu
each of the dynamic and static images. Radioactivity in a region of similar
of circulating radioactivity in the proximal segment of the extension tubing
determined. This was subtracted from the radioactivity in the graft region
calculate deposited radioactivity. In the short-term studies. the total number
platelets deposited was calculated. This method is described in detail (II).
the long-term studies. deposited graft radioactivity was expressed in two
First, it was expressed as a percentage of total injected 1llln-platelet radioani
ity and second as a percentage of the labelled platelets circulating at the time
imaging, i. e. at the time platelel deposition was determined. These methods
described in detail (10).

In addition 10 the 12 baboons used in the long-term studies, the
ance of IIlln-labelled platelets from the circulation was also determined
4 normal baboons. and the mean platelet life span (MPLSI calculated using
multiple hit model. The methods are described in detail (16.17).

Laboratory Measurements

The times at which blood samples were collected for the different
nations can be seen in the results section. The platelet count and naematocru
blood samples collected in 2 mg/ml disodium EDT A wen: determined
Technicon H2 blood cell analyser (Bayer Diagnostics. Tarrytown, NY).
same blood sample was used to determine whole blood and plasma
ity. Blood radioactivity was comected by subtracting plasma rad,inaC1ivitv
order to calculate platelet radioactivity (II. 12). The radioactivity in the



2.0ent samples were determined in a well-type scintillation counter. Blood was
also collected in 3.8% sodium citrate (9 volumes blood to I volume citrate) to
determine activated partial thromboplastin time (aP1T). thrombin time (TI)
and the plasma levels of the thrombin-antithrombin III ITAT) complex. aP1T
and TI was measured on a fibrinemeter (Clotex Jl. Hyland Division. Tral'enol
Laboratories. Costa Mesa. CA) using reagents supplied by the manufacturer.
TAT complexes were determined using an ELlSA-method (Enzygnost Combi-
pack. Behring. Marburg. Germany) as recommended by the suppliers.

Statisneet Analvsis

Student's 'test (two-tailed) for paired or unpaired data was used to test for
differences when the data were normally distributed. If nol. the Mann- Whitney
U-test for nonparametrie data was used. Data in the text are given as the
mean ± SO.

Results

Short-term studies. The results of platelet deposition are summarised
in Fig.J, In the untreated animals platelets were rapidly deposited and
all the thrombogenic devices occluded between ~5 and 50 min (mean =
39 ± 10 min) following their placement. In the case of treatment with
the high dose r-TAP. some platelets deposited during the first 10 min
following placement of the devices. Thereafter platelet deposition was
interrupted and a plateau in deposition was reached. No platelets depos-
ited after treatment was stopped and at the end of the study, i.e. two
hours after treatment was stopped. the number of platelets deposited
were approximately 93% less than that measured in the untreated ani-
mals. Treatment with the low dose did not completely prevent platelet
deposition. Platelets were however deposited at a much slower rate than
in the untreated animals and deposition reached a plateau approximate-
ly 30 min after treatment was stopped. At the end of the study. approx-
imately 60'7c less (versus untreated animals) platelets were deposited.
Treatment with both dosages prevented occlusion of the devices for up
to two hours after the treatment was stopped.

The changes iii platelet count. aPTT and TAT complexes are
summarised in Table I. TT was not affected by treatment and the
results are therefore not given. There was a decrease of approximately
189c in the platelet count of the untreated animals. In the case of the
high dose r-TAP. the platelet count was not affected. even after treat-
ment was stopped. The platelet count decreased only slightly during
treatment with the low dose. This was followed by a slightly larger
decrease when treatment was stopped. The aPTT was only affected by

Tubtr I Changes in platelet count and am and pla-ma levels of thrornhin-
antuhrornbm III complexes in the unireared anima" rn = 8t and In the animals
that "cre tn:at~ with ~5 tn = 4) and 10 fn = ~Ilig r·TAPI\.g1mlO for ~ h

Tome Plalelet c:ounI

(m.n) 1% baS<Ollnel

aPTI TAT
Ieee) u.gII)

l6ll lO6t 6 I

38ll 826tl80

4Ot2 ~ ~t I 9

61~ 3 9t 2 0
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Fig.2 Platelet deposition onto the thrombogenic devices in untreated animals
and the effect of treatment with 10 and ~5 lig r-TAPlkgfmin on platelet depo-
sition. The solid bar represents the time of infusion. Values are given as J

mean ± I SEM

the high dose r-TAP. It almost doubled during treatment, but returned
to approximate baseline 2 h after treatment was stopped. An eightfold
increase in the plasma levels of TAT-complexes was measured in the
untreated animals. During treatment with either dose. the TAT-com-
plex levels did not change markedly. In the two hours following treat-
ment. the levels almost doubled in the animals receiving the high dose.
In the case of the low dose. the levels increased by a factor of four.

Long-term studies. The results on platelet deposition are given in
Fig.3. Figure 3A represents the time/radioactivity curves where depos-
ited radioactivity was expressed as a percentage of total injected radio-
activity. In the untreated animals platelet deposition was generally
sigmoidal. reaching a maximum of approximately 2'7c 5-6 hafter
the thrombogenic devices were placed. Thereafter platelet deposition
gradually decreased to approximately 0.59c of injected labelled plate-
lets after 55 h. Platelet deposition was interrupted during treatment with
r-TAP. When treatment was stopped. platelets were again deposited.
Maximum deposition. approximately 0.69c of injected labelled plate-
lets. was reached between 6 and 23 h following placement. This was
significantly less than in the untreated animals. Towards the end of the
study. equivalent numbers of platelets were deposited onto the throm-
bogenic surfaces. Total platelet deposition. measured as the area under
the curve. was 55 ± 15 h X 9c platelet deposition in the control studies
and 33 :t 5 h X % platelet deposition in the treatment studies. Thus.
approximately 40% less platelets were deposited in the treated animals.
This difference was statistically significant.

Figure 3B represents the deposition curves where deposited radio-
activity was expressed as total circulating radioactivity at the time each
image was acquired. By expressing the results this way. the extent of
deposited platelet radioactivity relative to circulating platelet radio-
activity is given. In both the control and treatment studies the ratio
remained relatively constant after maximum deposition was reached,
indicating that deposited radioactivity decreased almost in parallel with
circulating radioactivity. The ratio in the treatment studies was marked-
ly lower than in the control studies. This also indicates that less plate-
lets deposited after treatment with r-TAP was stopped.

Changes in aPTI and TAT-complexes are summarised in Table 2.
TAT -complexes were not measured in the untreated animals. Treat-
ment with 25ILg/kglmin r-TAP almost doubled the am. Plasma
levels of TAT-complexes increased markedly during the first five
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Fig.3 Platelet deposition onto the thrombogenic devices In untreated In = 6)
and animal, treated with 25 ~g r-TAPlkglmln In = 61.In:\. the deposued radio-
acti\it~ wa, expressed as a percentage of total injected radioacuvuv and in B.
a, a percentage of circulating radioacuvuy at the time of irnagrng. The solid bar
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minutes after placements of the thrombogenic devices. Thereafter.
treatment decreased the levels to lower than pre-study values. and this
was still observed 4 h after treatment was stopped. The TAT-complex
len:b then increased to reach a maximum approximately 31 h after the
devices \I ere placed. At the end of the study the: levels approximated
pre-study lev els.

The ~IPLS in the normal animals (L'8 ~ lol hi \la., similar to that
reported for normal baboons (17). In the untreated arumals the ~IPLS
(~ ~ 3-l hi \las markedly and significantly tp <0.011 shorter than in
the normal animals. The MPLS in the treated animals (85 ~ 3.1 hi was
also significantly tp <0.05) shoner than In the normal animals. The
mean difference in MPLS between the treatment and control studies,
31 :d8 h. was not significantly different tp >0.051. The 95'l confi-
dence interval from -6 to 68 h however. suggested that the MPLS was
slightly longer in the treatment studies.

Discussion

In the short-term studies we confirmed that systemic treatment of
baboons with r-TAP dose-dependently inhibits high shear induced
platelet deposition onto Dacron vascular graft segments and prevents
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Table 2 Changes in APlT in the treated and untreated animals and the
plasma concentration of thrombin-antithrombin III complexes in the treated
animals used in the long-term studies. Values are gi\'en as a mean :::_1SO

Time APTI(secl TAT complexes

(hours) Treated Untreated (~gI1)

0 33%2 36>4 16%8

0.08 122%81

58%2- 6%2

6 44%2' 39%1- 9%4

23 35.3 41%3' 47%21

31 37%2- 39%2- 157%52

47 34,,3 39%5 68%56

55 33%2 38%8 27%36

• p<0.05, Student's t-rest for paired data

56

graft occlusion (3). This anti thrombotic effect was associated with only
a moderate prolongation of the ex. vivo aPTT (Table I I. In addition. we
showed that these effects lasted for up to two hours after treatment was
stopped (Fig.1). It is noteworthy that platelet deposition continued
during treatment with 10 !lglkglmin of r-TAP. and that maximum
deposition. approximately 40'7c of that measured in the untreated
animals, was reached 30 min after treatment was stopped. In the case
of treatment with 15 J.Lglkglmin. maximum deposition. approxi-
mately 10% of that in the untreated animals. was reached 10min after
the devices were placed. Thereafter only a few additional platelets
were deposited, even during the two hours after treatment was
stopped.

At the high dose. platelets deposited during the first 10 min follow-
ing placement of the devices. This happened in spite of the fact that the
baboons were treated for 60 min before the devices were placed. Simi-
lar results were obtained when native Dacron graft segments, inserted
as extension segments into permanent AV-shunts in baboons, were
treated with the direct thrombin inhibitor. D-Phe-Pro-Arg CHp (13).
Our results where thrombin production. measured as TAT-complexes
(Table I ).. was prevented together with those where the actions of
thrombin was blocked suggest that thrombin may not play an important
pan in the initial phase of platelet activation and deposition onto native
grafts. There is evidence that fibrinogen. the platelet membrane glyco-
protein lIbfllla and neutrophilslmonocytes mediate the initial deposi-
tion of platelets onto biomaterials (18. 19). In addition. platelets in
blood anticoagulated with D-Phe-Pro-Arg CHp deposit onto bio-
materials (19). Platelet activation to expose the Gp Ilbfllla receptor to
bind fibrinogen therefore proceed through non-thrombin mechanisms.
However, it remains difficult to explain why this "initial" event lasted
for approximately 10 min. It is possible that a dynamic equilibrium is
reached between platelet deposition and dissolution of platelets from
the thrombus. and this takes approximately 10 min to achieve. Thus,
in spite of the fact that thrombin formation was inhibited. as measured
by TAT-complexes (Table I). non-thrombin mediated mechanisms
(18-20) may have resulted in the activation and deposition of platelets
onto the graft segments until a steady state of thrombus formation and
dissolution was reached.

Platelets wen: deposited onto the vascular graft segment during
treatment with the low dose of r-TAP (Fig. 2). This was observed in
spite of the fact that the plasma levels of TAT-complexes remained
unchanged (Table I) indicating that there was very little thrombin
present in the plasma. It is unlikely that non-thrombin mechanisms was
responsible for platelet activation and deposition. If this was the case,
similar deposition results would have been observed with the high dose.



The finding that platelets were again deposited after treatment was
stopped. but at a much slower rate than in the control studies (Fig. 3.-\).
suggests that the thrombus surface was less thrombogenic. Maximum
deposition. reached between 6 and 23 h. was significantly less than in
the control studies. As a result. total platelet deposition over the 55 h of
the study. measured as the area under the deposition curve. was approx-
imately 409c less than in the control studies. Therefore. transient inter-
ruption of platelet deposition for 2 h led to the deposition of fewer
platelets over the long-term. The mechanism through which this was
achieved is unclear. especially in view of the fact that thrombin gener-
ation reached a maximum at 3 I h and remained elevated until the end of
the study (Table 2). Similar results were reponed when direct thrombin
inhibitors were used (10. 23). which suggests that both thrombin and
factor Xa are equally imponant in thrombus growth.

After maximum deposition was reached in both the control and treat-
ment studies. thrombus radioactivity decreased almost in parallel with
circulating radioactivity (Fig. 3B J. This strongly suppons the hypothesis
that a dynamic equilibrium existed between deposited and circulating
platelets and that the rates of thrombus formation and dissolution were
equivalent. Platelet consumption by the thrombus did therefore not
stop. an assumption that is strengthened by the measurement of MPLS.
The MPLS was significantly shoner than normal in both the control and
treatment studies. A shortening in the MPLS is generally regarded as a
sensitive measure of in vivo platelet activation and increased consump-
tion due to thrombosis in vivo (24, 25). The finding that the MPLS
tended to be longer in the treatment studies can suggest that the throm-
bus surface may have been less thrombogenic as a result of treatment.
This assumption is supported by the finding that less platelets deposit-
ed after treatment was stopped (Fig. 2).

Our results indicate that the prevention of thrombin formation by
inhibition of factor Xa with r-TAP dose-dependently inhibited platelet-
dependent thrombus formation without adversely affecting the aPTf.
We also showed that a long-term benefit of fewer platelets deposited
and reduced initial «24 h) and possibly later (> 24 h) surface throm-
bogenicity was achieved when the baboons were treated for 2 h with a
full antithrombotic dose of r-TAP. These benefits were achieved de-
spite the finding that the effect of r-TAP was apparently transient and
that after 31 h the thrombogenicity of the thrombus surfaces was simi-
lar in the treated and untreated animals. Our approach of short -term
treatment with potent antithrombotic agents may be used to improve
graft patency after implantation and to reduce the incidence of occlu-
sion and restenosis after balloon angioplasry and endarterectomy.

It is possible that the dose of 10 ug/kg/rnin was not sufficient to fully
prevent activation of prothrombin. The thrombin that is formed may
bind to fibrinogen in the thrombus (I. 2) and may recruit platelets into
the growing thrombus. The fact that the plasma levels of T AT-com-
plexes remained unchanged may indicate that all the thrombin that
formed was incorporated into the thrombus. One must bear in mind that
factor Xa may also have prothrombotic propenies (2). and that this can
also contribute to the recruitment of platelets into the thrombus. It is
noteworthy that. in contrast to the untreated animals. platelet deposition
reached a plateau approximately 30 min after treatment was stopped
and that the rate of deposition to reach the plateau was markedly

_ slower than in the untreated animals (Fig. 2). These findings may imply
that the thrombus surface became less thrombogenic as a result of
treatment. This assumption is strengthened by the increase of approxi-
mately 4.5 fold in TAT-complexes after treatment was stopped. The
corresponding increase in the untreated animals. approximately eight-
fold, was much higher (Table IJ.

On the basis of the results of the short-term studies. especially with
the high dose of r-TAP. we postulated that a longer treatment with the
high dose of r-TAP may produce lasting benefits with regard to throm-
bus size and surface thrombogenicity. To test this hypothesis we used a
smaller thrombogenic device than in the short-term studies. We showed
that platelet deposition onto this device is generally sigmoidal and that
it can be kept as an extension segment into the permanent AV-shunt for
up to 60 h (10) because it does not occlude as frequently as the larger
devices used in the short-term studies. Treatment was staned simul-
taneous with placement of the thrombogenic device in order to simulate
a situation where normal haemostasis is attained before the antithrom-
boric effect of r-TAP becomes apparent. i. e. it takes approximately
10 min following placement of the thrombogenic device before platelet
deposition is interrupted. Such an approach can have imponant impli-
cations in patients undergoing cardiac or vascular surgery because it
can limit excessive blood loss due to the treatment.

Platelet deposition in the long-term control studies was generally
sigmoidal (Fig. 3A l. Maximum deposition was reached after approxi-
mately 5 h. where after deposition gradually decreased towards the end
of the study. Similar kinetics of deposition was obtained in patients
with abdominal aorta aneurysms and Dacron vascular graft implants
(2 I l. However. it took much longer in these patients to reach maximum
deposition. This indicates that a fresh thrombus is typically more
robust than an older. stabilised one. In the treatment studies. platelets
were deposited for the first 10 min following placement of the grafts.
Thereafter platelet deposition was interrupted (Fig. 3A l. The initial
deposition has to be ascribed to the fact that thromhin formation was
not blocked during the first minutes of treatment (Table 2 l because the
plasma concentration of r-TAP was loll. shonr~ after treatment was
~tartc:d. Thrombin was most likely incorporated into the thrombus
l l , ~2l. II. hich would invariably lead to the recruitment of additional
platelets into the thrombus. Thrombin is now generally regarded as
perhaps the most imponant in vivo factor that recruits additional plate-
lets into a fresh thrombus (22). There are a fell. possible explanations
why platelet deposition was interrupted 10 to 15 min after treatment
WJ.\ sraned. First. after 15 min of treatment the plasma concentration of
r-T AP was probably sufficient to pre' ent thrombin generation and
inhibit the role of factor Xa in thrombogenesis. Second. the recruitment
of additional platelets into the thrombus over this initial period prob-
ably shielded the thrombus-bound thrombin and so made it ineffective
to recruit more platelets. Third. it is possible that inhibition of factor Xa
may be sufficient to inhibit thrombus gro ....1h in a thrombus rich in
thrombin (2).
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with activation of platclcts and coagulation under high shear
flow conditions. On the other hand. 3 venous thrombus is
rich in fibrin and red cells and poor in platelets. and gener-
ally forms by activation of coagulation mechanisms in
regions of stasis or low blood flow. Fig. I depicts the basic
components of arterial thrombosis. Platelets and thrombin
are important.

Platelets act by their ability to adhere to the subendethe-
liurn, i.e. platelet adhesion. to eo-adhere to one another, i.e.
platelet aggregation, and by providing a negatively charged
surface for coagulation factor complexes to assemble to
generate thrornbin.!" Thrombin mediates fibrin formation,
activates plasma proteins and stimulates platelets and
endothelium."

Platelet adhesion is the initial step following endothelial
damage. Platelets adhere to the subendothelium through
binding of the adhesive protein. van Willebrand factor
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New approaches ~!ril ~h1etreatment of arterial
thrombosis

.,' ..' .

• ~ ! "

H. F. KOTZÉ, P. N. BADENHORST

In the past decade, remarkable strides have been made in
establishing the molecular principles that underlie arterial
thrombosis, especially with regard to the pivotal role which
the blood platelet membrane glycoproreins and thrornbin
play. Application of this knowledge, together with the rapid
development in recornbinant DNA technology and the abil-
ity to make monoelonul antibodies against specific epitapes
on the membrane glycoproteins, have resulted in exciting
new approaches to the treatment of arterial thrombosis,

This brief review focuses on selected aspects of arterial
thrombosis and is intended to give an indication of the cur-
rent status of experimental anti thrombotic therapy. The first
pan will explain thrombosis. focusing on the aspects against
which therapy is directed. It is followed by a section on the
new approaches that are being followed to inhibit thrombus
formation. It includes the use of monoelorial antibodies
directed against platelet membrane glycoproteins, inhibition
of the actions of thrombin by potent anuthrombins and pre-
vention of binding of adhesive proteins to the platelet mem-
brane glycoproteins by peptides. Since fibrinolysis forms an
intq;r.lI pan of thrombosis, a short summary of innovative
approaches to fibrinolytic therapy is also included.

Thrombus formation

III ,·jm thrombus formation is a pathological consequence
of alterations in the blood haemostatic mechanisms and/or
vessel wall injury under variable flow conditions. The patho-
genesis of arterial and venous thrombosis differs. Typically,
an arterial thrombus is rich in platelets and poor in red cells
and fibrin and develops in response to vessel wall injury
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thrombin time (TI), activated partial thromboplastin time
(AP1T) and prothrombin time (PT), bleeding time, UI vitro
platelet aggregation tests and the ill "il'tdleposition of
platelets onto thrombogenic surfaces. In general. TI, APTT
and PT are a measure of the functional status of the cougu-
lation mechanisms. A lengthening in these times relates to
the degree of anticoagulation attained. Bleeding time mea-
sures the ability of platelets to prevent excessive blood loss
following vessel injury, and generally relates to the haemo-
static mechanism. A lengthening in the bleeding time may
therefore be regarded as anti haemostatic. ln "i/ra platelet
aggregation and platelet deposition onto thrombogenic sur-
faces measure the ability of platelets to aggregate and lorm
a thrombus. Decreases in these measurements therefore
relate to the nruithrombotic elfeet obtained.
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(vWF) to the glycoprotein (Gp) Ib/IX receptor complex in
the platelet membrane. 111is binding only occurs in resting
platelets," and adhesion via the Gp Ib/IX receptor to vWF
only happens when vWF is bound to a surface in the suben-
dothcliurn,':" presumably collagen.":" Glycolipids and/or
heparin-like molecules may also act as subendothelial
anchors for VWF."·'<

The initial process of adhesion, in contrast to aggrega-
tion. does not require platelet metabolic energy.' It leads,
however, to activation of platelets, which synthesise throrn-
boxane A! (TxA!), and secrete their granule contents, both
of which amplify platelet activation and recruit additional
platelets to the thrombus.

Platelet aggregation requires an agonist such as adeno-
sine diphoshate (ADP) or collagen to react with a specific
membrane receptor which leads to the conversion of the
membrane Gp Ilb/lIla into a receptor for fibrinogen. Von
Willebrand factor, vitroneetin and tïbronectin are other
adhesive proteins that can also bind to Gp llb/Hlu.':"
Fibrinogen mediates aggregation by binding to Gp IIb/llla
on adjacent platelets in a reaction that is dependent on
extracellular calcium.'

Platelets also have a procoagulant function. The acti-
vated platelet membrane serves as a surface for membrane-
based coagulation reactions involved in the generation of
thrombin, which cleaves fibrinogen to fibrin.': Thrombin is
generated through the concentrated action of the coagula-
tion factors. 111e rate of generution is greatly increased in
the presence of phospholipid," indicating that the Ionnation
of the coagulation factor complexes (tenase and prothrom-
binase) on platelet, or other cell membranes. is critical for
thrornbin generation.":" Thrombin. through binding to Gp
lb on the platelet membrane," activates and aggregates
plaielcts. It stimulates the conversion uf fibrinogen to fibrin.
activates. coagulation factors V. vm. XIII and proteins C
and S. Thrombin further stimulates the synthesis and secre-
tion of pmstacydin. a potent inhibitor of platelet aggrega-
tion. from endothelial cells to contain the thrombus at the
site of vessel wall injury.'"_" Thrombin is inactivated by its
binding to antithrombin Ill. Heparin greatly enhances 'the
activity of antithrombin lll.

Antithrombotic therapy

Based on the knowledge of the molecular principles that
underlie thrombus Connation. it seems reasonable to assume
that inhibition of platelet uctjvation and fibrin formation
may be an effective way to inhibit thrombosis. This will
prevent expression of the aggregation recepters Gp llb/lIla
on the platelet membrane and inhibit assembly of the coag-
ulation factor complexes on the platelet membrane surface.
This is achieved by either the prevention of binding of
adhesive proteins to glycopmtein recepters. or inhibition or
the function of thromhin hy proteins that bind to its active
sites. However. such an approach may lead to a serious
bleeding disorder. Therefore, the ideal uruithrnmbotic drug
should maintain a balance between the prevention of throm-
bus formation and the precipitation of a bleeding disorder.

The measurements that are used to assess efficacy of
treatment with the new-generation antithrornbotics include

Monoclunul antibodies
TIle development of hybridorna technology has rcSUItL'1I

in an extensive library of monoelonul antibodies th;\I ure
directed against specific epitopes on the platelet membrane
glycoproteins. A variety of these antibodies have been
tested as potential antithrombotic agents.

Monoelonal antibodies against Gp lb and vWr- have
been reported to lengthen the bleeding time and to inhibit ill
vitro the platelet aggregation in response to agonists.":"
API. a monoclonal antibody against Gp lb. caused immedi-
ate and profound thrombocytopaenia when infused into
baboons." The lengthening in bleeding time. i.e. the anti-
haemostatic effect, in response to infusion of an anti-vWr-
antibody is not surprising. since platelet adhesion is blocked
by this approach. However. there is evidence that collagen
binds directly to Gp la/llu in the platelet membrane." aml
that this in its own right may support platelet adhesion."
This. and the finding that other adhesive proteins can also
support adhesion: explain why patients with vou
Willebraml's disease may develop atherosclerosis.

Much more allention has been given to Ihe use or mono-
clonal antibodies against Gp llb/lIla as possible agents tn
treat arterialthrombosis.'''''''''' TIle major involvement of Gp
IIb/llla relates to the spreading of platelets 111110 a thmmbo-
genic surface and the incorporation of platelets into a gmw-
ing thrombus. When infused. the majority Ill' these antibod-
ies cause a dose-dependent decrease in the blood platelet
counl."'>~' TIle onset, duration and magnitude of thrumbo-
eyropaenia varies." Infusion of monoelonul antibodies t)'J1i-

. cally inhibits ill vitro platelet aggregation response to ago·
nists.":":" decreases the deposition of platelets onto
thrombogenic surfaces,~'-"'~'-" ami lengthens the bleeding
time markedly":":" but has little effect on PT and AlTI .:'
These effects and their duration are dosc-depcndenl.:·""

These results demonstrate that infusion of untibodics
directed against Gp lib/Ilia may significantly impair buth
platelet haemostatic function and the ability of platelets til
participate in thrombus formation.' .... -Thcir use may be
complicated by either acute or delayed thrombocytopacnia.
These antibodies may also cause an increased bleeding tell-
dency.

Apart from their potential as arnithrombotic agents, these
monoclonal antibodies are also used to isolate the mem-
brane glycoproteins. to determine their amino acid sequence



D-phenylalanyl-L-prolyl-L-argenyl chloromcthyl ketone
(FPRCH,CI) is a synthetic peptide derivative that binds irre-
versibly 10 the active site of thrornbin." The FPRCH,-
thrombin complex then hinds to the high-affinity thrombin
receptor on platelets, but does not activate them.":"
FPRCII,CI also inhibits fibrin Iormarion.'''" Infusion into
baboons abolishes plureler deposition onto native Dacron
vascular grafts' and on freshly formed thrombi." A dose-
dependent lengthening of the TT and bleeding time was
recorded when FPRCH,CI was infused." The ill vitro aggre-
gation response of platelets collected during infusion was
abolished when thrombin was used as agonist. Aggregation
in response to ADP and collagen was, however, not
affected." The anticoagulant effect of FPRCH,CI, as mea-
sured by the 'IT, retumed to normal 15 minutes after infu-
sion was discontinued. Although the bleeding time nor-
malised within 15 minutes after infusion was stopped,
inhibition of platelet deposition lasted for approximately 30
minutes." .FPRCH,CI is therefore a potent anti haemostatic
and aruithrornbotic agent. lis use may result in a bleeding
tendency. However, the aruicipated bleeding tendency was
not observed in baboons:' ....J.>ul
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and to identify the peptide sequences that are responsible
fur the binding of adhesive proteins involved in pluieler
adhesion and aggregation.

Agents that inhibit thrombin
Beenuse of its crucial role in arterial thrombosis, inhibi-

tion of thrombin generation and/or thrombin activity is one
of the main strategies being examined in designing
umithrornbotic agents. Under normal conditions, thrombin
is inactivated through complex-formation with antithrombin
III. 'a reaction poteruiared by heparin." The use of heparin,
and low molecular weight heparins, is effective in venous-
type thrombosis where fibrin and red cells predominate. In
contrast, vt:ry high doses are needed to inhibit arterial
thrombosis where platelcts predominate."

Hirudin, a 65-residue polypeptide extracted from medi-
cal leeches (Hirudo me dicinalcsv, is the most potent
inhibitor of thrombin in nature." In the past 5 - 6 years,
exploitation of recombinant DNA technology has provided
sufficient quantities of hirudin for experimental studies .:"
Hirudin inhibits thrombin activity through reversible bind-
ing to the anion-binding exosite and to regions neighbour-
ing the catalytic site that cleaves fibrinogen.' The functional
half-life when infused into humans and animals is approxi-
mately I hour. 'l." Infusion of recombinant hirudin lengthens
the Am and PT significaruty":' without adversely affect-
ing the bleeding time," decreuses the deposition of plutelets
and fibrinogen on platelet-rich thrombi and collagen sur-
Iuccs "" and decreases the incidence of reocclusion of
injured vessels.":" These effects are dose-dependent.":"
Hirudin also inhibits in vitro aggregation of platelets with
thrombin as agonist. No influence is exerted on the platelet
reactions induced by ADP and collagen, and platelet adhe-
sion is not impaired.":" Small peptides isolated from the C-
terminal of hirudin have similar antithrombotic properties to
the P;!~cnt molecule:":" suggesting that the anti thrombotic
effect is situated in the Hirudin 54 - 65 region that binds to
the <Inion-binding exosite ." Hirudin is therefore an effective
unricoagulum that reduces the deposition of platelets and
fibrin on a thrombus. without adversely affecting the bleed-
ing tunc. Since hirudin is a relatively large polypeptide,
there is some concern regarding its antigenicity. However, it
has been shown to be a weak immunogen."

TIle: observation that treatment with hirudin has resulted
not only in effective anticoagulation but also inhibition of
pluteler-dependent thrombus formation, without affecting
the bleeding time adversely, ....' is important. When platelets
<Ire activated. they synthesise TxA: which is secreted
together with ADP. The action of Tx A, and ADP appears to
he: important only in the initial stages of thrombus forma-
tion befo rc rhrornbin is generated. This is supported by the
finding th<lt ADP- and collagen-induced platelet aggrega-
tion is not inhibited by hirudin and that platelet adhesion is
not impaircd." " The contribution of these two agonists of
thrombus formation is apparently very small once thrombin
is formed. but nevertheless enough to maintain a normal
bleeding time through effective platelet plug formation. It is
also apparent that the coagulation mechanism per se makes
no major contribution to maintaining primary haemostasis,
thereby indicating that platelets are of major importance in
this regard.

Agents that inhibit fibrinogen binding to
platelets

The other important element of thrombosis is platelet-
platelet interactions. Following activation, platelets bind to
adhesive proteins (fibrinogen, vWF, fibronectin) through
interactions with platelet Gp llb/llla.':' Fibrinogen binding
mediates platelet aggregation," which can also be supported
by vWF.) Fibronectin and vWF may be involved in platelet
GP IIb/llla adhesion and spreading of platelets at sites of
vessel injury."" The adhesive proteins interact with platelet
Gp Ilb/Illu through a common argenine-glycinc-aspanic
acid (RGD) peptide recognition sequence.' A synthetic
RGD-containing peptide, argenine-glycine-aspartic acid-
valine (RGDV) selectively inhibits platelet thrombus
formation in a dose-dependent manner, without affecting
the bleeding time." By substituting the aspartic acid with
glutaminic acid (RGEV), the antithrombotic activity was
abolished." Thus, the RGD-recognition sequence on adhe-
sive proteins is highly selective for Gp llb/Hla, and is
currently a focal point of research into antithrombotics.

In this regard, two avenues of investigation are being
explored: firstly, the synthesis of peptides representing the
carboxy-terminal residees of the gamma chain of fibrinogen
that contain the RGD sequence,lD.l6and secondly, the isola-
tion of peptides from snake venoms that have antirhrorn-
boric properties.t'r" All the synthetic and isolated peptides
inhibit ;/1 vitro platelet aggregation with different efficien-
cies. Very few have been tested for their ill 1';\"0 antithrom-
boric effects. Applaggin, from snake venom, inhibits ill 1';1'0

platelet thrombus formation significantly and markedly
lengthens the bleeding rime." A cause for concern is that
infusion of this peptide may cause transient thrombo-
cyropaenia," which in its own right may result in a serious
bleeding disorder.

Research into the use of inhibitors of platelet Gp lIb/llla
recepters is still at an early stage, and it will be interesting
to see whether agents which inhibit platelet thrombus for-
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mat ion without affecting the circulating platelet count and
bleeding time will be found.

Fibrinolysis

Fibrinolysis is a naturally occurring process that degrades
fibrin, the principal component of the structural lattice of a
thrombus. The pivotal enzyme, plasmin, is formed by the
action of plasminogen activators on plasminogen. The natu-
ral activator, tissue plasminogen activator (tPA), is under
control of the plasminogen activator inhibitors (PAl). When
a thrombus is formed, thrombin activates protein C (APC)
in the presence of thrombomodulin in adjacent endothe-
lium. APC inhibits PAl with a resultant increase in tPA
activity and increased formation of plasmin (Fig. I l. Of
interest is the finding that APC inhibits platelet-dependent
thrombus formation without affecting the bleeding time."
This action may be directly through inactivation of PAL or
indirectly by inhibition of thrombin generation through
inactivation of coagulation factors V and VIII:~

Plasminogen activators have been shown to be effective
therapeutic agents in coronary artery thrombosis."?' First-
generation activators (streptokinase and urokinase) are com-
pounds found in nature and lack fibrin selectivity. The use
of these activators is invariably accompanied by a marked
depletion of fibrinogen caused by the generation of excess
plasmin." Second-generation plasminogen activators (tPA
and single-chain urokinase-like plasminogen activators) are
natural human proteins that possess some fibrin selectivity.
However, their half-lives are very short." Both generations
of plasminogen activators have at times caused an extensive
loss of fibrinogen and coagulation factors V and VII with
resultant serious haemorrhage."'"

As a result various innovative approaches arc currently
being followed to produce third-generation plasminogen
activators. The main aim is to develop activators that have
optimal properties with regard to both recognition uf the
target components of a thrombus and increased duration of
action.":" These third-generation plasminogen activators
include those that have been modified by recombinant DNA
technology and those which have increased fibrin selectiv-
ity. Plasminogen activators that are modified by DNA tech-
nology are formed by domain delerion and sire-directed
mutagenesis to increase either their fibrin selectivity- or
half-life." Fibrin selectivity was increased by the audilion
of fibrin-binding domains. combining activators with fibrin-
specific monoclonal antibodies. or by producing recombi-
naut hybrid molecules containing an antifibrin amibody and
the active site of the plasminogen activator."'"'' These acti-
vators have yet to be tested ill ,·i,·o.

implications and future directions

Wc are entering an era where treatment of arterial thrombo-
sis may become effective. The basic knowledge of the
molecular mechanisms that underlie thrombosis is being
applied to develop agents that are antithrornbotic. Inhihition
of the two pivotal events of thrombosis. thrornhin function
and platelet aggregation. inhibits platelet-dependent throm-

bus formation in a dose-dependent manner. The dose-
dependency of the effect" is important. " will allow one to
choose the 'level' of antithrombotic activity needed and
design the treatment protocol accordingly. "Onfortun:lIely,
several of these agents are also anrihuemostutic. and
lengthen the bleeding time markedly. Their use m;IY there-
fore result in a bleeding disorder. However. because of their
short half-life. the antihaernostatic action may be of short
duration. :LO; was found with FPRCH,C1." RGD-containing
peptides that inhibit platelet aggregation may be prcterublc,
RGDV peptide inhibits platelet-dependent thrombus forma-
tion without a simultaneous lengthening of the bleeding
time and inhibition of ADP and collagen-induced platelet
aggregation." However, a suitable RGD-containing peptide
with effects similar to the RGDV peptide has not yet been
identified.t"?" Activated protein C seems to be a very
promising antithrombotie agent that does not have anti-
haemostatic effects."

The short half-life of these antithromborics obviously
precludes their prophylactic use. Since most of the agents
show almost immediate and profound interruption of
platelet-dependent thrombus formation, they may be candi-
dates for potent, immediate and transient inhihitiun of arte-
rial thrombosis. However, there are preliminary results that
indicate that short-term interruption of thrombus formation
with either hirudin or FPRCH,CI may limit subsequent
thrombosis after treatment is stopped. ".l!

Possible uses of these drugs include prevention of rcoc-
elusion in patients with acute myocardial infarctinn who
have undergone successful reperfusion of coronary arteries
by thrombolysis, and the prevention of occlusion in patients
undergoing angioplasty or endarterectomy.

A novel approach to overcome the short half-life of
aniithrombotic agents might be to transfunn endothcliul
cells 10 synthesise and secrete unrithromboric peptides,
These cells could be implanted into dc-cnduthc lialiscd
arteries or used to seed vascular gr.lnS til be implanted. This
approach would deliver small amounts Ill' the anrithrom-
botles to sites where they are required for a relatively long
period. A comparable approach has been used with
endothelial cells synthesising recombinant l3-galacto-
sidase.":"

It is evident that molecular pharmacology will be
employed to an ever-increasing extent in the treatment of
arterial thrombosis. Extensive research is still needed, hilt
the development of several new drugs requiring testing in
humans can be anticipated.

The financial support or the South African Medical Research
Council mill the Centrul Research Fund of the Universily ur Ihb
Orange Free State is acknowledged.

References
t. P10w EF. Ginsl'Crg Mil. Cellulor :k.Ihc"ion: GP IIh/llla as :I I'fU"JI)'''ic

:Klhe«inn receptor, p"'.~IIr",ntt 1'Im.",I1 I'IK'I:9: 117·1~tl.
:!. Kunictd TJ. Platelet membrane glycn"rolt:in.s an,l Ihcir IUOCli'"I: :111

overview. BI", 19K9: 59: )o.~.
J. Bennen JS. The molC'Cul:rr billl'>gy of lhe "Ialelel II1cmhr.lnc t:ly~",,""

I.:in~. Sr",;n 1I11"",,,,,,/I.,.JI); 27: tll"'~II4.
4. oe GnRII PG. Siamn JJ. Plalelet :ulhcsiun. Or J 1I",·""",,1 l'I'JlI: 7~:

)1111·.112.
.5. Gcurg.: IN. Shattil SJ. TI", clinic.1 imponance uI' :K:ltllin:d ahoM.nnali·

lie! of "tale let func,ion.N f.".~J.",," l'I'It:.1U: n·w.



",.ui,os lu the 1'1",d~1 lol' IIh/llla reccpror. Ci,.,."/",iOl' 1')11,):110: 17M-
177-1.

31. Hirsh J. Mechanisms ur action and lIIunilUring of uruicoagulunts.
S"",i" TI".o",I> /1""","." 19116:12: I-II. ,

3~. Gadroy Y. l larker LA. Hunson SR. luhibitiun uI' pklldel uepellllonl
IhnHntx"is hy low mulecular weighl heparin ICY 2~1): comparison
wuh ,'alluanJ h~flarin.) Lul> cu« "''''cll'III'I: 11-1: 34'1-.157.

33. Mar~wan.ll r. I'hanna~olugkal apprua~h~s III thrnmbin regutarion.
A,,,, NY ,katl Sci 19116:-1115:~~-21-1.

3-1. Walonga JM. Pitarre R. Hoppensreadt DA. Far<éJ I. Developmem of
recornhinaru hirudin as a therupeuric allliO:llagulam and unrithrnruboric
agent: some objective considennions. Srmin Thromt» /1<-"'".>1 191!9:
IS: .111>-.1.13.

35. Meyer BH. Luus HG. Muller FO. Ba.Jenhursl I'N. Rii'hig JH. The
ph:lm,a~l)lugy ur recombinanr hirudin, a II~W aJlli~oagulanl. 5 AIr Md
) I')'JO: 711:~611-270.

36. Kaiser B. Simon A. Mao.wanh F. Anrirhrombouc effecis of recombi-
naru hirudin in espcrimemat angiuplasly amI intravascular thrornbo-
lysis. Thromh /lUl''''''SI 19')(): 63: -I4-H.

37. Mar~wardl F. Development of hirudin as an umithrombouc agem.
S,·",i" r"ro",l, Harmost 19119: IS: ~69-21!~.

311. Markwurdt F. Kaiser B. Novak G. Sunties on antithnuubotic efr~,1s ut'
recomhinam hirudin. Thromb H,'s 1')119:5-1: 377-3119.

3'1. Kuil': HF. Lumsden A. Harket LA. Hunson SR. In "il'U amuhrombin
effects of local versus systemic therapy wilh porent uurithnuubins
(abstract]. Cirrukuion 1')9t1: 112:659.

40. Hanson SR. Personal Corrunuuicuuons. 1<)<)I.
41. Herus M. Chesebru JH. Penny WJ. Bailey KR. Badirnon L Fuster V.

Effects of thrombin inhibition on the development ur acute phueier-
thrombus deposition during angioplasry in pigs. Heparin versus
recomhuuuu hirudin. a spl..cific Ihrumbill inhibilur. Cirruknion 19l!'):
79: 657-665.

-12_ Glusa E. Urban U. Studies in plateiet functions in hirudin plasma.
FilIi" /I,.",,,,"llg;nl 19!1!1:115: IXII-9.1. ;

-13. Iloffmann A. Mao.wardl F. hrhibiuun of thrornbia-pbuclct reactions
by hiruuin.II"""'SIUs;S 19!1.j, I": 164-169. :

-14, Tamts SW. Femon JW. Detwiier TC. Dissociation of Ihrombin from
plalelets by hirudin: evidence for receptor processing. ) BioI CIt~",
1979: 25": 11723-11725. •

-15. Krsrenansky JL Owen TJ. Yates MT. MilO SlT. Anlico:lgulanl pep-
tides: nature of 1110:interaction of the Cvtemunul region of hirudin with
a non-cutalytic binding site on Ibrombill.) M,'c1CIt'III 19117;JO: 16II~-
1691.

-16. Owen Tl. Krslenansky JL Yares MT. Mao SJT. N-T~rminal require-
menrs of small peptide anticoagulams based on hirudin 5-1-65. ) M"rI
CI,r", lIJKlI:31: 1009-1011.

-17. Maraganore JM. Ca.Jmy Y. Hanson SR. Harker LA. Amuhrombouc
effects of a synthetic hirudin peptide (abstract). Thromb Huemost
1'I!!9; 62: 18!!.

48. Keuren C. Shaw E. 'D-Pbe-Pro-Arg CH.CI: A selective .ffinilY label
for lhrombin. Thromb Res 1979: 14: 963:973.

49. Harmen lT. Jatnieson GA. Activalion of piaieleis by alpha Ihrombin
is a receptor mediated event, o-Phenyl-L-alanyl-L-prolyl-argenine
chloromerhyl ketone-rhrombin, but not N-alpha-Iosyl-L-Iysine
chicremethyl kerone-rhrombin. binds 10 the high afftnilY Ihrombin
receplor.) Biol Chem 1988; ~61: 15928-15933.

50. Collen D. Malliuo O. Stassen JM. Kenner C. Sh:1'IvE._ ln "im studies
or a ~ynlheli, inhibuor of Ihmmbin. ) wh CIi" MtvJ 19111;99: 77-83.

51. Schaeter RC. Brisont C. Chilton SM. Carlson RW. Dineminaled
inlrava.'iCular coallulalion following Echis cur;lIatIIs venom in dOlls:
effeels of a ~ynlllo:tic thrombin inhibitor. ) wh Clin M~rI 19Kto: 107:
4884'17.

52_ Hanson SR. Harker LA. Intemoplion of aCule plalelel-dependcnl
Ihrombosis by the ~ynlhelic IIIItilhrombin. o-phenylalanyl-L-prolyl-L-
argen)'1 chloromelhyl kClone. PrOf: Nul Acurl Sci USA 19!!8; 115:31114-
311111.

53. Maryueric GA. Edginglon TS_ Plow EF. Inlcraction of fibrin wilh iu
plalelet receplor as pan of a multislep reaclion in ADP-induced
platelCl aggregation.) Bi"IC"~no 1980: 2SS: 154-161.

~. Hoodjik W. Sixma JJ. Fibroneclin in artery subcndolhelium i~ impor-
IaIII for platelet adhesion. Bloud 1985; 6.5: 598-604.

55. Cadroy Y. Houghlen RA. Hanson SR. RGDV peplide seleclively
inbibils plalelcl-<lependenl thrombus fbrmalion ;n yj",: sludies using a
baboon model. J Clin Im'C'sl 1989; 84: 939-944.

56. Klo.:zcwialt. MS. Timmons MS. Luk"" JJ. liawigcr J. PlillelCl receplor
recognilion site on bumllll fibrinogen. Synthesis aDd SllUClure function
relalionship of peplidc:s corresponding 10 the: clllboxy terminal seg-
ment oftbe g:unmachaiR- Bicx:hC'mislry 1984; lJ: 1767-1774_

57. Niewiarowski S. Cook JJ. Slewart GJ. Goold Rl. Slruclu ... 1 require-
menls for expression of anliplatelct activilY of disintegrins (abslract).
Cirt'l,luliun 1990; 81 (Suppllll): J70.

CARDIOVASCULAR JOURNAL OF SOUTHERN AFRICA VOLUME 3 NO. 2 APRIL 1992 97

h. Ikvas !:~I. ('"",f"ri"s IL. v:u, I{ijll JL~IL. I lcmker IIC, ZWil:" RF,\.
U .......:r.llhlll uI" Imlllllllll1hin-,,:unvcnillg a\.1ivjly al,J the CXI)\lSUfl! uI'

ph"sl'h:tlidyls"rill" '" the outer surfnee IIr pkuelers. Eur] Ili"d"·,,,
1'1111:12!: -I1·)-I.\to.

7. K"nc WIl. M"j"n" PW. The inteructiun ot' human coagulauou tuetor
Ya wuh I'lald~".) lIiol CIII'''' (,IK1: 257: )%3-.WI>Ij.

X. Manu K(j. Trucy Pil. Krislllwsw,nn)' S. Jenny Rl. Obcguard RIl.
Nesheim ME. 1'1",d"" ,,,,,I ,·oa~ul,"i,,". In: Verstraete M. Vermyten
J. Lijnen R. Arruuu J. cdx, 1'hro"'''''.,i" c"I<1llucmostusis IY87.
l.cuven; Leuven University Press. 19117:505-523.

'1. Fenrun JW Thrumhin inreractiuns wuh hirudin. 5"",;" TI".,,,,,"
/"''''0.\1 I'iX'i: IS: 11>5-16K.

10. Pannemier S. K"l'la" C. Ca,illld 13. ~kGr~cor JL N~w ra",ili~s of
,,,Ihesiun molecules play a viral rule in pl:II~1e1 luncuons. lntntuno]
1i.I",' l'i')(l: II: 11~-117.

II. Vi~e;lIc V. Iluuglllen RA. Ruggeri ZM. IdellliliO:Ollion"I' a sill.' in Ih~
atphu-chain or 11""~lcl glycoprcrein Ib that parriciputes in von
Witlchnuul F"C1or bindilll!.) 8iol Cl",,,, 1')')(1:265: 17-1-2Kll.

12. Pareu Fl, Nii)'" K. McPh~rson JM. Ruggeri ZM. lsolafon and eliarue-
h:ri/.aliol\ ur twn domains (lf hum an von Willl.!bramJ Facrur Ihal inter-
ol'" wirh lilnill"r collagen Iy""s I an.J Ill. ) BioI Cl",,,, 1'1117:262:
1.111.15-1311-1I.

u, R"i""rls DD. Willi,uns SH. Grafnick fiR. Ginshurg V. Von Willebmnd
I';II:lor hinds 'I"".:ili"ally IU sulral.:d gl)'"ulipids. ) BioI Chcm 19111>:
21>1:3306-.1~(l'). .

1-1. Fujimu ra Y. Tilani K. l lolland LZ ,'1 ul. A hepnrin-biruling domain of
human von Willebrand Fa~lOr: charucterizauon and localizurion 10 a
tryptic rragm.:nl ",xl.:nding from amino add residue Val~'I to Lys-
71K.) /Jiellnh'III II)K7: 262: 17.\4-1739.

15. (iin,~,.g Mil. l.uhus JC. Plnw EF. Cyroudhesion. intergrins and
1'1,,'d~I,. 11"."",1> /1""""'.\1 I')KX:59: 1-6.

Ih. Nc,heim ME_ Ma"n KG, The kinetics and co-Iaciur dependence of
Iho: IWu deavag~s iuvulved ill promrcmbin acuvarion. ) Bioi Chem
1·'!i.1:1511: 5,\X(>-531N.

17. """9 I'll. Reguiaii"" or thromhin eeneranon al cell surfaces. Semi"
'('/,/'"",I,llc'c·""'." 1'1119;I": 227-13J~

IK. l lanuon lT. Jamieson GA. The gtycocalcan ponion of platelet glyco-
I'....rein II>c'p"osscs hoth high allu m.llIerJle aflinil)' receptor sues for
Ihnllnhill.) B;o/ Cl, ..", 1911to:161: 13~14-1321'1.

19. !:I"ur A. VIIlII"vs~y I. Fuchs Z. Muller ru. Eisen WGo Different
dïe,,'. of ,,,piri,, .• Iipyridamote and VV - CG 115 on plalclel activa-
",," in a III1.lcl "I' vascular injury: 'Iudics wi,h extrucellular marrix
covered wi,h ....ndolhclial cells. rhru",h f1cJtIIICI"1 I~1I6:56: 335-339.

1n. 1',;)<SIll' JP. Slakc)' LL Gordon JL Sumularion or proslaglandin pro-
duetion 'hn,ugh purine recepters Ot, cultured porcine endothetial cells.
/li,x-/",,,,) 1')113:21-': 27J-17to.
Ikllill~cr DA. Nichuls TC. Rcad MS ~I "I. Prevennon of occlusive
""",nary urrery thrombosis hy a murine monoelonat antibody 10
I.,~ine v"u Willehr~n.J Fa".". Proe Nul " .."rl Sci USA 19117: ~:
~m~~I(~.
Ni"b,," \VL. Balm RC. Takami H. Bowie EJW. Monoclonal anlibolly
I>I"da.!" '" 1·;,'0 of porcine plaldel ~lycoprOlein Ib: a computerized
,""rphnmelric slully lah.,rOlcll. Cirrututio« 19118: 711(SupI'l II):
11-16.
l lanson SR. Plareter-spec ific anlibodies as in ,·;,·u therapeutic
n:a~~·III.: a ha"'",n ,,1OIIe1. In: Kunic~i TJ. G<'OI'ge IN. eds, Plulrl~1
I"",rrrtr,,/'io/"gr: '\/o/ulllur ""rl Clim ..,,1 AurIS. Philadelphi~: JB
l.'I't'iu ..·.~I. I,),~l: -I71-1K3.
SI",," \VI>. Walsl, JJ. Pext on T_ 5.tmOfO SA.·'The alphol. B~la, integrin
~dl surface collagen reeeproe bind, 10 1110:alpha,( I>-CB3 pepti.Je of
~"lIagl:lI.) 8iul Cl,..", 1\190: 2115:-17711-1781.
Wayner EA. Can~r WGo Idcnlifieallon of muhiple cell adhesion
"-..:eplors for o:ullag~n aroUlibronel:un 'n human f,brosan:omal cells
flO'. ....-,.'inll ullKjue alpha aroU.:ommon belOl subun.u.. J C~IIBiul 1987:
105: I1173-1~!I.j.

16. l;',lu IlK_ Gimpie LW. Y:l.'iUda T~, ui. Ptuumacodynamic sludy of F
1~1l'1: rr~gmelll nf murine monoclOflOlJanllbo.Jy 7El .!ireelcU against
human plaldel ~Iy~opru!ein llb/ilia in palleniS Wllh unslable angina
poelori,. ) CIi" 1"""." 1990: 116:651-651J.

27. lIans"n SR. I'al\:li rt Ruggeri ZM ~I ui. ElTecu of monoclonal anli-
",.ui~s againsllhe plalelel glycopmtetn 1Ib11llacomplex on Ihrombosis
an.J heIlIUSIasis in Ihe baboon:) Cli" Im'rst 1'1811;Ill: 149-158.

111. ('"lier I3S. S~u.Jd~r LE. Bereer HJ. lolucd JD. Inhibilion of human
plal~let fun~lion ill I';m with a monoclnnal amibody. With observa-
li"ns on Ih.: newly dead as exporimemal subjeclS. An" /1II~m Ml'rI
lIJK!!: 10'): 635-6311.

29. Rugllcri ZM. Inhibilion of plalelel-vessel wan inlc ... clion. Platelet
rcceplnrs. monocllH,al anlibollies and synlhetic peplides. Cirl'l,lul;U/1
I')I)(): 111ISupplll: 135-139.

30. Coller liS. Fnlls JO. Smilh LE. Scu.!der LE. Jordan R. Abolition of in
"i,'" plal~((1 Ihrnmllus I'ormalion in primales with monoclonal IIIIli-

~3.

~5.



sue-type plaslllin"gen uetivaror" '\111' Intern ""''' I'J<~I: 112: ~21)·5111.
(17. Rungc MS. Quencmlllu, T. Haber E. Plasminogen aClival""': tbc "Id

and the new. Cirrutatio« 19119:79: 217·22-1.
68. Haber E. Quertern\Ous T. M~ISUcdJ GR. Rungc MS. lunovmivc

Jppro~ches 10 plasminogen activator therapy. SdI''''';' 11)111);HJ: .~I·
56.

69. Slump De. Lijnen IIR. Collen D. Purificauon uf a novel low m,,"'nl'
lar weigfu form of singlc-cbuin urokinase-like I"asmi""~l'n al'lival"r.
J Bioi ClII'1II 19116;261: 1712()·17126.

70. Nelles L. Lijnen HR. Collcn D. Holmes WE. Charal'll'ri,ali,," "I'
recornbinant human single chain urnkinnsc-typc plasmillll);l"n ucrivn-
tors produced by sire-specific nnnugcuesis of lysine 1511.J Bioi Cl,..",
1987; 262: 56X2·56X9.

71. Selmee JM. Runge I\IS. MalSueua GR ,'I al. Construction all" cxpn-s-
sion of a recombinaut antibody-targeted plasminogen uctivaror. PI'tH'

Nut Actu! Sei USA 19117:~: til)()-I·óI}08.
12. Lumsden A. Kelly A. Dodson T. Kotzé 111'. Hunson SR. Harkcr 1.1\.

lntcrruption of implanted vascular gmfl Ihmml>nsis with n-Phc-Pro-
Arg chloromethyl ketone (l>-I'PRCIl:CIl lal>"r:Il'I). Cil'I'IIII1,io" 19')();
R2: 6()~.

73. Nabel EG. Plautz G. Boycc FM. Stuntey JC. Nahcl·UJ. Recllmhin:IIII
gene exprcssilln i" ";1'11 with endothelial cells "I' the .mcrial wall.
Sei"III'C 19XI): 2~: 1.'-l2·IW.

74. Wilsun JM. Birinyi LK. Salomon RN. Libby I'. C"II"w A. Mulliguu
RC. lmpluntation of vascular grafts lined with gCllelic:tll)' modified
endothelial cells. Scienc« 19X'): 2~: I~·13-1(t.

98 CARDIOVASCULAR JOURNAL OF SOUTHERN AFRICA VOLUME 3 NO. 2 APRIL 1992

58. Savage B. J\!arzec UM. Chan 1311. Harket LA. Marugnnure JI\.1.
Ruggeri ZM. Binding uf snake venom-derived peptides. applaggin
and echisunin. 10 the urgcnine-gtyciuc-uspunic acid recognition sues
on platelet membrane glycoprmcin llb/lllu inhibits receptor function,
J Biol Chcm 1'1110: 265: 11766·11772.

59. eh~o A. Jakubnswki JA. Chow EP. Harker LA. Maraennore JM.
Applaggin: A porem inhibitor of plureler aggregalion a';-d secretion
(abstract). TlII'IIII,b Haemost 19~,); 62: 50.

()(). Trikha M. RCI7.ios AD. Markland I'S. Charucrerizauon of a alpha
novel ;Iggregalinn inhibitor tcontortrustatinl from the southern copper-
head snake venom tabstract). BlfII)(/19'XI (Suppn: 76: 479a.

61. Scarborough RM. Rose JW. Hsu MA rt Ill. Chaructcrizntion of a
JlOI~1IIand Gp IIblllla specific pkuelct aggregalion inhibitor from the
venom of the southeastern pigmy rattlesnake (abstract). Circlllt/lilll,
1990: H2ISurpllll): 370.

62. Kclly A. Marlee U. Harket D et Ill. Amithrombotic effects of upplag-
gin. a novel untjplutetet peptide (uhstract ), Cirrnlation 1990: 112
(Suppl Ill): eso.

6J. Gruher A. Griffen JH. Harkcr LA. Hunson SR. lnhibition of rlalelel
dependent thrombus formarion by human ucuvatcd prorein C in a pri-
mate model. 8/1I",/!lJ~ll: 7J: 639·642.

tH. Estnou CT. The role of prolein C in the co:tgtll:lIion system.
Cil',."/alio,, 11)911;X2 (Suppl Hl): I • J.

tiS. The thrombolysis in myocardial infarction sltldy group. N Eugl J
MetlI9!!5: J12: 932·936.

66. Collen D. Coronary thrombolysis. Streptokinase or recombinant lis.'

'. ~ 1

12 - 16 April
Annual scientific sessions or the American College or
Cardiology. Dallas, Texas,

30 Aug. 3 Sept
1~lh Cong r ess uf the European Soc ietv or Car dlulouv,
Har ccluna, Spain. foor regislration urul l'onl!rl'S' information.
wruc to EtCO. 22. rue JUSle Olivier. PO BII~ :!'1IJ. CII·I :!(lO.
Nyon/Swirzerland.

16 • 18 September
5th Congress or the SA Society or Nuclear l\I~icine including
sessions on Nuclear Cardiolog_y. Nuclear :'IIeurology, PET and
Nuclear Medicine Physics. Overseas participants include Or
Terry Jones from Harnrnersmirh Hospital. London. Head of the
PET and Cyclotron Unit of the Brinsh Medical Research Council.
and various other overseas experts have expressed interest. Venue:
M RC Headquarters. Parow Valley. Comact person: Or A.
Ettmann. Department of Nuclear Medicine. Tnzerberg Hospital
7505. Tygerberg: tel (021) 931-151911J38 ...n7~

zo - 14 September
IHth Biennial Congress or the Southern Arrican Cardiac
Society. Sun City, Bophuthatswana. The prngrarnrne metudes
original presentation and state-of-thc-art lectures on all major
fields of cardiology.

Overseas participants:
Cary W. Akins, M.D. Associate Clinical Professor of Surgery.

Cardiac Surgery Unit, Massachuseus General Hospital, Boston,
USA.

Blase A. Carabelle. M.D .. Professor of Medicine. Medical
University of South Carolina. USA.

Tirone E. David. M.D .. Head. Division or Cardiovascular
Surgery. Toronto Hospital. Canada.

Anthony N. De Maria. M.D .. Professor of Medicine and Chief
Cardiology Division. University of Kentucky. Kentucky. USA.

Bernard J. Gersh, M.D .. Professor of Medicine. Cardiovaxcular
Division and Internal Medicine. Mayo Clinic. Miuncsotu, USA.

Roger B. Mee. M.D .• Victorian Paediatric Cardiac Surgical
Unit. Royal Children's Hospital. Melbourne. Vicumu. Austrnli«.

Fr:IIlS II. Mcsscrli. 1'.1.0 .. Prul'cssur Ill' f\kdil·ine. Ochsucr
Clinic. New Orleans. USA.

Craig D. Millar. 1'.1.0.. Professor of Medicine. Department nr
Cardiovascular Surgery. Cardiovascular Research Centre. Sienford
University. California. USA.

Peter C. Palrolere. M.D .. Thoracic and Vascular Surgery.
Mayo Clinic. Minnesota, USA.

Milton Packer. M.D .. Professor of Medicine. Divisiun of
Cardiology, Mount Sinai Medical Centre. New York. USA.

Julian Rosenthul. M.D .. Professor of Medicine.
Pharmocorherapy Section. Clinical Pha rmuco lug y , ULM
University. Donau, Germany.

Allan M. Ross, M.D .• Professor of Medicine. Director.
Division of Cardiology. The George Wa~hingtlln University
Medical Centre. Washington, USA.

Meivin H. Sheinman, M.D .. Professor of Medicine, Mollit
Hospital, Universny of California. San Francisco, USA.

Norman H. Silverman. M.D .. Professor of Paediatrics and
Radiology (Cardiology). University of California. San Francisco,
USA.

Contact person: Medical Conferences (Ms U. (imhc). PO Blllt
98173. Sloalle Park 2152. South Africa: tel: (0 II ) 7K1\·11l5~.

0Note: Items for this Calendar should he sent to the
Cardiovascular Journal, PO Box 1013, Durbanville 7550.



8=51
Reprinted from American College c.j Surgeons 1991 Surgical Fo1UlTlVolume XLII.

BRIEF TOPICAL APPLICATION OF SYNTHETIC
ANTITHROMBIN PREVENTS VASCULAR GRAFT
THRO:MBOSIS

Alan B. Lumsden, MB, ChB, Harry Kotze, PhD,
Stephen R. Hanson, PhD, and Lawrence A. Harker, :MD

CURRENTLY, NO SATISFACTORY method exists by which antithrom-
botic therapy may be applied to sites of vascular injury, Consequently,
systemic anticoagulation remains the only option for the prevention of
occlusion at high-risk areas, such as vascular grafts, angioplasty sites,
intravascular stents, and others. Unfortunately, anticoagulation following
such interventions is associated with significant risk of hemorrhagic com-
plications, which may have devastating consequences.
An ideal therapy would, therefore, provide an effective local antithrom-

botic action, active only at selected sites, without altering systemic he-
mostasis. We have produced a local antithrombotic effect, by topical
application of D-phenylalanine-proline-arginine-chIoromethylketone(D-
FPRCH2Cl), a nonreversible inhibitor of thrombin.!

:MATERIALS AND METHODS

Six young male baboons (8-13 kg), with a surgically implanted femoral
arteriovenous shunt, were used in this study. Platelets in each animal were
labelled with lllindium.2

Uncrimped knitted (4 mm inner diameter) Dacron grafts, 2 cm long,
were selected as the thrombotic surface for study.! The grafts were ren-
dered impervious to blood by wrapping with Parafilm and mounting into
Silastic tubing. Once the graft device was assembled, it was preeloned
using 5 cc of venous blood for 10 minutes. Excess clot was removed with
a Fogarty catheter. The lumen of the treated graft was then filled with D-
FPRGCH20 (10mglml), controls were filled with normal saline solution,
and each was incubated at room temperature for 10 minutes. Each graft
was then irrigated with 10 cc of normal saline solution. The grafts were
then exposed to pulsatile flow by incorporation into the arteriovenous
circuit. Two grafts were studied in each experiment and mounted in a
series, with the treated graft downstream of the untreated graft to eliminate
any effect due to elution of D-FPRGCHzO. Bleeding time, prothrombin
time, and partial thromboplastin time were measured in each animal. Plate-
let deposition onto the grafts was measured using a Picker DC 4/111 Dyna
Scintillation camera (picker, Northford, CT).
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RESULTS
Platelet deposition onto the untreated control grafts reached a plateau

at 60 minutes with 5.7 x 10-9= 2.7 platelets. Four of six untreated
grafts occluded at 40, 50, and 60 minutes. The treated grafts continued

- to accumulate platelets up to 120 minutes, with a maximum platelet dep-
osition of 2.87 x 10-9 = 2.1 platelets (P< .01). One of the six treated
grafts occluded. Significant differences in the number of platelets depos-
ited were evident at 15, 30, and 60 minutes; following this, the number
of patent untreated grafts was inadequate to perform valid statistical inter-
pretation. Bleeding time, prothrombin time, and partial thromboplastin
times were all within normal limits.

DISCUSSION
D-FPRGCH2Cl is a synthetic tripeptide antithrombin that produces co-

valent inhibition of thrombin by nonreversible alkylation of its active site.
Thrombin has a central role both in inciting platelet aggregation and in
the coagulation cascade. To exploit the profound antithrombotic activity
of this agent, we hypothesized that topical application of D-PRGCH2Cl
onto preformed thrombus may produce permanent interruption of the
thrombotic process. This process may be mediated by irreversible inhi-
bition of locally generated, clot-bound, thrombin. We have demonstrated
that such topical anticoagulation results in a dramatic short-term anti-
thrombotic effect.

Such a therapeutic scheme provides maximal antithrombotic activity at
the site where it is most necessary, without producing systemic anticoa-
gulation. We believe, therefore, that local therapy represents a new con-
cept in anti thrombotic therapy with a wide range of potential clinical
applications. Numerous questions remain to be addressed: how brief an
exposure period is necessary, what concentration is required, and will this
influence development of neointimal hyperplasia?
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Abstract

The three main components involved in thrombosis
and haemostasis are thrombin, platelets, and plas-
min. Almost all inhibitors of thrombosis are focused
either on the inhibition of thrombin or on the inhibi-
tion of platelets. We designed a construct using the
fibrinolytic activity of staphylokinase, fused via a
cleavable linker to an antithrombotic peptide of 29
amino acids. The peptide was designed to include
three inhibitory regions: (1) the Arg-Gly-Asp (RGD)
amino acid sequence to prevent fibrinogen binding
to platelets; (2) a part of fibrinopeptide A, an inhibi-
tor of thrombin; and (3) the tail of hirudin, a potent
direct antithrombin. The amino acid sequence of
the 29 amino acid peptide was reverse translated,
and the gene was chemically synthesised and cloned
into an expression vector as a 3' fusion to the staphy-
lokinase gene. Gene expression was induced in
E. coli Top 10 cells and the fusion protein, desig-
nated PLATSAK, was purified using metal affinity
chromatography. The purified fusion protein sig-
nificantly lengthened the activated partial thrombo-
plastin time and thrombin time and inhibited the

Abbreviations: SAK, staphylokinase: Pr. primer: FXa. factor Xa;
TI. thrombin time: aPTI, activated partial thromboplastin time:
peR. polymerase chain reaction: IPTG. isopropyl-ê-Duhiogalac-
topyranoside: NT A, nitrilo-tri-acetic acid: ADP, adenosine di-
phosphate.
Corresponding author: G.HJ. Pretorius. Department of Haema-
tology, UOFS, P.O. Box 339, Bloemfontein. 9300, South Africa.
Tel: +2751 4053656; Fax: +2751 4308485: E-mail: (gnhmghjp@
med. uovs.ac.za).

0049-3848/97 $17.00 + .00 © 1998 Elsevier Science Ltd. Printed in the USA. All rights reserved.
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amidolytic activity of thrombin. The fibrinolytic ac-
tivity was almost equal to that of recombinant sta-
phylokinase as measured with a thrombelastograph.
Platelet aggregation was not markedly inhibited
by PLATSAK, probably due to the unfavourable
three dimensional structure, with the Arg-Gly-Asp
sequence buried inside. Our results confirm that it
is feasible to design and produce a hybrid multifunc-
tional protein that targets various components of the
haemostatic process. © 1998 Elsevier Science Ltd,

Key Words: Staphylokinase; Antiplatelet; Antithrombin;
Recombinant

Platelets and thrombin both play pivotal roles
in thrombogenesis whereas plasmin dissolves
the thrombus. It is therefore not surprising

that we have experienced a drastic increase in the
design and development of new antithrombotic
agents that can either inhibit the action of throrn-
bin or prevent platelet aggregation, and fibrinolytic
agents that can enhance fibrinolysis. There are po-
tent new inhibitors of platelet function, whereas
powerful inhibitors of thrombin function and pro-
duction are currently under study. The platelet
inhibitors include synthetic Arg-Gly-Asp (RGD)-
peptides [1,2], snake venoms [3,4], and the Ffab'),
fragment of the monoclonal antibody 7E3 [5]_
Amongst the thrombin inhibitors are hirudin [6],
hirudin fragments [7], the hirulogs [8], hirugen [9],
and synthetic hirudin C-terrninal peptides [10]. in-
hibitors of thrombin production include recornbi-
nant tick anticoagulant peptide [11] and recornbi-
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idues 54-65) were obtained from Sigma. Chemicals
for media were purchased from Difco. All chemi-
cals used were of analytical grade.
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nant activated protein C [12].Collen and Lijnen [13]
suggested that the effectivity of anticoagulant and
antiplatelet agents could be enhanced by conjunctive
use with thrombolytic agents like staphylokinase
(SAK) or streptokinase. SAK is a 136 amino acid
fibrinolytic protein produced by the bacterium
Staphylococcus aureus which forms a 1:1 complex
with plasmin(ogen). This complex then activates
other plasminogen molecules [14].
For the purpose of this study, we designed an

antithrombotic peptide of29 amino acids that com-
bines antithrombin and antiplatelet activity and
used SAK to provide fibrinolytic activity. SAK was
linked to the anti thrombotic peptide through a se-
quence that can be cleaved by activated coagula-
tion factor X. The factor Xa target sequence was
introduced to enable release of the antithrombotic
peptide in vitro and in vivo. The peptide was de-
signed to include three inhibitory regions: (1) an
amino acid sequence (RGD) derived from fibrino-
gen, which is essential for binding of fibrinogen
to its receptor (Glycoprotein lIb/IlIa) on platelet
membranes [15]; (2) a part of fibrinopeptide A
(residues 8-16), an inhibitor of thrombin [16]; and
(3) the C-terminal tail of hirudin (residues 54-65),
a direct antithrombin [6]. We hypothesised that
the construct, named PLATSAK (Platelet-Anti-
!hrombin-S.t~phylokinase), would prevent platelet
aggregation·, inhibit the action of thrombin and en-
hance fibrinolysis. In this paper we report on the
construction, purification, and in vitro characteri-
sation of this recombinant fusion protein.

Jl. Materials mull Methods

1.1. Host Strain

Escherichia coli Top lOF' [mcr A. ~(mrr-hsdRMS-
mcrBC), lp80LllacZLlM15.LllacX74, deaR. recAl ,
araD139, Ll(ara, leu), 7697, galU. galK. A -, rpsL,
endAl, nupG, F'] was used for cloning the recom-
binant genes and for propagation of plasmids. The
same strain was also used as host for gene ex-
pression.

1.2. Enzymes and Chemicals

Restriction endonucleases, T4 DNA ligase, Taq
polymerase and Chromozym TH were purchased
from Boehringer Mannheim. Synthetic fibrinopep-
tide A (residues 8-16) and hirudin C-terminus (res-

1.3. Recombinant DNA Techniques

DNA techniques were performed according to the
general criteria currently in use [17]. Fragments
for cloning were purified from agarose gels using
Qiagen purification kits. E. coli transformation
were performed as described [18].

1.4. Cloning Strategy

The amino acid sequence encoding the antithrom-
botic peptide was reverse translated using optimal
universal codons [19]. Two 60-mer oligonucleo-
tides, designated primers 1 and 2 (Table 1), were
chemically synthesised. These two primers overlap
22 base pairs and the lacking ends were filled in
by PCR (Figure 1). The purified gene was subse-
quently cloned into the Sma I restriction site of
pUCBM21 (Figure 2) and the resulting plasmid was
designated pWBl. Using primers 2 and 3 (Table 1),
the gene was amplified from pWB1 and cloned
simultaneously with the SAK gene and the Factor
Xa cleavage site into the Eco RI and the Sal I
restriction sites of pWB6 (Figure 2). The Factor
Xa cleavage site was constructed as two comple-
mentary oligonucleotides, primers 4 and 5 (Table .
1). The newly constructed plasmid was designated
pWBM3. To aid purification of the recombinant
fusion protein, PCR was applied to add sixconsecu-
tive histidine residues to the C-terminus of the
protein, using primers 6 and 7 (Table 1). The newly
constructed plasmid was called pWBM3H. A plas-
mid containing only the SAK gene was named
pWBM and produced in parallel with pWBM3H.
Gene expression was under control of the
inducible tac promoter, which can be induced
the addition of 2 mM isopropyl-I3-D-thiogalacto
pyranoside (IPTG). To prevent the promoter
producing a low level of protein during the .
phases of growth, the cells were co-transtorme
with pREP4, which carries the lac! gene encodi
the lac repressor. All constructs were seque
to verify accurate gene synthesis.

1.5. Media and Cultivation

Following transformation, the cells were plated
SOB agar (2% tryptone, 0.5% yeast extract, 0.05



W.B. van Zyl et al.Zfhrombosis Research 88 (1997) 419-426

Table 1. Summary of primers

Name Sequence, S' to 3' Use

AGAGGTGACITCITGGCfGAA-
-GGTGGTGGTGTI AGACCAGGT-
-GGTGGTGGTAACGGTGAC

CGCfCGAGCf ACAAGT ATICIT-
-CfGGAA TTICTICGAAGTCA-
-CCGTIACCACCACCACCT

GCCCCGGGAGAGGTGACT-
-TCITGGCfGAAG

CAAGGTIGTI ATAGAAAAG-
-AAATCGAGGGAAGGAG

CfCCITCCCfCGA TTTTCIT-
-TICf ATAACAAC

ACAGAA TICAGGAGGC-
-CTCATATGTC

GCGGTCGACCf AGTGATG-
-GTGATGGTGATGCAAGT A-
-TICTTCTGGAA TTICITC-
-GAAGTCACGTI ACC

Primer 1
(60-mer)

Primer 2
(60-mer)

Primer 3
(3D-mer)

Primer 4
(36-mer)

Primer 5
(32-mer)

Primer 6
(26-mer)

Primer 7
(69-mer)

Upper strand of anticoagulant gene

Lower strand of anticoagulant gene

Primer 1+Sma I restriction site

Upper strand of FXa linker

Lower strand of FXa linker

Forward primer for adding 6 his

Reverse primer for adding 6 his

NaCl, and 2.5 mM KCI) containing the appropriate
antibiotics. For cultivation purposes the cells were
grown on TB medium (1.2% tryptone, 2.4% yeast
extract, and 0.4% glycerol, pH controlled at 7 with
0.017 M KH2POJO.072 M K2HP04), containing 25
ug/rnl kanamycin and 100 ug/ml ampicillin for
maintenance of the plasmids. A 3-ml culture was

FIBRINOGEN
FIBRlNOPEPTIDE A II

inoculated with a single colony and grown for three
hours at 3rC in a shaking incubator. This starter
culture was then used to inoculate a 200-ml working
culture, which was allowed to grow to an OD6(X)of
0.5. Gene expression was subsequently induced by
addition of 2 mM IPTG to the culture. Following
growth for an additional hour, the cells were har-

HIRUDIN

N-ArgGlyAspPbeLeuAlaGluGlyGlyGlyValArgProGlyGlyGlyGlyAsnGlyAspPbeGluGlulleProGluGluTyrLeu-C

Primer 1
S'

:::::::::::::::::::::::::::::::::::::::::::::::

Reverse translation

AGAGGTGACTTCTTGGCTGAAGGTGGTGGTGTTAGACCAGGTGGTGGTGGTAACGGTGAC
3'

TCCACCACCACCATTGCCACTGAAGCTTCTTTAAGGTCTTCTTATGAACATCGAGCTGCG
Y ~

Primer 2
(

Fig. 1. The amino acid sequence of the anti thrombotic peptide was reverse translated and two overlapping oligonuc1eotides
(primers 1 and 2) were chemically synthesised. The gene was constructed by annealing the two primers and filling in the
lacking ends by PCR. The resultant gene was subsequently cloned into pUCBM21 resulting in plasmid pWBl.
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Fig. 2. A schematic representation of the strategy followed
for construction of the PLATSAK gene. Cloning vectors
are presented as linear figures. Pr, primers.

vested by centrifugation (3000xg for 10 minutes).
This procedure was also followed in parallel to
produce SAK, which was also analysed in all activ-
ity assays to ensure that the SAK portion did not
contribute to any antithrombotic or anti platelet
activity (results not shown).

1.6. Protein Extraction and Purification

Recombinant proteins were isolated by repeated
cycles of freezing and thawing (20). The cell pellets
were frozen for ten minutes in liquid nitrogen and
thawed on ice for fifteen minutes. This procedure
was repeated twice. Two ml of sonication buffer
(50 mM Na-phosphate (pH 8.0), 300 mM NaCl)
was added to the cell pellets and left on ice for
another hour. Cell debris was removed by centrifu-
gation at 4°C for ten minutes at lOOOOxg.

The protein extract was allowed to bind to Ni-
NT A resin (Qiagen) for one hour at 4°C in a
batchwise manner. The resin was left to settle in
a column and was washed with sonication buffer
until the OD2l!O was below 0.01. To remove other
contaminating proteins, the resin was extensively
washed with washing buffer [50 mM Na-phosphate
(pH 6.0).300 mM NaCI, 10% GlycerolJ until the
ODzso was below 0.01. The purified PLATSAK was
eluted from the column with elution buffer
(50 mM Na-phosphate (pH 4.0). 300 mM NaCI)
and concentrated using Centricon-lO concentra-
tors (Amicon). Protein concentrations were deter-
mined using the BCA Protein Assay system from
Pierce. Proteins were separated on 15% SDS-
PAGE gels and silver stained with the BDH Insta-
view Silver Staining Kit.

_-
Thrombin time (TT) and activated partial throm-
boplastin time (aPTT), measured with standard
assay systems, were used to test for antithrombin
activity [21]. An amidolytic assay of thrombin activ-
ity, performed at 30°C using Chromozym TH
(Boehringer Mannheim) as thrombin substrate.
was also used [22]. The reactions were done in 0.1
M Tris-HCI (pH 8.3), containing 0.2 M NaCI and
0.05% Triton-Xl Oê,with 0.25 nM enzyme, 31.25 jJ.g
Tos-Gly-Pro-Arg-p-nitroanilide (Chromozym TH).
and different concentrations of PLATSAK and
SAK in a total volume of 250 jJ.1.The reaction was
followed over 60 minutes at 405 nm in an EL 312e
Bio-kinetics microplate reader (Bio-tek Instru-
ments). For purposes of comparison, the effect of
individual peptides of fibrinopeptide A (residues
8-16) and the tail of hirudin (residues 54-65) on
TT, aPTT, and the amidolytic activity of thrombin
was also tested.

1.8. Measurement of Antiplatelet Activity

Platelet aggregation in response to 2 mM AD
(final concentration) was turbidimetrically mea
sured in a Monitor IV Plus Platelet Aggregomete
(Helena Laboratories) at 37°C, as described in de
tail [23]. The platelet count in platelet rich plasm
was 200x 109/1. The aggregation response, mea
sured at 4 minutes following addition of ADP, wa
related to the difference in light transmission be
tween platelet poor plasma and platelet rich plasm
and expressed as a percentage. Before the AD
was added, the platelet rich plasma was incubate
with different concentrations of PLATSAK as we
as SAK.

1.9. Measurement of Fibrinolytic Activity

The fibrinolytic activities of PLATSAK and SA
were determined using a Heilige thrombelast
graph. Human venous blood (4.5 ml) was collect
in polystyrene syringes and anticoagulated wi
0.25 ml tri-sodium citrate (9% wlv stock solutio
The anticoagulated blood (250 jJ.I)was calcified
the addition of 100 jJ.lCaCl, (0.645% w/v worki
solution). Different concentrations of purified S
or PLATSAK were immediately added to the re
tion mixture and clot formation and subsequ
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lysis due to SAK and PLATSAK activity were
followed over time. The L-value, which spans the
distance measured by the thrombelastograph from
the start of clot formation to the end of lysis, was
determined for each concentration used.

2. Results and Discussion

The gene encoding the antithrombotic peptide was
constructed by reverse translating the synthetic
amino acid sequence to the corresponding nucleic
acid sequence, keeping optimal codon use in mind
[19]. SAK was added not only to improve the stabil-
ity of the small peptide, but to include digestion
of fibrin to the range of activities carried by the
construct. The two genes were separated by a cleav-
able linker, the Factor Xa target site (Figure 2).
The fusion construct was cloned into pWB6 and
gene expression was controlled by the strongly in-
ducible tac promoter, using E. coli as expression
host. Purification was facilitated by adding six histi-
dine residues to the C-terminal part of the fusion
protein. Six consecutive histidine residues have a
very high affinity for Ni-ions associated with the
Ni-NTA purification resin [24]. Transformants car-
rying the gene were cultivated and gene expression
was induced by addition of IPTG to logarithmically
growing cells. It resulted in the appearance of a
protein band of approximately 18 kDa on SDS-
PAGE gels (results not shown). Maximal protein
production was reached after one hour of induc-
tion. after which the cells were subjected to freeze-
thaw lysis [20]. This resulted in the preferential
release of recombinant proteins from the frozen
cell pellets. This method has the advantage of hav-
ing fewer contaminating proteins that could inter-
fere with the subsequent purification steps. Fur-
thermore. it is a very simple. inexpensive and
exceptionally efficient method of enriching recorn-
binant proteins produced intracellularly by E. coli.

Further purification was performed using Ni-
NT A resin. Protein extracts and column fractions
were analysed on 15% SDS-PAGE gels and silver
stained. Figure 3 shows the efficiency of the purifi-
cation procedure used. The standard purification
experiment yielded about 1 mg of recombinant
PLATSAK per 200 ml culture. Of interest was the
finding that tne yield of PLATSAK, under similar
conditions, was markedly lower than in the case
of SAK (results not shown). It may be possible

:~..;~::~j/:r~;:::.
.::.-::~.;.;.-;"~..:~~<.

18 kDél"9>·
..:,..~~::z~:.:·::::~;~·C~-

.': ...•

<F 18 kDa

!....;..

,.t., .~ .•

Fig.3. SDS-PAGE analysis of protein purification proce-
dure. Lane 1: total intracellular E. coli proteins; Lane 2:
the enriched fraction obtained from the freeze-thaw lvsis:
Lane 3: the washing fraction from the Ni-NT A resin; Lanes
4-6: purified PLATSAK.

that the anti thrombotic part of the fusion protein
could have an inhibitory effect on protein produc-
tion by E. coli. In spite of all precautions and the
application of different elution procedures. a con-
taminating band of low concentration eo-eluted
with PLATSAK. The concentration of the contam-
inant is nevertheless so low that it is not visible in
lanes 4 to 6 (Figure 3) and it apparently has not
interfered with the subsequent assays.

The antithrombin properties of purified PLAT-
SAK were investigated by measuring TT and aPTT
(Figure 4). In both assays equal volumes of elution
buffer served as control. Addition of 15 f.LMof
PLATSAK markedly lengthened TT and aPTT,
thereby indicating inhibition of thrombin activity.
SAK had no effect on TT and aPTT. The lengthen-
ing in TT and aPTT must therefore be due to the
two antithrombin sequences present in the peptide
fused to SAK. The mechanism of interaction of our
peptide with thrombin is not clear and we have no
data to show whether the antithrombin activity is
due to the hirudin or to the fibrinopeptide A cornpo-
.nents. It can be assumed that the tail of hirudin binds
_to the anion binding exosite of thrombin [25.26] and
the fibrinopeptide A sequence to the active site [16].
Since these two motifs are adjacent to each other
in our construct (Figure 1), one would not expect a
single molecule to bind simultaneously to the exosite
and the active site. Residues 7 to 16 of fibrinopeptide
A are critical to efficient peptide hydrolysis, while
residues outside this region are critical for thrombin
binding [27]. It appears that the amino acids outside
the antithrombotic fragments of PLATSAK contrib-
ute to thrombin binding. In the chromogenic assay,



The effect of PLATSAK on platelet aggregation
was negligible (Figure 5B). At a concentration of
33 f.LM,PLATSAK could not inhibit ADP induced
platelet aggregation. On the contrary, 20 f.LMof
a synthetic RRRRRRRRRGDV could prevent
platelet aggregation induced by thrombin, ADP,
collagen, and epinephrine [1]. We could not over-
come this problem by prior in vitro digestion of
PLATSAK with Factor Xa. There are several pos-
sible explanations for the inability of PLATSAK
to inhibit platelet aggregation. It could be due to
the inaccessibility of the RGD in the tertiary struc-
ture of the protein. It is also possible that the RGD
motif is situated in non-optimal surroundings [1].
An alternative would be to place the RGD motif
on the tip of a loop to increase its accessibility to
activated platelets.
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Fig.4. Determination of antithrombotic activity using IT
and aP1T. In both cases 15 I-LMof PLATSAK. fibrinopep-
tide A (residues 8-16) or hirudin (residues 54-65) was used
to assay the anti thrombotic activity. Results are the average
of three individual experiments.

5.5 f.LMof the protein was sufficient to inhibit the
action of thrombin significantly (Figure SA). It is
known that the C-terminal domain of hirudin is un-
able to inhibit the amidolytic activity of thrombin
towards small substrates [9,28]. Inhibition of throm-
bin towards substrates like Chromozym TH is, thus,
achieved by blocking the active site. In this experi-
ment, thrombin inhibition was, thus, achieved either
by the fibrinopeptide A derived part of the anti-
thrombotic peptide binding to the active site or by
blocking of the active site by the N-terminal part
of PLATSAK, while the C-terminus was bound to
the exosite.
It is important to note that PLATSAK markedly

lengthened the TT and aPTT (Figure 4) and inhib-
ited the amidolytic activity of thrombin (Figure 5)
when compared to equimolar concentrations of the
antithrombin part of fibrinopeptide A and the tail
of hirudin. This strongly suggests that combination
of the fibrinopeptide A part and the hirudin-tail
with SAK greatly enhances the antithrombin activ-
ity of PLATSAK. We have no ready explanation
for this finding.

The RGD sequence is an essential part of all
integrins, since it is responsible for binding of the
integrin to the glycoprotein IIbfIIIa receptor on the
membranes of activated platelets [29], and RGD
peptides and monoc1onal antibodies containing the
RGD motif are(,effective inhibitors of platelet de-
pendent thrombus formation [30,31]. We intro-
duced the RGD motif at the N-terminus of our
peptide (Figure 1) to facilitate antiplatelet activity.
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(8-16)
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Fig.5. A. Determination of thrombin inhibition using
Chromozym TH as substrate for thrombin. The antithrom-
botie activity of different concentrations of PLATSAK is
expressed as the percentage of thrombin activity retained
following incubation of 60 minutes with PLATSAK. B.
Determination of the inhibition of ADP induced platelet
aggregation. Results are the average of three individual
experiments.
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Table 2. Comparison of L-values obtained from thrornbe-
lastography

Protein SAK PLATSAK
concentration Lvvalue (mm) Lsvalue (mm)

27 j.LM 12.67±O.47 16.5±O.41
22 j.LM 13.67±O.47 17.25±O.82
16 j.LM 17.00±O.82 25.67±O.47
11 j.LM 26.67::1.25 36.5±1.48

The fibrinolytic activity of the SAK portion of
the protein was determined using thrombelastogra-
phy, as well as purified recombinant SAK as control.
A surprising result was that PLATSAK was slightly
less effective than recombinant SAK (Table 2). In
theory PLATSAK should inhibit clot formation, due
to the antithrombin peptides at its C-terminal end,
and activate fibrinolysis, and so have a more pro-
nounced effect on the assay than SAK on its own.
A possible explanation for our finding may be that
fusion of additional amino acids to the C-terrninus
of SAK distorts the structure in such a way that it
slightly impairs protein activity. However, one
would expect that factor Xa would release the anti-
thrombotic peptide from SAK and that the peptide
would not have had an effect on SAK. Alternatively,
the fact that the fibrinolytic activity was slightly
lower and that the inhibition of platelet function was
low, strengthens the suggestion that the N-terminal
part of the anti thrombotic peptide is buried inside
the protein, or sterically hindered in some other
way. This may also hinder release of the peptide
by factor Xa-activity. We have however no data to
support this. The C-terminus, with its antithrombin
activities, are seemingly more accessible. Unfortu-
nately, no crystal structure for SAK is available at
the moment, which could have helped to explain
our observations. A possible way of testing the hy-
pothesis would be to rearrange the different motifs
of our peptide so that the RGD is at the C-terrninal
end, or even at the N-terminus of SAK itself.

In conclusion, we were able to produce a hybrid
protein in E. coli that was able to inhibit thrombin
activity and enhance fibrinolysis in vitro. Antiplate-
let activity was negligible, but can possibly be im-
proved by redesigning or repositioning the RGD
motif. The important contribution of this study, we
believe, is thatwe have shown that it is possible to~.
design a multifunctional peptide that can modulate
haemostasis and thrombosis. The next step would

, .. ~, . 0, •

be to test the construct in a suitable in vivo ani-
mal model.
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sition of "Tn-Iabeled platelets. After 2 hours, plate-
let deposition in the graft segments and expansion
chambers was inhibited by 50% and 85%, respec-
tively, when compared to control studies. The acti-
vated partial thromboplastin time was lengthened
to greater than 120 seconds. Interestingly, the level
.of fibrinogen degradation products in plasma did
not increase after administration of PLATSAK.
These results demonstrate that PLATSAK effec-
tively inhibited platelet deposition in both arterial-
and venous-type thrombosis in an animal model.
© 2000 Elsevier Science Ltd. All rights reserved.

Abstract

Antiplatelet-antithrombin-staphylokinase (PLATSAK)
is a chimeric protein that was recombinantly pro-
duced in Escherichia coli cells. The protein was
designed to target haemostasis at three different
levels. It consists of staphylokinase for activation
of fibrinolyis, the Arg-Gly-Asp sequence for the
prevention of platelet aggregation. and an anti-
thrombotic peptide for the inhibition of thrombin.
The in vivo activity of PLATSAK was evaluated
by assessing its effect on platelet deposition in a
baboon model of arterial and venous thrombosis.
Dacron vascular graft segments and expansion
chambers, inserted as extensions into permanent
femoral arteriovenous shunts, were used to simu-
late arterial and venous thrombosis, respectively.
PLATSAK (3.68 mg/kg) was administered as a
bolus 10 minutes before placement of the thrombo-
genic devices. Platelet deposition onto the graft
surface and in the expansion chamber was imaged
in real time with a scintillation camera as the depo-

Key Words: Antiplatelet Antithrombin; Fibrinolytic; Ba-
boon model; Hybrid molecule

Several studies in animal models have empha-
sized the importance and essence of blood
platelets and thrombin in thrombogenesis.

The pivotal role of the adhesive protein receptor,
glycoprotein (Gp) lIb/IlIa, in platelet-platelet in-
teractions, has been demonstrated in canines [1-3]
and in non-human primates [4-6J by using selective
antagonists. Of particular importance is the fact
that Arg-Gly-Asp (RGD) containing peptides and
proteins effectively block platelet-platelet interac-
tions [5,7]. The crucial role of thrombin in thrornbo-
genesis has been demonstrated by using direct
thrombin inhibitors [8,9J. In other studies, the for-
mation of thrombin was inhibited with activated
protein C [10], tissue factor pathway inhibitor [11],
or recombinant tick anticoagulant peptide, which
inhibits activated factor Xa [12J.

Abbreviations: RG O. Arg-Gly-Asp: PLATSAK_ Antiplatelet-
antithrombin-staphylokinase: Gp, glycoprotein: SAK. Sraphyloki-
nase: AV. arteriovenous: ELISA. enzyme-linked immunosorbent
assay: SOS-PAGE. Sodium dodecyl sulphate polyacrylamide gel
electrophoresis: EOTA, ethylenedinitrilo tetraacetic acid: aP1T,
activated partial thromboplastin time: FOP. fibrinogen degrada-
tion products: TAT. thrombin-antithrombin Ill.
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Fig.2. A schematic representation of the experimental setup to study platelet deposition. The enlarged Dacron graft was
used to simulate arterial thrombosis. whereas the enlarged expansion chamber was used to simulate venous thrombosis.

extension regions to calculate deposited radioactiv-
ity. The total number of platelets deposited was
calculated, as previously described [9.12.24].

1.5. Laboratory Measurements

The times at which blood samples were collected
can be seen in the Results section. below. The
platelet count of blood samples collected in 2 mg!
ml disodium ethylenedinitrilo tetraacetic acid
(EDTA) were determined with a Technicon H2
blood cell analyser (Bayer Diagnostics. Tarry town,
NY. USA). The same blood sample was also used
to determine whole blood and plasma radioactivity.
Blood radioactivity was corrected by subtracting
plasma radioactivity in order to calculate platelet
radioactivity [24]. The radioactivity in the different
samples was determined in a well-type scintillation
counter. Blood was also collected in 3.8% sodium
citrate (9 volumes blood to 1 volume citrate) to
determine activated partial thromboplastin time
(aPTT), plasma levels of the thrornbin-antithrom-
bin III (TAT) complex, and fibrinogen degradation
products (FOP). The aPTT was measured on a

fibrinometer (Clotex II. Hyland Division. Travenol
Laboratories, Costa Mesa, CA. USA) using re-
agents supplied by the manufacturer. TAT com-
plexes were determined using an ELISA method
(Enzygnost Combipack. Behring. Marburg. Ger-
many). as recommended by the suppliers. FDP in
plasma was determined semiquantitatively using a
latex agglutination method following the manufac-
turer's instructions (Diagnostica Stago. Asnieres-
Sur-Seine. France).

2. Results

The results on platelet deposition are summarized
in Figure 3. In the three control studies the throm-
bogenic devices occluded after 42, 39, and 42 min-
utes, respectively. Whereas platelet deposition
onto the graft segment started almost immediately,
there was a delay of'approximately 6 minutes be-
fore they started accumulating in the expansion
chamber. In addition, the graft segments accumu-
lated approximately 6x more platelets than the
expansion chambers at the end of the control stud-
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proteins on thrombogenesis, cells that were trans-
formed with the empty vector were treated in ex-
actly the same manner as the PLATSAK producing
cells. These extracts were then used in the control
baboons. Protein concentrations were determined
using the BCA Protein Assay system from Pierce
(Rockford, IL, USA).

1.2. Animals Studied

Three normal male baboons (Papio ursinus) were
used in this study. The animals weighed approxi-
mately 10 kg and were disease-free for at least 6
weeks prior to use. To enable handling, the ba-
boons were sedated wi'th approximately 1 mg/kg
ketamine hydrochloride (Premier Pharmaceuti-
cals, Johannesburg. South Africa). The peripheral
blood platelet count was normal (371::!:112x 10Y

/

1). All procedures were approved by the Ethics
Committee for Animal Experimentation of the
University of the Orange Free State, in accordance
with the National Code for Animal Use in Re-
search, Education, Diagnosis and Testing of Drugs
and Related Substances in South Africa. The ba-
boons supported permanent Teflon-Silastic A V
shunts implanted in the femoral vessels [24]. These
shunts do not detectably shorten platelet survival
or produce measurable platelet activation [25].

1.3. Study Protocol

The experimental setup is schematically presented
in Figure 2. Thrombogenic devices were prepared,
as previously described [24.26]. A piece of Dacron
vascular graft material (1.26 ern') served as a gener-
ator of platelet-dependent arterial-type thrombo-
sis. An expansion chamber (3.77 ern') was used to
generate coagulation-dependent venous thrombo-
sis. Initial wall shear rates were approximately 318
sec " for the graft section. and less than 10 sec "
for the expansion chamber. Shear rates were calcu-
lated using the standard formula and by taking the
radius and blood flow rate into account. Initial
blood flow rates of 120 ml/min were assumed.
Under these conditions, the Dacron vascular graft
material and the expansion chamber devices cause
arterial-type platelet-dependent and venous-type
coagulation-dependent thrombosis, respectively
[26]. The thrombogenic device, prefilIed with saline
to avoid a blood-air interface, was incorporated as

an extension segment in the permanent AV shunt,
using Teflon connectors [24].

The control baboons were treated with a bolus
of 8 mg/kg of the freeze-thaw extract from E. coli
cells that did not produce PLATSAK, to show that
the proteins did not affect thrombogenesis. The
bolus was administrated 10 minutes before control
devices were placed. The devices were kept in place
for 60 minutes, or until it occluded, after which
they were removed and blood flow through the
permanent AV shunt re established. After 60 min-
utes, the baboons were treated with a bolus of 8
mg/kg PLATSAK extract (i.e., 3.68 mg/kg PLA T-
SAK) to attain a plasma concentration of approxi-
mately 0.10 mg/ml plasma. After 10 minutes the
thrombogenic devices were placed for 120 minutes,
after which they were removed to reestablish blood
flow through the permanent AV shunt.

1.4. Graft lmaging and
Quantification of Platelet Deposition

Autologous platelets were labeled with "lln-tropo-
lone, as previously described [28]. Imaging and
quantification of "lln-platelets were done, as pre-
viously described [24]. In short, image acquisition
of the grafts was done with a Searle Pho scintilla-
tion camera fitted with a high-resolution collima-
tor. The images were stored on and analyzed with
a Medical Data Systems A3 computer (Medtronic,
Ann Arbor, MI, USA) interfaced with the scintilla-
tion camera. Dynamic image acquisition, 3-minute
images (128 x 128 byte mode) for 1 hour in the
control studies, and for 2 hours in the PLATSAK
studies, was started simultaneously with the place-
ment and start of blood flow through the devices.
A 3-minute image of a 3-ml autologous blood sam-
ple was also acquired each time the grafts were
imaged to determine circulating blood radioactivity
(blood standard). This blood was transferred to
a thrombogenic device and imaged in the same
geometry as the thrombogenic device incorporated
into the AV shunt. Regions of interest of the graft
and expansion segments were selected to deter-
mine the deposited and circulating radioactivity
in the dynamic image. Radioactivity in regions of
similar sizes was determined for the graft and ex-
tension segments of the blood-filled device to de-
termine circulating radioactivity. This was sub-
tracted from the radioactivity in the graft and
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Fig. 2. A schematic representation of the experimental setup to study platelet deposition. The enlarged Dacron graft was
used to simulate arterial thrombosis. whereas the enlarged expansion chamber was used to simulate venous thrombosis.
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extension regions to calculate deposited radioactiv-
ity. The total number of platelets deposited was
calculated, as previously described [9.12.24].

1.5. Laboratory Measurements

The times at which blood samples were collected
can be seen in the Results section. below. The
platelet count of blood samples collected in 2 mg!
ml disodium ethylenedinitrilo tetraacetic acid
(EDTA) were determined with a Technicon H2
blood cell analyser (Bayer Diagnostics. Tarry town,
NY. USA). The same blood sample was also used
to determine whole blood and plasma radioactivity.
Blood radioactivity was corrected by subtracting
plasma radioactivity in order to calculate platelet
radioactivity [24]. The radioactivity in the different
samples was determined in a well-type scintillation
counter. Blood was also collected in 3.8% sodium
citrate (9 volumes blood to 1 volume citrate) to
determine activated partial thromboplastin time
(aPTf), plasma levels of the thrombin-antithrom-
bin III (TAT) complex, and fibrinogen degradation
products (FOP). The aPTT was measured on a
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fibrinometer (Clotex II. Hyland Division. Travenol
Laboratories, Costa Mesa, CA. USA) using re-
agents supplied by the manufacturer. TAT com-
plexes were determined using an ELISA method
(Enzygnost Combipack. Behring. Marburg. Ger-
many). as recommended by the suppliers. FOP in
plasma was determined semiquantitatively using a
latex agglutination method following the manufac-
turer's instructions (Diagnostica Stago. Asnieres-
Sur-Seine. France).

2. Results

The results on platelet deposition are summarized
in Figure 3. In the three control studies the throm-
bogenic devices occluded after 42,39, and 42 min-
utes, respectively. Whereas platelet deposition
onto the graft segment started almost immediately,
there was a delay of'approximately 6 minutes be-
fore they started accumulating in the expansion
chamber. In addition, the graft segments accumu-
lated approximately 6x more platelets than the
expansion chambers at the end of the control stud-
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Fig.3. The effect of PLATSAK on platelet deposition in
control animals and after treatment. Values are given as
a mean.::SEM.

ies. Treatment with PLATSAK inhibited platelet
deposition onto the Dacron vascular graft by ap-
proximately 84% after 39 minutes (i.e .. at the time
of occlusion of the control devices). Platelet deposi-
tion. however. was not completely interrupted but
deposited at a much slower rate than in the control
studies (i.e .. 1.43::t0.71 x 107 platelets/crrr/min vs.
8.85::t 1.83x 107 platelets/cmvrnin). The inhibitory
effect of PLATSAK on platelet deposition in the
expansion chambers was more pronounced (i.e .•
94% less platelets deposited at 39 minutes than
in the control studies). In addition. the start of
deposition was delayed by approximately 12-15
minutes. The rate of platelet deposition following
treatment was also much slower than in the control
studies (0.22::t0.12 x t 07 platelets/crnvrnin vs. 4.39::t
1.97X 107 platelets/cm//min). None of the thrombo-
genic devices occluded during the 120 minutes of
the study after treatment with PLATSAK.

The changes in platelet count, aP1T, TAT com-
plexes, and FDP levels are summarized in Table
1. Infusion of the freeze-thaw extract from PLAT-
SAK non producing E. coli decreased the platelet

count slightly to approximately 80%. Placement of
the thrombogenic devices caused a further de-
crease of approximately 21% during the 39-42 min-
utes for which the devices remained potent. After
treatment, placement of the thrombogenic devices
for 120 minutes decreased the platelet count by
8%. The aP1T was not affected by thrombogenesis
in the control studies. It was markedly prolonged
by treatment with PLATSAK, especially toward
the end of the study. The TAT complexes increased
approximately 20-fold in the control study. After
the thrombogenic devices were removed, and be-
fore placement of the second thrombogenic device
30 minutes later, the complexes decreased to nor-
mal values. After treatment with PLATSAK,
placement of the thrombogenic devices increased
the TAT complexes two- to threefold. The changes
that we observed in the plasma levels of FDP are
of interest. The test only became positive toward
the end of the control study. Thereafter, the FDP
levels remained constant in spite of treatment
with PLATSAK.

3. Discussion

The thrombogenic devices that were used in this
study typically represent conditions under which
an arterial-type (graft segments) and a venous-type
(expansion chambers) thrombus forms. The wall
shear rate in the graft segment (-320 sec:") ap-
proximates that found in medium- to large-sized
arteries, while the wall shear rate in the expansion
chamber «10 sec:") represents that found in the
venous blood vessels [26,29]. The finding that
platelet deposition onto the graft segment was ap-
proximately sixfold more than in the expansion
chamber (Figure 3) further indicates arterial-type
platelet-dependent thrombogenesis vs. venous-
type coagulation-dependent thrombogenesis [29].
One must also bear in mind that anticoagulants
such as heparin and low-molecular-weight heparin
markedly inhibit platelet deposition in the expan-
sion chamber but have little effect on platelet depo-
sition onto graft or collagen surfaces [4,5,8.26]. On
the other hand, blockade of the Gp IIblIIIa recep-
tor markedly inhibits platelet deposition onto the
graft surface [4,6] but not in flow expansion cham-
bers [4].

We have no indication that the extract from
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Table 1. Summary of the changes that were observed in platelet count, aP1T, TAT
complexes, and FOP levels (Mean::!:IS0)

Time Platelet count al?Tf 'fAT rol?
Study (minute) (XI09/1) (seconds) ( Jigll) (Jig/ml)

Control Prebolus 371::!:112 33::!:3 13.1 ::!:4.4 Negative
Pregraft 340::!:94 34::!:3 21.5::!: 15.5 Negative

10 NO' 34::!:4 36.6::!: 16.7 Negative
39-42 268::!:55 40::!:5 251.5::!:26.9* 20

PLATSAK Pre-graft 267::!:55 65::!:8 27.6::!: 16.8 20
10 ND 72::!:12 25.5::!:13.4 20

120 . 244::!:62 >120 61.0::!:21.0* 20

• p «J.()5. Students Hest. End vs. pregraft.
'ND=not done.

PLATSAK nonproducing E. coli cells inhibited
platelet deposition in the control studies. First,
platelet deposition onto the graft segments and in
the expansion chamber's was rapid (Figure 3), and
all three devices occluded within 42 minutes follow-
ing their placement. Second, the number of plate-
lets deposited onto the graft surface and in the
expansion chamber compares favorably with the
results obtained in studies in which similar devices
were used [26,29]. Third. there was no significant
lengthening in the aPTT (Table 1). The injected
proteins also did not cause thrombocytopenia,
since the peripheral blood platelet count was not
markedly affected by infusion (Table 1).

PLATSAK markedly inhibited platelet deposi-
tion onto the graft segment and in the expansion
chamber when the thrombogenic devices were
placed 10 minutes after a bolus infusion (Figure
3). In both cases the onset of platelet deposition
was delayed when compared to the control studies.
Furthermore, none of the devices occluded during
the 120 minutes of the study. The differences that
were observed in the inhibition of platelet deposi-
tion are ofinterest. At 39 minutes, when the control
devices occluded, platelet deposition onto the graft
segment was inhibited by approximately 84%, and
in the expansion chamber by approximately 94%.
At 120 minutes, inhibition was approximately 50%
and 85%, respectively, when compared to the num-
ber of platelets deposited at 39 minutes in the con-
trol studies. These results suggest that the extent
of inhibition of platelet deposition onto the graft
segment was markedly less than in the expansion
chamber. However, when inhibition of the rates
of platelet deposition is compared, it seems that

. {

inhibition onto the graft surface and in the expan-
sion chamber was equivalent. In the case of inhibi-
tion of platelet deposition onto the graft surface,
the rate of deposition was inhibited by 83:!:8%.
The rate of platelet deposition in the chamber was
inhibited by 94:!:4% (i.e., slightly, but not signifi-
cantly, more than in the case of the graft surface).
This is difficult to explain, especially in view of our
in vitro results with PLATSAK [19], in which we
have shown that the antithrombin activity was much
more pronounced than the antiplatelet activity. One
must also bear in mind that direct inhibition of
thrombin with, for example, hirudin requires a
much higher dose to inhibit platelet-dependent
thrombosis than coagulation-dependent thrombo-
sis [30]. Therefore, one would have expected that
the effect of PLATSAK should have been more
pronounced in the expansion chamber, since the
in vitro studies suggest it [19], and in vivo results
with direct thrombin inhibition support it [30]. A
plausible explanation for our finding that platelet-
dependent and coagulation-dependent thrombosis
were equivalently inhibited by PLATSAK may be
that its antiplatelet effect is more pronounced in
vivo than in vitro. Alternatively, one may conclude
that aggregation studies in vitro are not entirely
suited to test antiplatelet effects of the blockade
of the Gp lIblIIIa receptor, especially when
antiplatelet effect is not very pronounced. It
clearly shown that not all platelets have to be fu
tional to cause a normal platelet aggregation
response to agonists added in vitro [31].

After 10-20 minutes of the infusion of PLAT
SAK the aPTf lengthened from approximately
seconds to 65 seconds to 72 seconds, It only
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ened greater than 120 seconds toward the end of
the study (Table 1). In general, when an antithrom-
bin is infused, the aPTT lengthens to near steady-
state levels within 10--15 minutes [9,32]. We do not
know whether the design of PLA TSAK can explain
the results of treatment on the aPTI. The anti-
thrombin/antiplatelet peptide is coupled to SAK
with a factor Xa cleavage site (Figure 1). It is plausi-
ble that when coupled to SAK, the antithrombin
activity of PLATSAK is not optimal. Initially. be-
fore placement of the thrombogenic device. and
during the first 10 minutes after the device was
placed, most of the antithrombin part could still
be attached to SAK, because not enough factor
Xa is available to free the peptide. At later stages.
on the other hand, factor Xa cleavage could pro-
vide enough of the peptide to inhibit thrombin and
to«?l» lengthen the aPTT.

Treatment with PLATSAK decreased the pro-
duction of thrombin, or PLATSAK formed com-
plexes with thrombin to make it inaccessible for
binding to antithrombin Ill, or both. After treat-
ment with PLATSAK, appreciably less TAT com-
plexes formed (Table 1). FDP in plasma could only
be measured at the end of the control studies, indi-
cating some activation of fibrinolysis through nor-
mal mechanisms. It does not appear that SAK re-
sulted in additional activation of fibrinolysis, since
the FDP levels in plasma does not seem to increase
in the studies where PLATSAK was used (Table
1). One must, however, not overinterpret these
results, since the method to measure FDP is semi-
quantitative.

We have not measured indices that could assess
whether PLATSAK increased the risk of developing
a bleeding tendency. There were indications that
this was the case. When we removed the permanent
AV shunts after each study we had some difficulty
stopping bleeding at the sutures where the shunt
access sites were closed. We do not know whether
this was the result of inhibition of thrombogenesis
by the peptide or activation of fibrinolysis by SAK.
Indications are that it was activation of fibrinolysis.
First, the half-life of small peptides is very short
[5,8], whereas that of SAK is relatively long [20].
Secondly, one baboon developed a hematoma at
the site of surgery 24 hours after the AV shunt was
removed, and bleeding effectively stopped. If this
was indeed the case, one must redesign the thrombus
targeting characteristic of PLATSAK.
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In conclusion, we have shown that PLATSAK
inhibited platelet deposition in both arterial- and
venous-type thrombosis. Our results show that it
is feasible to combine into the same molecule dif-
ferent antithrombotic strategies with success. We
could not distinguish which strategy was responsi-
ble for inhibition. The results do, however, indi-
rectly suggest that both the inhibition of thrombin
and the blockade of Gp lIb/IlIa played a part. It
does not appear that fibrinolysis contributed to the
lower number of platelets that were deposited. One
must bear in mind that these conclusions are based
on the results obtained in three baboons. In view
of the difficulties to produce sufficient amounts of
PLATSAK, and because the effect of PLATSAK
on platelet deposition was so dramatic, we decided
not to study more baboons. The results on the three
baboons were regarded as sufficient proof that
combination of different inhibitory moieties into
one molecule is a viable strategy for the develop-
ment of antithrombotic drugs.

This study was financially supported by the Central Research Fund
of the University of the Orange Free State and by the South African
Medical Research Council. We would like to acknowledge the
technical assistance of Elmarie Wentzel and Charmaine Combrink.

References

1. Haskei EJ, Adams SP, Feigen LP, Saffitz JE,
Gorczynski RJ, Sobel BE, Abendschein DR.
Prevention of reoccluding platelet-rich thrombi
in canine femoral arteries with a novel peptide
antagonist of platelet glycoprotein IIbllIIa re-
ceptors. Circulation 1989;80: 1775-82.

2. Bates ER, McGillem MJ, Mickelson JK, Pitt B,
Mancini GBJ. A monoclonal antibody against
the platelet glycoprotein lIb/Ilia receptor com-
plex prevents platelet aggregation and throm-
bosis in a canine model of coronary angio-
plasty. Circulation 1991;84:2463--9.

3. Willette RN, Sauennelch CF, Rycyna R, Sarkar
S, Feuerstein GZ, Nichois Al, Ohlstein EH.
Antithrombotic effects of a platelet fibrinogen
receptor antagonist in a canine model of carotid
artery thrombosis. Stroke 1992; 23:703--11.

4. Hanson SR, Pareti FI, Ruggeri ZM, Marzee
UM, Kunicki TJ, Montgomery RR, Zimmer-
man TS, Harker LA~ Effect of monoclonal an-



442 W.B. van Zyl et al.fThrombosis Research 98 (2000) 435-443

tibodies against the platelet glycoprotein Ilb/
IlIa complex on thrombosis and haemostasis
in the baboon. J Clin Invest 1988;81:149-58.

5. Cadroy Y, Houghten RA, Hanson SR. RGDV
peptide selectively inhibits platelet-dependent
thrombus formation in vivo: studies using a
baboon model. J Clin Invest 1989;84:939--44.

6. Kotzé HF, Badenhorst PN, Lamprecht S, Meir-
ing M, Van Wyk V, Nuyts K, Stassen JM, Ver-
mylen J, Deckmyn H. Prolonged inhibition of
acute arterial thrombosis by high dosing of a
monoclonal anti-platelet glycoprotein lIb/IlIa
antibody in a baboon model. Thromb Haemost
1995;74:751-7.

7. Ruggeri ZM, Houghton RA. Russel SR, Zim-
merman TS. Inhibition of platelet function with
synthetic peptides designed to be high affinity
antagonists of fibrinogen binding to platelets.
Proe Natl Acad Sci USA 1986;83:5708-12.

8. Hanson SR, Harker LA. Interruption of acute
platelet-dependent thrombosis by the synthetic
antithrombin o-phenylalanyl-L-propyl-L-argi-
nyl chloromethyl ketone. Proe Natl Acad Sci
USA 1988;85:3184-8.

9. Kotzé HF, Lamprecht S. Badenhorst PN. A
four-hour infusion of recombinant hirudin re-
sults in long-term inhibition of arterial-type
thrombosis in baboons. Blood 1995:85:3158-ó3.

10. Gruber A, Griffen JH. Harker LA. Hanson
SR. Inhibition of platelet dependent thrombus
formation by human activated protein C in a
primate model. Blood 1989:73:639-42.

11. Haskei EJ, Torr SR. Day KC. Palmier MO.
Wun TC. Sobel BE. Abendschein DR. Preven-
tion of arterial reocclusion after thrombolysis
with recombinant lipo-protein-associated co-
agulation inhibitor. Circulation 1991:84:821-7.

12. Kotzé HF, Lamprecht S. Badenhorst PN.
Roodt lP. Van Wyk V. Transient interruption
of arterial thrombosis by inhibition of factor
Xa results in long-term antithrombotic effects
in baboons. Thromb Haemost 1'N7:77:1137-42.

13. Knapp A, Degenhardt T. Oodt J. Hirudisins.
J BioI Chem 1992;267:2423().....4.

14. Church FC, Phillips JE. Woods JL. Chimeric
antithrombin peptide: characterization of an
Arg-Gly-Asp (RGD)- and hirudin carboxyl
terminus-containing synthetic peptide. J Bioi
Chem 1991;266:11975-9.

15. Leblond L, DiMaio J, Winocour PD. Insertion

of the Asp-Ser-Phe sequence in the P'position
of hirutonin provides molecules having both
antithrombin and disintegrin activity. Thromb
Res 1999;93:171-81.

16. Phaneuf MD, Ozaki CK, Johnstone MT, Loza
J-P, Quist WC, LoGerfo FW. Covalent linkage
of streptokinase to recombinant hirudin: a
novel thrombolytic agent with antithrombotic
properties. Thromb Haemost 1994;71:481-7.

17. Lijnen HR, Wendt S, Schneider J, Janocha E,
Van Hoef B, Collen D. Steffeus GJ. Functional
properties of a recombinant chimeric protein
with combined thrombin inhibitory and plas-
minogen-activating potential. Eur J Biochem
1995;234:350-7.

18. Yamada T, Shimada Y. Kikuchi M. Integrin-
specific tissue-type plasminogen activator engi-
neered by introduction of the Arg-Gly-Pro
sequence. Biochem Biophys Res Commun
1996;228:30~ 11.

19. Van Zyl WB, Pretorius GHJ. Hartmann M,
Kotzé HF. Production of a recombinant anti-
thrombotic and fibrinolytic protein. PLAT-
SAK, in Escherichia coli. Thromb Res 1997;88:
419-26.

20. Collen D, Lijnen HR. Staphylokinase. a fibrin-
specific plasminogen activator with therapeutic
potential? Blood 1994;84:680-6.

21. Ruoslahti E, Pierschbacher MD. New perspec-
tives in cell adhesion: RGD and integrins. Sci-
ence 1987;238:491-7.

22. Martin PD, Robertson W. Turk D. Huber R.
Bode W, Edwards BFP. The structure of resi-
dues 7-16 of the An-chain of hum,!n fibrinogen.
bound to bovine thrombin at 2.3A resolution.
J BioI Chem 1992:267:7911-20.

23. Markwardt F. Hirudin as an inhibitor of throm-
bin. Methods Enzymol 1970:19:924-32.

24. Hanson SR. Kotzé HF. Savage B. Harker LA.
Platelet interactions with Dacron vascula
grafts. A model of acute thrombosis in ba
boons. Arteriosclerosis 1985;5:595-603.

25. Hanson SR, Harker LA. Baboon models
acute arterial thrombosis. Thromb Ha
1987;58:801-5.

26. Cadroy Y, Horbett TA. Hanson SR. Discrimi
nation between platelet-mediated and coagul
tion-mediated mechanisms in a model of
plex thrombus formation in vivo. J Lab
Med 1989;113:43~8.



W.B. van Zyl et al.ffhrombosis Research 98 (2000) 435-443 443

27. Johnson BH, Hecht MH. Recombinant pro-
teins can be isolated from E. coli cells by re-
peated cycles of freezing and thawing. Biotech-
nology 1994;12:1357-60.

28. Kotzé HF, Lamprecht S, Badenhorst PN, Van
Wyk V, Roodt JP. Alexander K. In vivo inhibi-
tion of acute platelet-dependent thrombosis in
a baboon model by BAY U3405, a thrombox-
ane A2-receptor antagonist. Thromb Haemost
1993;70:672-5.

29. Hanson SR, Griffen JH, Harker LA, Kelly AB,
Esmon CT, Gruber A. Antithrombotic effects
of thrombin-induced activation of endogenous
protein C in primates. J Clin Invest 1993;92:
2003-12. .

30. Harker LA. Strategies for inhibiting the effects
of thrombin. Blood Coagul and Fibrinolysis
1994;5:S47-S58.

31. Cerskus AL, Ali M, Davies BJ, McDonald
JWD. Possible significance of small numbers of
functional platelets in a population of aspirin-
treated platelets in vitro and in vivo. Thromb
Res 1980;18:389-97.

32. Meiring SM, Lotter MG, Badenhorst PN,
Bucha E, Novak G, Kotzé HF. Sites of elimina-
tion and pharmacokinetics of recombinant
I-131-lepirudin in baboons. J Pharm Sci 1999:
88:523-9.

I o

u.OSJ .. S\alO


