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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-111 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-111-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.

1. Introduction

Blood platelets originate from megakaryocytes in the bone marrow and circulate as disc-
shaped fragments at a concentration of 150 - 400 x 10%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.' Since its
introduction in 1976,2 In-111 has become the platelet label of choice. Itisa highly suitable
label for platelets and its high gamma production enables the imaging of the in vivo

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

" I.C.S.H. Panel on diagnostic application of radioisotopes in Haematology: recommended methods for radioisotope platelet survival
studies. Blood, 50: 1137, 1977.

? Thakur et al: Indium-111-labelled platelets: studies on preparation and evaluation of in vitro and in vivo functions. Thrombosis
Research, 9: 345, 1976.
? Heyns et al: Kinetics, distribution and sites of destruction of In-111-labelied 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 multiwash procedure [S-1].
Oxine and tropolone are chelates used to internalise the In-111. Labelling with In-111-
oxine is done in saline. In the case of In-111-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-1 - 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-111 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-
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13]. In addition, the radiation dose from In-111, and contaminating In-114M, 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-111 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 2 of this Synopsis, page 5).

Normal Mean Platelet Life Span, Distribution and Destruction: In this section, which is
based on various studies that we performed [S-1 - 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-1
- 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-1, S-9, S-13 - S-IS, 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, Pergamon Press, Elmsford,
New York, 1977.
* Harker and Finch: Thrombokinetics in man. Joumnal of Clinical Investigation: 48: 963, 1969.
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equilibrium with circulating platelets, and are freely exchangeable.6 It was believed that
platelets also pool in the liver since the recovery of injected labelled platelets in asplenic
patients is approximately 90%.” 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.8
By using compartmental analysis, we estimated that this component is approximately 11%

[S-21, 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-19, 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.

¢ Heyns et al: Kinetics and mobilisation from the spleen of In-111-labeled platelets during platelet apheresis. Transfusion: 25: 215,
1985.
" Heyns et al: Kinetics and fate of In-111-oxine labelled platelets in asplenic 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:
1105, 198s.
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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].

° Heyns et al: Kinetics and fate of In-111-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 (.)f
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

' In vervet monkeys with confirmed

regress due to inhibition of platelet function.
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: 11: 205, 1991.
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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-111-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-111-labelled platelets, i1s 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-111. Imaging and quantification
of the deposition of In-111-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.
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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."!

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-31]. 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-111-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
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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, O, 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 inforrnati\;e [S-37 - S-39]. Based on the ratio of platelet sequestration
in the spleen and livér, 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 in the development of full-blown HIV-associated

thrombocytopenia.

Patients undergoing cardiopulmonary bypass surgery loose approximately 13% of their
platelets. Of this, approximately 11% 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-41].

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




11
haemolysis with continuous release of ADP and other thrombotic materials from

haemolysing red cells.

In this section, I attempt to show how In-111-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 antithrombotic 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
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(platelet-subendothelial interactions) and aggregation (platelet-platelet interactions).

@ Gp Ib/VI/X-vWF-collagen
& Gp la/lla-collagen
O Gp lib/llia -fibrinogen-Gp IIb/llta

1 Membrane based
coagulation

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/V/IX 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 la/lla. Binding of
vWF to Gp Ib/V/IX activates platelets. This causes a conformational change in Gp Ilb/llla 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 10 000-fold [S18, S44]. The platelet agonists, thrombin, ADP and thromboxane A,, 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 Aj, formed via the platelet arachidonic acid metabolic pathways, induces
receptor activation.'? 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

"2 Harker LA. Strategies for inhibiting the effects of thrombin. Blood Coagulation and Fibrinolysis 5: $47, 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."® 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 A; as a physiological modulator of thrombosis,
vasospasm and bronchospasm provided a strong incentive for developing thromboxane A,-
antagonising drugs.'"* Two approaches have been followed: the first is to prevent
thromboxane A, formation by inhibiting thromboxane A,-synthetase, similar to the action
of aspirin. The second is to block the thromboxane A; receptor. BAY U3405 is a receptor
antagonist that effectively blocks the effects of thromboxane A, 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'’ 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 i.n
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 A,-receptor blockade, and not
inhibition of thromboxane A,-synthetase, is the preferred approach to inhibit the effects of

thromboxane A, on platelets.

The initial step in haemostasis and subsequent thrombus formation is platelet adhesion
through the subendothelial collagen-circulating vWF-platelet membrane Gp Ib/V/IX-axis.
There are many monoclonal antibodies that were developed to bind to Gp Ib to block the
binding of vVWF to Gp Ib. 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
vWE, in the baboon model of arterial thrombosis [S-45]. When injected into baboons,

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

" Fenton et al. Thrombin structure and function. Why thrombin is the primary target for antithrombotics. Blood Coagulation and
Fibrinolysis 2: 69, 1991.
' Ogletree. 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 Ia/lla 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 IIb/Illa in the platelet
membrane is the key event of thrombus growth. Binding of the adhesive proteins to Gp
[Ib/Illa 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 IIb/Illa 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 antithrombotic 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
IIb/I11a 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 IIb/Illa
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 IIb/Illa
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.'>'®

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 thrdugh 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-TAP'® 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 iﬁhibits 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

' Hanson and Harker. Interruption of acute platelet-dependent thrombosis by the synthetic antithrombin, D-Phenylalanyl-L-prolyl-L-
arginyl chloromethyl ketone (FPRCH,CL). Proceedings of the National Academy of Science, USA, 85:3184,1988.

' 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.
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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 - ¢ X [hirudinl

where n = 21 and R* = 0.76. The relationship implies that platelet deposition will be
inhibited by 50% at a plasma concentration of 3.3 pg/ml 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 antithrombotic 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 antithrombotic 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.' !

' Markou ct 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) (Pro48 - Leu64)
site Asp
releases peptide $ ‘L
at thrombus Binds to anion binding
Binds to Gp lIb/llla site of thrombin
- inhibits platelet - inhibits substrate binding
Actvates plasminogen aggregation
- promotes fibrinolysis Binds to the active
- targets the thrombus site of thrombin
-inhibits proteolysis

Figure 2. A schematic representation of the functional domains of PLATSAK

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
antiplatelet/antithrombin 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 monoclonal 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 11% 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




19
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 IIb/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 antithrombotic agents.

t
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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-111-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 §
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 piatelet 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-111-oxine a representative and viable platelet population
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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. '

Materials and Methods

Experimental Animals

Fifteen baboons (Papio ursinus), weighing 18.6 * 5.7 kg (+ 1 SD),
apparently free of disease and in captivity for at least 6 months, were
studied. Anaesthesia was with intramuscular ketamine hydrochioride
(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 (Fenwail, Baxter-Travenol
Laboratories Inc., Illinois).

Harvesting a Representative Platelet Population

The platelets were isolated and labelled with In-111-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-Travenol 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-111-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 1, 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. .




"Platelet Survival

The mean platelet survival time was estimated as recommended by the
ICSH (12). Blood was collected from the saphenous vein S min after
reinjection of the In-111-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 radicactivity, and also after correction of whole blood
radioactivity for plasma radioactivity. The recovery of In-111-platelets in
the circulation at equilibrium was calculated from the blood volume,
assumed to be 63 ml/kg 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 (15).

Other Plarelel' 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 10 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 8SD.

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-111-
oxine. The mean volume of the harvested platelets, 5.10 fl *
0.84, and the labelled platelets, 5.01 fl = 0.68, did not differ
significantly (p >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 I The results on platelet isolation and labelling

Parameter 'Total platelet  'Inefficiently
population harvested
(n=15) platelets
(n=35)
Blood platelet count (x 10°1) 371 £ 90 295 * 83
Labelling efficiency (%) 83 +4 82+13
Platelet contamination (%) with
labelled
Red blood cells 1411 22+ 1.6
Plasma proteins 21%208 1613
In-111-platelets reinjected (x 10°) 8.5 + 3.3 25+ 1.4
*Harvesting efficiency (%)
Final isolate 97 + 4 280+ 5.8
In-111-platelets 67 £ 6 19.4 £ 5.3
Mean platelet volume (fl) :
Final isolate 5.10 = 0.84 4.46 + 0.17
In-111-platelets 5.01 £ 0.68 451 £0.34

' Values are given as a mean = 1 SD.
? Expressed as a percentage of platelets present in whole blood.
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Fig. 1 The disappearance of In-111-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 studi
where the procedure was repeated after an interval of 2 mon
platelet harvesting and labelling results did not differ significa
(p >0.10). The in vivo aggregation response to ADP was nor
10 or more platelets per aggregate, in all instances.

The composite disappearance curves of the In-111-plate
from the circulation was linear (Fig. 1). 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-111-platelets,
remained less than 3% of that of whole blood throughout

Table 2 The recovery and survival of In-111-platelets in the circul

Baboon Total platelet population Repeat studies
Recovery Life span Recovery Life span
(%) (hr) (%) (hr)
1 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 875 149 + 19 85 +3 148 £ 1
+1SD
1 93 181 80 140
7 72 147 85 128
8 91 147 80 144
9 93 155 93 128
10 93 137 92 137
*Mean 89 + 10 153 £ 17 86 £ 6 135 £ 7
+ SD
11 81 152
12 9% 139 - -
13 76 138 - -
14 67 148 - -
15 92 131 - -
'Mean 859 146 + 13 - -
+1SD

' The mean + 1SD of the 6 repeat studies where a total
population was harvested.

? The mean * 1 SD of the 5 studies where platelets were also h
by a single step differential centrifugation.

? The mean + 1 SD of the 15 studies where a total platelet popula
harvested.
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Fig.2 The disappearance of a representative (solid line) and non-
representative (broken line) population of In-111-platelets from the
circulation {n = 5). Values are expressed as a percentage of total
radioactivity injected.

platelet survival time. Correction of whole blood In-111 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 10° 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 f1 + 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 <0.05). 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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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 subpopulation 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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Comparison of Oxine and Tropolone Methods
for Labeling Human Platelets with Indium-111
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The effect of the chelates oxine and tropolone, used to
label platelets, on the kinetics of indium-111- (""{n) labeled
platelets was studied in twelve normal human subjects.
Autologous platelets were labeled either in saline with '"'In-
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 scintiliation 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 hr). At
equilibrium (90 min after reinjection of labeled platelets)
and at the end of platelet lilespan, '"'In-oxine and *"In-
tropolone radioactivities in the spleen and liver were similar.
These resulls demonstrate that the resulls of kinetics
measured with '"'In-oxine or '"'In-tropolone do not differ
signilicanlly.

J Nucl Med 1991; 32:62-66

Indium-l 11 (*'"'In) is the radionuclide rccommended
by the International Committee for Standardization in
Hematology as the platelct label of choice (]). Although
other '""In-cheiates have been advocated (2,3), 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 *''In-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 labcl-
ing and handling platclets in an anificial medium may
induce in vitro damage to platelets (9,70). These nega-
tive aspects may be overcome with '"'In-tropolone, a

Recelved Dec. 5, 1989; revision accepted Jul. 6, 1990.
For reprints contact: Professor A. du P. Heyns, MD, Director, Blood
Platelet Research Unil, PO Box 339 (G2), Bloentoritein 9300, South Africa.
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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 former, platelets are
labeled in plasma and not in saline. This is considered
the reason why the kinetics of '"'In-oxine and ''"In-
tropolone labeled platelets have been reported to differ
(2, 3,10). Thus, it has been stated that '"'In-tropolone
labeled platelets do not accumulate transiently in the
liver immediately afier 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 (/0).

However, this view has not been substantiated by
convincing scientific data. Indced. the results of the few
well-documented studies have not clanfied the issue,
For instance, Vallabhajosula et al. (/7) conclude that
platelets labeled with '"'In-tropolone in plasma are pre-
served better in the circulation and have an equal or
longer lifespan than platelets labeled with '''In-oxine in

.ACD-saline. Furthermore. there was evidence that the

""'In-oxine labeled platelets were temporarily seques-
tered in the liver to a greater extent than those labeled
in tropolone. Hill-Zobel et al. (12) expressed a similar
view on the basis of results in a rabbit mode! but were
not sure that these results can be extrapolated to human
conditions. In contrast, in a prelimirary study. we
found no evidence that the results of our method of
labeling platelets with ''"In-oxine differs from those
with tropolone (13).

It is important to establish whether there is a difTer-
ence between these two chelates. Indium-111-oxine is
widely used and marketed commercially as an approved
platelet label. If results with oxine do indeed differ
substantially from those of tropolone, it may, therefore,
have important economic implications. Furthermore,
the recommendation that either tropolone or oxine may
be used (1) will also nced 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 '"'In-tropolone in plasma with
those of platelets labeled with '''In-oxine in saline. The
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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 nonmal human subjects (6 males) ranging in age
from 18 to 35 vr, volunieered 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/ to 304 x 10%/1). The
subjects were instructed not to take any drugs. known to affect
platelets, for at least 2 wk before and during the 7-day study
penod, )

The volunteers were randomly divided into two groups of
six. Autologous platelets were labeled cither with '''In-oxine
{Amersham International ple, UK) or ""'In-tropolone ('"'In-
chloride supplied by Amersham International ple, UK, and
tropolone by Sigma Chemical Coip., St. Louis, MO).

Platelet Labeling with "'In

Afier discarding the first 2 ml, 42.5 ml blood were drawn
from the antecubital vein with a 19-g Abbot “butterfly” needle
directly into a polysiyrene syringe containing 7.5 ml ACD A
(Baxter Travenol. Baxter Laboratories). The blood was trans-
ferred 10 2 X 50 ml polystyrene tubes (Falcon 2070, Falcon
Labware, Oxnard. CA) and platelets were harvested from the
blood by differential centrifugation and repeated washing of
the red cells (7,8,74). The mean recovery of platelets from the
blood was 95% + 3%.

The platelets were labeled as outlined in Figure 1. In the

TABLE 1
Platelet Labeling Data

oxine method (8), the platelet pellet was gently resuspended
in 3 ml saline and incubated with the radionuclide. In the
tropoione method (15), the labeling medium was 0.3 ml
plasma. Tropolone (40 nM final concentration), followed by
~17 MBq '"In-chlonide, were added. In both methods. un-
bound radionuclide was removed by withdrawing the super-
natant from the centrifuged labeled platelets. The latier were
resuspended in platelet poor plasma for reinjection.

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 Platelet 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 collecied at 5 and 90
min after reinjection 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-
librum was calculaied from the radioactivity/ml injected, an
estimate of the blood volume (18), and extrapolation of the
survival curve back 10 zero time (8,/4). °

Blood platelets were counted with an electronic panticle
counter (/9). Mean platelet tumover was calculated from the
MPLS and the platelet count was correcied for the splenic
platelet pool (20). The size of the latter was determined with
quantitative imaging.

In Vivo Quaniification of the Disiribution of Labeled Plate-
lets. 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’ MDS data processing system. Whole-
body and region of interest (ROI} "'In radioaciivity wa
corrected for geometry with the geometnic mean method. Th
ROLI activity was expressed as a percentage of whole-body
activity. The radioactivity not in the liver or the spleen. i
referred 10 as the “remainder.” At the end of plaielet lifespan
most of this radioactivity is located in the bone marrow (§
21). The initial (equilibrium) radioactivity was derived b
back extrapolation of linear least-square regression analysis
data. and the final organ radioactivity was determined at thy
end of the MPLS.

Statistical Methods
Data were assessed for normal distribution with the Sha
iro-Wilks test. Unpaired daila were evaluated with the t-t

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 12x04 1.8+25 ~0.5805 0.59 -1.7-29
plasma proteins 22+05 1714 0.0136 0.99 ~1.4-2.4

Indium-111-labeled Platelets » Kotzé et al




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

95% confidence

Oxine Tropolone t value p value inlerv;:l

Recovery (%) 70 =10 58 = 11 1.9772 0.11 P =1-25
Platelet turnover (x10%/l/hr) 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

Weighted mean 225 %33 221 = 11 0.2817 0.79 -33-41

Muttiple hit 230 = 29 226 = 13 0.3083 0.77 —24-32

Dornhorst 219+ 25 222 10 0.2729 0.80 -31-25

Alpha order 224 + 37 221 =10 0.1817 0.94 -37-43

for different means, or the non-parametric Wilcoxon rank
sum test where appropriate. The difference between sample
means was compared by determining the 95% confidence
intervals (23).

RESULTS

Platelet Labeling

The mean blood platelet count of the two groups did not
differ significantly (oxine 249 + 39 x 10°/1 versus tropolone
282 +£ 45 x 10%1; p = 0.23). The results are summarized in
Tatle 1. Labeling efficiency with oxine was significantly (p =
0.03) higher than with tropolone. Contamination of the la-
beled platelet product with red cells and plasma protcins was
slight and similar with both methods. There was less than |
leukocyte per 1,000 platelets present in the '''In-labeled plate-
let suspensions that were reinjected.

In Vivo Platelet Kinetics :
Recovery of '''In-oxine (70% =+ 10%) and '''In-
tropolone (58% = 11%) labeled platelets in the circu-
lation did not differ significantly (Table 2).
Mean Platelet Lifespan. The mean curves describing
the disappearance of the labeled platelets are illustrated

100
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FIGURE 2 ’

The curves demonstrate the disappearance of *"'In-oxine and
"'In-tropolone labeled platelets from the circulation. The vai-
ues are expressed as a mean (+ 1 s.e.m.) percent of the
count rate of the blood sample collected at 5 min.

in Figure 2. The MPLS, caiculated with the different
mathematical models and number of “hits” of the
muitiple hit model, did not differ significantly for oxine-
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 summanized in Table 3, and
the initial postinjection phase is illustrated in Figure 3.

The time-radioactivity curves, illustrating the redis-
tribution of oxine- and tropolone-labeled platelets in
the spleen and the liver for the first 90 min after
reinjection of the labeled platelets, are presented in
Figure 3. The radioactivity in the spleen increased
monvexponentially. The rate constant of the increase
of oxine-labeled platelets in the spicen was 0.177 =
0.041 per minute and that of tropotone-labeled platelets
was 0.153  0.04! per minute. This difference was not
significant (t = 0.7675, p = 0.46; 95% confidence

. interval —0.052-0.096).

A transient accumulation of radioactivity in the liver
was evident with both the labeling methods (Fig. 3):
this represents the “collection injury™ (24). The extent
of the injury obscrved with the two labeling methods
was compared by measuring the arca 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 reinjection of the '"'In-
platelets, the size of the splenic platelet pool and the
radioactivity in the liver were similar for the two meth-
ods (Table 3).

In 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 ''In-oxine- and ‘'“‘In-tropolone-la-
beled platelets did not differ significantly.

DISCUSSION .

The methods to label platelets either with '"'In-oxine
or '"'In-tropolone differ in one important aspect,
namely the labeling medium which was used. A high
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TABLE 3 .
in Vivo Distribution and Sites of Sequestration of Platelets Labeled with "Yn-oxine and *"'In-tropolone’

85% 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
Liver 96x1.2 95+14 0.1328 0.90 -1.5-17
Distribution at MPLS
Spleen 37.2+88 453+ 69 1.7743 0.14 -12.7-3.5
Liver . 29296 313+64 —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 antificial medium with
no plasma (3,8). In contrast, platelets may efficiently
be labeled in plasma with '''In-tropolone (4,15). This
difference may be impornant 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 reported (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 after their reinjection. Values are
expressed as a mean % 1 s.e.m. The accumulation of oxine-
and tropolone-labeled platelets in the spleen was monoexpo-
nential and was not ditferent. There was a measure of “collec-
tion injury” in the liver for both oxine- and tropolone-labeled
platelels. The collection injury was not significantly different.

indium-111-labeled Platelets  Kotzé et al

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 '"'In-oxine (8) with the recommended
VWin-tropolone method (7,15). 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 10 assess the in vitro aggregation response, was
similar to that reported by others (J0). The recovery of
oxine- and tropolone-labeled 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 efficientlv.

The measuremegt of the MPLS is an important
clinical and research tool. In normal subjects, platelets
disappear from the circulation in an age-dependent
manner (20,24). Thus, labeling a random sample of the
circulating platelet population, would result in a near-
linear platelet survival curve (24). It is evident (Fig. 2,
Table 2) that the estimate of the MPLS with '"'In-oxine
and In-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 fitting the data 1o a linear function and the
muliple hit 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,/0,24) indicales 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. (JJ) found a slightly longer
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MPLS with the tropolone method than with oxine;
however this was only evident with linear regression
analysis. Using five mathematical models, we did not
find such a difference. This discrepancy may be ex-
plained by a difference in methodology. Our method of
labeling platelets with '"'In-oxine differs in one aspect
from that of Vallabhajosula et al. (1/). We do not
include the extra washing step, which involves sedi-
menting of the platelets for 10 min at 2000 X g. Our
method is, therefore, potentially less harmful to the

" platelets since additional mechanical stress to the plate-
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 ldbeling 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 '"'In-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. 1t 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 "'In-

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 '"'In-oxine in saline and ''In-tropolone in
plasma do not differ significantly. Our resuits, therefore,
do not support the contention that platelets labeled
with '""In-tropolone are better preserved. Evidently, the
methods used for the labeling, is critical. Qur results
indicate that it is acceptable to compare 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 '''In-oxine for
the tropolone method.
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ABSTRACT

In-111 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 from different laboratories. Although 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. Although 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-111 from the whole body with tropolone. We recommend that
standardization should be with In-1ll-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.

INTRODUCTION

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-111, introduced as a platelet label by Mathew Thakur et al. in 1976
(2), is now generally the preferred radionuclide.

The labelling techniques with In-111 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 results 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-111 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-l1ll-oxine for use in clinical studies. The recommendations for standa
procedures should take this into account.

In this paper I am not going to attempt to address all the issues involved i
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.

RADIONUCLIDES

There are at present only two radionuclides that are suitable for gener
clinical use, Cr-51 and In-111. 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

Radionuclide Half-life Gamma Gamma Comments

emission rays

(keV)
Cr-51 27.7 days 320 10 Low labelling

efficiency
In-111 67.3 hours 173 91 Quantitative imaging possibl
247 94 may be contaminated with In-1

In-113m 99.5 min 392 64 Short half-life
In-114m 49.5 days 192 97 Radiation dose unacceptable

In-111 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-1ll1 more reliable than with Cr-51.

It is also poésible to label platelets with the short half-life radionucli
In-13%3m. This label is useful to study diseases such as immune 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-111 and In-113m may also be studied simultaneo
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in the same patient.

Note that preparations of In-111 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-lll to a lipid soluble agent is needed to to carry the
radionuclide into the cell. This is facilitated if the cells are labelled in a
medium devoid of plasma. The removal of plasma prevents the binding of the In-
111 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 commonly used. It is poorly soluble in water, but
commercial preparations containing solutions without alcohol (which may impair
platelet function) are now readily available. Labelling of platelets with this
complex must be suspended in saline. The chelate has been criticised because
platelets subjected to a plasma-free medium are reported to be functionally
impaired, and that they show evidence of an excessive '"collection injury". These
problems have iniated a search for better chelates especially with properties
which will permit labelling of 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 plasma with an efficiency of about 80%.

Thakur favours Merc as the ligand of choice (5). Platelets may efficiently 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-
11l1-tropolone.

. I would like to draw attention to some important issues. I think that undue
emphasis has been placed on the labelling efficiency. This is not critical since
In-111 bound to plasma is easily removed, and it is simple to label platelets
with the required specific activity by adding sufficient In-111 to the platelet
suspension. Also, we have shown that with a method where 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 more productive than attempts
to increase the labelling efficiency. '

The important factors that may influence labelling efficiency are well known and
will not be discusséd: pH, temperature, cell concentration, incubation medium,

and ligandnconcentration. These can easily be controlled by careful attention to
technique.
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ISOLATION OF PLATELETS FROM WEOLE BLOOD

Several methods for the isolation of platelets from whole blood are currently i
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.

Platelets tend to aggregate irreversibly during the isolation procedur
especially when exposed to relatively high pH or to excessive centrlfuga
forces. This is generally overcome by an excess of the anticoagulant, aci
citrate dextrose since the platelets are inactive at low pH. Some investigator
especially in Britain and Europe, have also attempted to overcome the platel
activation by adding prostaglandins, especially PGE; (7) and PGI, (8). Altho
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 involved in justifyi
their clinical use. I would thus propose that the use of prostaglandins
avoided and certainly not included in any standardization protocol.

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.

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 TOTAL PLATELET POPULATION ON MPLS

Single step Total
Centrifugation Population
MPLS (h) 21 + 18 224 + 23
Recovery (%) 68 + 9.1 61 + 12
¢plenic pool (%) 25.9 + 10 31.1 + 6.1




platelets in the circulation and the size of the splenic platelet pool as
measured with the two platelet populations are similar. Qur 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 technigue does have
distinct advantages: it is possible to use smaller volumes of blood 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 population in studies where
optimal platelet functional effectivity is essential.

This 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. Although 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.

The commonly performed in vivo tests of platelet function are: recbvery 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.

The most sensitive 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-1ll-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.
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Fig 1: Kinetics of the accumulation of In-111 labelled platelets: the
activity curves clearly indicate the transient accumulation of platelets i
liver. Although the effect is somewhat more pronounced with the chelate
than with tropolone, the difference is not statistically significant.

TABLE III: IN VIVO DISTRIBUTION OF IN-111

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

Whole Spleen Liver Whole Spleen Li
Body Body

OXINE 224423 61+12 100 3145.6 1342 9745 35.649 28

TROPOLONE 214+10 66+10 100 27+7.2 9.6+l 91+7 34.648 25

It is evident that both labelling techniques induce some degree of "coll
injury". Although the mean peak hepatic activity of In-lll-tropolone is s
lower than ‘that seen with In-lll-oxine, these differences are not statist
significant. Also, the results of the MPLS estimated with the two methods
similar. We could also not detect significant differences in the equilibri
final in vivo distribution of the labelled platelets. There was howev
unexplained, somewhat worrying, constant feature of the results with I
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tropolone labelled platelets. After remaining 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-111l. This abberation may
influence the results of platelet kinetic studies.

RECOMMENDATIONS

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-111 is clearly the label of choice, and it will certainly eventually
replace Cr-51. It will therefore be wise to standardize the In-111-
labelling technique at this relatively early stage and before it is in
general use.

Although it may be preferable to label platelets in plasma, there is no
unequivocal evidence at this stage that the "collection injgry"'sustained
by platelets labelled with In~lll-oxine is significantly more severe than
with In-lll-tropolone or In-l1ll-Merc. Since In-lll-oxine will shortly be
licensed for clinical use in the USA, it is practical and logical to
standardize on In-1lll-oxine at this stage.

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.

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-111-oxine in patients
with severe thrombocytopenia. Twenty patients with immune
thrombocytopenia and platelet counts ranging from 5 to 119 x
10°/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 10
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-111 complexed with
oxine or other lipophylic compounds, has increasingly become the
~ preferred patelet tabel. 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-111 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-111 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.
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The Central Research Fund of the University of the Orange Free State
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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-111 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 mi 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-Travenol
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+ 02by
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 % 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-111-oxine (Radiochemi-
cal Centre, Amersham UK) was added: generally this was about
18.5 MBq (500 uCi). The suspension was incubated at 37° 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 plateletsswere 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 101, by phase microscopy (12). Platelet labelling efficiency
with In-111, 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).




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 S, 15, 30,
45, 60, 90 and 180 min after reinjection of labelied 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 t-test 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 t-test.

Results

Platelet Harvesting and Labelling

The results are summarized in Table 1. All the patients were
thrombocytopenic. The mean blood platelet count was 24 x 10%/1
+ 31 (range S to 119 x 10°71). Fifteen of the patients had platelet
counts less than 20 x 10%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 normat subjects (87% =
7.

The mean platelet labelling efficiency with In-111 was 49% =+
24, and this was significantly (p <0.0005) lower than that in

Table 1 Patient and In-111-oxine labelling data

normal subjects, 90% = 3. Labelling efficiency correlated posi-
tively with the blood platelet count (r = 0.8006, p <0.0005), 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
0 to 6%) and did not differ significantly from that found i
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 fe
instances (subjects 2, 4, and 6) contamination of labelled platelets
with radioactive plasma was excessively high.

Kinetics of In-111-Oxine Labelled Platelets

A mean of 15.8 x 10® + 16.1 (range 2.3 to 52 x 10%) labelle
autologous platelets were reinjected. This was significantly le
than the 160 x 10® £ 60 labelled platelets reinjected in studies
normal subjects. There was a positive correlation between bloo)
platelet count and number of labelled platelets available fi
reinjection (r = 0.6841, p <0.005). The labelled platelets aggr
gated normally when exposed to ADP as judged under t
microscope.

The mean percentage of labelled platelets recovered in t
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 piatelet survival time did not correl
significantly with the percentage recovery in the circulati
(r = — 0.1385, p >0.25).

Patient Platelet Platelets Labelling Contamination of In-111-oxine Platelets Recovery Platelet
count harvested efficiency platelets (%) administered injected in cir- survival
(x 10°1)  for (%) Red cells Plasma MBq (uCi) (x 1079 culation (h)
labelling (%)
(%)
1 24 23 44 1.8 7.8 4.1 (150) 26.5 47 20.1
2 15 64 34 0.0 24.0 4.1 (150) 4.9 60 24.1
3 35 42 51 0.0 5.2 3.3(123) 6.9 51 30.7
4 15 100 49 0.0 14.0 2.9 (108) 25.9 30 93.0
5 8 34 41 2.6 3.7 8.4 (309) 7.3 47 64.9
6 8 100 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 72 319
8 10 55 23 0.0 38 3.5(131) 11.0 R 40.1
9 66 49 74 0.0 2.0 18.9 (700) 4.5 81 16.2
10 13 52 40 31 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) 35 62 12.9
13 4 59 29 0.8 35 5.4 (200) 2.7 88 43
14 119 66 74 0.0 23 10.3 (380) 52.0 58 37.6
15 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 (150) 4.5 15 37.6
17 12 50 37 0.1 0.2 9.7 (360) 34 79 35.6
18 8 38 50 2.6 8.0 4.6 (170) 4.4 59 81.5
19 S 53 35 0.6 6.2 6.8 (250) 4.0 40 7.2
20 7 50 38 23 10.7 8.1 (300) 5.2 16 35.6
Mean + 24 * 31 S5=x21 49 + 24 1416 73 %59 6.7 +£43 158 +16.1 S5+ 22 I5+2
1SD (248 £ 160)
Reference  150-400 87 £7 90+3 151 221 82+3 1600 £ 60 61 £ 12 24 +2

(£ 1SD; n = 28)
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Fig. 1 Schematic presentation of the procedure for washing platelets
from red cell layer and labelling human platelets will In-111-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-51]-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 10/ for platelet kinetic studies
with autologous Cr-51-labelled platelets in ITP (15, 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-111-oxine as platelet label (1). This radionuc-
lide 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 desp'ftc the severe throm-
bocytopenia, highlight the advantages of In-111-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 10° 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 a-mean 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 Branehog 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 ‘possible that not all labelled 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-111-
labelled autologous platelets in ITP is relatively long compared to
studies reported with Cr-51-labelled homologous platelets (4).
The reasons for this is not clear. It is possible that Cr-51 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-111 than Cr-51 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
radionuclide for platelet labelling.
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Evaluation of Mathematic Models .
to Assess Platelet Kinetics

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, muitiple hit (MH), Domhorst (DH), Meuleman (ML), alpha order
(AO), and polynomial (PO) mathematic 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 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 (DH10) and Meuleman (ML10)
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%), DH10 (3.7%), and ML10 (3.7%) models all
fitted the data significantly worse than the MWM, MH, DH, ML, AO, and PO models (range
3.2-3.3%). The mean platelet survival time determined with the MH model differed
significantly from the resuits with the DH, 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 piatelet 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%). Fitting 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 aipha
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 DH, 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
(it 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 DH, ML, AQ, or PO models.

J Nucl Med 27:1192-1201, 1986

Shonening 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)

Received May 14, 1985: revision accepted Dec. 30, 1985.
For reprints contact: Mattheus G Létter, Biophysics Dept.,
UOFS, Bloemfontein. South Africa.
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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
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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 siope can be determined

y-intercept and the initial slope of the platelet survival
curve (/,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 ¢urve 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-111- (""'In) oxine, a radionuciide complex
which has specific advantages for the study of platelet
kinetics (3,10).

MATERIALS AND METHODS

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 Ila familial hypercholestero-
lemia, and three with aortic aneurysms. All subjects were in a
steady state of platelet production and destruction duning the
course of investigation. This was reflected by a constant blood
platelet count.

Platelet Labeling

Platelets were labeled with ['"'In]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 ['"'InJoxine. The labeled platelets were washed with, and
finally resuspended in, autologous platelet-poor plasma.

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

Following injection of the labeled platelets, blocd 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 eight
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 keV peaks of '"'In. The measured count rate was
corrected for background and mass. Plasma '''In activity was
determined in all cases, and was <5%.
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MATHEMATIC FUNCTIONS AND METHODS TO
FIT PLATELET SURVIVAL CURVES

The following mathematic 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 (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 (/7). 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 be calculated without logarithmic transformation
of the data. The nonlinear least squares technique minimizes
these discrepancies (/1,13).

Weighted Mean Function (71,12)

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 (//). 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 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 modifica-
tion was introduced to minimize the influence of noise when
data points were distributed perfectly linearly or exponentially.

Alpha Order Function (AO) (14)

This function was fitted to the survival curve data by the
Newton-Gauss iterative nonlinear least squares technique
(13). Initial estimates of regression constants for the iteration
procedure were selected as foilows. The initiation constant kg
was set to unity and alpha, “a,” replaced by the weighted
mean estimate of the variance shape factor (/2). The rate
constant “k” was calculated substituting the alpha order mean
platelet survival time, T,, by the weighted mean estimate, T,
(see Appendix):

k=(/Ty) [1 + (1 ~ a)ke].

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) (171)

The curve fitting technique described by the ICSH was
used. Initial values for iteration were obtained from the linear
and exponential curve fitting procedures (//).
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Dornhorst Function (11,15)

The curves were fitted with the Newton-Gauss iterative
nonlinear least squares technique (/3). Mean platelet lifespan
was determined by two methods. First (DH10), the potential
age-dependent platelet survival time was 'Eept constant at the
value determined for normal subjects, 10 days. In the second
method (DH), 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 (/6) (see Appendix):

To = [l — exp(—kT)]/k.

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

Meuleman Function (17)
Curve fitting of the Meuleman function (ML and ML10) 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
potints for curve fitting. The data points were selected visually
as follows. The first point included was that reflecting the
highest blood radioactivity after equilibium 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-
ness of 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 MATHEMATIC 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 caiculated for
the different models were compared with Hotteling's multi-
variate T-squared statistic to test the hypothesis of equality of
means (/6,18). The patients were considered 1o 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)

Mode! PSD sd. PSD sd.
Linear 5.2 34 29 1.3
Exponential (EP) 44 18 48 13
Exponential (EX) 5.0 2.4 6.1 2.6
Modified weighted mean 3.4 19 26 1.2
Weighted mean 37 23 26 1.2
- Multiple hit 3.3 1.8 2.5 14
Domhorst 3.3 19 25 1.3
Domhorst (DH10) 3.7 1.8 29 1.3
Meuleman 3.4 1.9 25 1.3
Meuleman (ML10) 37 18 29 1.3
Alpha order 3.2 1.8 25 1.4
Polynomial 3.3 19 25 13

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 |. 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 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 % s.d.s obtained by the Dorn-
horst model where the age-dependent survival time is held
constant at the normal value (DH10), 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 (ML10), 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 Survival Time

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 1o 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
Ditferences in PSD for Mathematic Models Investigated in Patient Group and Reference Subjects (N = 69)

Model EP EX MWM WM MH DH DHI0 ML  MLI0 AO PO
LF 0.9 0.2 1.8* 1.5! 1.91 1.9 1.61 1.9t 1.6¢ 2.0° 2.0
EP ~0.6" 1.0 0. 111 1.1t 0.7 1.0t o7 1.2 1.11
EX 1.61 1.3¢ 1.7 1.7 1.3' 1.7t 1.4t 1.8t 1.7
MWM -0.3 0.1 0.t -0.3 0.1 -0.2 0.2 0.1
WM 0.4* 0.4 0.0 0.3 0.0 0.5 0.4
MH -0.0 -0.41 0.0 -0.3! 0.1 0.0
DH -04'  -00 03 01 0.0
DH10 0.3 0.0 0.5 0.4
ML -0.3 0.2 0.1
ML10 04 0.4
AO -0.1

" Difference significant at p < 0.05.

' Difference significant at p < 0.01.
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A: Comparison of the percentage standard deviation
(PSD) caiculated by modified weighted mean (MWM)
and muitiple hit (MH) methods. Correlation coefficient
of r = 0.989 was obtained for whole group of patients
and reference subjects. B: Comparison of PSD calcu-
lated by Dornhorst (DH) and muiltiple hit (MH) models (r
= 0.993). C: Comparison of PSD calculated by multiple
hit (MH) and alpha order (AO) models (r = 0.879)

pared to that with the DH, 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 DH
and ML models. The estimated mean platelet survival time
with the DH 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. DH. 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 DH 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 DH, ML. AQ, 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 DH,
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 '''In-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

The Jounal of Nuclear Medicine




TABLE 3
Differences in PSD for Mathematic Models Investigated in Reference Subjects (N = 15)

Mode! EP EX MWM WM MH DH DH10 ML ML10 AOQ - PO
LF -1.9 -3.2! 03 0.3 0.4 0.4 -0.0 04 -0.0 04 04
EP -1.3! 22! 2.3 23! 23 1.9t 23 1.9 23 2.3
EX 3.57 3.5 3.6 3.6 3.2t 3.6 3.2t 3.61 3.6"
MWM 0.0 0.1 0.1 -0.3 0.1 -0.3 0.1 0.1
WM 0.1 0.1 -0.3 0.1 -0.3 0.1 0.1
MH 0.0 -04 0.0 -0.4 0.0 0.0
DH -04 0.0 -0.4 -0.0 -0.0
DH10 0.4 0.0 04 0.4
ML 04 -0.0 ~0.0
ML10 0.4 0.4
AO 0.0

* Difference significant at p < 0.05.
' Difference significant at p < 0.01.

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 populatign 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 (9,70). 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

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,/0). 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 (/]), other mathematic models
have their proponents (/9-22). We have slightly mod-
ified the weighted mean method recommended by the
ICSH (1]). We determined the regression constants by

TABLE 5
m: R::gjr :c";e Differences in Mean Platelet Survival Time Obtained
(69) (15) with Mathematic Models in Reference Subjects and
Patient Group (N = 69)
Model ST sd ST sd CV Modh WM MH DH ML A0 PO
Linear 176.9 725 2326 152 6.5 — - - -
Exponential (EP) 97.8 42.1 1227 154 123 CmM 10 _sz ;;2- ?jg‘ _fj; _2;2
Exponential (EX) 875 37.1 999 159 158 MH 7.0 6.3 33 22
Modified weighted mean 144.0 74.3 214.3 23.0 10.7 OH 07 -38 -49
Weighted mean 1450 69.0 2154 191 8.9 ML -30 -—41
Multiple hit 149.4 756 2227 177 7.9 AO -11
Domhorst 1424 78.2 204.2 245 12.0
Meuleman 143.1 785 204.7 241 117 -
Alpha order 146.2 876 212.4 21.0 9.9 * Difference significant at p < 0.05.
Polynomial 147.3 78.4 206.8 22.6 109 ! Difference significant at p < 0.01.
Volume 27  Number 7 = July 1986 1197
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Table 6
Differences in Mean Platelet Survival Time of
Reference Subjects Estimated with Mathematic
Models (n = 15)

Modek WM MH DH ML A0 PO
MWM —-1.1 -84 10. 96 20 75
WM -73 112 107 30 86
MH 185" 180" 103 159
DH -05 -81 -25
ML -76 =20
AO 5.6

" Difference significant at p < 0.05.
1 Ditference significant at p < 0.01.

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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FIGURE 3

Comparison of mean platelet survival time estimated by
modified weighted mean (MWM) and multiple hit (MH)
modeis (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

. Dornhorst (DH) and multiple hit (MH) 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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FIGURE 5
Comparison of mean platelet survival time estimated by
Domhorst (DH) and alpha order (AQ) 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 Dorn-
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, Dornhorst, Meuleman, alpha or-
der, and polynomial models all performed well and
there was no evidence that any one 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, Dornhorst, and aipha order models. Also,
.in the normal subjects, there were significant differences
between results of mean platelet life span estimated
with the Dornhorst 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 Domn-
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 Dornhorst 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, Dornhorst, 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
1s 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 Dornhorst, 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
SURVIVAL CURVES

The following mathematic functions were fitted to the
platelet survival curves.

Linear Function (11,12)
The linear function was calculated by:

Hi(t) = H(0) — at,

where H,(t) represented the linear regression line. H,(0) the y-
intercept, and “a” the rate of platelet disappearance. The mean
platelet survival time, T, was given by:

T| = Hl(O)/a

Exponential Function (10,11)
The.exponential regression curve, He(t), was calculated by:

H.(1) = H(0) exp(—kt),
where H.(0) was the y-intercept and “k” the relative rate of
platelet disappearance. The mean platelet survival time was
given by:
T = 1/k.

Weighted Mean Function (11, 12)

The weighted mean regression curve, Hu{t), was calculated
by:

Hut) = [SHA(1) + SHA))/[S. + Sil,

where S, and S, were the residual sum of squares associated
with linear and exponential regression curves. The residual
sum of squares was calculated by:

S = T [(H) ~— NiJ* and

se = E [(He)1 - Ni]Zy

where (H,); and (H.) were linear and exponential regression
curve points corresponding to data points N
The weighted mean survival time was calculated by (10):

Tw = [ScTh + SiTJ/[S. + Sil.
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Alpha Order Function (14) .
The alpha order function was calculated by:

H,(t) = Hu(0) [1 + (1 — a) (ko + k)],

Y
where H.(0) was the y-intercept calculatéd 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 whena = 1,
an exponential function was obtained. The y-intercept was
calculated by:"

Hl(0) = [HAO)][t + (1 — a)ko]/"7.
The mean platelet survival time was calculated by:
1
Ta +§ {1 + (1 — a)ko].
Polynomial Function
The polynomial function, Hy(t) was calculated by:
H,(t) = ao'+ at +at +eeeeee + aqt",

where ay, a,- - - -2, Were constants. The mean platelet survival
time was given by:

T, = ao/ar.

Muitiple. Hit Function (11)
The multiple hit function, Hx(t) was calculated by:

H(0 = (c/) T, [ltn = 1/l expl=a0) (@l

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:

T, = 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 (11,15)
The Dornhorst function, Hq(t), was calcuiated by:

Ha(t) = Ha(0) {[exp(—kt) — exp(—kT))/[1 — exp(=kT)}},

where H4(0) 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:

Tq = [1 = exp(—=kT)J/k.

Meuleman Function (17)
The Meuleman function, Hm(t), was calculated by:

Ha(t) = Ha(0) (1 = t/T) exp(~kt),

where H,(0) 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:

Tw = T/(1 + kT).

FOOTNOTE

* Baxter-Travenol Laboratories Inc., IL.
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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 muitiple-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 kinetics mean platelet survival time radionuclide in
computer program IBM personal computer mathematical models multiple-hit model
weighted mean 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. It will 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 15 reference 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 of the study. Platelets were labeled
with In-111 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 ¢, was calculated by:

W) = 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

Lit)=Ly—at
E(t) = E,exp(—rt)

where L, and E, 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, T, was calculated by the linear least

squares method [2,4].
We investigated methods to improve the caiculation of the weighted mean estimate of the
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Table 1. Weighted mean methods

Method name Weighting method Curve fitting method
WMEX ICSH Logarithmic
WMEXZ Van Zyl Logarithmic
WMEP ICSH Marquardt
WMEPZ Van Zyl 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=S,/(Sc.+ Ser)

S, =3 (Lt)- ¥)

See = 3. (B~ 17

where Y, is the observation at time t; 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= (S, —S)/(SeL+ See — 2518

where

Sue = 3 (L) = YIE® - ).

Note that k will be negati've when S, < S.¢ < Sge- When a negative k is substituted in the
equation for T}, we find that T, > T, since T is always less than T,. Also the second
derivative of WAt) is:

W"(t) = r’k Eq exp(—rt).

W"(t) will be negative for k <0 and the survival curve W(t) will be concave downwards.
When S,; > S,z > Sg; we find that k> 1 and T, < T}.

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]:

_s0c
RT
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Table 2. Program Menus

Patient group

F1—Normal F2—Diabetics ~
F3—Hypercholesterolaemia F4—Renal transplant
F5—Valvular disease F5—Immune thrombocytopenia
F7—Display and print menu F8—Exit
Data input

F1—Display and print menu F2—Curve fitting menu
F3—Append patient F4—Edit curve data
FS5~Delete patient F6—Delete curve data

F8—Exit

Curve fitting

F1—Select patient F2—Select fitting range

F3—Fit all models F4—Fit weighted mean

F5—Select models F6—Display and print menu
F8—Exit

Mathematical models

F1—Linear (LN) F2—Exponential (EP)

F3—Weighted mean F4—Multiple hit (MH)
Display and print

Display Print

F2—Selected patient:resuits
All disease groups

F1—Survival times F4—Survival times or mean
F3—Mean estimate of error estimate of error
Selected disease group
F5—Survival times or mean F6—Survival times or mean
estimate of error : estimate of error
F7—All results 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(¢,))/A

where F(¢,) is the y-intercept of the regression curve constructed from the In-111-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
nonparametric 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. 1. 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 (4 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. 1). 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 A

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

CBH 18:4-0
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MEE of the WMEXZ is less than or equal to that of the WMEX, the MEE of WMEP is less

than or equal to that of the WMEPZ and the WMEPZ method has the smallest MEE 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 (SD) 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 3.62 +1.98 260 +1.22
WMEXZ 3.48 + 191 2544122
WMEP 342 +1.81 257+1.22
WMEPZ 3344178 253+1.23
MH 3324183 249 +1.30

Table 4. Differences in mean error of the estimate f{or patients (n = 69)

WMEX WMEXZ WMEP WMEPZ

MH 0.30° 0.16° 0.10° 0.02
WMEPZ 0.28¢ 0.14° 0.07°
WMEP 0.20° -0.06
WMEXZ 0.14°
°p<001.

Table S. Differences in mean error of the estimate for reference subjects
(n=15)

WMEX WMEXZ WMEP WMEPZ

MH 0.11 0.05 0.08 0.04
WMEPZ 0.07¢ 0.00 0.04¢
WMEP 0.03 -0.03¢
WMEXZ 0.06¢
*p < 0.05.

tp <0.01.
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Table 6. Mean platelet survival time

Method Patients Reference subjects
n==69 n=15
WMEX 145 + 69 215+ 18
WMEXZ 146 + 73 217119
WMEP 144 + 74 214+ 22
WMEPZ 144 + 74 214 £20
MH 149 + 75 223+ 17

Table 7. Differences in mean platelet survival time (hours) for patients

(n = 69)
WMEX WMEXZ WMEP  WMEPZ
MH —44° —34% 540 —57°
WMEPZ 13 2.3* 0.3
WMEP 1.0 2.0
WMEXZ -10
*p < 00L.

Table 8. Differences in mean platelet survival time (hours) for reference
subjects (n = 15)

WMEX WMEXZ WMEP WMEPZ
MH —-7.3° —5.7° —84° —8.6t1
WMEPZ 1.3 2.8t 0.2
WMEP 1.1 27
WMEXZ -1.6
®p <005,
tp <001

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 muitiple-hit model is
very fast if the survival curve is exponential, and increases to 2 min for 12 data 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 resuit. 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 1 or 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
muitiple-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 if it 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 of the 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. It would 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 of the estimate (M EE) as the indicator of the goodness of fit of the
regression curves to the survival curve data. Analyzing all the subjects, the MEE of WMEPZ,
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 js
instantaneous for the weighted mean method, but could increase to 2 min for 12 data 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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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 al 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 (Murphy 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 mode! has to fit the experimental data well, but does not 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 piatelet 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.

M G Létter, A du P Heyns, P N Badenhorst,
H Pieters, H Kotze and P C Minnaar
South African Medical Research
Blood Platelet Research Unit and
Departments of Biophysics and
Haematology,

University of the Orange Free State,
Bloemfontein,

5 March 1984 South Africa

References

Fuster V, Chesebro J H, Badimon L, Offord K P and Wahner H W 1983 in Measurement of Platelet Function
ed. L A Harker and T S Zimmerman (London: Churchill Livingston) p 189

Heyns A du P, Lotter M G and Badenhorst P N 1983 in Measurement of Platelet Function ed. L A Harker
and T S Zimmerman (London: Churchill Livingstone) p 228

ICSH Panel on Diagnostic Application of Radioisotopes in Haematology 1977 Blood 50 1137-44

Murphy E A and Francis M E 1969 Thromb. Haemostasis 22 281-95

Peters A M and Lavender J P 1983 Semin. Thromb. 9 100-14

Trowbridge E A and Martin J F 1983 Phys. Med. Biol. 28 1349-68

Wichman H E and Gerhardts M D 1981 J. theor. Biol. 88 83101

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. Qur 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 K, and C from the half-life ¢,,, and
survival time 1, enabled the experimental observations to be predicted by our model
(not fitted) at any other time. Accurate evaluation of t,,2 and ¢, 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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EVALUATION OF MATHEMATICAL MODELS TO ASSESS PLATELET KINETICS.

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. :

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 dindium-oxine {(In-111). The Tlinear (LN),
exponential, weighted mean, multiple hit (MH), Dornhorst (DH), Meuleman (ML),
alpha order (AO) and polynomial (P0O) 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 method 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 (DH10) and Meuleman {ML10)
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 %), DHI0 (3.7 %) and ML10 (3.7 %) models a1l
fitted the data significantly worse than the MWM, MH, DH, ML, A0 and PO models
(Range 3.2 % to 3.3 %). The mean platzlet survival time determined with the MH
model differed significantly from the results with the DH, ML and A0 models.
The results of mean platelet survival time calculated with diffarent
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 tne 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 tne 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, dis shorter than that estimated with the EP, MWM or MH
models, or, the mean platelet survival time estimated with either the DH, ML, A0
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 data to either the MWM method (if 1limited computing
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: 1In those cases where the platalet survival time is very short, the
alpha order model is recomnended. In other instances the results of the MWM
metnod or MH model should he compared to that obtained with either the DH, ML,
AO or PO models.
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INTRODUCTION.

Shortening of the platelet Jife span is generally accepted as an
important reflection of in vivo platelet activation. This measurement has been
especially valuable for tne 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
1ife span is a prerequisite for the adequate investigation of these disorders.
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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 regrassion curve, indicated by the solid line is generated. This
curve 1is back extrapolated from B to D. The y-intercept and initial slope is
determined at D.

The available methods for isolating or Jabelling 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
js isolated, labelled with a radionuclide and reinjected. The mean survival time
of the 1labelled platelets is indirectly estimated from the ratio of the y-
intercept and the initial slope of the platelet survival curve (1,2). The y-
intercept and the fAinitial 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 1labelled 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, 1little information is available on their
comparative value, or, on their suitability under specific pathological
conditions (5-9). The present study focuses on these questions.

MATERIALS AND METHODS.

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 mellitus, 14 with
heterozygous Type Ila familial hypercholesterolemia, and 3 with aortic
aneurysms. A1l 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). Labeled platelets were used for in vivo studies only if in vitro
aggregation with ADP and collagen was normal (3,9,10). A dose not exceeding
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 piatelet 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 1in a well scintillation counter with the pulse-height analyzer set to
include the 172 keV and 247 keV peaks of In-111. The measured count rate was
corrected for background and mass. Plasma In-111 activity was determined in
all cases, and was less than 5 %.

Mathematical Fynctions 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

2. Exponential Function (1] i Two methods were used to fit the data to an
exponential function. In the f1rst 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 1ine 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 (131,12). 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
Tinear 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) (14). This function was fitted to the survivail
curve data by the Newton-Gauss iterative nonlinear least squares technigue (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) (11). The curve fitting technique described by
the ICSH was used. Initial values for iteration was obtained from the linear and
exponential curve fitting procedures (11).

7. Dornhorst Function (11,15). The curves were fitted with the Newton-Gauss
jterative nonlinear least squares technique (13). Mean platalet lifespan was
determined by two methods. First (DH10), the potential age-dependent platelet
survival time was kept constant at the value determined for normal subjects, 10
days. In the second method (DH), 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 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 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. A1l subsequent data points with radiocactivity
greater than 10 % that of the initial counts were included. The 'goodness of

Q
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fit' of the data points to each of the mathematical models , was visually
evaluated by inspecting the graphical display of the survival and regressicn
curves on the computer terminal.

Comparison of Mathematical Models.

The different mathematical models were compared by calculating the root
mean square of the difference between the measured and regrassion survival curve
points. This value, reflecting the 'goodness of fit ', was expressed as a
percentage of the y-intercept and designated as the percentage standard
deviation. The survival curves with diffarent count rates could thus be
compared. o
The percentage standard deviation and mean platelet survival time
calculated for the different modeis were compared with Hotteling's multivariate
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 to tne percentage standard deviation and mean platalet
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 {('noise') on the estimate of mean platelet
survival time was detarmined 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 deletad were also used to evaluate the sensitivity to noise of the
mathematical models. For this purpose 16 survival curves were used, each
consisting of at 1least 6 pairs of blood samples. Differences in the mean
platelet survival time were odtained firstly by deleting only the initial point
and secondly by deleting a point of each of the pairs of data points.
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TABLE 1
PERCENTAGE STANDARD DEVIATION (PSD) OF PLATELET SURVIVAL
CURVE POINTS AROUND THE FITTED CURVE

SUBJECTS ~ WHOLE GROUP  REFERENCE
; SUBJECTS

NUMBER 69 15
MODEL PSD SD PSD  SD
LINEAR 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
DORNHORST 3.3 1.9 2.5 1.3
DORNHORST ~ (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

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 %¥. Tnese 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 (DH10), 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 (ML10), was larger
than that of the MH (p < 0.01) , DH (p < 0.05) and A0 (p < 0.05) models. The
percentage standard deviation obtained with WM model was significantly larger (p
< 0.01) Epan than that obtained with the Mi and DH models. The percentage
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standard daviation of the MWM and DH models differed significantly (p <0.05).
The -correlation coefficients of the percentage standard deviations associated
with  those mathematical models which did not diffar 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.

| , TABLE II
DIFFERENCES IN PERCENTAGE STANDARD DEVIATION FOR MATHEMATICAL
MODELS INVESTIGATED IN PATIENT GROUP AND REFERENCE SUBJECTS (N=69)

MODEL EP  EX MNM' WM MH OH DH10 'ML ML10 A0 PO

LF 0.9 0.2 1.8%% 1.5%% ].Q%x ],Q%x

1.6%%  1,9%% ], 6%% 2 Q%% 2 Q%%
EP T L0.6%% 1.0%% Q7% 1, 1%k 1 TRk Q.7k% ] 0k Q.7%k ], 2%k ] Tex
EX T.6%k 1.3%k ] 7Rk ] TRk 13k ] THk ] 4% ] Bk ] 7H%
MWM -0.3 0.1 0.1* -0.3 0.1 -0.2 0.2 0.1
WM 0.4%#% 0.4%** 0.0 0.3 0.0 0.5 0.4
MH -0.0 -0.4%* 0.0 -0.3*+ 0.1 O.
DH -0.4%* -0.0 -0.3* 0.1 0.0
DH10 0.3* 0.0  0.5% 0.4%
ML - | ©-0.3 0.2 0.1
ML 10 - 0.4% . 0.4
0.1

=
o
1

*  DIFFERENCE SIGNIFICANT AT P < O.

05
**  DIFFERENCE SIGNIFICANT AT P < 0.0]
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TABLE TII
THE - ESTIMATION OF THE MEAN PLATELET SURVIVAL TIME
(HOURS) WITH DIFFERENT MATHEMATICAL MODELS.

SUBJECTS WHOLE REFERENCE

- GROUP SUBJECTS
MODEL ST SO ST SD cv
LINEAR 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 74.3 214.3  23.0 0.7
WEIGHTED MEAN 145.0 69.0 215.4  19.1 8.9
MULTIPLE HIT 149.4 75.6 222.7 17.7 7.9
DORNHORST 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

Platelet Survival Time.

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 (SD) and
coefficient of variation (CV) are presented in Table III.

TABLE 1V
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
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 7.0%* 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 DH model to 227.7 + 17.7 hours for
the MH model. The mean platelet survival time estimated by the MH model was

4
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significantly longer when compared to that measured with the DH (p < 0.01), ML
(p < 0.01), and A0 models (p < 0.05) (Table IV). 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 compared
to that with the DH, ML and the PO models (Table V). The estimated mean
platelet survival time with the AQ model also differed significantly (p < 0.05)
from that with the DH and ML models. The estimated mean platelet survival time
with the DH 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)

MODEL WM MH DH ML AO PO
MWM : -1.1 -8.4 10.1 9.6 2.0 7.5
WM -7.3 11.2 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
AO 5.6

* DIFFERENCE SIGNIFICANT AT P < 0.05
*%*  DIFFERENCE SIGNIFICANT AT p < 0.01

There was good correlation (r = 0.986) of mean platelet survival times
calculated with MH and MWM models. Also, the MH and DH 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 DH, ML , A0 and PO models
were correlated. Deviations from the linear regression line within the normal
range was accompanied by another finding: the estimate of the mean platzlet
survival time with the DH, 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.

The range of the mean platelet survival time, 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 II1). Theé range of the CV for the MWM, DH, ML, PO and A0 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 deletad. 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 we could divide the ability of the models to
fit the data .into three groups.. The linear and exponential models fitted the

o




- 142 -

©

:g r = o
z .
x »
-

(=] - T
.o o~ - o B
w e
= (3] 434:‘.
= - o

s < .Q‘#
3 <
< -
> i ﬁ
; o * & e ***
e ~ o -4
2 ¥ & 5,
1/7] *,._" s -
-
-
=
r-d
Pl
o . . .
(o] 90 180 270

SURVIVAL TIME : MH (h)

Figure 2: Comparison of the mean platelet survival time estimated by the
Dornhorst (DH) 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 jnaccurate 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 Dornhorst and Meuleman
models where the potential age-dependent platelet 1ife span is kept constant at
10 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, DH, ML, AO and PO models all performed well and there was no
evidence that any one of these is definitely superior.
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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
Tinear (LN ) and exponential (EP) models, a statistical significant difference
between the estimates by the models that fit the data well. '

Although these matnematical models fitted the curves equally well,
their estimates of the mean platelet survival times differed. There is no
obvious physiological basis for these differences and it is obvious that the
application of, or preference for, any specific model is arbitrary. The major
jmplication 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 mathematical model. - ' . '

The usefulness of a méthematica] model will also be determined by fits
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sensitivity to "noise". Sensitivity to noise will decreases the precision 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: 1in 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, DH, A0, ML and PQO) 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 1longer 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 1like 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 physiological
mechanisms. Therefore, it is 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 recognition of above mentioned
pitfalls. The Dornhorst, 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.
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Abstract. A simple and practical approach to the in vivo
quantification of '!"‘indium-oxine labelled blood platelets
with a scintillation camera and computer assisted imaging
system was evaluated. Radioactivity of the 172 and 247 keV
energies was measured in a phantom at various source dis-
tances from the collimator and the accuracy of anterior and
posterior mode measurements compared with that of the
geometrical mean (GM) method, with and without correction
for Compton scatter (CS). Organ radioactivity, expressed as a
percentage of whole body radioactivity, was determined in
vivo in five baboons and the accuracy of 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 and/or CS
did not improve results materially. The GM method could
readily be applied in five human subjects. This study shows
that the GM method is an accurate and practical method for
the in vivo quantification of organ and regional distribution
of '"!'In-labelléd platelets.

Introduction

""'In.oxine has recently been described as a suitable platelet
label by Thakur et al. (1976). An advantage of '''ln in com-
parison with *'Cr, the recommended radio-nuclide for plate-
let studies (ICSH 1977). is that the regional distribution of
"!"'In-platelets can be externally imaged and quantified with a
scintillation camera and computer assisted imaging system
(Lotter et al. 1980; Heyns et al. 1980a: Heyns et al. 1980b:
Heyns et al. 1980(c). Van Reenen et al. 1980). The in vivo
quantification of organ activity distribution is not easy to
achieve. not often 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 of platelet kinetics whole
body platelet distribution is a useful adjunct in assessing sites
of sequestration of deposition of platelets in different diseases.
The proposed methods would be difficult in these circum-
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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 of 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 keV (0.9395
photons/disintegration) and 172keV (0.8959 photons/disinte-
gration) of '''In 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 Calculations

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 of 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-! (1)
where

G=(A-P)
= Geometrical mean (GM) of 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 of 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 of the unattenuated surface count



Counts

P=KxC

Energy
Fig. 1. lllustration 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/Gox100%.

The derivation of the unattenuated count rate N (Eq.1) 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 keV photons are detected in the presence of 247 keV pho-
tons emitted by '!'In. Correction for Compton scatter was
investigated by obtaining scintillation camera images with an
energy window selected over the Compton region in addition
to the photopeak region (Fig. 1). 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 (ROI) count rate from the photopeak count rate and
expressed as a percentage of the unatienuated Compton cor-
rected surface count rate.

(A-KC)P-KO)
(Ao—KCo)(Po—-KOo)

where 4 and P anterior and posterior ROI count rate were
respectively obtained from photopeak images, and C and 0
anterior and posterior ROI count rate respectively obtained
from Compton scatter images. The Compton correction fac-
tor K was numerically calculated to ensure that

Nc= x 100 %, {2)

n

Y (Nci—=N¢)*=min

im1

where Nc is the average of all corrected counts Nc¢i 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 (4U i) and
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posterior (PUi) organ radioactivity distributions were calcu-
lated by

AUi=Ai/Y Aix 100, and ) 3)
PUi=Pi/y Pix 100 3

@ (4
where Ai and Pi is the anterior and posterior count rate for
the ith organ.

Geometrical Mean Distribution (GM). Tt 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
(GM i) was calculated by expressing organ GM count rate as
a percentage of total body GM count rate.

GMi=(AiPi*/S (4i P} x 100. (5)

Geometrical Mean with Attenuation Correction Distribution
(GMA). To obtain the GMA distribution the attenuation
correction constant Ti was measured using a '''In trans-
mission source to acquire an image with and without the sub-
ject. The anterior '!'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
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 (GM Ai) was calculated by

GMAi =[ﬁ%ﬁ]*»/z [ﬁif’?]’ X 100 (6)

Geometrical Mean with Compton Scatter (GMA) and Attenua-
tion Correction Distribution (GMAC ). Compton scatter cor
rection was applied to the baboon and human studies as fo
the phantom investigation. The organ geometrical mean wit
Compton distribution (GM Ci) is represented by

[(Ai—KCi)(Pi—KOi)]* y
Z[(Ai-KCi)(Pi—KOi)]* '
The percentage organ radioactivity distribution for geometr|
cal mean and Compton scatter correction is given by

(Ai—KCl)(Pi—KOi))i
Ti
x 1
(Ai—KC)Pi— KO}
(=)

GMCi=

GMCAi=

Materials and Methods

A Searle large field of view scintillation camera fitted w
the medium-energy parallel-hole collimator was interfaced
a MDS MUGA CART imaging system. Two images of n
overlapping energy windows were acquired simultaneously
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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 25.6x450x450 mm perspex plates allowing the place-
ment of the 250-ml plastic bag in any of ten positions. Ap-
proximately 20MBq '''In was placed in the plastic bag. Im-
ages were obtained with the source in phantom positions 1-10.
The photopeak and their Compton region were acquired for
the 247keV and 172keV 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 '''In-oxine (Radiochemical Centre,
Amersham, UK.), (Heyns et al. 1980a). The baboons were
killed after 8 days. The liver and spleen were removed, drain-

overestimated with depths up to the 4A—P midline with a
mean of 105+3.29% and 108.7+509% for the 247 and
172 keV photons respectively. The GM counts of Table 1 were
used to calculate the Compton correction constant K. The
corrected phantom counts Neci at different depths using K
was virtually identical to the surface counts with a mean of
999+1.0%

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. '!'In
radioactivity was distributed between the spleen (33.8 +3.6 %),
the liver (35.916.4 %) and the remainder of the whole body
(29.7128%).

In vivo and ex vivo quantification of '!'In activity were
compared. The accuracy of the in vivo quantification of
radioactivity was determined by calculating the difference be-

Table 2. ''In platelet distribution measurements in baboons

Method N

ed free of blood, and replaced in their origina! anatomical Spleen Liver Whole body
.. . > . remainder
positions. The whole body was anteriorly and posteriorly
1rpaged in sections. The photopeak and_ Compton energy set- Distribution as % of whole body activity (mean +SD)
tings of the ‘analyser. were set as described for the phantom Single organs S 138436 359464 297+ 28
§tudles. Regions of interest were manually selected by two of baboons
independent operators. Radioactivity of the organs was then post mortem
separately measured in a whole body counter to minimize at- ] .
tenuation and organ to organ scatter. The two 10x13cm  In vivoerroras % of organ uptake (mean+SD)
scintillation detectors were arranged to obtain a geometry- ~ 274keV
-independent counting configuration. Anterior 50— 761142 461147 1.8+ 88
Posterior 5 3.24236 —-7.1118.2 8.6+10.8
Patient Studies. Patient studies were performed after the rein- GM 5 - 38+ 63 234 43 54+ 175
. 11 GMC 3 01+ 85 38+ 64 —4.01100
jection of In-labelled autologus platelets (Heyns et al CMA 116410
1980b) and radioactivity distribution was measured in the 30 -16x103 0 774 67 422127
- , y dis ) GMAC 3 - 81z%144 125+ 9.3 —-49+13.0
anterior and posterior mode in five patients.
. 172 keV
Resul Anterior 3 - 09+ 71 13.1+ 7.8 —-504+ 5.5
esults Posterior 3 - 804190 -—10+18.1 10.3+29.0
Phantom Studies. The measured radioactivity at various  OM 3 - 63+ 64 041 72 704107
. . . . GMC 3 274+ 78 40+ 8.2 -175+139
source distances from the collimator and with GM correction GMA 3 —129% 91 881 90 A7ii01
expressed as a percentage of the unattenuated counts are pre- ) ' D 719,
- . GMAC 3 - 324129 9.5+115 —-644103
sented in Table 1. The geometric mean corrected counts are
Table 1. Geometrical mean correction applied to perspex phantom
Depth 247 keV 172 keV
(cm)
Percentage GM Percentage GM GMC
counts corrected counts corrected corrected
0.0 100.0 100.0+0.0 1060.0 100.0+0 100.0
26 729456 102.6+24 744+14 1063+ 1.6 98.7
5.2 5§53+1.0 105.6 £2.5 539+1.3 1104114 99.0
7.8 40.7+0.6 107.5+25 38112 111.8+1.5 101.7
10.5 289406 107.84+28 263110 113.14£2.2 101.0
13.1 20.2+0.5 108.2+2.7 180+0.8 113.6+29 99.2
157 141406 107.8+2.8 119406 113.1+£2.2 98.8
18.3 9.9i0.‘§ 107.5+25 82404 111.8+1.5 100.2
209 L7.140% 105.6+2.5 50+19 1104+14 99.7
235 49+0.2 1026124 3.840.2 106.3+1.6 989
26.2 35+0.1 100.0+0.0 25402 100.0+£0.0 100.3
Mean +SD 105.0+3.2 108.7+5.0 999+1.0
N=10




Table 3. Percentage difference of anterior and posterior in relation to
GM organ radioactivity measurement in human subjects

Method  Time  Spleen Liver
h 247keV 172 keV 247 keV 172keV
Anterior 2 —-28+11 -26+10 14+ 7 15+12
24 —-26+ 9 —26%10 16+ 9 15+ 9
48 —-27+17 -=26%10 17+ 6 15+ 8
72 —284+14 -25+14 18+ 10 18+ 7
- 144 —29+11 25414 15+ 7 20+ 14
mean® —27+11 -26+10 16+ 7 16+ 9
Posterior 2 41424 37+20 -12+ 5 -12+ 9
24 38+20 37+18 -3+ 6 —13+7
48 45142 39428 -14+ 4 —-13+ 6
72 40+28 37+27 -5+ 6 —15% 5
144 45425 35+16 -12+ 5 -16% 9
mean® 41426 37£21 13+ 5 —13+7

® Mean+SD 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 keV 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 keV photopeak the organ
radioactivity was therefore accurately calculated with the GM
corrected method. For the 172keV photopeak the accuracy
was similar to results obtained with the 247 keV 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 keV and 172 keV 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 Egs. (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+439 for the liver and 54+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 Compton scatter by the 247 keV
photons in the 172 keV 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 and
in vivo quantification of '!'In-labelled platelets feasible and
practical.
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Summary

The kinetics and sites of sequestration of a fully representative
population of In-111-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 circulaticn 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-111-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-111-
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-111 (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 role of the bonc 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 (1, 3. 6.7.9).

The aim of this study was to investigate the kinctics of a
represent