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Chapter 1

I ntroduction

Nuclear medicine is a powerful tool for visualizipgysiological functions or metabolism. The
signal detected in a nuclear medicine scan origséitom a three-dimensional radionuclide
distribution of the organ of interest. The gamaaanera which is used to record the three-
dimensional radioactivity distribution is a two-démsional detector. Two-dimensional planar
imaging can be found in virtually every nuclear meete facility.  However, the three-
dimensional structures in a two-dimensional planage are superimposed and thus making
diagnoses with planar imaging difficult. Rathdrant two-dimensional planar imaging,
tomographic data acquired by rotating the gammaecandetector around the patient and
collecting projection data from different views arged for reconstructing a three-dimensional
image and is known as Single Photon Emission Coadbliomography (SPECT). Although
SPECT imaging has certain advantages over planaging both imaging techniques suffer
from image degradation due to physical limitationthe more important phenomena resulting
in image degradation of planar as well as SPECa& mhaiude detector blur, photon scatter and
photon attenuation.

Two major classes of image reconstruction algorghihat can be used for the reconstruction of
emission tomography data exists, namely analyaeal iterative methods. In the past the
filtered back projection (FBP) method which is aample of an analytical method was often
used for the reconstruction of emission data beratigs relatively quick and easier to
implement than iterative methods. A limitation afalytical methods is that they can yield
inaccurate activity distributions due to assumitimat are made as part of the reconstruction
process. An example of such an assumption istliealine of response for a collimator hole is
an extended cylinder while the actual response foollimator hole resembles a diverging cone.
Filters that are incorporated in the reconstrucpoocess also result in quantitative inaccurate
results. Detector blur, photon attenuation andtecare often ignored or handled incorrectly in

analytical algorithms. It has been shown thatatiee methods can drastically improve the



guality and quantitative accuracy of reconstrugtedges when these assumptions are omitted
and detector blur, photon attenuation and scateecampensated for. A number of iterative
reconstruction algorithms are available and theicehof the algorithm is important. The
maximum likelihood expectation maximisation alglomit has proven to be effective, but also to
be too slow for routine use. Several methods hmen proposed to speed up the algorithm
(Hudson and Larkin, 1998Byrne, 1996) Splitting up the measured dataset into differen
subsets and using only one subset per iteratiosgaed up the algorithm with a factor equal to
the number of subsets (Hudson and Larkin, 199&)nce its introduction, the ordered subsets
expectation maximization method (Hudson and LarkB4) has become the most frequently

used iterative reconstruction algorithm in SPECT.

Iterative reconstruction algorithms can be usedntorporate corrections for non-uniform
attenuation, scattered radiation as well as cotlmeaesponse in SPECT. Detector blur leads to
poorer resolution with an increase in the sourceotbmator distance. Photon scatter results in
energy loss and therefore a change in directiothefphoton and hence an incorrect photon
origin is reconstructed by the imaging system. tedaation is defined as the reduction of the
number of detected gamma rays due to photoeleetbsorption and Compton scatter.
Although attenuation is but one of the image deafiads, it affects image quality severely and
therefore receives much attention (Kiagal., 1995; Bailey, 1998; Corbett and Ficaro, 2000;
Hendelet al., 2002). Photons with energy of 140 keV, origingtirom inside the body can be
attenuated by as much as 25% before being detbgtdie gamma camera (Tsatial., 1994).
Correction for attenuation is thus very importaimice it can improve quantitation accuracy as
well as avoid image artefacts in SPECT reconstacti This is especially relevant in bodily
areas with non-uniform attenuation media such egtibrax. A quantitative accuracy of better
than 10% can be obtained in planar imaging if scahd uniform attenuation correction are
applied to acquired data (Pereataal., 2010). On the other hand, incorrect compensdtion
photon attenuation may result in great inaccuraicieguantitative and qualitative SPECT data
(Wackers, 1999; Celleet al., 2005). Due to these improvements in the recoottm
algorithms and computer hardware, iterative readangbn techniques are now routinely used in
clinical SPECT.



Different attenuation correction procedures areilabke. The majority of procedures for
attenuation correction in SPECT are applied eitheing or after the emission reconstruction.
One well-known approach for attenuation correci®nhe method by Chang (1978) where a
uniform attenuation medium is assumed and a cohatgmuation coefficient is applied in the
correction of the emission data. This is howewatr an valid assumption in the human body,
especially in the thorax area with the presencsofiftissue, bone and lung tissue. In order to
apply an appropriate attenuation correction itasassary to know the attenuation coefficients in
the body. The determination of an accurate, patipacific attenuation coefficient map is
fundamental in performing accurate attenuationeztion. These attenuation coefficient maps
can be obtained from transmission data. Transomsgata is acquired using an external
radiation source and an image is formed by the gisotransmitted through the object of
interest. For SPECT an attenuation coefficienp ngeobtained by means of transmission
computed tomography (TCT). During TCT transmissilata is acquired and reconstructed to
produce the attenuation coefficient map.  The nwaghen incorporated in the SPECT
reconstruction process to compensate for photemation. Attenuation coefficient maps can
be determined by using transmission measuremettissn€omputed Tomography (CT) scanner
which uses an X-ray tube or an external radionedidnsmission source (Zaidi and Hasegawa,
2003).

By using a CT scanner, attenuated X-rays passirgugih the body are collected at certain
intervals around the patient. These acquiredha#tied X-rays are used to reconstruct the
attenuation coefficients.  Attenuation coefficianbps can also be determined by using a
radionuclide transmission source. Transmissianography by means of radionuclides is

similar to X-ray tomography whereby using an exadémadioactive source instead of an X-ray
tube, an attenuation coefficient map can be recoctstd. Both CT as well as the external
radionuclide source methods has certain advantsyell as limitations for the construction of

attenuation coefficients.



With the goal of improving SPECT information, hybiSPECT/CT systems were developed.
These systems can provide anatomical as well agifumal images of the patient in the same
position and during a single procedure. The appba of these systems in clinical use is
twofold. The CT information can firstly be used ¢generate patient-specific attenuation
coefficient maps in order to compensate for attdonaof emission photons. Secondly,
additional anatomical information is obtained frdme CT images. This anatomical information
assists in the diagnosis of the patient studiele first generation SPECT/CT systems used a
low-resolution CT detector, since attenuation adfom does not require high resolution CT
information. However, newer SPECT/CT scanners hagently been expanded to include state
of the art high resolution multi-slice imaging sysis (Bochekt al., 2000; Pattoret al., 2000)

due to the benefit of additional anatomical infotimia that is obtained.

Practical advantages of Hybrid SPECT/CT over trassion imaging with a radionuclide

source for generating an attenuation coefficienp mnr@ the following:

(i)  The photon fluency rate from the X-ray tube is saverders of magnitude higher than
can be obtained from a radionuclide transmissiamcgy resulting in low noise cross-
sectional images in a very short imaging time.

(i)  The higher fluency rate from the X-ray tubéoals the transmission data to be acquired
after the patient is injected with the radiopharewdical. The gamma rays originating
from the emission study do not influence the CTgma

(i)  The X-ray source does not decay and thus casieed frequent replacement.

(iv)  The CT scanner produces transmission imagdsgbfer quality than that acquired from
radionuclide transmission sources.

(v) Diagnostic quality images can be produced whign CT scanner that leads to additional

diagnostic information of the patient.

Disadvantages that should be considered when @Fniation is used to generate attenuation

coefficient maps of the patients are as follows:



® All studies with hybrid SPECT/CT systems ar@@ced sequentially as a result of the
positioning of the SPECT and CT components whiclowalfor possible image
misalignment.

(i) A CT system has a higher spatial resolutioanttSsPECT systems and the reconstructed
transmission image require down-sampling to the esamage matrix size as the
emission image.

(i) A CT scanner gives a relatively high radiatiolose to the patient in comparison to a
transmission scan with a radionuclide. (Almegtial., 1998, Preusa al., 2008)

(iv)  CT projection data are obtained using a poly-enargeray source. As the X-ray beam
passes through the patient, a majority of the lowrgy photons are absorbed in the
patient resulting in the “beam-hardening” artdfae which the raw values of the CT
image are lower in the middle of an object thathatperiphery, representing the higher
mean energy and correspondingly lower attenuatoaificients obtained in thick body
parts than those produced for thin regions of taylfZaidi and Hasegawa, 2006).

(V) When CT data from a clinical scanner is usedoktain a patient-specific map of
attenuation coefficients it is necessary to tramsfahe CT image data so that it is
expressed in terms of the linear attenuation cdefits and not Hounsfield numbers.
This must be done for the energy of the emissiatioraiclide photon so that the
attenuation data can be used to correct the emiskta for photon attenuation (Zaidi
and Hasegawa, 2006).

Radionuclide transmission systems have a numbanisations which include the following:

(1) Collimated radionuclide transmission systems regigh source activity.

(i) Complicated electronic equipment is required toasafe transmission and emission
images and can results in insufficient countingistias in the transmission image (Zaidi
and Hasegawa, 2003).

(i)  The source decays and requires frequent replacentech is dependent in the half life

of the radionuclide that is being used.



Radionuclide transmission systems can overcome sdrtiee limitations of hybrid SPECT/CT
systems. Advantages of transmission imaging watiradionuclide source over hybrid
SPECT/CT for generating an attenuation coefficreap are the following:

(1) Misalignment due to sequential imaging can be elatgd by simultaneous imaging with
a radionuclide transmission system.

(i) Image matrix size mismatch between transmissionemigsion imaging is eliminated
by using radionuclide transmission systems.

(i)  X-rays emitted by CT are polychromatic and the @mbers have to be converted to the
gamma-ray linear attenuation coefficients by adgdbbk-up method, which is not the
case for attenuation maps acquired by radionuctrd@smission sources. These
attenuation coefficient maps only need to be sctdtie energy of the emission isotope
which is a simpler relationship since the transmisssotopes that are used are mono-
energetic.

(iv)  Radionuclide transmission systems deliver loweratazh doses to the patient than the
hybrid SPECT/CT systems.

It is evident from the discussion above that bogbrid SPECT/CT as well as radionuclide
transmission systems have certain advantages m@uitdtions. One mutual limitation of both
hybrid SPECT/CT as well as radionuclide transmissinaging systems are that these systems
are expensive to purchase and to maintain andftiieraot readily available in every nuclear
medicine clinic. A solution to this problem isuiee an uncollimated, printed flood source for

transmission imaging.

The major advantage of a printed, flood sourceas:t

(1) Older existing gamma cameras would require modesbanodification to the existing
gantry systems to enable them to perform transomsisnaging, since the weight of the
source construction is negligible.

(i) Furthermore, the intensity distribution of a prohteadioactive source can be easily
modified to be suitable for a specific patient.ell€r et al. (1998) proposed the use of a

series of collimated line sources with differentemsities in order to create a non-



uniform transmission profile. This will result aamore uniform transmission image of
the patient. An important advantage of this camfagion is that the distribution of

activity in the source system is tailored to thembation in the human body minimising
the problem encountered when too few counts arerded in some pixels of the

transmission scan.

(i)  Printed radioactive sources can also be manufattaréouse, at low cost to evaluate
the use of different activity distributions in ttransmission source. An optimal activity
distribution can then be identified.

(iv)  The photon-flux with an uncollimated transmissiaurE€e system is much higher than a
collimated system and therefore less activity ¢gineed for the transmission source.

The disadvantages of an uncollimated transmissarce include firstly the additional radiation

dose to the patient (Cao and Tsui, 1992) (althatdlhmuch lower than doses obtained from a
CT system). Secondly, added scattered events baagresent in the transmission images
which need to be eliminated. The additional tecatl events will lead to broad beam
attenuation coefficient values which will underssite the true attenuation coefficient values.
Kojima et al. (2004) proposed the use of an appropriate saatteection which can be applied

to the transmission data acquired with an uncotieddlood source to correct for the scatter in

the transmission data.

The primary focus of this research was to developcollimated printed transmission flood
source system which can be used for TCT. Prgsen@T cannot be conducted in our clinic
due to the lack of transmission imaging systemghenolder SPECT systems. Attenuation
corrections for these systems can only be perforassdming a constant attenuation coefficient
value. As mentioned before this is not a valiguagption in the thorax area with the presence
of soft tissue, bone and lung tissue and can reseltrors in the attenuation corrected emission

images.

The purpose of this work is, therefore, the develept and evaluation of an uncollimated

printed transmission flood source system which wairlable the user to perform TCT on older



cameras without purchasing commercial transmissioaging systems.  The uncollimated
transmission flood source system was evaluatepléoar as well as tomographic imaging.

The first stage of the research was the developraedtevaluation of Tc-99m printed flood
sources. The development started with the coctgdruof uniform printed flood sources. The
evaluation of these printed flood sources inclutdstls for the uniformity and reproducibility of
these sources. A non-uniform flood source fongmission imaging was constructed by
depositing higher amounts of radioactivity at thental areas of the flood source. The
evaluation of this non-uniform transmission floodusce resulted in a more uniform

transmission image of the scanned object.

The second stage of the research was the impletientd the printed flood source for planar
transmission imaging.  An uncollimated source wmphation was used for transmission
imaging. As part of the study the contributionsohttered events in the transmission images
was evaluated. The effect of the distance betvilee uncollimated transmission flood source
and the object being imaged on the amount of gcptEsent in the transmission image was
evaluated. The planar transmission images olatamith the uncollimated flood source were
evaluated by comparing the scatter contributiorthm images and the attenuation coefficient
values obtained at different source object distanveigh the values obtained with a collimated

transmission flood source.

The third stage of this research was to evaluaeafplication of two different scatter correction
techniques on the planar transmission images. evaluation of the scatter present in the
transmission images and the attenuation coefficiahies obtained after applying these two
scatter corrections to the transmission data wae diy comparing the results to the results
obtained with a collimated transmission flood seurcFrom these results an appropriate scatter
correction was proposed for transmission imagintty &n uncollimated printed flood source.

Finally, the study was extended by using an unoelted printed flood source for TCT. The
proposed scatter correction was applied to theissdjgiransmission data. The image quality



and accuracy of the reconstructed attenuation icgeift maps obtained after applying the
selected scatter correction to the transmissioma @atjuired with the uncollimated printed

transmission source was compared with the resutaireed with a collimated transmission

source.
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Chapter 2
Single Photon Emission Computed Tomography.

2.1 | ntroduction

Tomography is the imaging of the internal strucsuséan object through the observation of the
different effects these structures have on thegoessf waves of energy impinging on them.
The medical applications of tomography utilize tlm-invasive nature of the procedure, which
makes it possible to examine living objects in viv@ifferent tomographic imaging modalities

provide different kinds of information depending thre data recording means. The traditional
X-ray based computerized tomography (CT) produoesges of photon attenuation in tissue.
These images provide general anatomical informdiggause they reveal the physical structure
of the tissue. Single Photon Emission Computeehdgraphy (SPECT) is intended to express
functional properties of the tissue. Emissiorergfto the fact that the energy source is not
external but it is brought into the tissue as & pathe body metabolism. This is done by a
tracer which is a chemical compound labelled withradioactive isotope. The spatial

distribution of the radiating source is the objetinterest since it represents the concentration
of the tracer in the tissue. Thus, functional 6PEmMages are generally different from

anatomical images. Primarily, SPECT images doexpress what the tissue looks like, but
how it functions. Figure 2.1.(a) illustrates #r@atomy of a two-dimensional slice of the human
brain from a computerized tomography scan whileufgé2.1.(b) shows a slice of a functional

brain image reconstructed from a nuclear medicta@.s
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(a) (b)
Figure 2.1:(a) A single dlice of a computerized tomography image shows anatomical
information of the brain structure, and (b) a single dlice from a SPECT image shows
corresponding functional information of the brain.
Since the concept was first introduced in the 196B38CT has become a routine procedure in
most nuclear medicine departments (Kuhl and Edw&t863). SPECT imaging requires a
gamma camera, a method of display, a gantry fating the detector around the patient and a
means of performing image reconstruction. The &ca&8m 400AT (General Electric Medical

Systems, Milwaukee) single headed gamma camerbecagen in Figure 2.2.

Figure 2.2:A GE Starcam 400AT gamma camera linked to an ALFA NUCLEAR acquisition
station.

The first SPECT systems were developed in the rBidd& using circular orbits and filtered
back projection (FBP) reconstruction methods (Jeeizet al., 1977; Keyest al., 1977). Unitil
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recently FBP has remained the most popular imagenstruction method due to its efficiency
and ease of implementation. However, as iteraggenstruction methods have improved, both
in terms of reconstructed image quality and spde@apnstruction, they are now practical for
routine use (Stansfielg al., 2010; Madsen MT, 2007; Shepp and Vardi, 1982).

After image reconstruction, SPECT scans can belajisg as slices, or a three-dimensional
representation of the organ surface or a volumebmmendered. The main advantage of
SPECT imaging is that out-of-plane information &moved and not simply distorted as in
earlier forms of tomography in nuclear medicine ¢&bet al., 1978). By removing out-of-

plane information, a significant increase in imagatrast can be obtained with SPECT over
planar imaging techniques and visual interpretatbbrthe SPECT scans benefits from the
improved contrast as shown in Figure 2.3 (Whiteheld¥8; Jaszczakt al., 1982). An

example of the improved contrast of SPECT overglamages of the myocardium can be seen
from the higher signal-to-noise ratio of the SPETNt rate profile Figure 2.3.(b) compared to

the planar profile (Figure 2.3.(a) and (b)).
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Figure 2.3:(a) A planar image and (b) a SPECT reconstructed slice of the myocardium with
corresponding horizontal count rate profiles.

It is important to recognize that spatial resolntis not fundamentally improved by SPECT
imaging and that the primary benefit of SPECT soamties in the improved image contrast.
A further advantage of SPECT is the improved qtigation of radioisotope uptake (Burdiee

al., 1979; Garciaet al., 1985). Problems of gamma-ray attenuation aattescmay be better
handled by SPECT over planar projection imaging thu the ability of SPECT imaging to
assess the amount of attenuating tissue betweeskihesurface and the organ of interest
(Hendelet al., 1999). Some improvements in SPECT technologgesthe introduction of the
first single-head gamma camera system, have indlttteeuse of multiple gamma camera heads
as well as the application of non-uniform attermratorrection methods. In this chapter a brief
overview of the SPECT camera, its performance abaratics as well as the acquisition
parameters and reconstruction algorithms neededniggsion and transmission imaging will be

presented.
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2.2 Gamma camera

221 The design of a gamma camera

Since the invention of the gamma camera by Hal Amgehe late 1950s (Anger, 1958) it has
become the most widely used nuclear imaging instninfor clinical applications. Although
many innovations have been made since 1958, dliggrama cameras are often called Anger
cameras because they share many of the esseatialefe of Anger’s early designs. The basic
components of an Anger camera are depicted in €igut. The operation of a gamma camera

is as follows.

x

Positioning & summing circuits

PMT array

TR

NaI(T1) crystal

Collimator

Patient

Figure 2.4:Basic components of an Anger camera with photons emanating from the object.

To obtain an image with a gamma camera it is necgde project the gamma photons emitted
from the patient onto the gamma camera detect@amma photons that do not travel in the
proper direction are absorbed by the collimatothef gamma camera. The collimator is made
of highly absorbing material with a high atomic rhen and a high density. The design
parameters of a collimator are a compromise betwieerresolution and the sensitivity of the
collimator and a trade-off between these paramdiassto be found for any given type of
acquisition. The remaining gamma photons thenhreascintillation crystal made of sodium

iodide, doped with thallium Nal(Tl). The crysialcoated with a thin layer of Al at the front
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and the edges to protect it from outside light amasture. The gamma photons that interact
with the crystal produce an amount of light phottreg are proportional to the energy deposited
in the Nal(Tl) crystal. These light photons agearded by an array of photomultiplier tubes
(PMTSs) that is optically coupled to the back of tel(Tl) crystal. Light photons are converted
to electrons by the photocathode of the PMT. #eseof curved dynodes in the PMT amplify
the number of electrons to produce a measurabiérehéc signal at the anode. The signals of
the PMTs are used to produce the X- and Y-coordmat the point of the photon interaction.
The Z-pulse, which is proportional to the energytlé detected photon, is produced by
summing the signals from the different PMTs. k& th-pulse is of selected magnitude the X-
and Y-pulses are digitized and used to incremerddairess location corresponding to X- and
Y- coordinates in the computer memory. When digeaht amount of photons has been

detected a planar image can be displayed.

2.2.2 Perfor mance characteristics of a gamma camera

A gamma camera is not capable of producing penfieajes. Certain inherent imperfections
arise from the performance characteristics of teedor, its associated electronic circuitry
and the collimator. In general image uniformgpatial resolution, energy resolution, system
sensitivity and count rate performance are the catdrs used to assess the system

performance.

2221 Uniformity

The flood field uniformity of a gamma camera dentaatss the ability of the camera to produce
a uniform image when exposed to a homogeneousasplisiribution of gamma rays. The
NEMA (NEMA, 2001) protocol for intrinsic flood fiel uniformity analyzes both differential
and integral uniformity over the useful and cenfralds of view. The integral uniformity
represents the maximum pixel count rate change twerindicated field of view (FOV)
expressed as a percentage. The differential umifp is the maximum change over a five pixel
distance in either the X or Y directions therebgresenting the maximum rate of change of the

regional count rate.
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2222 Spatial resolution

The term spatial resolution of a gamma camera seferthe ability of the instrument to
distinguish between two closely spaced point sauesel display them as two separate points.
The response of the collimated camera to a fixedtgource is called the point spread function.
Spatial resolution is described by the full widthhalf maximum (FWHM) of the point spread
function of the gamma camera system. The gammee@aspatial resolution is the combined
effect of the collimator resolution as well as tin&rinsic resolution of the detector and the
electronics. The spatial resolution is influenbgdhe collimator, the number of PMTs as well

as the parameters defining the energy window.

2223 Energy resolution

Energy resolution is defined as the ratio of the HfW of the measured photo-peak to the
photon energy expressed as a percentage. Thgyeresolution of a gamma camera is
determined by the degree of fluctuation of PMT otitresulting from variations in the signal
generation process that starts with the photontalrysteraction. Energy resolution is an
important parameter that affects the image quaktyause improved energy resolution leads to
better rejection of scattered photons. Successjettion of scattered photons from the photo-
peak improves the contrast of the images.

2224 Count rate performance

The count rate performance of a gamma camera tesctie non-linear relationship between
the count rate and the intensity of incident gamaakation on the crystal surface of the gamma
camera. Due to pulse pile-up that occurs at hmimtrates, the gamma camera is unable to
respond linearly when high incidence of gamma tamhaarises. This non-linear response of
the gamma camera due to high incidents of gammiatiaa can influence the accuracy of
quantification. At high count rates the resolntioan also be degraded due to spatial
displacements in the image.
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2225 System sensitivity

The sensitivity of a gamma camera refers to itparse to a distributed source of radiation.
Sensitivity is measured as the number of deteabedhts per unit time per unit source activity
for a specified energy window and geometry of mesment. High count rates in gamma
cameras can lead to pulse pile-up which can provtdmt losses as well as image distortions.
For this reason the activity should be low enouglthat count losses because of pulse pile-up is
negligible. Count losses can influence the quainte accuracy of studies acquired with the
camera. Image distortions due to high count reéesalso affect the uniformity as well as the

spatial resolution of the gamma camera.

2.3 Acquisition parametersfor emission computed tomography

There are two types of orbits which SPECT systetiligeai for emission tomography namely
circular and noncircular orbits. The detectorg§)a SPECT system with a circular orbit
maintains a fixed radius of rotation which on ageraesult in the detector(s) being further from
the object. A circular orbit will therefore rezhithe spatial resolution because the detector-to-
object distance is on average larger than withrecincular orbit.  The detector(s) of a SPECT
system with a noncircular orbit will follow the cmur of the patient by moving the detector(s)

of the gamma camera closer to the object and thengtroving the spatial resolution.

The standard matrix size for emission tomographgges of a SPECT system is 64 x 64 or
128 x 128 pixels, resulting in pixel sizes rangifigm 3 —8 mm. Larger matrix sizes

(128 x 128), thus smaller pixel sizes, would b@nmmended for higher resolution studies. The
matrix size should be chosen so that the pixel &zés less than half the spatial resolution
expected which would ensure that the sampling #mois satisfied and that the maximum

spatial frequency in a study is preserved.

19



The optimal number of projections for tomographiasdges depends on matching the number of
projections to the resolution of the system. A l@esolution study due to a low resolution
collimator or a small matrix size (64 x 64) regsie smaller number of projection images. A
high resolution study which uses a high resolutiolimator or a larger matrix size (128 x 128)
needs a higher number of projections image3$he optimum number of projections which
would prevent angular aliasing during image reqme$ion is:

N ZE 2.1

A% (2.1)
whereN is the number of projection angles in 36D°is the diameter of the circle enclosing the
object of interest ands is the smallest linear dimension that can be wesbby the gamma
camera. There are two modes of tomographic admuisnamely “step-and-shoot” and
“continuous” methods. For the ‘“step-and-shoatiode the gamma camera acquires a
projection image for a certain preset conditionlt stops recording data when the preset
condition is reached and moves the detector toéxé angular position where it starts recording
the next projection image. This acquisition moggults in a small amount of dead time since
the gamma camera is not acquiring data whilemasing. The alternative to this mode is the
“continuous” mode where the camera moves contuslhp and acquires each projection image
over a certain angular increment. Although “coatius” mode eliminates the dead time and
increases the image counts per projection it th@kexpense of resolution due to the motion of

the detector during acquisition.

2.4 Reconstruction  algorithms for emission computed
tomography

Tomographic images reconstructed from planar ptiojes are superior to traditional planar views
because they enable a separation of two-dimenspogictions to generate a three-dimensional
view of organ volumes. Due to the rich diagnostformation that can be extracted from three-

dimensional images, numerous algorithms for reaact8ig emission images were invented and
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investigated over the past decades and many of tierma been implemented on commercial
SPECT gamma camera systems. The two main regotisir categories are analytic and iterative
algorithms.  Analytical methods are based on eraathematical solutions to reconstruct the
radionuclide distribution. In Nuclear Medicingpagtments the FBP is the most popular analytical
method. Iterative methods like the maximum likebd expectation maximization (MLEM) and
the ordered subsets expectation maximization (OSEdhNniques estimate the distribution through
successive approximations. These algorithms asedbon the process of matching the measured
projections to the calculated projections. Tleiien briefly describes the reconstruction tealnesq

most frequently used for emission computed tomdyrap

24.1 Filtered back projection

Filtered Back Projection is an image reconstructilgorithm for reconstructing three-dimensional
images from a series of two-dimensional projectibfeyman, 1980). A two-dimensional projection
is defined as line integrals of activity in a thddmensional volume and usually simplified as aksta

one-dimensional projections. Thus, three-dimeasidmages of an object can usually be
reconstructed slice by slice from a set of one-dsimmal projections.  Mathematically, the
relationship between a two-dimensional image aretddmensional projection can be described
using the Radon Transform (RTBrooks and Di Chiro, 1976) achieved by integrataagwo-

dimensional distribution to form one-dimensionaljgctions:

p@.s)=  [f(xyd (2.2)

l:xcosg+ysing=s

and

p(é,s) :” f (X, y)o(xcos@ + ysing — s)dxdy (2.3)

wherep(6,s) is a projection at a specific anglel:xcosd + ysing = s is the line equation of

projection rays in thg&y domain and(x,y) is the activity distribution of an object.
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Figure 2.5TheRadon Trandformor lineintegral p(6,s) of a radioactivity distribution f(x,y).

With an inversion of Equatigi2.3), by nverting the RT, the activity distribution of anjetif(x,y) can

be reconstructed from measured projectipfiss).  This inversion involves applying a Fourier
Transform (FT) and an inverse FT to the RT. éfitst step of the inversion, the FT needs toaiper
on both sides of the RT to reverse the relatioprofections and activity distribution in the
frequency domain based on Fourier slice theorae @rojection data can then be projected back to
generate the activity distribution by the inver$eoFthe RT.

FT of RT:

Left side of inverse Equation (2.3):

P(@,w) =FT(p(6,9) = j p(8, s) exp(-ias)ds (2.4)

Right side of inverse Equation 2.3:

22



FT( j j f (X, y)3(xcosd + ysing — s)dxdy)
= j j f(x, y)dxdyj exp(i as)d(xcosd + ysind — s)ds (2.5)
= j j f (X, y) exp[-i cXx cosd — ysing)]dxdy

Inverse FT of (FT of RT):
f(x,y)= ” P(8, @) explia(xcosd + ysin)]|wdadd (2.6)

Equation (2.6) is well known as FBP with a rampefil|aj. The ramp filter itself is a

mathematically necessary component in the FBP iigoas the name "filter" of FBP implies. The
ramp filter is a correction filter for image blurg that occurs due to the process of back projectio
provides an increasing weight to higher frequermymonents in order to remove image blurring and
therefore also amplifies noise in the image. @dlye this filter can be modified by other filters
depending on the desired effect to weight spediourier frequencies for sharpening or
smoothing images. If the projection data needist@ the noise reduced, a noise filter for example
a Butterworth filter can be applied pre- or postFBeconstruction. For real application to
reconstructing images, FBP needs to be impleméntediscrete form. This can be given by:

PO, w) = f p(8,s)exp(ias)As (2.7)
f(x,y)= aii P(8, w) explia(xcosd + ysinO)]|aAan 6 (2.8)
=4

wherelL is the total length of a detector array akslis the size of detector element. For a
detector matrix of 128 128,Asis equal td-/128 and the highest sampling frequency or Nyquist
frequencywn, is equal to I/(As).  For a certain number of projectidsigs defined in Equation (2.1)
the angular sampling rat®6 in 360° is defined a&/N. For a 360° orbit, SPECT study linear
sampling requires a matrix size set to 64 or 13#&dding on the spatial resolution requirements of
the study. From Equation (2.1) it is evident foata smaller pixel size and a larger object tdnest
more projections angles are needed to prevent sétmtion streak artefacts than for a smaller
object and larger pixel size.

23



The main reason for using FBP is that it is a &t validated method for reconstructing SPECT
images. However, due to a low rate of angle sagypEPECT images reconstructed by FBP are
usually blurred. While corrections for image fatés are required, FBP is unable to achieve this
because it lacks adequate models to correct @muation, scatter and collimator blurring artefactst
present, due to improved computer processing spgeedBP algorithm is being replaced in
most clinics with alternative algorithms which wik described in the following section. These
algorithms can correct efficiently for attenuatiecatter and collimator blurring artefacts whick ar

present in uncorrected SPECT images.

24.2 | terative reconstruction techniques

24.2.1 Iterative maximum likelihood expectation maximization approach

Image reconstruction using the maximum likelihopdraach seeks a converged solution of the final
reconstruction by iteratively maximizing the logdiihood function created from the projection
data and imaging models. In an Expectation Mazation (EM) algorithm, the emission process is

usually modelled with the Poisson probability distiion. This model is given as:

(apt)”

— — A—(aAt)
P=f(ba)=e .

(2.9)

wherea is the mean of the number of emitted photons,kaisdhe number of photons emitted in a
period of time4t. This model defines a probability describing expectation of emitted
photon numberb in a period of time\t based on the mean of emitted photansFor the case of a
detection process,is the mean of detected photons ariskcomes the number of detected photons
in a period of time. Using Poisson probabilitg, BM algorithm can properly model the noise

texture of projections into reconstruction imagebhe next section describes the OSEM.
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24.2.2 Ordered subsets expectation maximization

In 1994, Hudson and Larkin (1994) proposed a nmeg to accelerate the slow reconstruction of
MLEM by using partial information from grouped pofions. Using this approach, an image can
be updated several times toward convergence inghesiteration, thus the iteration number can

be reduced. This algorithm is known as OSEM:

new AQId
e = 2] i (2.10)

) zCij i;cn chmA?T:d
i-S, m

Y

where J; represents the estimated intensity at pixeY; represents the measured events in
projection bini, andCj; represents the relative contribution of pixeb the measurement in
projection bini. The new and theold superscripts indicate new and former estimaté&son-
uniform attenuation, detector response or scatier e represented by the eleme@is S,
represent the the™ grouped subset of the projection bins. The hadlection is done for a
subsetS, of the projection bins. OSEM utilizes subs&tggrouped from skipped projections in
the back projection step and still sums over @jgations in the forward projection step. Thuarnf
image is reconstructed usingsdbsets of 32 projections in a 180° acquisitior, lay to group 4
subsets is indicated as: subset 1 (1, 2, 9,1Q18, 725, 26), subset 2 (3, #1, 12, 19, 20, 27, 28),
subset 3 (5, 6, 13, 14, 21, 22, 29, 30) and su¥bg&t8, 15, 16, 23, 24, 31, 32). Reconstruding
image from the grouped subs8tss like imparting partial information that can @pel the image faster

in a single iteration, thus requires a smaller nemab iterations. A rule of thumb indicates thae
image quality and noise property of OSEM witlsubsets andh iterations is close to MLEM
with mxn iterations (Lalush and Tsui, 2000). Even with great advantage of speedy
reconstruction, OSEM actually does not guarantegesgence. In fact, accelerating a reconstruction
rather than approaching the fixed point (convergehition) slowly enough may eventually result in
non-convergent solutions. This incompletenesbbas reviewed carefully based on two parameters:
the number of subsets and the number of iteratioBecause of a similarity to MLEM, but with a
faster reconstruction speed comparable to FBP, OSEkdwing in recognition and is today available

on most commercial SPECT cameras.
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2.5 Discussion

This chapter briefly describes the nature of nucteadicine and provides a brief overview of
the instrumentation and properties of the gammaecam The main focus of this thesis is
transmission computed tomography and a brief supwfahe image reconstruction techniques

used in this study for emission computed tomograpay discussed.

The FBP algorithm is efficient but does not providephysical effects like attenuation, scatter
and collimator detector response that deterior®EGT images. In emission tomography, the
measured data have a strong noise component dine tetatistical nature of the decay of the
radiating source. This is why the FBP images aften contaminated by noise and

reconstruction artefacts. In order to take intmoant the acquisition process of emission
tomography, iterative reconstruction methods dile statistical model. The main problem
with iterative algorithms is the increase of noisehe image when the number of iterations
increases. This is unfortunate because the dqaawd accuracy requires a reliable evaluation
of the concentration value of a region of interesSthe image. On the other hand, iterative
reconstruction techniques use a more general limeael that can compensate for the physical

effects like attenuation, scatter and collimatded®r response.

The slow convergence of the MLEM has led to theatto@ of accelerated iterative methods.
OSEM is one example of an accelerated iterativédhatethat makes use of partial information to

speed up the reconstruction process.

By incorporating the physical effects into the irmagconstruction process, one can improve the
quality and quantitative accuracy of SPECT imagesha cost of added processing time.
Photon attenuation and scatter are two sourcesP&CS image degradation that will be

reviewed in next chapter.
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Chapter 3
Attenuation and Scatter Correction in SPECT

3.1 I ntroduction

Single Photon Emission Computed Tomography (SPE@Eging has limitations and
therefore is not ideal. Accuracy of SPECT imaigedegraded by these limitations that
include physical effects of attenuation, Comptoatter, detector response and patient
movement. Compensation for attenuation (Tedual., 1989) has been studied at great
length, and several methods have been proposetkyRaial., 1987; Cao and Tsui, 1992;
Celler et al, 1998; Tanet al, 1993; Tunget al, 1992; Jaszczalet al, 1993).
Figure 3.1.(a) shows an example of a patient witadially reversible perfusion defect
inferiorly on the non-attenuation corrected horizbrlong axis slice images, whereas
Figure 3.1.(b) shows normal inferior wall uptakeeafattenuation correction in the

corresponding images.

(b)

Figure 3.1 (a) An example of an inferior myocardial perfusidefect in non-attenuation
corrected images (b) and uniform inferior counttdsition after applying an attenuation
correction.
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However, correcting for attenuation only is not fignt because the erroneous
information given by scattered photons can producever-compensation. This is seen as
the major source of apparent overcorrection initiferior wall of the left ventricle of the
heart, which is associated with hepatic uptake gkanal., 1996) in myocardial perfusion
SPECT studies. Consequently, it is necessargriec simultaneously for attenuation and
scatter. It has been shown that when accurateescarrection models are used the over-
correction in the heart is improved (Tstial.,1994a) and the signal to noise ratio of small
low activity lesions is also improved (Beekmetnal.,1996; Hutton1997). In addition, it
has been known for some time that the geometrigorese of the collimator produces a
spatially varying partial volume effect in SPECTages (Cherrgt al.,2003; Tsuiet al.,
1998). It was found, for example in dynamic cacdSPECT that the correction for
geometric response reduces the partial volume teéfied reduces the bias in estimated
kinetic parameters (Kadrmas al, 1999). While some methods perform pre-subtraction
of the scatter component from projection data leefire reconstruction process, linear
algebraic methods allow the incorporation of attgimn, scatter and geometric response
corrections in the reconstruction process. Thegpter will focus on two of the causes of

image degradation, namely attenuation and scatterhow they can be compensated for.

3.2 Attenuation

Although attenuation is but one of several caudeisnage degradation, it affects image
quality severely and hence it receives much atianti As photons travel through body
tissues, they are attenuated due to the photorelettect and Compton scattering (Cherry
et al.,200d; Tsuiet al, 1994). Attenuation is defined as the reduction of tinenber of

detected gamma rays due to the photoelectric effiedt Compton process. The photo-
electric effect is an atomic absorption proceswlich the energy of an incident photon is
absorbed totally by the atom and an electron isteje Compton scattering is a collision
between a photon and a free electron. The phloes part of its energy and changes
direction after the scattering process, and sonthephotons are scattered out of the field
of view (FOV) and are never detected. Thereftitese photons absorbed totally by the
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tissue, and those scattered out of the FOV congibuattenuation.  Attenuation, usually
measured in terms of a linear attenuation coeffici@ith units of crif, measures the
fractional reduction of the number of detected gamays by the photo-electric process
and Compton scatter per unit thickness of the a#team in question. If a narrow "pencil”
beam of photons, of intensitly, is transmitted through a medium with a constant
attenuation coefficient, the intensity of the bedwrops according to Beer's Law (Cheety
al., 200%):

1(X) = | & (3.1)

wherel(x) is the photon intensity after passing a distanterough the medium. Beer’s
Law only calculates the number of primary photomsl @o not include the scattered
photons transmitted through the medium. In otderorrect for attenuation correctly it is
necessary to correct for scattered photons befgub/iag an attenuation correction. The
attenuation coefficient depends on a number obfadncluding photon energy, scattering
cross-section of the material and electron densitfhe attenuation effect is extremely
important, because it causes significant datadosisresulting image errors (Stodilgaal,
1998&).

Patient specific information on the spatial digitibn of attenuation coefficients is required
in order to calculate and model the attenuationhe attenuation map is usually not
uniform, but varies with position in a complicatedy. For example, in the thorax, with
very different attenuation coefficients for lungusele and bone, the attenuation effect is
much more complicated. Transmission computed twaphy (TCT) is implemented to

obtain the attenuation map.

3.3 Transmission computed tomography (TCT)

An attenuation map must be available to be abpetéorm an attenuation correction during

tomography. An attenuation map is an image anathtion coefficients in the patient’s
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body. During TCT transmission data is acquireadd aeconstructed to produce the
attenuation map. The map is then incorporatethenSPECT reconstruction process to
compensate for photon attenuation. The determimaif an accurate, patient-specific
attenuation map is fundamental to performing adeuastenuation correction. According
to literature the most reliable method to deternmoa-uniform attenuation maps is by
using transmission measurements with either a madi@e transmission source or a
Computed Tomography (CT) scanner which uses anyXube as a source of radiation
(Zaidi and Hasegawa, 2003).

331 TCT measurementswith aradionuclide source

To obtain an attenuation map with a radionuclide separate scans are acquired with the
transmission source. The first scan is acquirgd mo object in the FOV of the SPECT
camera. This is referred to as the blank or esiee# scan. The second scan is acquired
with the object of interest in the FOV. This fettransmission scan. The relationship
between the referendg: and transmissiohans cOUNts in any particular projection element

is given by the usual exponential relationshipyfoay attenuation:

lirans = lrel€™ (3.2)

Taking the natural logarithm of the ratio of theotacans results in:

Iref
(I

trans

Projection profiles ofix represent the sum of the attenuation coefficiatdag each line

of response:

X =D DX (3.4)
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wherey; is the linear attenuation coefficient for tiffepixel andAx; is the path length of the
line response through th® pixel. Using reconstruction methods describeCiapter 2

the projection profiles gfix can then be reconstructed using FBP or iteragigbrtiques.

Sequential emission—transmission scanning is tealni easier to perform than
simultaneous scanning, but it increases the imadinge and suffers from image
registration problems caused by patient misaligrtroemotion. Simultaneous acquisition
requires no additional time for the emission armhdgmission measurements, which is
important for routine clinical studies. Howevertors may be introduced due to cross-talk
between the transmission and emission data. dtl®en shown that the attenuation
coefficients and activity concentrations are ngn#icantly different when estimated with
sequential and simultaneous emission transmissiaging (Tunget al, 1992). The
following sub-sections describe the different trarssion sources and data acquisition
geometries that have been proposed.

Radionuclide transmission-based methods in SPE€dopninantly use (i) gadolinium-153
(97 keV, 103 keV) (Taret al., 1993; Gallowitscret al, 1998) as the external source but
may also use cobalt-57 (122 keV, 137 keV) ( Shdtwelal,. 2002), (ii) barium-133
(356 keV) (Beekmaret al,. 1998), (iii) americium-241 (59 keV) (Ficaret al,. 1994),
(iv) technetium-99m (140 keV) (Fregt al,. 1992) and (v) cerium-139 (165.9 keV)
(Du Raaret al.,2000).

The difference in emission and transmission phetogrgies necessitates that the measured
attenuation coefficients must be scaled to matehethission radionuclide. The accuracy
of the transmission and emission maps produced vdiféerent transmission—emission
source combinations are used has been the sulbjadbog debate (Van Laest al, 2000;
Ficaroet al, 1994). In addition, various approaches havenleposed to eliminate
contamination of emission data by transmission @mtand to reduce spill-over of
emission data into the transmission energy windBail¢y et al, 1987; Gillandet al,
1998).
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The first configuration is shown in Figure 3.2 asdhat of a sheet transmission source
opposite a parallel-hole collimator on the cameead This configuration was
investigated for a number of years for use with SlPEystems (Bailegt al, 1987; Maeda
et al, 1981; Malkoet al, 1985).

N

Figure 3.2:A sheet transmission source opposite a paralle¢lzollimator of the detector.

Its major advantage was that it provided a transimissource which fully irradiated the
camera head opposed to it, and needed no motithe cource beyond that provided by the
rotation of the gantry. The disadvantages of thomfiguration were that it was
cumbersome to work with and required source colilometo reduce scatter.

The second configuration illustrated in Figure &.3hat of the multiple line-source array
(Celleret al, 1998). With this configuration, the transmissitux comes from a series of

collimated line sources aligned parallel to thesafirotation of the camera.

Figure 3.3:A multiple line-source array opposite a parallelka@ollimator.
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The spacing and activity of the line sources ailered to provide a greater flux near the
centre of the FOV, where the attenuation from thigept is greater. A major advantage of
the multiple line-source array is that the distiibn of activity in the source system is
tailored to the attenuation in the human body mining the problem encountered when
too few counts are recorded in some pixels of tdwesimission scan. Another advantage is
that no scanning motion of the sources is requirédmajor disadvantage of this system is

the amount of cross-talk between the emission @m$mission photons.

In the third configuration (Figure 3.4) the sheetnaultiple-line transmission source is
replaced by a scanning-line source (Earal, 1993). The camera head opposite the line
source is electronically windowed to store only theents detected in a narrow region
opposite to the line source in the transmissiorgena

»

Figure 3.4:A scanning-line source opposite a parallel-holdiomtor.

The electronic window moves in synchrony with theel source thereby allowing

transmission imaging across the entire FOV. Tdwilt is a significant reduction in the
amount of scattered transmission radiation imagedhe transmission energy window.
The transmission counts are concentrated in thiamgapatial window thereby increasing
their relative contribution compared to the emissawvents. By using only the portion of
the FOV outside the transmission electronic windowemission imaging, a significant

reduction in the amount of cross-talk between trassion and emission images were
obtained. The scanning-line source does haveditdaglvantage of requiring synchronized

mechanical motion of the source with the electromindowing employed to accept the
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transmission photons. However, the significamaatiages of this method compared to its
disadvantages are such that it is currently theid@nt configuration offered commercially.

The need for lateral motion of the transmissionre@wean be avoided by using convergent
collimation. A fan-beam collimator with a lineatrsmission source at its focal distance as
illustrated in Figure 3.5 has a certain advantager garallel collimation for emission

imaging.

D Fan-beam collimator

(T TT ITT TT]
Figure 3.5:A fan-beam collimator with a line transmission smiat its focal distance.

This configuration has better spatial resolutiod anly line or point sources are needed for
imaging (Tunget al, 1992; Jaszcza&t al, 1993; Gullberget al, 1998). There are also

potential disadvantages with this configurationThese include possible truncation of
images, the need to keep the transmission sour@s abnvergence location and cross

contamination between emission and transmissiogiimga
By using an asymmetric fan-beam collimator as shawRigure 3.6 truncation can be

eliminated (Gillandet al, 1998; Changet al, 1995; Hollingeret al, 1998; LaCroix and
Tsui, 1999).
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——— Asymmetric fan-

L 1T I 111 beam collimator

T TT TT 1711
Figure 3.6:An asymmetric fan-beam collimator with a point sguwith electronic

collimation.

By rotating the collimator 36@fround the patient, conjugate views will fill inettruncated

region. If a point source with electronic collitima is employed instead of a line source,
then a significant improvement in cross-talk caspabe obtained with this configuration
(Beekmanet al, 1998). Other benefits are that point sourcest l@ss than line sources,

and are easier to shield and collimate.

In summary, it is evident from the above mentiotr@esmission configuration that each
system has its unique advantages and shortcoming®r this reason gamma camera
manufacturers are still optimizing the systems tha¢ being used to acquire the
transmission data. One transmission system tastemerged as an alternative to the
above mentioned TCT with a radionuclide is the RYBPECT/CT system.

3.3.2 TCT measurementswith aCT scanner

Recently, hybrid SPECT/CT systems as shown in Eigu¥ consisting of multi-detector
SPECT scanners coupled to conventional CT systews heen introduced (Lareg al,
1992; Bocheret al, 2000). Developed primarily for anatomical anétabolic image
fusion in the oncology community, these systems tge CT image for attenuation

correction of, for instance, myocardial perfusidPEET images.
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m_ | ’ . - . |
_
Figure 3.7:A Siemens SymiBiaSPECT/CT system consisting of multidetector SPECT

scanners coupled to a conventional CT system.

Early systems utilized low energy CT capabilitiesit have recently been improved to
include high-quality multi-slice imaging systemso(eret al, 2000; Pattoret al, 2000).

All studies are acquired sequentially on theseesystas a result of the tandem positioning
of the SPECT and CT components. Because of thehigh photon flux from the X-ray
source, the attenuation map may be acquired usasy (few seconds) or slow (few
minutes) protocols with spiral and indexed mod&3T image-based attenuation maps have
a high spatial resolution and a low noise level parad with attenuation maps measured
using transmission measurements with a radionuclidededicated CT scanner however,
gives a relatively high radiation dose to the pati@Preusset al, 2008; Almeidaet al.,
1998) in comparison to a radionuclide transmisssgan. The X-ray tubes in some
SPECT/CT hybrid cameras operate on a lower dosd-tmympared with a dedicated CT
scanner, and the acquired CT images are also umedodalisation of radionuclide

distributions.

Hybrid SPECT/CT offers practical advantages oveangmission imaging with a

radionuclide source for generating an attenuatiap.mFirst, the photon fluency rate from
the X-ray tube is several orders of magnitude highan that obtained from a radionuclide
transmission source. This allows the transmissiata to be acquired faster and with a
higher statistical quality than transmission datanf radionuclide transmission scanning.
Second, the higher fluency rate from the X-ray tals® allows the transmission data to be

acquired after the patient is injected with theapbarmaceutical. Errors caused by cross-
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contamination by emission photons that can occienathe transmission data are acquired
using an external radionuclide source are alsoimitad by SPECT/CT systems. Finally,
the X-ray source does not decay, is more stables dot need frequent replacement, and
produces transmission data of higher quality thhat tacquired from radionuclide
transmission sources. However, as pointed oatrbeé CT scanner gives a relatively high
dose (Hudeet al, 2000) to the patient and is also more expensiaea SPECT systems

with external radionuclide sources.

34 Attenuation correction methods

In general, attenuation correction can be appledifferent ways. The correction can be
applied before the reconstruction (pre-processiethod), during reconstruction (intrinsic
method) and after the reconstruction (post-proogseiethod). For pre-processing and
post-processing methods, simple analytical methéals attenuation correction are

commonly used for SPECT, in combination with FBP.

34.1 Pre-processng method

Attenuation correction of the projection data prior reconstruction is used in many
commercial SPECT software packages (Sorensen, 1974 method is easy to apply and
fast. Inthe pre-processing method, conjugateviean be used, under the assumption that
the source and tissue distribution is uniform. e Téchnique gives good results in the case
of a single source in a uniform attenuating mediuM/hen there are multiple sources, at
different depths in the object, the methods caraterartefacts by giving counts in the
region between the individual sources. Modificas in the Fourier transform of the
sinogram have improved this technique (Glick and, XB97). The disadvantage of these
methods is that they produce streak artefacts énpitesence of noisy data and have

difficulties in coping with non-uniform attenuation
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34.2 Post-processing method

A well-known post-reconstruction technique is thetihod by Chang (1978) The Chang
attenuation correction is currently the most widagbplied method in clinical SPECT. The
post-processing method corrects for attenuatiogr aftage reconstruction by multiplying

each image voxel by an attenuation scaling factdhese factors can be derived from the
average attenuation factors from each point ofotbject towards the detector, over all the
angles. For this calculation the body outline toelse known, together with the attenuation

coefficient.

It is also possible to calculate the average a#teom factor from a non-uniform object,
assuming the distribution of the attenuation caeedfits is known (Cao and Holder, 1998).
This approach can never be exact, unless an uteralgorithm is used. The technique was
improved by implementing multiple iteration of tiéhang algorithm (Paet al, 1993).
Because of noise amplification by this method itréeommended not to exceed two
iterations. Under these restrictions the techmigrorks well for homogeneous media with
small regions of interest and low background amtivi The Chang algorithm takes a first
step toward non-uniform attenuation correction.is ivell known, however, that the human
body is not uniform.  For brain imaging it mighe lpossible to assume a uniform
distribution of attenuation coefficients in the ibratself, but the surrounding skull and
lower structures can create artefacts when usimfgram attenuation correction (Rajeevan
et al, 1998; Stodilkaet al, 199%). At present, in clinical practice, most image
reconstructions are performed with analytic methioelsause they are relatively quick and
easier to implement than iterative methods. Hamethe images produced by analytic
algorithms tend to be streaky and display interfeeebetween regions of low and high

tracer concentration.

343 I ntringc methods

Intrinsic methods for attenuation correction inarygie attenuation effects directly into the

reconstruction algorithm. These methods are msophisticated than the pre- and post-
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reconstruction methods and require more compuf@tibme. These methods can take
account of non-uniform attenuation. Intrinsic hwets, which properly model the
attenuation process, have the potential for aceugaantification of the source distribution
in the body. Two basic approaches as describ&hapter 2 have been proposed namely a
modified FBP method and iterative reconstructiocchbtéques. Iterative reconstruction is
more and more becoming the standard reconstrudgchnique. The attenuation
correction process can be integrated within thensiton matrix of an iterative
reconstruction algorithm. The acquired attenumtitap contains information about the
distribution of linear attenuation coefficients aadcurately delineates the contours of
structures in the body. The iterative reconstoumcilgorithm uses this information to
calculate the attenuation to the boundary of edéigmaating region. This is done for each
pixel along the ray between the points of emissiod detection. These values are then
summed to estimate the projected or back projgutesl values. The natural approach for
implementing attenuation and scatter models witnniterative reconstruction algorithm
incorporates these effects in both the forwardgmiopn and the back-projection steps.
The estimated projection values are calculatece&mh iteration and compared against the
measured projection values. The comparison psasassed to generate a correction term
that is applied to update the estimate of radiddactoncentrations in the image. This
procedure iteratively improves the accuracy of eeBmated images by modelling photon
attenuation that is present in the measured projeatlata. By applying only an
attenuation correction to the acquired data, thetesed photons would deteriorate the
image quality.  Therefore correction algorithms ftitenuation, scatter and detector
response cannot be used solely, but have to beinechtvith each other (Tset al.,1998).

35 Scatter

The attenuation effect is associated with a phdtat is absorbed (i.e. photo electric
absorption) or scattered (i.e. Compton scatter) raotddetected by any detector. Some
attenuated photons are not absorbed, and arerschitea new direction such that they do

interact with the detector. For a Compton scattgshoton, its energy is related to the
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scattering angl® under the law of energy and momentum conservatiad, this can be
given by (Cherryet al.,2003-d):

E
E. = -
E
1+ 0 1(1-cosbH)
0.511

where E, and Es are the energies (in keV) of the incident and tecadl photons,

(3.5)

respectively. Therefore, after Compton scatteramghoton will lose some of its energy
and change its direction. The larger the scatjeangle, the greater the loss of energy
from the incident photon. Scatter depends on csuocation, the geometry and
composition of the medium, energy of the photorergy resolution of the detector, and
energy window used in imaging (Kirgt al, 1995). Since scattered photons have less
energy than the unscattered photons, one can tepsrate them using energy
discrimination. However, because of the finitergy resolution of the detector, a certain
number of scattered photons are still detectedi(@tsal, 1994).

The imaging of scattered photons degrades corgrastsignal-to-noise ratio (SNR), and
must be accounted for if attenuation compensasdo be accurate (Jaszczztkal, 1982).
The methods for estimating attenuation maps, avail@ommercially, try to estimate
“good geometry” attenuation coefficients. In {h&st the use of an effective (reduced)
attenuation coefficient approximately accounted tfee presence of scattered as well as
primary photons in the projections when performatggnuation correction (Cheret al.,
2003-d). The use of an effective attenuation coefficitentompensate for the presence of
scatter is only, at best, a very approximate smiugince the scatter distribution that is
detected depends not only on the attenuator bot @isthe source distribution.  Thus
instead of using an effective attenuation coeffitié is better to perform both scatter
correction and attenuation correction in conjunctiecause this leads to more accurate

quantitative and qualitative results (Tstial, 1998).
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The best way to reduce the effects of scatter wbeldo improve the energy resolution of
the imaging systems by using an alternative to Nad(Tl) scintillator so that fewer

scattered photons are acquired (Chetrgl.,2003-d).

A number of scatter correction methods have be@pqgsed for SPECT systems that
employ Nal(Tl) detectors. These scatter correctivethods can be categorized by the

number of energy windows used for data acquisifi@gawa 2004).

351 Scatter estimation methods

In the deconvolution methodAxelssonet al, 1984), a conventional energy window is
used and the scattered photons are removed fromsumeghaphotons by a deconvolution
process. The kernel used for the deconvoluti@pEoximated to an exponential function
and this kernel is applied to the planar image oec@nstructed image. The point spread
function (kernel) is a function of position, andsths influenced by the distribution of

activity and attenuation coefficients. This methmay therefore cause under- or over-

correction for scatter.

The methods that use two energy windows includedild energy window subtraction
method (DEWS) (Jaszczadt al, 1984; Lowry and Cooper, 1987; Pretoretsal, 1993)
and the dual photo-peak window method (DPW) (kKahgl, 1992). In the DEWS method
two planar images are acquired, the photo-peakggneindow and a scatter window, and
half of the counts in the scatter window are sultéh from the counts in the photo-peak
window on a pixel by pixel basis. This methodgisple and works well when the source
is distributed uniformly in an object. In this thed the photo-peak window measures the
primary photons as well as mainly the first- andosel order scattered photons. The
scatter window however measures the higher ordeng@ian scattered photons. The
distribution of lower order scattered photons dagfécom that of the higher order scattered
photons, so that the accuracy of this method isalways adequate. The DPW method

measures photons with two energy windows dividing photo-peak symmetrically into
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two parts and estimates the counts of scatteretopsdyy a regression method. This
method is sensitive to photo-peak energy and siheehigh voltage of the PMTs can

sometimes vary slightly, this method needs caieiplementation in clinical situations.

The method which is based on an artificial neuetimork (Ogawa and Nishizgki993)
uses five energy windows set around the photo-pe&¥ith training data generated by a
Monte Carlo simulation, the artificial neural netkoestimates the amount of primary
photons in the measured data. This method witbstatatistical noise because the energy
window is relatively wide and it estimates the dsunf primary photons in a manner
similar to pattern recognition. On the other hathére are some methods that use more

than five narrow energy windows.

The holospectral method (Gagnenal, 1989) measures an energy spectrum at each pixel
position using narrow windows with a width of 2 keAhd estimates the counts of primary
photons by means of the principal component amalysthod. The counts measured with
the narrow energy window are strongly influencedstatistical noise, so this method is not

effective except in the case of adequate counts.

The energy weighted acquisition method (Hamill @pelVito, 1989) compensates for
scattered photons by adding the counts of acqpinetons multiplied by a weighing factor
determined in advance. Actually this weighingtdacvaries according to the activity
distribution and attenuatiomap, so that this method may not yield quantitaigceurate

results.

The spectrum fitting method (Korat al, 1988) estimates an energy spectrum of primary
photons with the principle that the energy spectraithe primary photons can be
approximated by the normal distribution. In tlmethod the statistical noise that is
introduced in the projection data measured withravarenergy windows degrades the

accuracy of estimation.
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The inverse Monte Carlo method (Flogtlal, 1986) calculates an original source location
from the energy of an observed photon and its jposivith the help of the Monte Carlo
simulation. This method requires a heavy comprtat load and is not easily applicable

to clinical studies.

The other scatter correction methods include thestission dependent scatter correction
(TDSC) method (Meikleet al, 1994; Naritaet al, 1996) and the iterative correction
method which eliminates scattered photons in thegenreconstruction with MAP-EM or
ordered subsets expectation maximization (Esual, 1998; Kadrma®t al, 1998). The
TDSC method iteratively estimates the distributbdiscattered photons with the help of the
attenuationmap. This method is well established but requimese information on the
attenuatiormap. A statistical approach such as the MLEM metrequires a model for
distribution of scattered photons and is time comsag when using a three-dimensional

kernel.

With the above observations it is clear that theuemte estimation of scattered photons
requires knowledge of the accurate shape of theggrspectrum, but too narrow an energy
window introduces statistical noise into acquiremstad So a compromise is needed
between spectral accuracy and statistical noise.

3.5.2 Scatter correction methodsused in thisproject

3521 Triple Energy Window (TEW) method

The Triple Energy Window (TEW) method (Ogaefaal, 1991; Ichiharat al, 1993) uses

three energy windows (one main window and two scattib-energy windows) set around
the photo-peak. It estimates the scattered pBotoeasured in the main window on a
pixel by pixel basis using the counts measurethéntivo scatter sub-energy windows. In

the TEW method, the scatter ima@&sates iS defined as:
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(3.6)

Cocatrer(X Y) = (Cleﬁ (%) + Cright (%, Y)] x thoto— peak

Wt W, 2

Right

whereCierr andCiigne @are counts in the left and right energy windowstrie a photo-peak

window with energy widthWMer andWiign: respectively. Winoto-peakiS the energy width of
the photo-peak window, (Figure 3.8).
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Figure 3.8:A technetium-99m energy spectrum with the threeggnwindows \M: (blue),
thoto-peak( )and VVight.(red).

Selecting a smaller sub-energy window and placirjgst below the photo-peak window
can minimize the difference in the distribution sifatter between the scatter - and the
photo-peak window. With this arrangement, the-emergy window variant of the TEW
method is obtained. The two-energy window varianiseful when down-scatter from a
higher energy photon is not present as in the ocdsmaging solely Tc-99m. In this
method, the scatter in a pixel is estimated asatka under a triangle whose height is the
average count per keV in the window below the pipstak window, and whose base is the
width of the photo-peak window in keV. The smalab-energy window results in fewer
counts and therefore a noisier scatter image. s Heavy low-pass filtering of the scatter

estimate is required to reduce the noise in thenatt. Hence it is desirable to apply an
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appropriate low-pass filter to the scatter-elimgttmeasured data (planar images). The

primary imageCprimary @S @ Scatter-corrected image is estimated as:
Cprimary(x1 y) = Ctotal (X1 y) - Cscatter(X' y) (37)

whereCiy is the number of total counts in a photo-peak wind

3522 Photon Energy Recovery (PER) method

The theory of Photon Energy Recovery (PER) waslolesd by Hannequin and Mas (1998).
This theory is able to decompose a photo-peak hadstatter components of an energy

spectrum by iteratively fitting the spectrum using-dimensional linear regression.

Number of counts

110 120

Energy (keV)

—Scatter —Primary

Figure 3.9The energy impulse response functiongdéahnetium-99m from 115 to 139 keV
(red) and the energy impulse response function at 840(kue) for Tc-99m.

In the PER theory, a detected energy spectiiaf(is assumed as a combination of weighted
energy impulse response functioBs$R), (Figure 3.9.

This relation is given as:
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DES(E) = zhjaEElRe(E) (3.8)

e=l

wherel andh are the lowest and highest energies in a photo-geaigy windowaeis thee-th
energy component artelis the sub-energy window used to sample an enpegyram. In
PER, theEIRis modelled as a Gaussian distribution:

standard deviatioof EIR. = er/(2.35) (3.9)

wherer is the energy resolution of gamma camera at théogbeak energye. It is
determined by measuring the energy spectrum ofird pource in air with a gamma camera.
Oncer is determined at an arbitrary energy, otBlkscan be created from the Gaussian model.
The two-dimensional linear regression of PER aiteely performed by fitting dual-clustered

data in regression steps. This regression is gise

zZ=ax+hy (3.10)

At the initial step of the first iteratioDESis separated into two clusters:

DEs:alhi EIR, + AEIR, (3.11)

where @' and g} are coefficients determined by regressing datatp@oquired from sub-

energy windows. After a single regression stepnewDESbecomes:

DES,., = DES-S.EIR, = ahf EIR, + - EIR , (3.12)

A single iteration is defined when the regressionsrfromh to | energies. At the first
regression of the second iteration, the regressigiien as:
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DEs:azfﬁfElRe+ﬁ§(ﬁ;E|m (3.13)

and the second step of the second iteration catefesd based on Equation (3.12). As the
regression is performed aftaiterations, the reconstructed energy spectRIEE(is presented as:

"REYE) = Zh: ", EIR, (3.14)

where™ais equal to

"a, = |j,6’e“ (3.15)

In PER, a square error after iterations is defined to check the difference leetva

reconstructed spectrum and a detected spectrums eifor is given as:

SE= i(mRESIE) — DES(E))? (3.16)

Theoretically, whermRESis very close t®ES SEcan stop changing in successive iterations.
The spectrum theory generated by PER can be atandesf energy-based scatter correction
approaches because it performs scatter correcyiaetomposing energy components of an
energy spectrum rather than extrapolating scattenponents from additional energy
windows, thus a more robust performance can bectegh¢han other energy-based methods.
Performance of PER in correcting simultaneous thmbpe imaging was published by
Hannequiret al (2000). PER is limited by certain assumptidra tay restrict the optimal
performance of this technique in routine clinicaleu Firstly, PER uses a Gaussian
distribution to modeEIRsrather than directly measurijRsof a gamma camera system.

Secondly, an energy window is only sampled in sévarb-energy windows which can lead
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to unstable solutions when fitting an energy speatr Thirdly, the linear regression used
by PER does not adequately fit Poisson varianspeéatrum samples, thus Poisson noise can
limit PER’s performance or PER needs a high-counatrgy spectrum to perform a scatter

correction (Hannequiat al, 2001).

3.6 Discussion

Although many different solutions to attenuatiomreotions have been proposed, practical
obstacles exist in the routine clinical implemeiotatof an attenuation correction. One of
the problems is that the geometry of SPECT detealoes not always lend itself to the
performance of transmissions scans. Even if #@mgtry is accommodating, custom
hardware modifications to the gantry are necessaryrder to accommodate these
transmission scans. Such hardware changes ae bélyond the capability of many
nuclear medicine departments due to the high costived. Furthermore the gantry does
not always permit major modifications. One pragosould be to use a transmission
configuration that requires no or limited modificais to the existing gantry system to

perform transmission imaging.

Currently, as mentioned in Section 3.3.1, thereaaneimber of radionuclide transmission-
based imaging configurations that make use of [gtable collimation. The most popular
one is the scanning line source mechanism showhigare 3.4. Unfortunately, this
system requires synchronized mechanical motionhef tadionuclide source with the
electronic window on the detector. Communicataord synchronization between the
gamma camera and the moving line source can bénbalg. If a multiple line source
configuration is used the relative ease of supgodt collimation of the single scanning line
source is compromised by the need for extra sugpadtcollimation for the multiple line
sources. This additional collimation of the nplkiline source array can restrict the gantry
motion. A suitable radionuclide transmission-lsaseonfiguration would be an
uncollimated transmission source opposite the |eddable collimator as proposed by

Bailey et al. (1987). Since the non-collimation of the floamlgce results in broad beam
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attenuation coefficients, it would be preferable dollimate the transmission source.
However, this configuration would then require Ergmounts of radioactivity in the

transmission source and lacks the flexibility ofuscollimated source.

Our proposal for transmission imaging is an unowdlied, non-uniform, transmission sheet
source configuration. The sheet source would l@gat on paper with an inkjet printer.
This configuration would require modest or no ganwamera modifications and therefore
would be appropriate for most gamma cameras ardftreable for most nuclear medicine
clinics. The system would require accurate scatierection in order to produce “narrow
beam” attenuation coefficients which are necesdaryaccurate quantitative SPECT
imaging. The construction and evaluation of thatpd transmission sheet source with an

appropriate scatter correction is the subject eéuksion in the next chapters.
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Chapter 4

Production and Evaluation of a Radioactive Flood
Sourcefor Transmission | maging

4.1 | ntroduction

Compton scatter, due to high tracer uptake initrex,Istomach and bowl can compromise
the diagnostic accuracy of conventional Single BihhndEmission Computed Tomography
(SPECT). Scatter from organs with high traceraketinto the inferior wall of the left
ventricle can lead to an increase in the countdhéninferior wall.  Artefacts due to the
reconstruction algorithm can also result in a desedan the count density in structures close
to organs with high tracer uptake. It is therefavident that for SPECT imaging
corrections for attenuation and scatter are esdetatiensure qualitative and quantitative
accurate imaging (Nuytst al.,1995). The most reliable method to determinenaition
maps for attenuation correction is by using tragsion measurements with either a
radionuclide or a Computed Tomography (CT) scaifBardi and Hasegawa, 2003). As
was discussed in Chapter 3 transmission measursmetiit radionuclides predominantly
use gadolinium-153 (97 keV, 103 keV, 241.6 d) as ekternal source but can also use
americium-241 (59 keV, 432.2 y), gold-195 (99 keM30 keV, 183.0 d), cobalt-57
(122 keV,137 keV, 271.8 d), barium-133 (356 keV,5P0y) and cerium-139 (165.9 keV,
137.7 d).

The geometry of the transmission source can varg fextended flood sources to line
sources and point sources, combined with the ugeaddllel or converging collimators.
From the discussion in Chapter 3 it is evident #eth of these source geometries along

with its collimators has its unique advantages @dmaavbacks.

As discussed in Chapter 3 early designs of trarsamssystems for SPECT cameras used
uncollimated flood or sheet sources (Baiktyal., 1987). The main advantage of this
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configuration is that the source fully irradiatée topposite detector. This configuration
also requires no source motion other than thatigeal by the rotation of the gamma
camera gantry. This transmission configuraticso dlas limitations associated with the
high proportion of scattered photons in the trassion data due to the broad beam
imaging conditions. As a result, the attenuatmmap estimates an effective linear
attenuation coefficient rather than the value thauld be calculated from narrow beam
geometry. This difficulty has been partly overahy collimating the transmission source
to produce a geometry that more accurately reptesamrow beam transmission geometry
(Cao and Tsui, 1992). Collimation of the transwe source however requires gamma
camera alteration and much higher source activitpwer flood source activity along with
lower cost due to limited gamma camera alteratitias renewed the interest in
uncollimated flood sources (Kojimet al., 2004) for transmission imagingKojima et al
(2004) have also shown that with an uncollimateddl source a scatter correction would
reduce the scatter contribution in the transmissimage. In our clinic there is currently no
mechanism available for transmission imaging. Tleed to perform transmission
computed tomography has forced us to investigate pbssibility of developing a
transmission system for the existing gamma camierasir clinic. The proposal in this

chapter is to use an uncollimated printed sourcetegnsmission source.

The transmission flood sources were designed aoduped in-house for the transmission
systems. These transmission sources were piomg@eaper with a digital inkjet printer and
therefore the production process and printed ssutwd to be evaluated. Printed
transmission flood sources have a number of pealemiilvantages over conventional
transmission sources. These potential advantgefirstly that the activity distribution of
the radioactive source can be modified to be sigtlly a specific patient. This will result
in a more uniform transmission image of the patienAn important advantage of this
configuration is that the distribution of activiity the printed source can be tailored to the
attenuation in the human body minimising the probkencountered when too few counts
are recorded in some pixels of the transmission.sca@he activity distribution of printed

flood sources is more flexible than the fixed seoéline sources proposed by Celiral.
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(1998). Secondly, the printed radioactive sourae be manufactured at low cost to
evaluate the use of different activity distribusomm the transmission source. After the
evaluation an optimal activity distribution for th@nsmission source can be identified. In
this study Tc-99m has been used for the prelimiragluation of a transmission source;
however, a long lived radionuclide may be used omice required non-uniform
configuration has been determined. Another adgmntof a printed uncollimated
transmission flood source is that since the weajhthe paper source is negligible, older
existing gamma cameras can easily be customizelioiw transmission imaging. Kojima
et al (2004) have also shown that with an uncollimated-uniform source, transmission
computed imaging time can be reduced. This réoludgh transmission imaging time
would result in a lower radiation exposure to tredignt in comparison to a uniform

transmission source.

The disadvantages associated with the use of amlluinmated transmission source include

the additional radiation dose to the patient (Cad d@sui, 1992) compared to using a

collimated source. Another weakness of an unoalled transmission source is the added
scattered events that will lead to broad beam aditton coefficient values. Scattered

events in the transmission data can be correctedyf@applying a scatter correction to the

transmission data as being proposed by Kogtnal. (2004).

In this chapter the production and construction aotransmission flood source was

investigated. Tc-99m was used for the initiallesdon of the constructed flood source.

4.2 M aterial and methods.

42.1 Flood sour ce construction.

The ink used to print the flood source was obtaibhgdadding a well-mixed solution of
black ink and Tc-99m pertechnetate to the cartridfj@ Hewlett-Packard inkjet printer

(HP1220C). The cartridge of the printer was altieby adding a tightly sealed plastic plug

60



to the cartridge, (Figure 4.1). This allow fosgdilling of the cartridge which is important

to maintain low radiation risk to the user.

Figure 4.1:Prototype of the ink cartridge that was alteredaibow for easy filling by

adding a solution of black ink and Tc-99m.

Commercial MS Powerpoint (Microsoft™) software wesed to create a digital image of
the transmission source on the screen of a persoomputer that was representative of the
radioactive distribution required. The requiradioactive distribution was then printed on
A4 sized paper (80 g1 using the radioactive ink mixture. All radio&et sources were
placed in a plastic sheath to prevent them causimgpossible contamination. Imaging
was performed with a GE Starcam 400AT (GeneraltBteMedical Systems, Milwaukee)
camera fitted with a low energy all purpose colliota(LEAP) and IM512P acquisition

software (Alfanuclear SAIYC, Buenos Aires).

4.2.2 Transmission sour ce configuration

The printed transmission flood source was fixetheogamma camera by a frame attached
to the detector of the gamma camera. @ A LEAP meaitor was used for imaging,
(Figure 4.2). The frame which supports the pdnfleod source attaches directly to the

edge of the collimator and positions the printedd source 0.75 m from the collimator.
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Figure 4.2:A tomographic gamma camera with transmission sofreree.

At a distance of 0.75 m, the printed source andhéradoes not interfere with patient
positioning or compromise patient-to-detector dista for optimal resolution. This
configuration also ensures that the patient is ydwimcated between the transmission
source and the gamma camera detector. The GEaS8ta#400AT gamma camera has a
manual counter-weight mechanism to support anytiagdi weight which is added to the
gamma camera detector. This manual counter-wengichanism was used to balance the
gamma camera detector when the flood source caatign was fixed to the detector of

the gamma camera.

423 Characteristics of the flood sour ce

4231 Amount of ink and radioactivity deposited

To predict the amount of radioactivity requireddbtain a specific activity on the final
printed flood source, it is necessary to (i) detagrthe amount of ink deposited per unit

area on the printout and (ii) how much activity sliobe added.

The amount of ink was obtained as follows: the @aktridge was filled with £5 ml non-
radioactive ink, weighed and then used to conseelytiprint four uniform flood source
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phantoms of 22.8 x 16.7 ém The cartridge was weighed after each indivicaraitout.
The average mass of ink required for each printmabifsource phantom and subsequently

the average mass of ink deposited per unit areaei@smined.

To ensure that the cartridge was empty, additifinall sources were printed until the ink

was used up.

The following procedure was then followed to prédite amount of radioactivity per
printed phantom. The radioactive ink was prepdmgddding a known activity of Tc-99m
to £10 ml ink. The radio-active ink was dividetta two syringes of 5 ml each. The
radioactive ink in the first syringe was added teaatridge (refill 1) and four uniform
radioactive flood sources, with the same dimensamabove, were printed. The cartridge
was weighed before and after adding the ink tordete the mass of ink added. The
predicted activity PA) in MBq deposited on each printed flood source estgmated using

the following formula:

(4.1)

whereA. is the activity in the cartridge (MBay, is the average mass of ink deposited for
each flood source (mg), amd is the total mass of the Tc-99m ink (mg) in thetradge.
The procedure was repeated using a second synmpthis batch was named refill 2. This
procedure, starting with a non-radioactive ‘dryrtdadge was repeated twice in order to
evaluate the reproducibility. Two data sets waseined, each with two refills, refill 1
and refill 2, with four flood sources each.

The activity of each printed flood sourcklA) was subsequently measured in a source

calibrator. The printed flood source was foldedfit into the source calibrator. The

measured values were corrected for decay and wenpared to th®A values.

63



4.2.3.2 Uniformity of printed flood sources

Five radioactive flood sources (22.8 x 16.7°cmere created on a personnel computer and
printed as describe in Section 4.2.1. Approxityal®00 MBqg (32 mCi) Tc-99m was
deposited equally onto each paper sheet with tkjetiprinter. Each source inside its
plastic sheath was placed directly on the cametactte and imaged using a 64 x 64
matrix until a maximum pixel count of 10 000 countss obtained. The integral (IU) and
differential uniformities (DU) were calculated acdimg to NEMA specifications (NEMA
2001) for each flood source in the central 75%dfia the radioactivity distribution.

Furthermore, the system uniformity of the camera determined according to the NEMA
protocol (NEMA 2001) using a Co-57 (C-Thru Seriesfl#dd source (62 x 42 cin

The Co-57 flood source image was obtained understimae imaging conditions as
mentioned before. The IU and DU were calculatadttie central field of view (CFOV)
and also for an area similar in size to that usedalculate the uniformity of the printed

flood sources.

The uniformity was also evaluated by obtaining XdaY-profiles through one of the
printed flood source images. The X-profile représd the count profile perpendicular to
the long axis of the printed lines and the Y-pmofiirection was parallel with the individual
lines printed on the phantom. The profiles sel@avere 5 pixels wide, representing a
width of approximately 30 mm. A camera-indeperidaathod was also used to evaluate
the uniformity of three of the printed flood sourphantoms. A collimated 50 mm
diameter Nal(Tl) crystal scintillation detector catted to a multi-channel analyzer (MCA)
system, (Figure 4.) was used for the evaluatidine face of the crystal was shielded with a
25 mm thick lead collimator with a single 6mm dideréhole centred on the crystal. The

collimated detector was manually scanned acrosprtheed phantom.
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Phototube
power supply

Figure 4.3: A collimated scintillation detector connected toltiachannel analyzer system.

A 15% energy window was centred on the 140 keV 3imr$hoto-peak on the spectra
obtained from the MCA. The MCA was set to acquife 000 counts in the selected
window and the acquisition time was noted. Acowgly, the count rate was calculated.
For each phantom 30 readings spaced equally athessarea of the phantom were
obtained. The count rates were decay correctdcharlU value calculated. No filtering

was applied to the data before calculating the dlie.

4.2.3.3 Composite flood sour ces

All the above paper flood sources were printed @hsiked sheets. In certain cases,
however, larger flood sources might be requiredl A3-sized source could for instance be
required for a large FOV camera. An A3-sized posite flood source was thus created
by combining two A4-sized flood sources. Three-dd&d composite sources were
constructed for evaluation. Images of the A3-@iegemposite flood sources were acquired
with similar parameters as in Section 4.2.3.2. e T and DU were calculated for each

source.

4.2.3.4 Optimal flood source

One of the limitations of a uniform transmissiorusie is that the same activity is used

across the whole range of tissue thicknesses giatient. A constraint for a transmission
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source is that the radiation yield must be adegtmafgoduce sufficient count rates across
the patient. A high yield from the equally dibtrted activity is needed from a uniform
transmission source to provide sufficient countosg the patient.  This high yield can
cause substantial dead time losses at the edgi® @famma camera detector, where the
uniform source irradiates only the periphery of thedy and attenuation is low or null.
Therefore for transmission imaging the optimum da&ource would be one that yields a
constant signal-to-noise ratio across the entirdthwof the target object. The ease of
creating an optimum flood source was illustratedubiyng a cylindrical phantom, 20 cm in
diameter, as a target object. A uniform flood seufl85 MBq) was printed on A3 size
paper as describe before and attached to the floote frame of the gamma camera. The
water filled cylindrical phantom (Figure 4.4) walaged on the collimator of the detector.

A transmission image was acquired in a 128 x 128ixnaith a total of 9 million counts.

Figure 4.4The empty water phantom.

The transmission image was converted to JPEG imiagmat and imported in

CoreIDRAW®. The colour display of the acquired transmissioage was inverted and

the inverted image was printed with a mixture afioactive ink on A3 size paper. The
printed source of the inverted transmission image wattached to the flood source frame
and the water filled cylindrical phantom was pasitibetween the flood source and the
detector of the gamma camera. A transmission éntddhe phantom (128 x 128 matrix)
was acquired until a maximum pixel count of 10 @@@Qints was reached. A profile was

drawn in the X-direction through the acquired trarssion image.
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4.3 Results

43.1 Characteristics of the flood sour ce

4311 Amount of ink and radioactivity deposited

The average mass of ink used per flood source phradrea 22.8 x 16.7 énwas 956 mg
+3.2%. The mass of ink deposited per unit araa therefore 2.511 mg.cin Table 4.1
shows the massn() and the activity &) of the radioactive ink in the cartridge, the ity

in the cartridge and the predicted amount of agtifiPA) that will be printed per flood
source phantom for each measurement set. Theuneeasctivity MIA) per phantom, as
well as the percentage difference betweenRBAeand MA (PA-MA%) for each printed
phantom are also included in Table 4.1. The tesare shown for the two data sets for
both refills. The average and standard deviattwrphantoms 2 to 4 are also shown for
each batch. The standard deviation (St Dev) calculated forNefor print 2 to 4 of the
different batches were all acceptable. The awekéd also compared well with thieA.
The results obtained with the first printed phantionthe different sets were not always
optimal. A difference of more than 10% betweea BA and MA was observed for the
first printed phantoms in set 1 (Refill 1) as wedl for set 2 (Refill 1). This was due to the
fact that the cartridge was not completely emptgmvthe first radioactive ink was added to
the cartridge. There is a small chamber at thioivo of the cartridge that contains
approximately 300 mg of ink. This chamber does emmpty even if no more ink is
available for printing. The ink in this chambesed not mix with the radioactive ink
originally added to the cartridge. The predicaetlvity that will be printed is therefore not
accurate for the first print after the cartridges H@een filled with radioactive ink. The
prediction thereafter is accurate, since the redwirof the radioactive ink is uniformly

mixed.
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Table 4.1:A comparison between predicted (PA) and measurgdtsgqdMA) printed on

different flood sources.

Setl
Refill 1 PA-MA (%) Refill 2 PA-MA (%)
m (Q): 5.92 6.38
A:. (MBQ): 339.62 407.26
PA (MBQq) 53.35 63.01
MA (MBQ)
Print 1 26.12 -51.0 61.20 -2.9
Print 2 48.88 -84 64.75 2.8
Print 3 53.02 -0.6 64.30 2.1
Print 4 52.95 -0.8 64.30 2.1
Avg(2-4) 51.62 -3.3 64.45 2.3
St Dev(2-4) 2.37 4.4 0.26 0.4
Set 2
Refill 1 PA-MA (%) Refill 2 PA-MA (%)
m (Q): 4.99 5.28
A. (MBQ): 335.81 421.65
PA (MBQ) 64.42 74.26
MA (MBQq)
Print 1 41.55 -35.5 71.97 -3.1
Print 2 65.53 1.7 78.55 5.8
Print 3 66.16 2.7 78.85 6.2
Print 4 65.60 1.8 74.20 0.1
Avg(2-4) 65.75 2.1 77.19 4.0
St Dev(2-4) 0.35 0.6 2.61 3.5

The average percentage difference betw&andMA excluding the first printed phantom
for all the data obtained from the four refills wa8 + 3.5%. The first printed phantoms of
the second batches show a more accurate prediofiathe activity printed for each

phantom compared to the first batches. This estduhe fact that the chamber at the front
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of the cartridge still contains radioactive inkrfrahe previous time the cartridge was filled.
From the results shown in Table 4.1 it is recomneenithat the first printout be discarded
since the correct amount of activity is not depabin the phantom and this print will also

not be uniform since the initial ink printed is moixed with radioactivity.

In our opinion, that in the case where flood sosirneed to be printed to evaluate the
extrinsic uniformity of the gamma camera or forngeused as transmission sources, an
accuracy of the predicted activity of less than 1R%sufficient in order to obtain the
required count rate on the camera. This accucay be obtained with the printed
phantoms.

4.3.1.2 Uniformity of printed flood sour ces

The five printed Tc-99m flood sources that weredu® this evaluation were obtained
after proper mixing has taken place in the cargidgThe IU and DU obtained with the
NEMA method (Co-57 flood source) for the usefuldief view (UFOV) was 4.11% and
2.68%, respectively. The IU (2.10%) of the cdnteea of the Co-57 flood source
corresponds well with the average IU of all thenfd flood sources (2.29 &.67%).
Similar results were obtained for the DU (Co-5®tlcsource: 1.50%; printed flood source:
1.50 +0.23%).

Figure 4.5shows the X- and Y-profiles obtained through onehef flood source images.

Good uniformity across the phantom is achievechen X- and Y-direction. The average
IU obtained from the scintillation detector collited to 6 mm was 3.2 £ 1.3%. Inherent to
this value is a 2% error due to counting statis(ld® 000 counts were acquired for each
reading). Since no filtering was applied to tregadbefore calculating the 1U it can be

assumed that the uniformity due to printing vaoias is in the order of 1.2%.
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Figure 4.5: X- and Y-profiles obtained through one of the flsodrce images.

The uniformity obtained by Larssat al. (2000) for circular printed phantoms (diameter
95mm) was calculated as the standard deviatioheopixel count variation. They reported

a standard deviation of 1.2%.

4.3.1.3 Composite flood sour ces

Table 4.2 shows the IU and DU values obtained ftioenA3-sized composite flood source

images.

Table 4.2:Integral uniformity (IU) and differential uniforryi (DU) values obtained for the
three A3-sized composite flood phantoms.

U (%) DU (%)
Composite phantom 1 3.54 1.89
Composite phantom 2 3.27 2.28
Composite phantom 3 3.20 1.30
Average + standard deviation  3.34 £0.18 1.82 904

Although the IU and DU for the joined composite wesdlightly higher than the average
values for A4-printed flood sources in Section 8.3, the values were still acceptable
when compared to the uniformity values of the NEM#tocol using the Co-57 flood
source (IU 4.1% and DU 2.68%). The better uniftyrwalues with the printed flood
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source can be explained by the smaller area thaiviesred by these sources. The Co-57
flood source covered the whole detector, while ABesized printed flood source covered
68% of the detector.

4.3.1.4 Optimum flood source

Figure 4.6.(a) shows the transmission image of laer filled cylindrical phantom

acquired with a uniform printed flood source.
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Figure 4.6 Transmission image of a water filled cylindricalgpitom and its corresponding
count rate profile obtained through the transmissimage in the X-direction acquired with
a gamma camera fitted with a (a) uniform and (bj+omiform printed flood source.

It is evident from the corresponding X- profile thie uniform water phantom that too few
counts were recorded in pixels in the central mdrthe transmission image. This
emphasizes the problem encountered with uniforra bin flood sources with too few

counts in the central areas of the transmissiorg@mas describe by Cellet al. (1998).
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From the X-profile obtained from the transmissiomage of the water filled cylindrical

phantom acquired with a non-uniform printed floaui€e shown in Figure 4.6.(b) it is
evident that more counts were obtained in centigl @f the transmission image. This was
achieved by depositing higher amounts of actiuitythe central part of the printed non-

uniform flood source.

4.4 Discussion

It was found that the activity for the first pridtélood source after refilling the cartridge
could not be predicted accurately. Thereforefits¢ flood source printed after refilling
the cartridge was discarded and the subsequentegritood sources were used. The
deposition of the amount of radioactivity for thesdsequent printed flood sources could
be predicted to an acceptable level. This indkathat the activity printed was
reproducible.  The uniformity of the printed sasccompared well to the uniformity
values obtained with a Co-57 flood source indigatieceptable printing uniformity. This
was confirmed by the X-profile and Y-profile thrduthe image of a printed flood source
that was comparable with one another.  The caineependent method using the
scintillation detector indicated an U of 1.3%. eWlecommend that an independent method
like this should be used to evaluate the uniformityhe phantoms.  This is essential if it
is required to use the phantoms for obtaining umifty correction maps for SPECT

imaging where a 2.0% uniform flood source is reeglir

It was also shown that joining two A4-size phantdmsreate a larger composite phantom
does not significantly affect the uniformity attach It should therefore be possible to
create any size phantom, suggesting that routinforomty corrections could also be
performed on any gamma camera using such printadtpms. The uniformity of a 95
mm diameter circular printed radioactive phantons weported (Larssoet al., 2000);
however a camera-independent measured uniformitiewaas not reported. The creation
of composite phantoms was also not discussed. h&ve demonstrated that affordable

phantoms can easily be created in any departmeatendn standard PC and inkjet printer
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are available to evaluate system uniformity andltg®n. We have not experienced any
contamination of radioactivity. Due to the hafélof Tc-99m (6.02 h), these phantoms
need to be printed on a need-to-have basis. livad-radio-nuclides may be considered,
however special radiation safety precautions shthad be followed. Since this method

appears to be very versatile it should in princhmepossible.

In this study it has been demonstrated that antyilalision of activity in the flood source
can be attained by using an inkjet printer fittathve cartridge filled with a mixture of ink
and radioactivity. A non-uniform flood source csimorten the transmission acquisition
time and lower the radiation dose to the patienfThe advantages of a non-uniform
transmission source has led to the design of thiipteuline source (MLS) configuration
by Celleret al. (1998). The MLS configuration has illustrated thgortant advantage of a
non-uniform transmission source by reducing thebl@m encountered by uniform
transmission sources when too few counts are redard some pixels of the transmission
scan. Limitations of the MLS system are that itsvaty distribution is fixed; it is not
readily available and cannot be fitted to all gamoaaeras. This has led to a more
flexible design by Kojimaet al. (2004) which is less expensive and could be fiteethost
gamma cameras. Creating a non-uniform printeddflsource with an inkjet printer has
certain advantages over the above mentioned methéastly it allows for low cost, high
quality production of radioactive flood sourcesSecondly it enables the user to simply
alter the activity distribution of the printed teamission source to provide a more uniform
transmission image. Problems associated with #eeaf an uncollimated transmission
source are the added scattered events that will tedbroad beam attenuation coefficient
values and additional radiation dose to the patieffhese problems encountered with

uncollimated transmission sources shall be theqaepf the study in the next chapter.
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Chapter 5

Evaluation of an Uncollimated Printed Paper
Transmission Source used under Scatter Limiting

Conditions

51 Introduction

In order to apply the correction accurately, attgimn maps containingletailed
information about the density distribution in thedlgare required. Attenuation maps can
be obtained of the person or object being imagedubypg transmission imaging.
Transmission images can be obtained with eithered®rnal radionuclide source or
computed tomography (CT) with an X-ray source (Dalet al, 2003; Fleminget al,
2003). It is important to realise that the X-ramitted in CT are polychromatic and the
attenuation coefficient depends on the photon gnergThe CT numbers have to be
converted to the gamma-ray linear attenuation cweffts of interest by a table look-up
method.  Another matter for consideration is t@at generally has a higher spatial
resolution and is reconstructed using a finer imagerix than Single Photon Emission
Computed Tomography (SPECT) images. Therefore Glleimages require down-
sampling to the same image matrix size as the @nisage. Another disadvantage is
that the CT and emission images are acquired saglgnvhich allow for possible image

misalignment which can lead to image artefacts.
In this study the use of a novel printed exteradionuclide source as transmission source

will be examined. Several types of systems wingmission hardware modificaticsausd

external sources have emerged for clinical impldatem as discussed in Chapter 3.
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Limitations of the radionuclide transmission syssediscussed in Chapter 3 in Section
3.3.1 include: (i) regions of the body outside tieéd of view (FOV) leading to truncation
artefacts, (ii) high source activity needed follioohted sources, (iii) complicated electronic
equipment needed to separate transmission and iemiseages and (iv) insufficient

counting statistics in the transmission image irmeceptably short imaging time.

This investigation proposes the use of an uncotlohdlood transmission source. The
flood source is obtained by printing a Tc-99m imkusion onto a sheet of paper using an
inkjet printer as proposed by Van Stadsral. (2007). Printed radioactive sources were
used by Larssoat al. (2000) in order to obtain scatter and attenudtiea SPECT images.

An evaluation of such a printed flood source waggiin Chapter 4.

The potential advantages of a printed paper trassan source are firstly that the intensity
distribution of the radioactive source can be medifto be suitable for a specific patient.
This will result in a more uniform transmission igeaof the patient. An important
advantage of this configuration is that the disttikn of activity in the source system is
tailored to the attenuation in the human body misiing the problem encountered when
too few counts are recorded in some pixels of thasmission scan. A non-uniform
radioactive distribution was printed on paper irater 4 and used as transmission source
for a cylindrical water phantom. An increased douate was obtained in the central areas
of the phantom. The second advantage of thegariradioactive source is that it can be
manufactured at low cost to evaluate the use deréit activity distributions in the
transmission source as have been shown in Chapté&moptimal activity distribution can
then be identified.

In this study Tc-99m will be used for the prelimyp&valuation of a uniform transmission
source; however, a long life radionuclide may bedusnce the required non-uniform
configuration has been determined. This will hogrenot be implemented as part of this
study. The advantage of an uncollimated transamssource is that older existing gamma

cameras can be easily modified to allow attachnoérthe printed transmission source,
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since the source construction is light.  Furtheenthe photon-flux detected with an

uncollimated transmission source is much highen thlaen collimation is used.

The disadvantages associated with the use of avilumated transmission source however
include firstly the additional radiation dose te thatient compared to using a collimated
source (Cao and Tsui, 1992). Secondly, in ordeagply an appropriate attenuation
correction it is important to calculate the attetiara coefficient values for narrow beam
geometry. When using an uncollimated transmissmurce there may be added scattered
events that will lead to broad beam attenuationfficdent values. The effect of the
distance between the uncollimated transmissionceoand the detector on the amount of
scatter being observed has not been investigati@@nature. However a scatter correction
can be applied to the transmission data as propogdtbjimaet al (2004) if necessary.

This will be investigated in Chapter 6.

This study hypothesizes that the scatter will deseeif the transmission source is placed
further from the patient. By increasing the dis& between the transmission source and
the detector using a short phantom/patient detedistance, the source geometry will
approach narrow beam geometry.

When an uncollimated flood source is used; phot@ashing the patient from different
angles will penetrate the patient and reach thénwatior (photons (i) and (ii) in Figure
5.1.(a)). Photons reaching the detector at arigtger than the collimator resolution will
be absorbed by the collimator and will not be deldtic However, the photons that will be
absorbed by the collimator if no interaction in {hegtient occurs can pass the collimator.
They can be detected if they are scattered in dfiendt so that their direction is changed to
be within the resolution angle of the collimatorgiite 5.1.(a) photons (i) and (ii); Figure
5.1.(b) photon (ii))). If the source patient diste is increased, the number of photons
emerging from the source at angles larger thadhenator resolution, which can interact
with the patient, will decrease (Figure 5.1.(a) &mglre 5.1.(b), photon (i)). Therefore by
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increasing the source patient distance or decrgdbkin detector phantom/patient distance,

the scatter contribution in the image is decreased.
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Figure 5.1 Explanation of the hypothesis that the scattdl e@crease if the transmission
source is placed further from the patient. In (g ttransmission source is placed closer
than in (b).

In this study the planar performance charactesstican uncollimated radioactive paper
transmission source were evaluated by comparingeittormance characteristics to that of
a collimated radioactive paper transmission sourcEhe hypothesis that the scatter will
decrease if the uncollimated transmission sourgdaised further from the patient and the
patient placed close to the detector was testedhe scatter contribution in the data
obtained with the uncollimated transmission sowves evaluated by reviewing the energy
spectra obtained from the transmission data, thauleded attenuation coefficient values
and the scatter percentages that was determinbs wis done at different combinations
of detector phantom distances, detector sourcargies and phantom source distances.
The image resolution and detection efficiency weneasured for the uncollimated

transmission source images as well as for thensated transmission source images. All
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the evaluations were performed for planar studiely @s the results will be directly
applicable to SPECT. SPECT evaluation will bdqrened in Chapter 7.

52 Material and methods

Data was acquired using a GE Starcam 400AT (Geriekadtric Medical Systems,
Milwaukee) gamma camera fitted with a low enerdyparpose (LEAP) collimator. The
gamma camera was equipped with an Alfanuclear aitmui and processing station
(Alfanuclear SAIYC, Buenos Aires). A collimatoniformity correction consisting out of
120 000 000 counts in a (12B8) image matrix was acquired using a water bath
containing 555 MBq Tc-99m. All subsequent imagesre acquired with the LEAP
collimator uniformity correction applied to the dat The LEAP collimator instead of the
low energy high resolution collimator was seled@dhe preliminary evaluation due to the
higher counting efficiency. A source holder eguag with a printed transmission source

was supported on a bed parallel to the detecttireoffamma camera, (Figure 5.2).

Figure 5.2 A source holder equipped with a printed transmoissource supported on the
bed parallel to the detector fitted with a low egerall purpose collimator. The Perspex
attenuation sheets are shown on the patient support

A uniform printed flood source was obtained as akmd in Chapter 4 (Van Stadenal.,
2007). Approximately 370 MBg Tc-99m was deposivatb a paper sheet using an ink-jet
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printer to produce the paper transmission sourddese paper sources were laminated to
prevent contamination. The IM512P acquisitiontwafe (Alfanuclear SAIYC, Buenos
Aires) allows the acquisition of the energy speattrior each pixel. Transmission data
were acquired using an uncollimated as well aslin@ied printed flood source. The
latter incorporated a low energy high sensitivit¥HS) collimator that was placed on top
of the transmission source on the source hold@&il measurements were repeated three

times.

Scatter contribution in the uncollimated transnmissdata.

The performance of the transmission source wasuated for different phantom and
source positions in relation to the detector distaby obtaining three different data sets.
In each data set one of the three distances (detpbiantom distance, detector source
distance or phantom source distance) was keptaonshd the other two distances varied.

Camera gantry

Detector/ collim ator com bination

Patient sapportbed

werenian] > Phantom source distance

<= = = = p Detectorphantom distance

M= + + ===p Detectorsource distance

Figure 5.3:A source holder equipped with a printed transnoisssource supported on the
bed parallel to the detector fitted with a low egyerall purpose collimator. The Perspex
attenuation sheets are shown on the patient suggpbke.

For Data Set 1 the phantom was kept close to thectbe and the source was moved in
steps of 20 cm away from the detector. Duringnteasurement of Data Set 2 the source

was placed at a fixed distance of 80 cm from theader and the phantom was moved in

80



steps of 20 cm away from the detector, closer ¢ostburce. For Data Set 3 the phantom
and source were kept in contact with one anotlers the phantom source distance was
kept at 0 cm. The detector phantom distance, disawghe detector source distance was
increased in steps of 20 cm by moving the phantocththe source simultaneously. The

different distance measurements for each dataasefieen in Table 5.1.

Table 5.1:Distance measurements as obtained for each data se

Data Set Description of Distance Measurement Degtgigcm)
Detector Phantom Distance 20 20 20 20
Data Set 1 Detector Source Distance 20 40 60 80
Phantom Source Distance 0 20 40 60
Detector Phantom Distance 20 40 60 80
Data Set 2 Detector Source Distance 80 80 80 80
Phantom Source Distance 0 20 40 60
Detector Phantom Distance 20 40 60 80
Data Set 3 Detector Source Distance 20 40 60 80
Phantom Source Distance 0 0 0 0

521 Energy spectra

Energy spectra data for Tc-99m photons (140 keAfyjgmitted through various thicknesses
(0 — 20 cm) of attenuating material were acquiradtie different data sets mentioned in
Table 5.1. In each instance a 2-dimentional gnspgctrum data image was acquired in a
128 x 128 image matrix. Thus an energy spectrias acquired in every pixel of the
image. The energy spectrum data were acquiréddSrkeV channels for 0 keV to 500
keV. Only information from 40 keV to 180 keV wasnsidered. The attenuating
material consisted of 19 Perspex plates each witngnsion of 20x 20 cnf and a

thickness of 1.07 cm. A single energy spectrunefch image was obtained representing
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a region with size & 9 cnf in the central area of the Perspex plates. Tleegy spectra
of the different pixels in that region were summigd order to get good statistical
information. The energy spectra for each dataveeé corrected for decay and acquisition
time. Similar spectral data matrices were alsmiobd with the collimated transmission

source for Data Set 1.

The difference between the spectra obtained frautitollimated transmission source and
the collimated transmission source was calculabeecddch energy channel for Data Sets 1,
2 and 3. Both spectra were obtained with the fmar{20 cm of Perspex plates) between
the transmission source and the camera detectdrhe sum of the square of these
differences (from 40 keV to 180 keV) was obtaineaider to evaluate the contribution of
scatter to the energy spectra. Similarly the safnthe square of the differences was
obtained for the total counts in the 20% energydwim region (126 — 154 keV) in order to
evaluate the contribution of scatter in the 20%rgyevindow. This information was

obtained from the spectra acquired for all thret@ dats mentioned before.

522 Scatter percentage

The total counts in a 20% energy window were ole@ifrom each acquired spectrum as
mentioned in Section 5.2.1. The spectrum obtawé&l no attenuating medium was
assumed to contain only primary coun(). The attenuated primary courR¢d) at
different thicknessesl were calculated using the narrow beam geometrgnadtion
coefficient value for Tc-99m through Perspgx) (@s determined with the collimated

transmission source.
P(d) = P(0) exp(=d) (5.1)

The scattered countS(d) in the 20% energy window were obtained by subingcthe

calculated primary count?(d) from the total observed counigd).
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d) =T(d) - P(d) (5.2)

From Equations (5.1) and (5.2) the energy spedtszattered photons for various Perspex
thicknesses were calculated. @ The scattered comete obtained by subtracting the

calculated primary counts from the total observednts. The scatter percentage in the
20% energy window was calculated as the ratio aftered to total counts and expressed as

a percentage for Data Sets 1, 2 and 3.

523 Attenuation coefficient

The spectra obtained as described in Section W@ré used to determine the attenuation
coefficients for Perspex from the three data sélibe total counts in a 20% energy window
were plotted against the thickness of Perspexdoh epectrum obtained. An exponential
function was fitted to the counts at increasingkhesses and attenuation coefficient values
calculated from these functions. An attenuatioefficient value was also obtained for the
collimated transmission source with the setup aBata Set 1. This latter value should

correspond to the “narrow beam geometry” attennatmefficient value.

524 Spatial resolution

The image resolution was evaluated by acquiringstrassion images of a 2 mm thick lead
strip as proposed by Cao and Tsui (1992). The &ap was placed at depths of 1 cm,
10 cm and 18 cm in the Perspex phantom when measthe resolution in the scatter
medium. These distances correspond with the diedelctor distance, since the phantom
was placed against the detector (detector phanistande = 20 cm). These measurements
were repeated with the collimated transmissions®with the lead strip at a lead detector
distance of 10 cm. The phantom consisting of 20Rerspex plates was used as the
scattering medium. From these images the devvaif the transmission edge response
function was determined to calculate the full widthhalf maximum (FWHM) and the full
width at tenth maximum (FWTM) for each configuratio
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525 Detection efficiency

Images of the flood source were acquired with nattec medium placed between the
gamma camera and the source. Images were acquieed0% Tc-99m window at 5 cm,
10 cm, 15 cm, 20 cm, 25 cm and 30 cm distances thmrgamma camera for 120 s with
the collimated as well as the uncollimated sourcEhe relative detection efficiency was
calculated as the ratio of the counts obtained Wi uncollimated source to counts

obtained with the collimator.

526 Absorbed dose rate

An ionisation chamber was used to measure therex@rabsorbed dose rateAD rate)
from a printed collimated flood source containirg) MBq Tc-99m. It was measured at
detector source distances of 20 cm, 40 cm, 60 am8@ncm in front of a 20 cm Perspex
phantom (Data Set 1). The measured dose rates agdgusted to a transmission source
activity of 370 MBq suggested for clinical use wigh collimated transmission source
(Delponet al, 2003). The&AD rate was then converted to a td&\D taking decay into
account and assuming that the total acquisitiore tior a clinical planar study will be
limited to 5 min.  Furthermore, the totaAD for an acquisition period of 5 min with a
collimated transmission source was measured toesasva reference for comparing the

doses without a source collimator and is indicatEeAD;ct.

53 Results

All results are given as an average of three repleateasurements. See Appendices A, B

and C for the average and standard deviation valiige results.
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53.1 Energy spectra

Figure 5.4 shows the average energy spectra oldtdarethe uncollimated transmission
source through 20 cm of Perspex at different detessturce distances (20 cm, 40 cm, 60
cm and 80 cm) and a fixed detector phantom distah28 cm (Data Set 1). The spectrum
obtained for the collimated transmission source,c@® from the detector, attenuated
through 20 cm of Perspex is also shown (C-80 cr)l the energy spectra for the three
data sets were normalised to 100 at 150 keV inrdaldemonstrate the scatter component

in the spectra.
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Figure 5.4:Energy spectra (normalised to 100 at 150 keV) iolethwith 20 cm of Perspex

as attenuating medium. The spectra for Data Sstdifferent detector source distances of
the uncollimated source as well as the spectrunainet with the collimated source at a
detector source distance of 80 cm (C-80 cm) arevahior the detector phantom distance
fixed at 20 cm.

It can be seen from Figure 5.4 that the scattetribotion in the spectra increases with
decrease in detector source distance (also a decnegphantom source distance) for the
uncollimated transmission source. The spectraindd with the detector source distances
of 60 cm and larger compare well with the spectairthe collimated source. The relative

counts of the 60 cm and 80 cm spectra were howsigtly higher than those of the C-80
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cm spectrum. This can be explained due to thetfattsmall angle Compton scatter will

contribute to the counts in the 20% energy windegian (126 — 154 keV).

Figure 5.5 shows energy spectra obtained for tlvellimated transmission source through
20 cm of Perspex at a fixed detector source distafi80 cm (Data Set 2) with different
detector phantom distances (20 cm, 40 cm, 60 cnen80 The spectrum obtained for the
collimated transmission source, 20cm from the deteattenuated through 20 cm of

Perspex is also shown (C-20 cm).
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Figure 5.5:Energy spectra (normalised to 100 at 150 keV) strewn for Data Set 2 at
different detector phantom distances with the detesource distance fixed at 80 cm. The
spectrum obtained from the collimated source atistadce of 80 cm and the detector
phantom distance at 20 cm is also shown (C-20 cm).

It can be seen from Figure 5.5 that the scattetribotion in the spectra increases with
decrease in detector phantom distance or a dechegdgantom source distance for the

uncollimated transmission source.

Figure 5.6 shows the average energy spectra oldtdarethe uncollimated transmission

source through 20 cm of Perspex at different detgatantom distances (20 cm, 40 cm, 60
cm and 80 cm) and a fixed phantom source distahfecan (Data Set 3). The spectrum
obtained for the collimated transmission sourcen8@om the detector, attenuated through

20 cm of Perspex is also shown (C-20 cm).

86



500 -
450 - Data set 3
400 -
350 |
300
250 |
200 |

150 A

Relative counts

100 A

50 1

0 T T T T T T T F— ]
0 20 40 60 80 100 120 140 160 180 200

Energy (keV)
Detector Phantom Distance: —20cm —40cm —60cm 80cm Cc-20

Figure 5.6:Energy spectra (normalised to 100 at 150 keV) iabthwith different detector
phantom distances with the phantom source distabh®ecm are shown here (Data Set 3).
The spectrum obtained from the collimated sourca distance of 80 cm and the detector
phantom distance at 20 cm is also shown (C-20 cm).

It can be seen from Figure 5.6 that the scattetribanions in the spectra did not change
with decrease in detector-source distance for thellimated transmission source. The
scatter contribution in the spectra was significamtall cases.  The phantom source

distance was 0 cm at all instances.

The results in Figure 5.4 — 5.6 shows that the fmansource distances are the main

determinant of the scatter component.

Figure 5.7 shows the sum of the square of therdifilees between the spectra (from 40 keV
to 180 keV) obtained with the collimated and uniomdited transmission source at different
detector source distances and a fixed detectortpimadistance of 20 cm (Data Set 1).
These differences are indicated by the dashed(line;). Similarly the sum of the square
of the differences were obtained for the channelthe 20% energy window (126 — 154
keV), indicated by the solid line——). The smallest differences were obtained at
detector source distances larger than 60 cm indgabest correspondence with the

collimated transmission source.
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Figure 5.7:Sum of the square of the differences betweenpeetra obtained with the
collimated and uncollimated transmission sourcditferent detector source distances.

Figure 5.8 shows a similar graph for different d&ie phantom distances, for a detector

source distance of 80 cm (Data Set 2).

3000000 -
Data set 2
2500000 -
2000000 -
1500000 -

1000000 A

500000 -

Sum of the square of the differences

0 10 20 30 40 50 60 70 80 20
Detector Phantom Distance (cm)
===(40 keV - 180 keV) =+-(126 keV - 154 keV)

Figure 5.8:Sum of the square of the differences betweenpéetra obtained with the
collimated and uncollimated transmission sourcdifierent detector phantom distances.

The largest difference was obtained at the detgttantom distance of 80 cm indicating a

large scatter contribution; this corresponds thi@ypom source distance of 60 cm.
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532 Scatter percentage

Examples of measured energy spectra (normalisdd@oat 140 keV) at detector source
distances of 20 cm for thicknesses of 3 cm and ri8ot Perspex are shown in Figure
5.9.(a) and Figure 5.9.(b) respectively.
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Figure 5.9:Examples of measured energy spectiad) (normalised to 100 at 140 keV)
with calculated primary red) and scatter spectrag(cen) for (2) 3 cm and (b) 18 cm
thicknesses of Perspex.
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Primary and scatter spectra calculated from thesored energy spectra (as explained in
Section 5.2.2) show a scatter spectrum with thek meeergy between 130 and 132 keV
generated primarily from first order Compton saattiephotons.

The scatter percentage in the 20% energy window caésuilated for Data Set 1. The
averages and standard deviations of the resulthéothree separate measurements for the

uncollimated transmission source for various detesburce distances (DSD) are shown in
Appendix A, Table Al.
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Figure 5.10: Scatter percentage (%Sc) as a function of thiskrd attenuating medium for

Data Set 1. Values are given for various detesmurce distances for the uncollimated
transmission source.

Figure 5.10 shows the average results. It is ¢thet larger detector source distances result
in a smaller scatter percentage in the uncollimé&@asmission image. For 0 cm detector
phantom distance the uncollimated scatter percenfiag~20 cm Perspex is 52.4 + 0.5%
and 16.3 + 0.3% for the 20 cm and 80 cm sourcectmtdistances.

The results for the three separate measurementhdoScatter Percentage (%Sc) in the
20% energy window for Data Set 2 for the uncollieghttransmission source for

thicknesses of Perspex (0 — 20 cm) are shown iar€&i§.11 and are tabulated in Appendix
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A, Table A2. Figure 5.11 shows scatter percerstdgethe 80 cm detector source distance
for ~20 cm Perspex. When imaging the transmissaarrce at larger distances from the

camera, the experimental setup approached narram geometry as we hypothesized and
explained in Figure 5.1.
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Figure 5.11: Scatter percentage (%Sc) as a function of thiskrd attenuating medium for

Data Set 2. Values are given for various deteptwantom distances for the uncollimated
transmission source.

Figure 5.11 shows larger detector phantom distaresst in a smaller scatter percentage
in the 20% energy window for the uncollimated trarssion image. The uncollimated
scatter percentages at 20 cm Perspex are 49.44%.5And 14.7 £ 0.9% % for the source

at a fix distance of 80 cm from the detector angcter phantom distances of 20 cm and 80
cm respectively, (Data Set 2).

The results for the three separate measurementhdoScatter Percentage (%Sc) in the
20% energy window for Data Set 3 for the uncolliethttransmission source for

thicknesses of Perspex (0 — 20 cm) are shown iar€&i§.12 and are tabulated in Appendix
A, Table A3.
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Figure 5.12:Scatter percentage (%Sc) as a function of thickésttenuating medium for

Data Set 3. Values are given for various detestmurce distances for the uncollimated
transmission source.

Figure 5.12 shows the scatter contribution staysstamt with increasing detector source
distance, while keeping the phantom close to thecgo(phantom source distance 0 cm),
(Data Set 3). For 0 cm phantom source distaneeautitollimated scatter percentage for
~20 cm Perspex is 52.9% and 52.4% for the 20 cm8a@ndm detector source distances,
(Data Set 3). Figure 5.11 and Figure 5.12 cordithe results obtained in Sections 5.3.1
that there is an increase in the scatter percentagbe 20% energy window with an

increase in the detector phantom distance or a&dserin the phantom source distance.

The results for the three separate measurementhdoBcatter Percentage (%Sc) in the
20% energy window for Data Set 1 for the collimatethsmission source for thicknesses

of Perspex (0 — 20 cm) are shown in Figure 5.13amdtabulated in Appendix A, Table
A4.
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Figure 5.13:Scatter percentage as a function of thicknesgtehaating medium. Values
are given for various detector source distances tfag for the collimated transmission
source.

The results for the three separate measurementhdoBcatter Percentage (%Sc) in the
20% energy window for Data Set 1 for the collimatethsmission source for thicknesses
of Perspex (0 — 20 cm) are shown in Figure 5.13amdtabulated in Appendix A, Table

A4. For 0 cm detector phantom distance the calied scatter percentage for ~20 cm
Perspex is 14.7 £ 1.0% and 15.2 + 0.6% for ther@Gnod 80 cm source detector distances.
Figure 5.13 confirms the results obtained in Sestib.3.1 that there is no increase in the
scatter percentage in the 20% energy window withinrmnease in the detector source

distance or a decrease in the phantom source déstana collimated transmission source.

533 Attenuation coefficient

The attenuation coefficient value increased withramease in detector source distance for
the uncollimated source in Data Set 1. The attdoaoefficient values changed from
0.141 + 0.003 cm to 0.168 + 0.003 cih (Figure 5.12). The results for the three separa
measurements for the attenuation coefficient valoes') as a function of detector source
distances (DSD) for the uncollimated and collimatethsmission source (UTS) for Data
Sets 1 and 3 are shown in Appendix B, Table B1JerBB and Table B4. This is indicative

of a decrease in scatter with an increase in thectte source distance. However the

93



“narrow beam geometry” attenuation coefficient ea(0.170 + 0.001 ci, obtained from
the collimated transmission data, is in good agesdnto the published narrow beam
attenuation coefficient (Browet al, 2008) of 0.167 cih
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Figure 5.14: Attenuation coefficient values (¢jras a function of detector source distances
for the uncollimated transmission source (UTS) Data Sets 1 and 3. Results for the
collimated transmission source (CTS) are also shown

The attenuation coefficient values determined fataDSet 3 is also shown in Figure 5.14.
The phantom source distance was fixed at 0 cm.e aMerage attenuation coefficient for
the different detector source distances was 0.18®&lcm’. These values imply a large
amount of scatter is present since the attenuatefficient for Tc-99m through Perspex
obtained with the LEHS collimator is 0.170 + 0.0,

The average and standard deviations of the refaulthe three separate measurements for
the attenuation coefficient values (&ras a function of detector source distances fer th

uncollimated and collimated transmission sourcelfata Set 2 are shown in Appendix B,

Table B2 and Table B5. Figure 5.15 shows a dsereathe attenuation coefficient value

with an increase in the detector phantom distafc&7{ — 0.144 cif); indicating the

influence of the increase in scatter contributio®ata Set 2.
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Figure 5.15: Attenuation coefficient values (&nas a function of detector phantom
distances for the uncollimated (UTS) as well asdbéimated (CTS) transmission source
for Data Set 2.

These results confirm that scatter decreases withnerease in the detector phantom
distance. For detector phantom distances of 6@mehmore, the attenuation coefficients
for the collimated and uncollimated transmissiomrses were comparable (0.1%8.
0.170).

534 Spatial resolution

The results for the spatial resolution expressdeVebiM obtained with the uncollimated as
well as the collimated transmission source are shiowFigure 5.16.(a). The average and
standard deviation results for three separate measnts for the spatial resolution with an
uncollimated as well as collimated transmissionre@wbtained for transmission images
for different detector source distances with nottecamedium as well as with scatter
medium placed between the detector and the trasemisource are shown in Appendix C,
Table C1 and Table C2. The FWHM values are sh&wndifferent detector source
distances with no scatter medium as well as witlittec medium placed between the
detector and the transmission sourcelhe error bars on the graphs indicate twice the

standard deviation of the three measurements @uta@h each detector source distance.
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No error bars are shown for the values obtainett ¥ie collimated transmission source

since these measurements were not repeated.
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Figure 5.16:Resolution results with an uncollimated (UTS) asllvas a collimated
transmission source (CTS) obtained for transmissioages acquired using a 2 mm thick
lead strip. (a) The FWHM and (b) FHTM values ar®wh for different detector source
distances (DSD) with no scatter medium as well ifis scatter medium placed between the
detector and the transmission source. Error barg displayed as twice the standard
deviation of the three repeated measurements.

At a lead edge detector distance of 1 cm there nwadifference in the resolution values
with an increase in detector source distance. dthditional scatter medium had no
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influence at this distance on the resolution valuég a lead detector position of 10 cm no
difference was seen in the resolution values withrerease in detector source distance
when no scatter medium was present and the uned#sntransmission source was used.
The FWHM shows a minor deterioration at a detesmurce distance of 20 cm when
scatter medium was added (12.6 mm vs. 12.1 mm wilescatter medium was added).
The resolution values obtained with the uncollirdateansmission source and a lead
detector distance of 10 cm, at all source detedistances shows a slight increase in
comparison to the values obtained with the colledaransmission source. This average
difference obtained for the FWHM values was 1.2 mithout scatter medium. When
scatter was added this average difference was 9 nFWTM values ranged from 15.9
mm to 29.3 mm when no scatter was present and 1®h mm to 31.1 mm with scatter
present. The FWTM values (Figure 5.16.(b)) showeimilar trend to the FWHM values
displayed in Figure 5.16.(a). These results cpord to similar findings obtained by Cao
and Tsui (1992). However the influence of diffareletector source distances was not
evaluated by Cao and Tsui (1992). At the leadtiposof 18 cm there was a significant
difference between the resolution values with anthaut the scatter medium present.
There was a marked decrease in the difference anthncrease in the detector source
distance. From the results mentioned it can becloded that the resolution of the
transmission images obtained with the uncollimatethsmission source with scatter
medium present, improved with an increase in theater source distance. The resolution
values obtained with the uncollimated transmisssonrce were also comparable to the
resolution values obtained with the collimated $rarssion source. This was caused by a
marked decrease in the resolution values with arease in the detector source distance,

while the values without the scatter medium rendhicenstant.

535 Detection efficiency

Figure 5.17 shows the detection efficiency for threcollimated source as well as the
collimated source. The collimated transmissiomrs® at a distance of 5 cm was used as

the reference value.
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Figure 5.17: Relative detection efficiency as a function déd@r source distances for the
uncollimated (UTS) as well as for the collimateahsmission source (CTS).

From Figure 5.17 it is evident that the detectifficiency for the uncollimated source was
2.5 times higher than for the collimated sourc&his will result in shorter transmission

imaging times for the same image quality.

536 Absorbed dose rate

The entrance absorbed dose rate for the collimsdacce remained constant at all detector
source distances (2.857 mGy/h), and this resultedn EAD¢ of 0.237 mGy for a
370 MBq Tc-99m collimated source acquired for 5.mircquisition time was 5 min for
the collimated and 2 min for the uncollimated traission source.The EAD rate and
sensitivity adjusted EAD (SEAD) for a 2 min acqti@ time using the uncollimated
source are given in Table 5.2.
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Table 5.2:Entrance absorbed dose (EAD) rate, sensitivityusidjd EAD (SEAD) and
relative EAD (READ) for the uncollimated transmigssource.

DSD EAD rate SEAD READ
(cm) (nGy/h) (LGy) (SEAD/EAD:)
20 919.55 30.30 131.12
40 305.99 10.08 43.63
60 62.31 2.05 8.88
80 26.32 0.87 3.75

The dose rate from the uncollimated source at ectimt source distance of 80 cm is only

3.75 times higher than that of the collimated traission source.

54 Discussion

In this study, the hypothesis that the scatter deitrease if the uncollimated transmission
source is placed further from the phantom and ttefom placed close to the detector was
tested. The optimum detector source and detgtantom distances using a novel
uncollimated radioactive paper transmission soweee evaluated for application during
planar transmission image acquisition. Resultsewsermpared to values obtained with a
collimated transmission source. Although the evadnawas done for planar imaging it is
also applicable to the projections acquired dulSRECT data acquisition. The printed
transmission source could easily be attached tcexasting gamma camera since no

additional heavy collimator or modification was vagd.

The results obtained from the acquired energy sp&dath the collimated and uncollimated
transmission source and the scatter percentagecabedithat for the uncollimated
transmission source and detector phantom distafic20ocm, the scatter contribution
increases with a decrease in detector source detan The results suggest that the
uncollimated transmission source would be mostéffe at distances of 60 cm and further

from the detector in order to minimise the detecttd scattered photons. The scatter can
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be kept to a minimum if the phantom is close to de¢ector. When an uncollimated
transmission source is used under different camulti the scatter present would result in an
underestimation of the attenuation and thereforevamestimation of activity quantification

during emission imaging.

The presence of scatter also reduces image spegialution. By using the uncollimated
source at detector source distaned® cm and detector phantom distanee) cm scatter

is reduced and image quantification and spatiadloéi®n should approach that obtained
with the collimated transmission source. It wasven when the detector source and
phantom source distances are increased to 60 crd@umth respectively, the attenuation
coefficient for the uncollimated transmission seuincreased to 0.168 + 0.002 ¢rin
comparison to the value of 0.170 + 0.001 cfor the collimated transmission source. An
increase in the detector source distance resuitad improvement in the resolution values
when measured in a scatter medium at the lead tdetdistances of 10 and 18 cm.
Therefore, at detector source distances of 60 crh larger the resolution using an
uncollimated transmission source compares well i resolution using a collimated
transmission source. The FWHM difference is 0rA.mThis is considered as acceptable
for transmission imaging with the purpose of applyian attenuation correction to
emission. The influence of the detector sourséadce on the resolution, as obtained with

the uncollimated transmission source, was not stuldy Cao and Tsi992.

It was shown that the detection efficiency of thecallimated transmission source was
nearly constant when the detector source distaDe&a(Set 1) was moved from 0 cm to
30 cm. The detection efficiency of the uncollietittransmission source was 2.5 times
higher than that obtained with the collimated traission source. Therefore, the
uncollimated transmission source could acquiresdimae number of image counts 2.5 times
faster than the collimated transmission source. he Teduction in the transmission
acquisition time will thus also reduce the absorbettance dose. The entrance absorbed
dose resulting from using an uncollimated transimssource will be 3.75 times larger

than obtained from a collimated source acquiredHersame number of counts, but is still
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acceptably low. The EAD for the uncollimated samssion source to acquire the same
number of counts as with a collimated scan wilDd&77 mGy at a detector source distance
of 80 cm. The published CT dose from SPECT/CTgimg is more than 4.6 mGy
(Hamanret al.2008) and can vary from 6 to 14 mSv (Bwtlal.,2008).

Potential advantages of a printed paper transmmssaurce are firstly that the intensity
distribution of the radioactive source can be medifto be suitable for a specific patient.
This will result in a more uniform transmission igeaof the patient. An important
advantage of the use of the printed paper trangmissource configuration is that the
distribution of activity in the source system igdeed to the attenuation in the human body,
minimizing the problem encountered when too fewntsware recorded in some pixels of
the transmission scan (Cellerral, 1998). Secondly the printed radioactive soware be
manufactured at low cost to evaluate the use deréift activity distributions in the
transmission source. An optimal activity disttibn can then be identified. In this study
Tc-99m was used for the preliminary evaluation ofumiform transmission source;
however, a long life radionuclide may be used dheerequired non-uniform configuration
has been determined. Thirdly the advantage efn@ollimated transmission source is that
older existing gamma cameras can be easily modibedllow for the attachment of the
printed transmission source, since the source aagin is light. Fourthly the photon-
flux detected with an uncollimated transmission reeuis much higher than when
collimation is used. The use of an uncollimatesh$mission source, due to the low cost,
ease of implementation, the higher detection &fficy and low absorbed entrance radiation
dose, is an appealing alternative source to be dseidg transmission imaging. The
findings of this study for planar imaging shouldsalapply to SPECT, since SPECT
reconstruction uses planar acquired images as idpat#.  Similar information is not

available from previously published data.
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Chapter 6

Evaluation of Scatter Corrected Transmission | mages

6.1 I ntroduction

The use of an uncollimated flood source for trassmon imaging was proposed in
Chapter 5. The flood source was obtained by ipgré Tc-99m ink solution onto a sheet
of paper using an inkjet printer as proposed by Btaderet al (2007). When using an
uncollimated transmission flood source, unwantededdscattered events in the acquired
transmission data, may lead to broad beam attemuetiefficient values. These unwanted
scattered events in the transmission data candoeed by increasing the detector phantom
distance (Van Stadeet al, 2010). Reducing the unwanted scatter photoos fthe
transmission data by increasing the detector phamlistance is limited due to the design
of the gantry systems of many Single Photon Enms§iomputed Tomography (SPECT)
gamma cameras. Therefore the removal of unwamsiEiter photons from the
transmission data acquired with an uncollimateddisource by employing a scatter
correction technique to the transmission datassmgle but practical method for obtaining
“narrow beam geometry” attenuation coefficient eslufor SPECT gamma cameras
(Kojimaet al.,200%).

The aim of this part of the study was to evalubte glanar performance characteristics of
an uncollimated printed transmission source afigplyang a scatter correction to the
acquired data. The planar performance charadtarist the uncollimated scatter corrected
transmission data were compared to the planar qesaioce characteristics of the
collimated transmission data. The applicationvad tifferent scatter correction methods,
the Triple Energy Window (TEW) and the Photon Emgeigecovery (PER) scatter
correction methods were compared as part of thislyst All the evaluations were
performed for planar studies only as the resultsbei directly applicable to SPECT. The
measurement of tomographic transmission data wippdrformed in Chapter 7.
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6.2 M aterial and methods

Data were acquired using a GE Starcam 400AT ganameeia fitted with a low energy all
purpose (LEAP) collimator as discussed in Chapt&egtion 5.2. All measurements were

repeated three times.

6.3 Energy spectra

Energy spectra data for Tc-99m photons (140 kedf)smitted through various thicknesses
(0 — 20 cm) of attenuating material were acquirédraious detector source distances
(20 cm, 40 cm, 60 cm and 80 cm) and at a detettantpm distance of 20 cm (Data Set 1).

The acquisition of the energy spectra was discuss€thapter 5, Section 5.2.

Data were obtained for the collimated transmissioarce at a detector source distances of
20 cm, 40 cm, 60 cm and 80 cm and at a detectantphmadistance of 20 cm (similar to
Data Set 1 in Chapter 5). The attenuating mateoiasisted of 19 Perspex plate each with
a dimension of 20 x 20 ¢nand a thickness of 1.07 cm. A single energy tspecfor each
image was obtained representing a region with ${ze 10 cm in the central area of the
Perspex plates. Energy spectra similar to thathapter 5 were obtained. The energy
spectra of the different pixels in that region wetanmed in order to get good statistical

information. All the acquired spectra data wesaected for Tc-99m time decay.

The data acquisition mode enable the user to azqmergy spectra data that comprise out
of ~ 0.5 keV energy channels from 0 keV to 500 keMhe summation of these energy

channels allows the user the freedom to set anybeuwf energy channels between 1 and
52 in the range of 126 — 154 keV as well as sadlemergy windows to the required energy

window width.
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6.4 Scatter percentage deter mination

6.4.1 Expected scatter percentage

The scatter percentage defined as the ratio ofesedtcounts to the total counts in the 20%
energy window was calculated for different thicksess of Perspex and expressed as a
percentage as was discussed in Chapter 5, Secighdnd is referred to as the expected
scatter percentage. The scatter contributionshe 20% energy window were also
obtained by applying two scatter correction aldons, the TEW and PER algorithms, to
the acquired data. The scatter percentages atddulising these algorithms are referred to
as the estimated scatter percentages.

64.2 Scatter per centage determination following TEW correction

An energy spectrum for each transmission image ifférdnt thicknesses of Perspex
representing a region with si2® x 10 cri was obtained according to Section 6.3. This
energy spectrum consisted of summed energy specpiels in the 10 x 10 chiregion.
The TEW scatter correction method was used to astirthe scatter contribution in the
energy spectra. The estimate scatter contribwtias compared with the expected scatter
value (Section 6.3) to determine the accuracy efsttatter estimation with the TEW scatter
correction method (Ogawat al., 1991). The TEW was discussed in Chapter 3,
Section 3.5.2.1.  For single-photon isotope studie sub-energy windoWign: to the
right of the photo-peak can be ignored (Ichihatral, 1993). Thus, for the modified TEW
scatter correction only two energy windoWé& andWpnotopeak CeNtred orEer = 121 keV
and Epnoto-peak = 140 keV respectively were set for each summeerggn spectrum,
(Figure 6.1).
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Figure 6.1: Energy spectrum with the two energy windowsy \lue) and VWhoto-peak

( ).

The TEW scatter correction estimates the numbescaftered photons within the photo-
peak window by using the number of counts acquinethe two energy window®\e; and
Whnoto-peak@S explained in Chapter 3, Section 3.5.2.1. Widkh (W) of the photo-peak and
left sub-energy window was set to 20% (28 keV) @f@ (9 keV) respectively (Kojimat
al., 20048). The scattered count€{ae) Were estimated according to Equation (6.1)

where Cpnoto-peak @Nd Ciert represent the counts in the photo-peak and ldftesiergy
window respectively.

C
Cscatter =K X( = ] prhoto— peak (61)

left

The subtraction factor K in Equation (6.1) was ®&et0.5 as was initially proposed by
Ogawaet al. (1991). The TEW scatter correction was alsouatald with K equals to 1.0
as suggested by Kojimet al. (2004) for transmission imaging with an uncollimatedoitb

source. The primary counts in the photo-peak awCyimary Were estimated by using,
Equation (6.2).
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Cprimary = Ct

C (6.2)

otal ~ “scatter

with Cioig the total number of counts in the photo-peak windd26 keV to 154 keV). The
TEW estimated scatter percentage in the 20% engirgyow was calculated as the ratio of
estimated scattered to total counts and expresse@ gercentage as discussed in
Section 6.4.1.

6.4.3 Scatter per centage deter mination following PER correction

Energy spectra for transmission data acquired withuncollimated flood source for
detector source distances of 20 cm, 40 cm, 60 ain8&ncm for different thicknesses of
Perspex were obtained as described in Section Bl8ee different pre-selected sub-energy
window settings namely (i) 52 windows of 0.5 keW) ® windows of 3 keV and (iii) 3
windows of 11 keV for the photo-peak (126 keV tal K&V) were selected.

The PER was used to estimate the scatter conwibutithe energy spectra. The estimated
scatter contribution was compared with the expectedtter value (Section 6.3) to
determine the accuracy of the scatter estimatidh tie PER scatter correction method
(Hannequin and Mas, 1998). The detected acquiegdmission energy spectrubES
was assumed to be a combination of energy comp®reemd energy impulse response
functions EIR) as explained in Chapter 3, Section 3.5.2.2. nmFExguation (3.8) th®ES

was expressed as:

h
DES(E) = > a,EIR,(E) (6.3)
e=|
wherel=116 keVandh=140 ke\Wwere photo-peaks of the lowest and higlgRs contributing
to the photo-peak energy windoagwas thee-th energy component artf, the sub-energy
window width used to sample the energy spectruns, almcated values of 0.5 keV, 3 keV

and 11 keV. The reconstructed energy spectREg(was calculated by using the Gaussian
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distribution of theEIR of the GE Starcam 400AT gamma camera accordingqgtoation
(6.4).

"RES= zh: "a,EIR, (6.4)

Only theEIRsfrom 116 to 140 keV that contribute significanttythe spectral acquisition
window were included in the summation. The sqoéatbe difference between tRESand

DESwas used to determine the optimum solution foreitpeation.

From the solution oRESthe estimated primary and scattered energy speoud be
determined. The PER estimated scatter percerftag@a 20% energy window was
calculated for different thicknesses of Perspex detector source distances of 20 cm,
40 cm, 60 cm and 80 cm as the ratio of estimatattesed to total counts and expressed as

a percentage as discussed in Section 6.4.1.

6.5 Attenuation coefficient deter mination

6.5.1 Attenuation coefficient

Attenuation coefficient values were determined mglaned in Chapter 5, Section 5.2.3.
Energy spectra obtained at various detector sadistances ranging from 20 cm to 80 cm
were used to determine the attenuation coeffiaziahtes for Perspex. The total counts in a
20% energy window were plotted against the thickri#erspex for each acquired energy
spectrum. An exponential function was fittedhe tounts at increasing thicknesses. The
values calculated from these exponential functiame the uncollimated attenuation
coefficient values. Attenuation coefficient vaduerere also obtained for the collimated
transmission source at detector source distanc28 om, 40 cm, 60 cm and 80 cm. These
values should correspond to the “narrow beam gegthattenuation coefficient value for
Tc-99m through Perspex which is 0.170trand are referred to as the collimated

attenuation coefficient values.
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6.5.2 Attenuation coefficient deter mination following TEW cor rection

The TEW attenuation coefficient values were caleaddrom the estimated primary counts
after subtracting the estimated scatter countsaioéd from the TEW scatter correction,
from the total counts of each energy spectrum famous thicknesses (0 — 20 cm) of
Perspex as explained in Section 6.5.1. Theseailesdd values were determined at each
detector source distance ranging from 20 cm tor8@ued would be referred to as the TEW

estimated attenuation coefficient values.

6.5.3 Attenuation coefficient deter mination following PER correction

The PER attenuation coefficient values were catedldrom the estimated primary counts
after subtracting the estimated scatter countsaiodéd from the PER scatter correction,
from the total counts of each energy spectrum fanous thicknesses (0 — 20 cm) of
Perspex as explained in Section 6.5.1. Theseaillesdd values were determined at each
detector source distance ranging from 20 cm tor8@&uid would be referred to as the PER

estimated attenuation coefficient values.

0.6 Results

The average results of three measurements are flveaprted unless stated differently.
The average and standard deviation of the restiltsecthree individual measurements are
available in Appendix D, E, F and G.

6.7 Energy spectra

Figure 6.2 shows energy spectra acquired with aollimated flood source for thicknesses

of 0 cm, 5cm, 12 cm and 20 cm of Perspex for detesource distances of 20 cm and a
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fixed detector phantom distance of 20 cm. Thesgiiged energy spectra for the various
thicknesses of Perspex were normalized to 100@ké¥.

120 1
100 -
80 -
60 -

40 4

Normalized counts (%)

20 A

40 60 80 100 120 140 160 180

Energy (keV)

=—0cm —5cm 12cm =20 cm

Figure 6.2:Energy spectra normalized to 100 at 140 keV fo®3%0+ photons transmitted
through various thicknesses of Perspex at a datsctarce distance of 20 cm and detector
phantom distance of 20 cm.

From Figure 6.2 it is clear that for a detector reeudistance of 20 cm the scatter
contribution increases with an increase in thektess of the Perspex material from 0 cm

to 20 cm.

Figure 6.3 shows the average energy spectra obtdorethe uncollimated transmission

source through 0 cm, 5 cm, 12 cm and 20 cm of R&rap a detector source distance of
80 cm and a fixed detector phantom distance ofn20 &nergy spectra were normalized to
100 at 140 keV. From Figure 6.3 it is clear tioaita detector source distance of 80 cm the
scatter contribution did not increase with an iasee in the thickness of the Perspex

material.
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Figure 6.3:Energy spectra normalized to 100 at 140 keV fo®Jer photons transmitted
through various thicknesses of Perspex at a datsctarce distance of 80 cm and detector
phantom distance of 20 cm.

Figure 6.4 shows the primary and expected scattenergy spectra calculated from the
measured energy spectrum transmitted through 20fdPerspex at a detector source and a
detector phantom distance of 20 cm.
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Figure 6.4:Primary and scattered energy spectra obtained ftbentotal energy spectrum

transmitted through 20 cm of Perspex for a detecdource and a detector phantom
distance of 20 cm.
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The measured energy spectrum was normalized t@tl@80 keV. It was also note from
Figure 6.4 that the peak position of the measurestgy spectrum acquired for 20 cm of
Perspex shifted from 140 keV to 138 keV.  Thiskpahift can be attributed to the

numerous first order scatter events which wereatieteat 20 cm of Perspex at a detector
source distance of 20 cm.

6.8 Scatter percentage deter mination

6.8.1 Expected scatter percentage

The expected scatter percentages obtained for enspgctra acquired using an
uncollimated transmission flood source is showFRigure 6.5. These are the same results

as were shown in Chapter 5, Figure 5.10, Data S&pendix A, Table Al.
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Figure 6.5:Expected scatter percentage obtained for energyctep acquired using an
uncollimated transmission source (UTS). The valaes given for detector source
distances of 20 cm, 40 cm, 60 cm and 80 cm forplegrsf different thicknesses (0 - 20 cm)
placed between the detector and the transmissiorceo

The results were obtained for detector source s ranging from 20 cm to 80 cm for
different thicknesses of Perspex (0 — 20 cm). Haespex plates were placed between the

detector and the uncollimated transmission floodre® The data obtained show an
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increase in the expected scatter percentage withcagase in the thickness of Perspex.

is also evident from Figure 6.5 that the expectedtter percentagemcreased as the
detector source distances decreased.

It

The erpscadter percentage was below 19%
when the detector source distance was increaséd &md 80cm. The maximum standard
deviation obtained for the expected scatter peaggnthat was calculated for the three data

sets that were repeated was 1.9% indicating a gepobducibility in the measurement.
See Appendix A, Table Al.

6.8.2 Scatter per centage determination following TEW correction

Expected and estimated scatter percentages calduhath the TEW scatter correction are
shown in Figure 6.6 and are tabulated in AppendjxTBble D1 and Table D2.
expected scatter percentages are the same astitts shown in Figure 6.5.
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Figure 6.6:Expected and TEW estimated scatter percentagesilasd for correction
factors K=0.5 and K= 1.0 for different thicknessd#sPerspex for detector source distances

(DSD) of 20 cm, 40 cm, 60 cm and 80 cm respectively
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The TEW estimated scatter percentagesre calculated for K=0.5 and K=1.0 for
thicknesses of Perspex ranging from 0 cm to 20@nuétector source distances of 20 cm,
40 cm, 60 cm and 80 cm respectively. For K=0el#drgest absolute difference between
the expected and TEW estimated scatter percentages 23%, 17%, 13% and 9% for
20 cm, 40 cm, 60 cm and 80 cm of the Perspex ragpBc The corresponding values for
the differences between the expected and TEW esithnscatter percentages for K=1.0
were 13%, 10%, 8% and 5%. From the results daar that for all the detector source
distances the absolute differences between the EElvhated scattered percentages and
the expected scattered percentages are smaller Kviagas set tdl.0. The small standard
deviations (< 2.9) for the TEW estimated scattercgatage obtain from three separate
measurements when K was set equal to 0.5 and bW 8tat the both these techniques
present reproducible scatter estimates for detectorce distances of 20 cm, 40 cm, 60 cm
and 80 cm, Appendix D, Table D1 and Table D2.

6.83 Scatter per centage deter mination following PER correction

Expected and estimated scatter percentages cadulath the PER scatter correction are
shown in Figure 6.7 and are tabulated in AppendiX&ble E1, Table E2 and Table E32.
The expected scatter percentages are the same @sthts shown in Figure 6.5. The PER
estimated scatter percentageere calculated for 52, 9 and 3 energy windowsvanying
thicknesses (1-20 cm) of Perspex for detector godistances of 20 cm, 40 cm, 60 cm and
80 cm respectively. When 52 and 9 sub-energy ovusdof width 0.5 keV and 3 keV each
were selected over the photo-peak (126 — 154 kie®/)argest absolute difference between
the expected and estimated scatter percentagesWéte 4%, 11% and 10% (using 52
windows) and 12%, 3.5%, 13%, and 10% (using 9 wwsJdor detector source distances
of 20 cm, 40 cm, 60 cm and 80 cm respectively. ekvbnly 3 sub-energy windows of
width 11 keV each was selected over the photo-eaklargest difference between the
expected and estimated scatter percentages were Z%%9%, 5% for detector source

distances of 20 cm, 40 cm, 60 cm and 80 cm.
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Figure 6.7:Expected and PER estimated scatter percentageg &dn9 and 3 energy
windows (W) respectively. These scatter percestadptained for different thicknesses of

Perspex (0 — 20 cm) are shown for detector souistamcegDSD) of 20 cm, 40 cm, 60 cm
and 80 cm respectively.

The large standard deviations (< 15.0) obtainedttierPER estimated scatter percentage
from the three separate measurements show a larggnee in the technique when 52, 9
and 3 pre-selected sub-energy windows were seldgipdndix E, Table E1, Table E2 and
Table E3. This large variance in the PER techmioicate that the technique is more
unstable than the TEW technique.

6.9 Attenuation coefficient deter mination

691 Attenuation coefficient

The attenuation coefficient values were calculatenn the average of three separate
measurements. The attenuation coefficient vabidgined for detector source distances of
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20 cm, 40 cm, 60 cm and 80 cm for different thidges (0 — 20 cm) of Perspex placed
between the detector and the uncollimated transmnis®urce are shown in Figure 6.8.

0.180 -
0.175
0.170 -
0.165 -
0.160 -
0.155 -

0.150 -

Attenuation Coefficient (cm-)

0.145 -

0.140 . : . . . . . . ;
0 10 20 30 40 50 60 70 80 90
Detector Source Distance
==UTS CTS

Figure 6.8:Uncollimated, uncorrected (UTS) and collimated samssion source (CTS)
attenuation coefficient valueg)(for energy spectra acquired using an uncollimasdvell
as a collimated transmission source. The valuesgiven for different detector source
distances with Perspex placed between the detaotbthe transmission sources.

Results obtained with the collimated transmissionrse are also shown in Figure 6.8.
The results for the three separate measurementis€f@ttenuation coefficient values (&mn
for the uncollimated and collimated transmissiomrse for Data Sets 1 are shown in
Appendix B, Table B1 and Table B4. From Figui@ i.is evident that the attenuation
coefficient values for the uncollimated transmisssmurce increase with an increase in the
detector source distance. For the collimatedstrassion source the attenuation coefficient
values are constant and are independent of theesalatector distance. The dependency
of the attenuation coefficient values from the d&tesource distance can be attributed to
the scatter contribution which decreases as theesaletector distance of the uncollimated

transmission source increases as was discussetiinrs6.3.2.1.
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6.9.2 Attenuation coefficient deter mination following TEW correction

Figure 6.9 shows the TEW (K=0.5 and K=1.0) estimattenuation coefficient values)(

obtained for the uncollimated transmission soutweugh 20 cm of Perspex at different
detector source distances (20 cm, 40 cm, 60 cnBAntm) and a fixed detector phantom
distance of 20 cm (data set 1). Results for datal obtained with the collimated

transmission source are also shown in Figure 6.9.
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Figure 6.9: Collimated transmission source (CTS) and TEW esé@ichaattenuation
coefficient values ) for energy spectra acquired using a collimated vasll as an
uncollimated transmission source. The values gixen for different detector source
distances with Perspex placed between the detaotbthe transmission source.

The results for the average for the three separaasurements for the TEW estimated
attenuation coefficient values (Sincalculated for the correction factors K=0.5 aneltQ

for the uncollimated (UTS) as well as the collinthteansmission source for data sets 1 are
shown in Appendix F, Table F1 and Table F2 and AppeB, Table B1 respectively.
From Figure 6.9 it is evident that the TEW estirdaé¢tenuation coefficient values (K =
0.5) underestimate the collimated attenuation azefft values (0.170 + 0.001 chat
detector source distances of 20 cm (0.155 + 0.603,040 cm (0.163 + 0.003 ¢t and 60

cm (0.168 + 0.002 cil). It can be seen from Figure 6.9 that this uesiémation of the
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collimated attenuation coefficient value was absdgr detector source distance of 80 cm
(0.170 + 0.004 c).

From Figure 6.9 it can be seen that the TEW attémueacoefficient values (K = 1.0)
obtained at detector source distances of 20 cn60+10.001 crit) and 40 cm (0.167 +
0.001 cn?) underestimate the collimated attenuation coeffici values. This
underestimation of the collimated attenuation domfiit value was absent at detector
source distances of 60 cm (0.170 + 0.001"cand 80 cm (0.171 + 0.001 &in

These results confirm what was reported by Kojigtaal (2004) that transmission
imaging with an uncollimated transmission sourcavjates accurate attenuation coefficient
values when the TEW scatter correction method w8as with a subtraction factor K equal
to 1.0.

6.9.3 Attenuation coefficient deter mination following PER correction

Figure 6.10 shows the PER estimated attenuatioffideat values f) obtained after

applying the PER scatter correction for 52, 9 anguB-energy energy windows to the
acquired uncollimated transmission data. = Thesenaation coefficient values were
obtained for detector source distances of 20 cng060 cm and 80 cm respectively.
Results for the collimated transmission sourceadse shown in Figure 6.10. The results
for the three separate measurements for the PERadstl attenuation coefficient values
(cm?) calculated for 52, 9 and 3 pre-selected sub-gnesigdows for the uncollimated

(UTS) as well as the collimated transmission sofwc®ata Sets 1 are shown in Appendix
G, Table G1, Table G2 and Table G3 and AppendixT&hle Bl respectively. The

attenuation coefficient values were calculated fraimee average of 3 separate

measurements.
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Figure 6.10:Collimated (CTS) and PER estimated attenuationfficoent values «)
obtained for energy spectra acquired using a cated as well as an uncollimated
transmission source. PER results are given foecelg 52, 9 and 3 windows respectively
The values are given for different detector soutistances with Perspex placed between
the detector and the transmission source.

From Figure 6.10 it is clear that the PER estimatenuation coefficient values (W = 3)
underestimate the collimated attenuation coefficiedues (0.170 + 0.001 ¢hat detector
source distances of 20 cm (0.150 + 0.003*5d0 cm (0.158 + 0.005 ch and 60 cm
(0.167 + 0.003 ci). At a detector source distance of 80 cm (0.27M004 cnt) the
underestimation of the collimated attenuation dowffit value by the PER estimated

attenuation coefficient value was absent, (Figut®¥%

It can be seen from Figure 6.10 that the PER estnattenuation coefficient values (W =
9) underestimate the collimated attenuation caefficvalues at detector source distances
of 20 cm (0.165 + 0.004 ch), 40 cm (0.165 + 0.003 cfrand 60 cm (0.169 + 0.004 &

At a detector source distance of 80 cm (0.170 8 @n’) the PER estimated attenuation
coefficient value was in good agreement with thiéroated attenuation coefficient value.

The PER estimated attenuation coefficient valudsioned for 52 pre-selected sub-energy

windows at detector source distances of 20 cmCand 60 cm were 0.166 + 0.004tm
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0.164 + 0.003 ci and 0.169 + 0.004 cirespectively, (Figure 6.10). At a detector
source distance of 80 cm the PER estimated attenuabefficient value (0.173 + 0.008

cm?) overestimated the collimated attenuation coefiti

6.10 Discussion

In this study the possibility of using an uncollid@ flood source along with an appropriate

scatter correction technique for planar transmisgimaging was evaluated.

A number of studies have shown that transmissiompeted imaging could be done
successfully with uncollimated flood or sheet sesi@alko et al., 1986; Bailey, 1987)
The advantage of this configuration is that thedlsource fully irradiates the detector and
requires no source motion. Uncollimafexbd or sheet sourcdsmve the disadvantage that
a high number of scattered photons are acquirg¢deinransmission data due to the broad-
beam imaging conditions. The attenuation coeffiti values obtained from the
uncollimated flood source would be lower than tlaues calculated from a collimated
flood source. This limitation can be overcomechilimating the transmission source to
produce a geometry that more accurately represemtew beam geometr o and Tsui,
1992. By using a collimated flood source the advgataf a higher photon flux along
with little or no modifications to the gantry ofedlgamma camera would be losEor this
reason a number of studies have been done to ttysalve the problem of using an
uncollimated flood source for transmission imag{E®jima et al., 2004; Malko et al.,
1986; Bailey, 1987Cao and Tsui, 1992).

In a study done by Van Stadest al. (2010) it was shown that for an uncollimated
transmission source at a distance of 60 cm fromgdmama camera detector and 40 cm
from a phantom (~20 cm in diameter) the scatterrdmutton to the acquired transmission
image was negligible. Unfortunately for transnaas computed tomography these
acquisition parameters are not always feasibletduanitations in the design of gamma

cameras. Therefore instead of increasing thecttgteource distance, a scatter correction
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could be used to remove unwanted scattered phdioms the transmission images
acquired with an uncollimated flood source (Kojietaal.,20040). Two scatter correction
techniques, the TEW and PER, were used in thisydtuevaluate the accuracy of scatter
estimations as well as the attenuation coefficiealues after applying these scatter
corrections to the acquired transmission data. jinkoet al. (2004) successfully
employed the TEW scatter correction technique tooree unwanted scattered photons
from the transmission images which were acquireti wn uncollimated transmission line
source array. Unwanted scatter photons were vedhsuccessfully from the acquired
transmission images by employing a subtractionofaktequal to 1.0 instead of the usual
0.5 as proposed by Ogawatal. (1991). No clear explanation was provided byilajet

al. (2004) for the more accurate scatter estimation thatedained when the subtraction
factor K equal to 1.0 instead of 0.5 was used. otAer limitation of the study done by
Kojima et al. (2004) was that all the measurements were done at defigctor source
distance as well as at a fix source phantom distanc

In this study we have used an uncollimated priritedd source along with the TEW and
PER scatter correction techniques to conduct traassom imaging at detector source
distances which ranges from 20 cm to 80 cm. Toeiracy of the two scatter correction
technigues were evaluated by comparing the expectddestimated scatter percentages as
well as the expected and estimated attenuationficeets after applying the scatter
corrections to the acquired transmission data. e €Rpected scatter and attenuation
coefficient values were calculated by using annaté¢ion coefficient value obtained from a

collimated transmission flood source.

From Figure 6.2 it is clear that the uncollimatethfed source causes a large number of
scattered photons in the transmission images atexir source distance of 20 cm. The
ratio of the scatter photons to the primary photooseased as the thickness of the Perspex
increased from 0 cm to 20 cm of Perspex and tloi®ase in the ratio of the scattered to the
primary photons could give inaccurate attenuatioafficient values. This increase in

scatter with increase in the thickness of the atiing medium was absent at a fix source
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detector distance of 80 cm as shown in Figure 6A3scatter energy peak between 134 keV
and 136 keV within the photo-peak of Tc-99m wasrfed at a detector source distance of
20 cm. At a detector source distance of 20 cnmptiwo-peak position shifted from 140
keV to 138 keV due to the large number of small@asgattered events that were generated
as the 140 keV photons pass through the Persp&xXarge number of these small angle
scattered photons have passed through the LEAPnetdir and were accepted within the

photo-peak window.

From Figure 6.5 it is clear that the expected scgbercentages have increased as the
detector source distances decreased for thicknemsgisg from 0 cm to 20 cm of Perspex.
From these results it is evident that a scatterection is needed to correct for unwanted

scattered photons that were included in the acduresmasmission images.

The largest absolute difference between the exgeeted TEW estimated scatter
percentage (23%) was observed when the subtrafetador K was set t®.5 at a detector
source distance of 20 cm for 20 cm of Perspex. s@&iing the subtraction factor K equal to
1.0 the corresponding difference between the erpeand the TEW estimated scatter
percentage at a detector source distance of 20 &snl®% for 20 cm of Perspex. This
smaller absolute difference between the expectddreanTEW estimated scatter percentage
when the subtraction factor K was raised from (R.5) to (K = 1.0) is in accordance with
what Kojimaet al (2004) reported when they used an uncollimated lineyas@urce
along with the TEW scatter correction. From thevpus results it is evident that for
transmission imaging with an uncollimated flood re@uat a detector source distance of 20
cm the TEW scatter correction (K = 0.5) underestanthe number of scatter photons
which were included in the transmission image. isTunderestimation of the number of
scatter photons by the TEW scatter correction tegctencan be contributed to the large
number of small angle scattered photons which wemerated and accepted within the
photo-peak window at a detector source distance2®fcm. We found that the
conventional TEW scatter correction technique with= 0.5 was not sufficient to

compensate for unwanted scatter photons includedransmission data using the
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uncollimated printed flood source and proposedue of a subtraction factor K = 1.0 for

transmission imaging.

For the PER scatter correction technique at deteciorce distances of 20 cm, 40 cm and
60 cm there were no significant differences betwiberexpected scatter percentage and the
PER estimated scatter percentage values calculdatbb2 and 9 pre-selected sub-energy
windows. At detector source distances of 20 crd 48 cm, where large numbers of
scatter photons were present in the acquired tri@sgm images, the PER estimated scatter
percentages with 52 and 9 pre-selected sub-enemgyows compared favourable to the
expected scatter percentage values. When onhg-3glected sub-energy windows were
selected the PER estimated scatter percentage estidesited the measured expected
scatter percentage with 20% at a detector sourstardie of 20 cm. This large
underestimation between the expected and TEW dstthsratter percentage at a detector
source distance of 20 cm can be contributed tanstability of the PER scatter technique

when only 3 energy windows were selected over tiegpeak window.

From the results in this study it is evident thdtew a subtraction factor K 8.5 was
selected the TEW scatter correction underestimdte scatter contribution in the
transmission images acquired with an uncollimatedd source. This underestimation of
the amount of scatter in the acquired transmissitages at detector source distances of
20 cm and 40 cm has provided estimated attenuatiefficient values of/( = 0.155 crif,

1 = 0.163 crit) which were lower than the attenuation coefficiealue (¢ = 0.170 crit) as
determined with a collimated flood source as déscriin Chapter 5. At detector source
distances of 60 cm and 80 cm the underestimatigheotollimated attenuation coefficient
value by the estimated attenuation coefficient @alwere absent due to the small amounts
of scatter photons which were present and correfdedy the TEW scatter correction
technique. By applying the TEW scatter correctroathod with a subtraction factor
K=1.0 the accuracy of the attenuation coefficiemlues obtained from the acquired
transmission images showed an improvement from50ch®' to 0.166 crit and 0.163 ci

to 0.167 crit for detector source distances of 20 cm and 40 espectively. These
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attenuation coefficient values compare favourablthwhe value for Tc-99m through
Perspex(u =of 0.170 crif) which was calculated for the collimated transinissflood
source. At a detector source distance of 60 cenuhderestimation of the estimated

attenuation coefficient value was absent.

PER attenuation coefficient values calculated fitbin primary energy spectra at detector
source distances of 20 cm and 40 cm with 9 andréa@lected sub-energy windows were
slightly lower than the value for Tc-99m throughrdpex ( =of 0.170 crit) which was
calculated for the collimated transmission floodirse. For 3 pre-selected sub-energy
windows the PER attenuation coefficient value atsdiat 20 cm detector source distance
was lower than the value for Tc-99m through Pergpexof 0.170 crit) obtained for the
collimated flood source. At detector source dises of 60 cm and 80 cm the PER
attenuation coefficient values obtain with 52, 8d &8 pre-selected sub-energy windows
were in good agreement with the values obtainethi®scollimated flood source.

This study showed that scattered photons can ssfotlgsbe removed from transmission

images acquired with an uncollimated printed flemlirce by applying an appropriate
scatter correction technique to the acquired datdne adjustment which was made to the
subtraction factor from K = 0.5 to K = 1.0 for th&W scatter correction technique has led
to an improvement in the estimated scatter pergentend TEW attenuation coefficients
values obtained after applying the TEW scatter emtion to the acquired transmission
images. From the results of the PER scatter cooretechnique it was evident that when
only 3 pre-selected sub-energy windows was used thve photo-peak for scatter

estimation an underestimation of the collimatedrataition coefficient value was obtained.
Although 9 pre-selected sub-energy windows overpheto-peak has provided a more
acceptable estimation of the scatter percentagePdti®l attenuation coefficient values,
hardware and software limitation to the acquisiteomd processing workstations of old
gamma cameras as well as poor counts statistickaraper the successful implementation

of the PER scatter correction technique on theg&stations.
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In the next chapter the modified TEW scatter cdroecwith a subtraction factor (K = 1.0)

will be used along with an uncollimated printechsmission flood source to investigate the
accuracy of an uncollimated flood source duringhgraission computed tomography.
Non-uniform radioactive distributions of the pridtgansmission flood source will also be
investigated in order to shorten the transmissmguisition time and/or solve the problem

encountered with poor statistical counts duringtecaubtraction.
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Chapter 7

Attenuation Correction in SPECT using an Uncollimaed
Printed Flood Source

7.1 Introduction

Single Photon Emission Computed Tomography (SPEEN) be used extensively in
diagnostic nuclear medicine for qualitatively asg&g radiopharmaceutical distributions in
vivo (Bloklandet al., 1992; Tsuiet al., 1994). A major limitation on both qualitativach
quantitative SPECT is inaccuracy due to incorrexhpgensation for attenuated photons
(Ficaro et al., 1996). Initially attenuation correction algbnts were based on the
assumption that the body is a uniform attenuati@diom (Chang1978; Glick and Xia
1997). Although these algorithms are easy to @amgnt they are not suitable for non-
uniform regions of the bodyK({ng et al., 1996). To correct for attenuation in these non-
uniform parts of the body exact information abdé attenuation coefficients for a specific

radionuclide and tissue type must be known.

The need to perform transmission computed tomogr&p8T) in our clinic has led to the
development of an in-house transmission systenthierexisting gamma cameras in our
clinic. It was shown that a transmission systernictv employs an uncollimated
transmission flood source can be implemented withomgamma camera modifications
and would fit on most gamma cameras. In a stushedy Van Stadeet al. (2007) it has
been demonstrated that high quality flood sourees lee created with a standard inkjet
printer. An important advantage of a printed papEnsmission source is that the activity
distribution can be modified to be patient specific This patient specific activity
distribution would provide a more uniform transnossimage of the patient than a uniform
transmission source. A more uniform transmissimage from an uncollimated non-
uniform printed flood source would lessen the peabl encountered with uniform

transmission flood sources when too few counts rasorded in some pixels of the
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transmission scan. A printed radioactive soue also be manufactured at low cost to
evaluate the use of different activity distribusom the transmission source. Tc-99m
would be used for the preliminary evaluation; howrea long life radionuclide may be used
once a suitable, non-uniform source distributios baen determined. Although major
advantages such as low cost, minor or no camerafioaitbns and high yield of an

uncollimated transmission source are well knownrttegor limitation of an uncollimated

transmission source is the scattered photons intrdmesmission data and the higher
radiation dose to the patient (Cao and Tsui, 199%)such an uncollimated transmission
source is employed for TCT imaging, accurate scatt@rection is needed to obtain
quantitative SPECT values (Ogawtaal., 1997). Although Van Stades al. (2010) has

shown that the scatter contribution in a phantonplanar studies can be limited by
increasing the distance from the uncollimated taasion source to the imaging object or

applying a scatter correction, these phenomenadiaseen tested by us in TCT studies.

The aim of this study was to evaluate the transomssmages acquired using an
uncollimated printed non-uniform radioactive tramssion source fixed onto a commercial
rotating dual-head gamma camera. The imagingachenistics and calculated attenuation
coefficients were investigated in phantom studigsltering the source phantom distance
and/or applying a scatter correction to the tragsmn images.

7.2 Material and methods

The transmission flood source was constructed feosolution of 3 ml of black ink and

0.4 ml of Tc-99m mixed to a concentration of ab@@8 MBg/ml.  This mixture was

administered into the ink container of the inkjehfer (Hewlett-Packard DeskJet 1220 C)
as explained in Chapter 4, Section 4.2.1. Theonm@nstraint of a uniform transmission
flood source is that too few counts are often réedrin some pixels in the centre of a
patient’s transmission image. This was partlyroeme by depositing higher amounts of
activity at the centre of the printed flood soutcereate a non-uniform transmission flood

source as explained in Chapter 4, Section 4.2.3%his non-uniform distributed activity
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would provide a higher photon yield at the centr¢he FOV, where the attenuation from
the scanned object is normally greater. The nafeum flood source was printed on an
A3 size, 297x420 mmpaper. The dimensions of the printed area ofribie-uniform
flood source were 10x420 im A uniform flood source with similar dimensioas the

non-uniform flood source was also constructed.

Acquisition of transmission data

TCT data was acquired with a dual-headed gamma reaf®@emens MultiSPECT I,
Hoffman Estate, Chicago, IL) linked to a nucleardmme computer system (Siemens
ICON Power PC8100), (Figure 7.1).

Figure 7.1: A Semens MultiSPECT Il tomographic camera with affixed transmission
source.

This dual-headed gamma camera is utilize in oumiclfor SPECT studies and was
therefore used for the evaluation of TCT data aeguwith a printed flood source. The
printed transmission flood source was attachethéddw energy, high resolution (LEHR),
parallel-hole collimator of one of the 180° fixeduadthead detectors (transmission
detector). The transmission detector was switadfednd not used to acquire data. All
TCT studies were acquired with the opposite detedmquisition detector) using a
128 x 128 word matrices through 360°, (Figure 7.2).
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q----- Acquisition detector

-4 --------- Object on table
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q----- Transmission detector

Figure 7.2:A tomographic dual-head gamma camera with a transmission source attached

to the collimator of the transmission detector. A transmission image is acquired with the
opposite (acquisition) detector.

The pixel size of the imaging matrix was 4.8 mrihe transmission data was acquired in
64 projections as this is what is clinically beinged for SPECT studies. The acquired
transmission data was corrected for scatter by eymy the Triple Energy Window
(TEW) (Ogawaet al., 1991) technique (20% main energy window at 140U,K7% lower
sub-energy window and 0% upper sub-energy windoity) & subtraction factor (K = 1.0)
as proposed by Kojimat al. (2004) and confirmed from planar transmission data
Chapter 6. To obtain an attenuation map congistfrattenuation coefficients for Tc-99m,
two separate transmission image sets were acquitbdhe acquisition detector. The first
set of images was acquired with the object of e@gein the FOV of the gamma camera.
This set of images is referred to as the transonssnage set. The second set of images
was acquired with no object in the FOV of the gantamera. This image set is referred

to as the reference image set.

Processing of transmission data

Each transmission projection was corrected fortecaty using the TEW scatter correction
method as explained in Chapter 3, Section 3.5These scattered corrected transmission
projections were converted to line integral pramts using Equation (3.3) as describe in
Chapter 3, Section 3.3.1. Using the ordered s$sibsxpectation maximization
reconstruction method described in Chapter 2, &e@&i5.1 the sum of the attenuation

coefficients along each line of response were tleeonstructed to obtain a reconstructed
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image consisting of attenuation coefficients. t&x subsets and one iteration were used
to reconstruct the images.

7.2.1 Planar uniformity with system rotation

For most tomographic gamma cameras, an extringforamty correction map for each
collimator is acquired and applied to all the aocgdi tomography images. The
photomultiplier tubes within the detector of thengaa camera are sensitive to changes of
heat, drifting electronics, instable power suppyveell as the magnetic field of the earth
(Hines et al., 2000).  Photomultiplier tubes performance cti@mstics can therefore
change as a function of angle of the gamma canmaectr which can lead to changes in
uniformity with rotation. Changes in uniformityitiv rotation can introduce non-
uniformities in the reconstructed images. A testthe assessment of the stability of
uniformity with gantry rotation was done by attagia uniform printed sheet source to the
collimator of one of the detectors of the MultiSPE@ gamma camera.  Sixteen
projections were acquired over a 360° circulartorbia 64 x 64 acquisition matrix. For
each projection image 9 million counts were acqliresulting in a statistical error of ~2%
per pixel.  The uniformity as well as the vaatiin the total counts in each projection
was calculated to determine the stability of thengea camera with rotation. The integral
and differential uniformity figures for each of tié projection images were calculated as
prescribe by NEMA (2001).

7.2.2 Resolution of the reconstructed TCT images

The system resolution was evaluated by using apBersylindrical phantom (Data
Spectrum Corp., Chapel Hill, NC) with a diameter2@cm, (Figure 7.3). This phantom
provided a means of evaluating the reconstructedl Tr€solution of the printed
transmission flood source. The phantom was imag#tbut water which created an air-
to-Perspex object contrast. The inserts of trenfim consisted of five different size solid
spheres and rods. The diameters of the five sgheere 12.7 mm, 15.9 mm, 19.1 mm,
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25.4 mm and 31.8 mm. The 88 mm long rods weranged in six pie-shaped sectors,
with each sector having the same diameter. THellmmeters were 4.8 mm, 6.4 mm, 7.9
mm, 9.5 mm, 11.1 mm and 12.7 mm, and the centoemire spacing between the rods was

twice the diameter.

Figure 7.3: A Perspex cylindrical phantom (Data Spectrum Corp., Chapel Hill, NC)
containing solid rod and spheres inserts.

To evaluate transverse resolution, the phantom asiasted with the rods parallel to the
axis of rotation (AOR) of the detector. The pluentwas attached onto a steel pole and
positioned parallel to the AOR at the centre oétion (COR) of the camera. A 185 MBq
non-uniform flood source, printed as describe irmagthr 4. Section 4.2.1, was attached to
the collimator of the transmission detector. Da&e acquired with the transmission and

acquisition detector at different positions as¢atiéd in Table 7.1.

The transmission detector with the non-uniform dlamurce was position at a distance of
30 cm from the COR. Two sets of transmission iesagf the Perspex rod phantom were
acquired with the dual-head gamma camera as dedanbSection 7.2 with the acquisition
detector set at fixed distances of 30 cm (DatalSknd 15 cm Data Set 1-2) respectively
from the COR.
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Table 7.1Distance measurements as obtained for each data set.

TCT Data Set Transmission Detector with  Acquisition Detector

transmission source

Data Set 1-1 30 cm from the COR 30cm from the COR
Data Set 1-2 30 cm from the COR 15 cm from the COR
Data Set 2-1 15 cm from the COR 30cm from the COR
Data Set 2-2 15 cm from the COR 15 cm from the COR

The count rates for all the tomographic acquisgiahd not exceed that which would
produce an 8% dead time loss. The time per piiojeevas set at 20s per projection and
was adjusted to give the same total counts initeegrojection for all configurations. A
primary energy window of 15% centred over the Tm98hoto-peak was used. As the
phantom was imaged without water to provide gogedailrontrast no transmission scatter
lower sub-energy window was utilized for this expemt. All projections were corrected

using linearity and energy correction files.

Reference transmission images, without the pharaondhtable pallet, were also acquired
for each transmission acquisition detector distaasedescribed above. The time per
projection for the reference scans was the samefomsthe transmission images.

Transmission projections were converted to atteomgbrojections and reconstructed as

explained in Chapter 3, Section 3.3.1.

7.2.3 The contribution of scattered photons in TCT images

The scatter contribution from the uncollimated fdthtransmission source was evaluated
with a Perspex phantom (Data Spectrum Corp., ChidpeINC) similar to the phantom
described in Section 7.2.2. For this experiméstihserts of the Perspex phantom were
removed and the cylindrical phantom (22 cm in direwas filled with water. To
evaluate the contribution of scattered photons,tidigly sealed, water filled cylindrical
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phantom was attached onto a steel pole and positiparallel to the AOR at the COR of
the SPECT camera, (Figure 7.4).

m.a).mmmn‘

Figure 7.4:A water filled cylindrical phantom attached onto a steel pole and positioned
parallel to the AOR at the COR of the gamma camera.

A 185 MBg non-uniform flood source, printed as d#sed in Section 7.2.2, was attached

onto the collimator of the transmission detectofwo sets of transmission images of the
water filled phantom were acquired with the acdiasi detector set at a fixed distance of
15 cm from the COR. For each acquisition thegmaigsion detector with the flood source

was set at a fixed distances of 15 cm and 30 cpeotisely from the COR as describe in

Section 7.2.2 and similar to Data Set 2-2 and [3&tal-2 as described in Table 7.1. The
time per projection was set at 30 s per projectidfar these transmission images a primary
energy window of 20% centred over the Tc-99m (1dU)kphoto-peak as well as a lower

sub-energy window of 7% centred over 126 keV weseduas explained in Chapter 3,

Section 3.5.3.

Reference transmission images, without the phargndtable pallet, were also acquired
for each transmission-acquisition detector distaaxdescribed in Section 7.2.2. The time
per projection for the reference scans were theesagrfor the transmission images. Each

transmission projection was corrected for scatteajpplying the TEW scatter correction
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technique (K = 1.0) to the acquired transmissioagas as explained in Chapter 3, Section
3.5.3. These scatter corrected transmission imaggs then converted to attenuation

projections and reconstructed as explained in @n&ptSection 3.3.1.

For the two transmission-acquisition detector agunations, a reconstructed transaxial
slice 4.8 mm thick was created, through which anltlsick profile was drawn. The mean
attenuation coefficient in a large circular ROI @5fixels) drawn in the centre of the
transmission images was obtained and the erroresged as the standard deviation of the

attenuation coefficient.

7.2.4 TCT of a human head phantom

The accuracy of the attenuation coefficients ofummén head phantom was evaluated by
using the head portion of the RANDO phantom (Aldarfkesearch Laboratories Inc.,
Stamford, CT). This phantom consist of 2 cm thétikes of a human adult dried skull,
filled with and surrounded by tissue-equivalent enial (Alderson Research Laboratories),
(Figure 7.5).

Figure 7.5:Transaxial computed tomography scans of head and neck portion of RANDO
anthropomor phic phantom.

135



A 185 MBg non-uniform flood source, printed as ddsed in Section 7.2.2, was attached
onto the collimator of the transmission detectdk. set of transmission images of the head
portion of the phantom was acquired with the adtjars detector set at a fixed distance of
15 cm and the transmission detector with the fleodrce set at 30 cm from the COR as
described in Section 7.2.2 and similar to DatalS2tas described in Table 7.1. The time
per projection was set at 30 s per projection anutirmary energy window as well as a

lower sub-energy window were used as explainecotién 7.2.3.

Reference transmission images, without the pharandtable pallet, were also acquired
similar to Data Set 1-2 as described in Table 7The time per projection for the reference
scans were the same as for the transmission imageach transmission projection was
corrected for scatter and these scatter correctatsrhission images were converted to

attenuation projections and reconstructed as exgadlain Section 7.2.3.

For the transmission-acquisition detector configara a transverse slice of one pixel thick
(4.8 mm) was created. The mean attenuation coefti of the brain tissue was measured
from ROIs drawn on five transverse images. Therdas expressed as the mean standard
deviation of the attenuation coefficients withie tROIs.

7.3 Results

7.3.1 Planar uniformity with system rotation

The average uniformity parameters of the flooddfiehages obtained at 16 different angles
using a uniform printed Tc-99m flood source wasulated according to NEMA for the
central field of view (CFOV). The integral unifoity was 5.27 + 1.30% for the printed
Tc-99m flood source. The standard deviation iaigis a small angular variation of the
uniformity.  The total counts were obtained foclkegrojection and normalized to the
counts of the first projection. The average @& tbtal counts for the different projections
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was 100.50 + 0.26% for the Tc-99m study. The bstahdard deviation indicates that the

gamma camera was stable with rotation.

7.3.2 Resolution of the reconstructed TCT images

The tomographic resolution was evaluated afternsiraction of images obtained with the
DelLuxe 5000 Data spectrum phantom. The transaxiafjes of the resolution phantom

are shown in Figure 7.6.
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Figure 7.6:(a) The transaxial images of the solid Perspex spheres and rods obtained with
the transmission detector set at a distance of 30 cm and the acquisition detector at a
distance of (a) 30 cm (Data Set 1-1) and (b) 15 cm (Data Set 1-2) from the COR.

With both the transmission and acquisition detecadrdistances of 30 cm from the COR
(Data Set 1-1) four of the five solid Perspex sphaf the resolution phantom were visible
Figure 7.6.(a). @ The smallest visible sphere hadiaaneter of 12.7 mm. At these
transmission-acquisition detector distances northe§ix sectors of the Perspex rods could
be distinguished. All five solid Perspex sphevesre visible when the transmission
detector was kept at a fix distance of 30 cm aedaitquisition detector was moved to a fix
distance of 15 cm from the COR (Data Set 1-2), (f@g/.6.(b)). With the acquisition
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detector at a fix distance of 15 cm from the CORsix sectors could be distinguished
(Figure 7.6.(b)). The rods with diameters of 9.5 mrml.1 mm and 12.7 mm could be
identified separately (Figure 7.6.(b)). This nibe resolution which was obtained with an
increase in the acquisition detector distance ftbenCOR corresponded with the results
that were founded by Cao and Tsui, (1992) for plamansmission imaging and was

confirmed by the resolution results obtained in @2ea5, Section 5.3.4.

From these results it is evident that TCT resofutigth an uncollimated flood source is
dependent upon the distance between the objecthendcquisition detector and not the
distance between the transmission source and fleetas was reported by Cao and Tsui,
(1992).

7.3.3  The contribution of scattered photons in TCT images

The first set of acquired transmission projectianith the transmission detector set at a
distance of 15 cm from the COR (Data Set 2-1) was/erted to attenuation projections
and reconstructed as explained in Section 7.ZE8r the 4.8 mm thick reconstructed slice a
mean attenuation coefficient of 0.103 + 0.01I'cfor water was obtained—(), (Figure
7.7). This measured mean attenuation coeffidf@ntvater was lower than the published
value of 0.149 cr for 140 keV photons (Browat al., 2008) but it compares favourably
with the attenuation coefficient value for waterO®B cm') obtained for an uncollimated
transmission flood source as published by Badegl. (1987). This significant difference
between the measured and published attenuatiorficteef value for water can be
attributed to the large number of scattered photenish were generated and accepted in

the photo-peak window at small source phantom nitets.

The next step was to apply the TEW scatter coordiK = 1.0) to the transmission images
acquired with the transmission detector set ak aitance of 15 cm from the COR (Data
Set 2-1). These scatter corrected transmissicages were converted to attenuation
projections and reconstructed as explained in &egt2.3. A mean attenuation
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coefficient of 0.148 + 0.013 cfnwas obtained for a reconstructed transaxial sifogidth
4.8 mm (), (Figure 7.7). This measured mean attenuati&fficient for water compare
favourably with the narrow beam linear attenuatoefficient value for water for 140 keV
photons (0.149 ci) as reported by Browet al., (2008).
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Figure 7.7:Reconstructed attenuation coefficient images of the water filled cylindrical
phantom along with profiles through the images using an uncollimated, non-uniform,
printed sheet source at detector source distances of 15 cm (Data Set 2-2) and 30 cm (Data
St 1-2) and the acquisition detector at a distance of 15cm with and without the TEW
scatter correction.

For the second set of acquired transmission plojesivith the transmission detector set at
a fix distance of 30 cm from the COR (Data Set It mean attenuation coefficient
obtained for water for the 4.8 mm thick reconstdcttransaxial slice was 0.126
+0.010 cm' (—), (Figure 7.7).. Although this attenuation cazént value was lower
than the published narrow beam linear attenuatoaificients value for water for 140 keV
photons (Browret al., 2008), it compares favourably with the attenuatoefficient value
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for water obtained for an uncollimated transmisglond sources as published by Baikty
al. (1987).

The TEW scatter correction with a subtraction fa&€cset equal to 1.0 was applied to the
transmission images acquired at a set distanceDaihBfrom the COR (Data Set 1-1).
These scatter corrected transmission images wereeded to attenuation projections and
reconstructed as explained in Section 7.2.3. Aamattenuation coefficient of
0.149 + 0.011 ci was obtained for a 4.8 mm thick reconstructedeskdé the water
phantom {-), (Figure 7.7). This measured mean attenuatiogfficent for water

compare favourably with the attenuation coefficieraue for water (0.149 ch) as
reported by Browrt al., (2008) which was obtained with a collimated Ter@8ource.

7.3.4  TCT of a human head phantom

The mean attenuation coefficients for the braisugsof the head of the RANDO phantom
for Data Set 2-1 measured from ROIs drawn on fraedverse images of one pixel thick
was 0.159 + 0.01 cth This measured mean attenuation coefficienbfain tissue was

lower than the published value for brain tissud@.cm') for 140 keV photons (ICRU

report, 1989). The percentage difference of 1i@8tween the measured attenuation
coefficient value and the value documented by IG&Eimilar to the percentage difference
(2%) which was reported by Browat al., (2008) for attenuation coefficient values
measured with 140 keV photons. This underestonatf the attenuation coefficient value
for brain tissue at 140 keV can be due to the &cdhienergy resolution of the gamma

camera and the partial energy deposition of ganaysiwhich produces background noise.

7.4 Discussion

Accurate attenuation maps are important for quatnte SPECT imaging. The feasibility

of using an uncollimated printed flood source téedmine accurate attenuation maps for
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transmission imaging was evaluated in this chapterthis study we have presented a new
design for a transmission source and evaluatedqtredity of the attenuation maps
generated with this source. An important advaatad this uncollimated printed
transmission system is that it can be used witlsiror dual-head SPECT gamma camera
systems and little or no modifications to the gandystem of the gamma camera is
required. The low cost non-uniform printed soufge the transmission system can be
constructed with an inkjet printer and will providehigh photon yield due to no source
collimation. A high photon yield will allow theser to lower the source activity or

conduct fast transmission imaging.

The small standard deviations that were obtained th@ uniformity values during
tomography indicate a small angular variation of tmiformity values. These small

standard deviations indicate that the detectorstase with rotation.

The tomographic spatial resolution results obtaimeth the uncollimated transmission
flood source are comparable to the resolution tesalitained by Du Raagt al., (2000)
with a scanning line source with parallel hole icadition. All five spheres as well as three
of the six sectors containing the Perspex rods wisible with the emission detector at a
fix distance of 15 cm from the COR. The tomograpatial resolution has deteriorated
when the emission detector distance increased ffoiem to 30 cm from the COR. At 30
cm none of the Perspex spheres or rods were visibi®m these results it is clear that the
tomographic spatial resolution for TCT with an uliotated flood source is dependent on
the distance of the emission detector from the fmar{detector phantom distance) and not
of the transmission detector from the phantom (detesource distance). Similar spatial

resolution results were reported by Cao and TE202) for planar transmission imaging.

The accuracy of the attenuation coefficient valaeguired with TCT was evaluated for a
cylindrical Perspex phantom filled with water. oRr the results, it was clear that the
attenuation coefficient values of water obtainedhwiCT increased as the distance

between the uncollimated transmission source arel Rlerspex phantom increased.
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Although the attenuation coefficient values showimgrease by increasing the distance
between the transmission source and the Perspexgohddetector phantom distance) the
attenuation coefficient value for water as reportgd Brown et al., (2008) was still
underestimated with the transmission detector #t distance of 30 cm from the COR.
This underestimation of the attenuation coefficieaue can be contributed to the limited
effective source to phantom distance of 19 cm. er&@lwas however a marked increase
(0.103 + 0.011 ci vs. 0.126 + 0.010 ¢t in the attenuation coefficient values as the
effective transmission source to phantom distanceeased from 4 cm to 19 cm. This
lower attenuation coefficient value of water for TGt an effective source phantom
distance of 19 cm obtained with an uncollimateddlcsource can be attributed to the
number of scattered events which were presentaratiguired transmission images at the
source phantom distance of 19 cm. These reswdis similar to the results reported by
Van Stadenet al., (2010) for attenuation coefficients values obtainfd planar
transmission imaging with an uncollimated printddofl source at source phantom

distances < 40 cm.

This limitation of the distance between the trarssioin source and the object is a limitation
to many commercial SPECT gamma cameras. Thigeldmsource phantom distance
which can be obtained with most commercial SPEQTfirga cameras has emphasized the
need to perform accurate scatter correction to tlaesmission data acquired with
uncollimated flood sources during TCT. The attdimn coefficient values for the water
filled Perspex phantom acquired with the transroissietector at distances of 15 cm (0.148
+ 0.013 cnt) and 30 cm (0.149 + 0.011 &nfrom the COR compared favourably to the
value of water as reported by Browen al., (2008) after applying the TEW scatter

correction (K = 1.0) to the transmission images.

After applying the TEW scatter correction techniquith a subtraction factor K=1.0 to the
transmission projections of the head portion of RANDO phantom the mean attenuation
coefficients for the brain tissue values were daled. From these results it was evident

that the attenuation coefficient values for theirbasssue were slightly underestimated.
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This underestimation can be attributed to an ursdienation of the scatter contribution in
the transmission images acquired with an uncolieadlood source.

Although many different solutions to attenuatiomreotions have been proposed, practical
obstacles exist in the routine clinical implemeiotatof attenuation correction. One of the
problems is that the geometry of SPECT detectomss dwt always lend itself to the

performance of transmissions scans. Even if #@mgtry is accommodating, custom
hardware modifications to the gantry are necessaryrder to accommodate these
transmission scans. Such hardware changes ae bélyond the capability of many

nuclear medicine departments due to the high cesived. Furthermore the gantry of the
gamma camera does not always permit major modiicat One proposal would be to use
a transmission configuration that requires no madlifons to the existing gantry system.
In our clinic the gamma camera has dual imagingdets fitted with high resolution

parallel-hole collimators. It has been shown thia¢ scatter contribution in the

transmission images can be limited by increasiregg ghantom source distance. This
scatter limitation by increasing the phantom soutt#ance was not possible with the
SPECT system used in this study due to the 18@dfidetectors. This scatter limited
technigue would be possible in a SPECT system evithdetector or a SPECT system with

an open gantry and would be worth investigatingraalternative for transmission imaging.

Our suggestion of using an uncollimated printeddnaission source along with a modified
version of the TEW scatter correction technique canduct TCT was performed
successfully in this study. Acquisition softwasbich allows more pre-selected energy
windows to be used would permit the user to empddtgrnative scatter correction
techniques such as the PER technique describeldaptér 6. The transmission source has
been primarily designed for SPECT imaging, but rohayapplied for planar imaging, or in
quality control procedures.
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Summary

Several factors influence the quality of Single ®hoEmission Tomography (SPECT) images.
The most prominent of these are the effect of é@ssiltenuation and radiation scatter.
Attenuation may leado artefacts and quantitative inaccuracies in rstanted images,
occurrenceshat are particularly disturbing in clinical stuslisuch as myocardial perfusion
imaging because of the highly non-uniform compositof tissue in théhorax region. The
importance of accurate compensation for attenuaéfiactsin SPECT is already widely
recognized and several studies have demonsttasdimage quality can be considerably
improved by incorporatingttenuation correction into an iterative recongtaucmethod. The
main aim of this study was the production and estadm of an uncollimated printed

transmission flood source along with a scatterezion for transmission imaging.

In our clinic there is currently no mechanism aafalié for radionuclide transmission imaging
and the need to perform transmission computed toapby (TCT) has forced us to investigate
the possibility of developing a transmission systiemthe existing older generation gamma
cameras in our clinic. Transmission flood sourtmsthe available gamma cameras were
designed and produced in-house by printing thecgsuon paper with a digital inkjet printer.
Due to the negligible weight of a printed paperrseuolder existing gamma cameras can easily
be customized to allow transmission imaging by gisam uncollimated printed transmission
flood source. By using a scatter correction ¢eradg the distance between the transmission
source and the patient the large number of scdtignetons in the transmission data due to the
uncollimated transmission flood source can be &ohit The production process of the printed

sources and their application for transmission imggvere evaluated in this study.

It was shown that the deposition of the amountagdlioactivity for transmission sources could
be predicted to an acceptable level. This imdication that the amount of printed activity was
reproducible. The uniformity of the printed sa@sccompared well to the uniformity values

obtained with a commercial Co-57 flood source iatliy acceptable printing uniformity. It
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was also shown that joining two printed A4-sizergbans to create a larger composite phantom
does not significantly affect the uniformity attach We have demonstrated that affordable
flood sources can easily be created in any depattwigere a standard PC and inkjet printer are
available. It should therefore be possible t@meany size and source distribution, suggesting
that routine extrinsic uniformity corrections coldé performed on gamma camera using such
printed radioactive flood sources. In this stutlhas also been demonstrated that any
distribution of radioactivity in the printed floaburce can be attained by using an inkjet printer

fitted with a cartridge filled with a mixture ofkrand radioactivity.

The detector source and detector phantom distamoerse the least scatter and the best spatial
resolution were obtained by using a novel uncolledgprinted radioactive paper source were
determined for planar transmission imaging.  Althlo the evaluation focused on planar
imaging it is also applicable to the projectiongjiced during SPECT data acquisition.  As
mentioned before the printed transmission sourcédoeasily be attached to an existing gamma
camera since no additional heavy transmissionmoation or major modification to the gantry
of the gamma camera was necessary to perform trssism imaging. From the results
obtained with the uncollimated transmission flomdirses, the estimated scatter percentages
indicated that the scatter contribution in the aiaglienergy spectra increased with a decrease in
the detector source distance. It was shown thiathfe smallest possible detector phantom
distance, the scattered photons in the acquiredrrssion image was limited at detector source
distances greater than 60 cm. At these distaiheeattenuation coefficient value obtained for
the uncollimated transmission source compared faade to the value obtained with the
collimated transmission source. From these resui$ evident that transmission imaging with
an uncollimated transmission source at detectorceadistances of less than 60 cm would result
in an underestimation of the attenuation coefficiaiues due to the presence of a large number
of scattered photons in the acquired transmissioages. An underestimation of the
attenuation coefficient values will result in aneosstimation of activity during emission image

quantification.

147



Although scatter lowers the contrast and detemsranage quality, the planar spatial resolution
values measured with an uncollimated printed flsodrce have shown a small improvement
when the scatter was decreased by increasing teetdesource distance from 20 cm to 80 cm.
At these distances the spatial resolution valuesgsured with and without a scatter medium
present, compared favourably with the values obthinsing a collimated transmission flood
source. The spatial resolution values obtained am uncollimated printed flood source shown
a marked deterioration with an increase in thealetgohantom distance at fixed detector source
distances (20 cm — 80 cm). The constant deteetficiency which was observed when the
uncollimated transmission source was moved fronrmOt@ 30 cm from the gamma camera
detector was reduced with a factor of 2.5 whensihierce was collimated. An uncollimated
non-uniform transmission source would provide highetection efficiency than a uniform
collimated flood source which would reduce the $raission acquisition time. A reduction in
the transmission acquisition time is highly dedieain order to reduce the total imaging time
and exposure to the patient.

From the above results it is clear that the scattertribution in the transmission images
acquired with an uncollimated flood source can ib@téd by increasing the detector source
distance. A detector source distance larger 8taem is not always possible on all SPECT
gamma cameras and therefore a possible solutidimggroblem would be to apply a scatter
correction to the transmission data acquired whih wncollimated flood source. The Triple
Energy Window (TEW) and Photon Energy Recovery (P&dtter correction techniques were
used to remove scattered events from the trangmisisita acquired with the uncollimated flood

source.
The TEW scatter correction technique was modifigatianging the subtraction factor K from
0.5to 1.0. This resulted in more accurate scatecentages as well as attenuation coefficient

values after applying the TEW scatter correctiahtéque to the transmission data.

The PER scatter correction techniqgue was evalubjedelecting different numbers of sub-

energy windows to obtain the energy spectrum. sélected sub-energy windows were always
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selected to include the Tc-99 photo-peak. The rermbf selected sub-energy windows were 3,
9 and 52. Selecting only 3 sub-energy windows otlex photo-peak resulted in an
underestimation of the scatter contribution as aslthe attenuation coefficient values obtained
from the transmission data. Although an increasenf3 to 9 or 52 pre-selected sub-energy
windows has led to more accurate scatter estimmt@md attenuation coefficients, larger
differences between the three data sets were @otaumen 9 or 52 sub-energy windows were
selected. These larger differences between tiee tihata sets show that the PER technique was
more unstable than the TEW scatter correction ntethleen more sub-energy windows were
selected. The instability of the PER techniquemvimore sub-energy windows were selected
indicates that the technique is more sensitiventallsvariations in the energy signal of the
gamma camera. Furthermore, due to computer satitations it is difficult or even
impossible to select large numbers (9 or 52) ofebrgy windows for SPECT data acquisition.
Selecting larger number of sub-energy windows &dsailted in reduced count statistics. Due
to all the above mentioned problems it was dectdagse the TEW scatter correction technique
instead of the PER technique for SPECT data.

Finally the feasibility to perform TCT was evaluatby using an uncollimated non-uniform
printed flood source along with a SPECT gamma cameFrom the results obtained with the
Deluxe Data Spectrum phantom with the resolutiseits it was clear that the tomographic
resolution obtained with the uncollimated printéabfl source was dependant on the distance of
the acquisition detector from the phantom and nothe distance between the transmission
source and the phantom. Although an increaseanphantom source distance has led to an
improvement in the attenuation coefficient valubgse values were still lower than the value
reported in literature due to the number of scattezvents present in the reconstructed slice.
The underestimation of the scatter contribution tiredattenuation coefficient values due to an
inadequate phantom source distance is a limitatbrmany commercial SPECT gamma
cameras. This underestimation of the attenuat@ificient values of the water filled phantom
was corrected for by applying the TEW scatter adioa with an adjusted subtraction factor (K

= 1.0) to the transmission data acquired with atoliimated printed flood source.
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This study showed that accurate attenuation coeficvalues could be obtained using an
uncollimated non-uniform printed transmission seuralong with an appropriate scatter
correction. These attenuation coefficient valuese obtained from TCT imaging with the

printed uncollimated flood source with no gamma eermodifications.
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APPENDIX A

Scatter Percentage (%Sc) in a 20% energy windowhftransmission source for various detector surc
distances for thicknesses of Perspex ranging framaD cm. The average and standard deviatiore¢ptd
for 3 measurements are given for Data Set 1 (TAb)e Data Set 2 (Table A2) and the collimated data
Data Set 1 (Table A4). Data Set 3 was only measoinee (Table A3).
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TABLE A1l: Scatter Percentage (%Sc) in the 20% energy windowData Set 1 for the uncollimated
transmission source for various detector sourcdatices (DSD) for thicknesses of Perspex (0 — 20 cm)
was calculated as the ratio of scattered to totalmts and expressed as a percentage.

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev % Sc Stdev
11 8.2 0.5 2.7 0.3 1.3 0.2 1.7 0.6
3.2 21.0 0.7 7.8 0.5 4.6 0.5 4.8 0.6
5.4 29.8 0.6 11.7 0.9 7.3 1.4 7.6 0.9
75 35.8 0.4 155 0.9 9.6 15 9.4 0.3
9.6 40.3 0.5 18.5 0.9 105 1.9 10.5 0.8
11.8 44.1 0.4 20.6 1.3 11.9 1.8 11.8 1.0
13.9 46.8 0.4 23.3 0.9 14.0 1.2 13.2 0.6
16.1 49.0 0.3 25.1 1.0 15.3 1.7 14.2 0.6
18.2 51.0 0.5 27.4 0.1 17.4 1.0 15.3 1.0
20.3 52.4 0.5 28.9 0.9 18.8 0.6 16.3 0.3

TABLE A2: Scatter Percentage (%Sc) in the 20% energy windowéata Set 2 for the uncollimated
transmission source for various detector sourceatlises (DSD) for thicknesses of Perspex (0 — 20 cm)
was calculated as the ratio of scattered to totalmts and expressed as a percentage.

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev % Sc Stdev
11 1.1 0.2 1.1 0.4 2.3 0.5 7.4 0.3
3.2 3.3 0.7 4.1 0.2 6.5 0.6 18.8 0.7
5.4 5.3 0.1 6.6 0.3 10.3 0.6 27.1 11
75 6.4 0.8 8.1 0.8 13.0 1.6 325 2.0
9.6 7.3 15 9.9 1.2 15.2 1.6 36.9 2.3
11.8 8.7 0.7 11.4 0.2 17.8 1.3 40.5 2.2
13.9 9.9 0.9 131 0.4 20.2 11 43.5 2.4
16.1 11.9 1.0 14.9 0.9 22.2 1.2 45.8 2.8
18.2 12.8 0.6 16.0 0.3 24.0 1.9 47.8 3.2
20.3 14.7 0.9 171 0.1 25.5 1.3 49.4 3.1
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TABLE A3: Scatter Percentage (%Sc) in the 20% energy windowéata Set 3 for the uncollimated
transmission source for various detector sourcdatices (DSD) for thicknesses of Perspex (0 — 20 cm)
was calculated as the ratio of scattered to totalmts and expressed as a percentage.

DSD (cm) 20 40 60 80
Thickness (cm) % Sc % Sc % Sc % Sc Avg Stdev
11 8.1 8.4 7.5 7.8 8.0 0.4
3.2 20.5 19.8 194 19.7 19.9 0.5
5.4 28.2 27.2 26.9 27.7 275 0.6
75 34.8 34.5 33.6 34.7 34.4 0.5
9.6 39.2 38.8 37.9 38.7 38.7 0.6
118 43.2 42.3 41.6 42.8 42.5 0.7
13.9 45.9 45.3 44.6 45.3 45.3 0.5
16.1 48.5 47.7 47.6 48.1 48.0 0.4
18.2 51.0 50.2 50.4 50.4 50.5 0.4
20.3 52.9 52.1 52.3 52.4 52.4 0.3

TABLE A4: Scatter Percentage (%Sc) in the 20% energy windowDfata Set 1 for the collimated
transmission source for various detector sourceatices (DSD) for thicknesses of Perspex (0 — 20 cm)
was calculated as the ratio of scattered to totalmts and expressed as a percentage.

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev % Sc Stdev
1.1 1.9 0.6 1.8 0.5 1.7 0.6 1.3 0.2
3.2 3.9 0.5 3.5 0.2 4.6 1.0 3.3 0.1
54 5.7 1.2 5.8 0.3 6.9 0.3 5.1 0.2
75 7.4 1.1 7.2 0.6 8.4 0.6 6.7 0.5
9.6 9.3 1.0 8.9 1.2 9.8 0.9 8.4 0.5
118 10.5 1.6 10.2 1.2 11.6 0.3 9.7 0.4
13.9 11.7 2.7 11.6 15 12.3 0.6 10.6 0.1
16.1 13.1 1.9 12.7 1.9 13.0 15 12,5 0.8
18.2 13.6 1.7 13.2 1.8 13.9 11 13.7 1.2
20.3 14.7 1.0 14.5 1.2 15.7 1.1 15.2 0.6
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APPENDIX B

The attenuation coefficient values as a functiordetiector source distances (DSD) for the transomssi
source for various detector source distances. aMesgage (Avg) and standard deviation (Stdev) for 3
measurements are given for Data Set 1 (Table Bdip Bet 2 (Table B2) and the collimated data faaDa
Set 1 (Table B4) and Data Set 3 (Table B6). Dat3Swas only measured once (Table B3) and the
collimated data for Data Set 2 (Tablewas only measured for a detector source distah8@ cm.
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TABLE B1: The attenuation coefficient values (§nas a function of detector source distances (D®D)
a detector phantom distance of 20 cm for the umoalied transmission source (UTS) for Data Sets 1.

DSD (cm) Avg Stdev % Stdev
20 0.141 0.003 1.823
40 0.160 0.002 1.501
60 0.167 0.003 1.721
80 0.168 0.003 1.632

TABLE B2: The attenuation coefficient values (&nas a function of detector phantom distances (DPD)
for a detector source distance of 80 cm for theollmoated transmission source (UTS) for Data Sets 2

DPD (cm) Avg Stdev % Stdev
20 0.171 0.000 0.102
40 0.169 0.000 0.034
60 0.164 0.001 0.520
80 0.144 0.000 0.175

TABLE B3: The attenuation coefficient values (Enas a function of detector source distances (DBD)
a source phantom distance of 0 cm for the uncotkehéransmission source (UTS) for Data Sets 3.

DSD (cm) Avg
20 0.142
40 0.143
60 0.143
80 0.143
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TABLE B4: The attenuation coefficient values (&nas a function of detector source distances (D®D)
a detector phantom distance of 20 cm for the calied transmission source (CTS) for Data Sets 1.

DSD (cm) Avg Stdev % Stdev
20 0.170 0.001 0.736
40 0.170 0.001 0.678
60 0.170 0.001 0.339
80 0.170 0.000 0.291

TABLE B5: The attenuation coefficient values (&nat a detector phantom distance (DPD) of 20 crafor
detector source distance of 80 cm for the colliddtansmission source (CTS) for Data Sets 2.

DPD (cm) Avg Stdev % Stdev
20 0.170 0.000 0.291

TABLE B6: The attenuation coefficient values (&nas a function of detector source distances (D®D)
a source phantom distance of 0 cm for the collichétansmission source (CTS) for Data Sets 3.

DSD (cm) Avg Stdev % Stdev
20 0.170 0.001 0.736
40 0.170 0.001 0.678
60 0.170 0.001 0.339
80 0.170 0.000 0.291
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APPENDIX C

Resolution results obtained with an uncollimatesh$mission source (UTS) and a collimated transonssi
source (CTS) obtained for transmission images aeduising a 2 mm thick lead strip. Average (AvQg)
and standard deviation (Stdev) for the full widgdfrmaximum (FWHM) and full width tenth maximum
(FHTM) for 3 measurements are given for the unowled transmission source (Table C1l) and the
collimated transmission source (Table C2) for ddfé detector source distances (DSD) with no scatte
medium as well as with scatter medium placed beatwiee detector and the transmission source.
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TABLE C1: Resolution results with an uncollimated transmissource (UTS) obtained for transmission
images acquired using a 2 mm thick lead strip. e F'WHM and FHTM values are shown for different
detector source distances (DSD) with no scatteriomecs well as with scatter medium placed betwhen t

detector and the transmission source.

Uncollimated transmission sour ce

No scatter medium

With scatter medium

FWHM (mm) FWTM (mm) FWHM (mm) FWTM (mm)
1 10 18 1 10 18 1 10 18 1 10 18
DSD (cm)

40 8.7 12.2 16.1 15.8 22.2 294  gg 12.1 17.4 16.0 220 316
60 8.8 11.9 16.1 16 21.8 29.3 8.8 12.2 16.5 16.1 222 30.1
80 8.7 11.9 15.7 15.9 21.7 288 gg 122 16.3 16.1 001 296

8.8 12.0 16.1 15.9 21.9 29.3 8.8 12.3 171 16.1 422 31.1

0.1 0.1 0.3 0.1 0.2 0.4 0.0 0.3 0.9 0.1 0.5 15

TABLE C2: Resolution results with an collimated transmisssairce (CTS) obtained for transmission
images acquired using a 2 mm thick lead strip. e F'WHM and FHTM values are shown for different
detector source distances (DSD) with no scatteriomecs well as with scatter medium placed betwhken t

detector and the transmission source.

Collimated transmission sour ce
(L ead sheet at 10cm from detector)

No scatter medium

With scatter medium

FWHM (mm) FWTM (mm) FWHM (mm) FWTM (mm)
:m)
20 11 20 11.2 20.4
40 109 19.8 115 20.8
60 10.9 20 11.3 20.6
80 10.9 19.8 11.4 20.8
10.9 19.9 11.4 20.7
0.0 0.1 0.1 0.2
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APPENDIX D

Triple Energy Window (TEW) estimated Scatter Petages (%Sc) calculated for different subtraction
factors (K) in the 20% energy window for Data Sdbidthe uncollimated transmission source for vasio
detector source distances (DSD) for thicknesseRPeaspex (0 — 20 cm). The average and standard
deviation (Stdev) for 3 measurements are giveiKfo0.5 (Table D1) and K = 1.0 (Table D2).
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TABLE D1: TEW estimated Scatter Percentages (%Sc) calculaegubtraction factor K=1.0 in the
20% energy window for Data Set 1 for the uncolliedatransmission source for various detector source
distances (DSD) for thicknesses of Perspex (0 €i@Pwas calculated as the ratio of scattered taltot
counts and expressed as a percentage.

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev %Sc  Stdev
11 21.3 11 5.8 0.3 54 0.6 5.5 1.0
3.2 34.7 15 6.5 0.3 55 0.7 5.6 1.0
5.4 41.0 14 7.3 0.3 5.8 0.7 5.6 1.0
7.5 44.5 1.6 8.2 0.2 6.0 0.6 5.7 1.0
9.6 47.2 2.1 9.3 0.4 6.4 0.7 6.0 1.0
11.8 48.5 2.2 10.5 0.2 6.8 0.7 6.3 0.9
13.9 51.2 2.3 11.6 0.2 7.3 0.7 6.5 1.0
16.1 52.8 2.2 12.8 0.2 7.9 0.6 7.0 11
18.2 54.2 2.9 13.8 0.2 8.2 0.7 7.3 1.0
20.3 55.1 2.5 15.0 0.4 9.0 0.5 7.4 0.7

TABLE D2: TEW estimated Scatter Percentages (%Sc) calcull@aedubtraction factor K=0.5 in the
20% energy window for Data Set 1 for the uncolliedatransmission source for various detector source
distances (DSD) for thicknesses of Perspex (0 €i@Pwas calculated as the ratio of scattered taltot
counts and expressed as a percentage

DSD (cm) 20 40 60 80
Thickness (cm)
11 10.7 0.5 2.9 0.1 2.3 0.3 2.7 0.5
3.2 174 0.7 3.2 0.2 2.4 0.3 2.8 0.5
5.4 20.5 0.7 3.6 0.2 25 0.3 2.8 0.5
75 22.2 0.8 4.1 0.1 2.7 0.3 2.9 0.5
9.6 23.6 1.1 4.6 0.2 2.8 0.4 3.0 0.5
118 24.3 1.1 5.2 0.1 3.0 0.3 3.1 0.4
13.9 25.6 1.1 5.8 0.1 3.2 0.4 3.2 0.5
16.1 26.4 1.1 6.4 0.1 3.6 0.3 35 0.5
18.2 27.1 1.4 6.9 0.1 3.8 0.3 3.7 0.5
20.3 27.5 1.2 7.5 0.2 4.2 0.3 3.7 0.3
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APPENDIX E

Photon Energy Recovery (PER) estimated scatteeptages (%Sc) calculated for different pre-selected
sub-energy windows (W) for a 20% energy windowtfee uncollimated transmission source for various
detector source distances for different thicknesgeBerspex (0 — 20 cm). The average and standard
deviation (Stdev) for 3 measurements are givenWer 52 (Table E1), W = 9 (Table E2) and W = 3

(Table E3)
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TABLE E1: PER estimated Scatter Percentages (%Sc) calcufates? sub-energy windows in the 20%
energy window for Data Set 1 for the uncollimateansmission source for various detector source
distances (DSD) for thicknesses of Perspex (0 €i@Pwas calculated as the ratio of scattered taltot
counts and expressed as a percentage.

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev % Sc Stdev
1.1 11.7 1.2 8.2 3.4 2.0 1.4 15 2.9
3.2 21.1 1.6 12.0 7.2 2.3 1.3 1.8 3.3
5.4 25.1 1.7 14.5 8.5 2.7 0.8 1.9 3.6
75 29.3 2.1 17.3 10.0 3.5 0.9 1.4 2.6
9.6 33.7 0.8 20.4 13.6 4.0 2.0 1.4 2.6
11.8 37.0 1.8 22.5 12.7 3.7 1.2 2.3 4.2
13.9 37.4 1.1 23.1 14.0 4.6 2.6 2.8 5.0
16.1 37.9 0.5 23.4 14.2 3.6 0.9 2.0 35
18.2 39.3 3.2 23.9 134 5.0 3.7 2.0 2.9
20.3 42.0 2.7 24.8 15.1 6.1 3.8 7.9 3.6

TABLE E2: PER estimated Scatter Percentages (%Sc) calcufatrefl sub-energy windows in the 20%
energy window for Data Set 1 for the uncollimateansmission source for various detector source
distances (DSD) for thicknesses of Perspex (0 €m@Pwas calculated as the ratio of scattered taltot

counts and expressed as a percentage

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev %Sc  Stdev
11 10.1 1.1 6.6 3.0 1.7 0.8 1.1 2.1
3.2 18.9 1.2 10.5 6.8 1.8 0.6 1.2 2.3
5.4 23.7 1.6 13.3 8.6 2.3 0.1 1.3 2.3
75 27.6 11 15.8 10.5 2.7 0.2 1.0 1.9
9.6 31.2 0.3 19.0 12.2 3.0 1.4 1.0 1.8
11.8 334 0.3 19.9 14.0 2.7 0.4 1.7 3.1
13.9 34.7 0.4 22.2 12.2 3.5 1.2 2.0 3.1
16.1 36.0 1.2 22.2 14.1 3.5 0.6 1.8 25
18.2 36.6 2.6 22.2 12.4 5.1 4.6 2.1 1.9
20.3 40.1 3.6 26.9 15.0 4.1 2.1 3.9 0.8
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TABLE E3: PER estimated Scatter Percentages (%Sc) calcufate8 sub-energy windows in the 20%
energy window for Data Set 1 for the uncollimateansmission source for various detector source
distances (DSD) for thicknesses of Perspex (0 €i@Pwas calculated as the ratio of scattered taltot

counts and expressed as a percentage

DSD (cm) 20 40 60 80
Thickness (cm) % Sc Stdev % Sc Stdev % Sc Stdev % Sc Stdev
11 13.0 0.4 10.3 2.1 8.0 0.7 7.1 1.2
3.2 19.8 0.5 13.2 5.6 8.0 0.5 7.2 1.2
5.4 23.6 0.6 151 7.6 8.1 0.3 7.0 1.0
7.5 26.2 0.6 16.5 8.9 8.0 0.4 7.0 1.2
9.6 27.8 0.5 175 9.8 8.1 0.4 7.2 0.9
11.8 28.9 0.4 18.3 10.2 8.4 0.5 7.4 11
13.9 29.9 0.3 19.2 10.6 8.3 0.2 7.7 0.7
16.1 30.2 0.3 19.6 10.6 8.6 0.3 7.9 0.6
18.2 30.7 0.7 20.0 10.5 8.7 0.4 8.3 0.7
20.3 30.8 0.5 20.3 104 8.9 0.1 8.9 0.3
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APPENDIX F

The Triple Energy Window (TEW) estimated attenuaiwoefficient values as a function of detector seur
distances (DSD) calculated for different subtrattiactors (K) for a detector phantom distance ofc&0
for the uncollimated transmission source (UTS)Data Set 1. The average (Avg) and standard deniat
(Stdev) for 3 measurements are given for K= 0.%l@&1) and K = 1.0 (Table F2).
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TABLE F1: The TEW estimated attenuation coefficient valugs'calculated for the subtraction factor
K=0.5 as a function of detector source distanceSD) for a detector phantom distance of 20 cm fer th
uncollimated transmission source (UTS) for DatesSet

DSD (cm) Avg Stdev % Stdev
20 0.155 0.002 1.494
40 0.163 0.003 1.623
60 0.168 0.002 1.241
80 0.170 0.004 2.376

TABLE F2: The TEW estimated attenuation coefficient values')calculated for the subtraction factor
K=1.0 as a function of detector source distanceSQpfor a detector phantom distance of 20 cm fer th
uncollimated transmission source (UTS) for DatesSet

DPD (cm) Avg Stdev % Stdev
20 0.166 0.001 0.754
40 0.167 0.001 0.691
60 0.170 0.001 0.340
80 0.171 0.001 0.289
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APPENDIX G

The Photon Energy Recovery (PER) estimated attemuabpefficient values as a function of detector
source distances (DSD) calculated for different-gaected sub-energy windows (W) for a detector
phantom distance of 20 cm for the uncollimateddnaission source (UTS) for Data Set 1. The average
(Avg) and standard deviation (Stdev) for 3 measem are given for W= 52 (Table G1), W = 9
(Table G2) and W = 3 (Table G3)
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TABLE G1: The PER estimated attenuation coefficient values'fas a function of detector source
distances (DSD) for a detector phantom distanc20oém for the uncollimated transmission source (UTS
for Data Sets 1 calculated for 52 pre-selected snbrgy windows.

DSD (cm) Avg Stdev % Stdev
20 0.166 0.004 2.40
40 0.164 0.003 1.83
60 0.169 0.004 2.37
80 0.173 0.008 4.62

TABLE G2: The PER estimated attenuation coefficient values'fas a function of detector source
distances (DSD) for a detector phantom distanc20oém for the uncollimated transmission source (UTS
for Data Sets 1 calculated for 9 pre-selected subrgy windows.

DPD (cm) Avg Stdev % Stdev
20 0.165 0.004 2.42
40 0.165 0.003 1.81
60 0.169 0.004 2.36
80 0.170 0.005 2.94

TABLE G3: The PER estimated attenuation coefficient values'as a function of detector source
distances (DSD) for a detector phantom distanc20oém for the uncollimated transmission source (UTS
for Data Sets 1 calculated for 3 pre-selected subrgy windows.

DPD (cm) Avg Stdev % Stdev
20 0.150 0.003 2.00
40 0.158 0.005 3.16
60 0.167 0.003 1.80
80 0.170 0.004 2.35
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Abstract

Several factors influence the quality of Single ®hoEmission Tomography (SPECT) images.
The most prominent of these are the effect of ésasttenuation and scatter. Attenuation may
leadto artefacts and quantitative inaccuracies in rstanted images. These occurrenaes
particularly disturbing in clinical studies such myocardial perfusion imaging because of the
highly non-uniform composition of tissue in tkiorax region. The importance of accurate
compensation for attenuation effectsSSPECT is already widely recognized and severtaliss
have demonstratetthat image quality can be improved by incorporattignuation correction
into an iterative reconstruction methodhe aim of this study was the production and evana

of an uncollimated printed transmission flood sa&uralong with a scatter correction for

transmission imaging in nuclear medicine.

In this study a transmission flood source was aegigand produced in-house by depositing a
mixture of radioactive ink on a paper with a digitikjet printer. The production process of the
transmission source was evaluated by determiniageproducibility and image quality of the
printed radioactive source. Planar transmissmaging was performed by using the in-house
printed transmission source and a gamma camerarom Fhe results obtained with the
uncollimated transmission flood source, the estuhascatter percentages indicated that the
scatter contribution in the acquired energy spenticaeased with a decrease in the detector
source distance. It was shown that for the smsiap@ssible detector phantom distance, the
scattered photons in the acquired transmission envegs limited at detector source distances
greater than 60 cm. At detector source distagoeater than 60 cm the attenuation coefficient
values obtained for the uncollimated transmissmree compared favourable to the attenuation
coefficient values obtained with a collimated trarssion source. It is also clear from these
results that transmission imaging with an uncoltedatransmission source at detector source
distances of less than 60 cm would result in anerestimation of the attenuation coefficient
values. An underestimation of the attenuatiorffment values can result in an overestimation
of activity during emission image quantificationBy applying a modified version of the triple

energy scatter correction to the transmission imagequired with the uncollimated printed
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transmission source the scattered photons wereessiotly removed from the transmission
images. The attenuation coefficient values olethirfirom these scatter corrected planar
transmission images compared favourable to thensteon coefficient values obtained with a

collimated transmission source.

Finally the feasibility to perform transmission comted tomography by using an uncollimated
non-uniform printed flood source along with a SPEg§Zimma camera was evaluated. From the
results obtained it was clear that the tomograptsolution was dependant on the distance of the
acquisition detector from the phantom. The aition coefficient values that were obtained
from the reconstructed transmission images wereildhan the value reported in the literature.
The underestimation of the attenuation coefficiealues were corrected for by applying the

modified triple energy window scatter correctiorthe acquired transmission images.

This study showed that accurate attenuation coefficvalues could be obtained using an
uncollimated non-uniform printed transmission seuralong with an appropriate scatter
correction. These attenuation coefficient valwese obtained from TCT imaging with the

printed uncollimated flood source with no gamma eearmodifications.

Radioactive

Transmission

Emission

Scatter correction

Attenuation coefficient

Single Photon Emission Computed Tomography
Triple Energy Window

Photon Energy Recovery
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Abstrak

Verskeie faktore beinvioed die gehalte van Gerekseerde Enkel Foton Emissie Tomografie
(GEFET) beelde. Die duidelikste van hierdie effekte is die effekn die weefsel attenuasie en
foton verstroding. Attenuasie kan lei tot artefakte en kwantitagefoute in gerekonstrueerde
beelde. Die voorkomste van hierdie artefakte esal beduidend in kliniese studies soos
miokardiale perfusie beelding as gevolg van dieumnidgorme samestelling van die weefsel in die
toraks area. Die belangrikheid van akkurate karmagsie vir attenuasie defekte in GEFET is
wyd bekend en verskeie studies het getoon dat Hesdliteit verbeter kan word deur die
integrasie van attenuasie korreksie in 'n iteragigekonstruksie metodeDie doel van hierdie
studie was die produksie en evaluering van 'n ooljjeleerde gedrukte transmissie vlioed bron

tesame met ‘n verstrooingskorreksie vir transmibsiglding in kerngeneeskunde.

In hierdie studie is 'n transmissie vloed bron arfwen in-huis vervaardig deur die deponering
van' n mengsel van radioaktiewe ink op 'n papiet behwulp van 'n digitaléenkspuit drukker.

Die produksie proses van die gedrukte radioaktiemene is geévalueer deur die herbaarheid en
die beeld kwaliteit van die bronne te bepaal. n&la transmissie beelding is uitgevoer deur
gebruik te maak van die in-huis gedrukte transmig¢sion en 'n gamma-kamera. Uit die
resultate wat verkry is met die ongekollimeerd@gdraissie vioed bron kan gesien word dat die
geskatte verstrooiings persentasies die verstigmibtydrae in die versamelde energie spektra
verhoog met 'n afname in die detektor bron afstam®har is ook aangetoon dat vir die kleinste
moontlike detektor fantoom afstand, die verstrodmtene in die transmissie beeld beperk was
vir detektor bron afstande groter as 60 cm. Bgkter bron afstande groter as 60 cm het die
attenuasie koéffisiént waardes vir transmissie dee@lat verkry was met die ongekollimeerde
transmissie bron goed vergelyk met die waardes sedsy met 'n gekollimeerde transmissie
bron. Dit is ook duidelik uit hierdie resultatatdransmissie beelding met 'n ongekollimeerde
transmissie bron vir detektor bron afstande vamegleas 60 cm sal lei tot 'n onderskatting van
die attenuasie koéffisiént waardes. 'n Onderliskpttan die attenuasie koéffisiént waardes kan
lei tot 'n oorskatting van die radioaktiwiteit ilecemissie beeld tydens kwantifisering. Deur die

toepassing van die gemodifiseerde weergawe vadriBeenergie venster verstrooiings tegniek
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kan die verstrooide fotone suksesvol verwyder wandaf die transmissie beelde wat opgeneem
is met die ongekollimeerde transmissie bron. &tenuasie koéffisiént waardes wat verkry is
vanaf hierdie verstrooiings gekorrigeer planareldeednet goed vergelyk met die attenuasie

koéffisient waardes soos verkry met 'n gekollimedrdnsmissie bron.

Ten slotte is die haalbaarheid van gerekenarisegatesmissie tomografie geévalueer deur
gebruik te maak van 'n ongekollimeerde nie-uniforgedrukte transmissie bron tesame met 'n
GEFET gamma kamera. Uit die resultate wat verkag is dit duidelik dat die tomografiese

resolusie afhanklik is van die afstand van die opmaetektor vanaf die fantoom. Die attenuasie
koéffisient waardes wat verkry is uit die gerekomseérde transmissie beelde was laer as die
waarde wat in die literatuur gerapporteer is. réleonderskatting van die attenuasie koéffisiént
waardes is gekorrigeer deur die gewysigde drieggmeenster verstrooi tegniek toe te pas op die

opgeneemde transmissie beelde.

Hierdie studie het getoon dat akkurate attenuasifisiént waardes verkry kan word met behulp
van 'n ongekollimeerde nie-uniforme gedrukte trassm bron tesame met 'n toepaslike
verstrooiigs tegniek. Akkurate attenuasie koiffis waardes is verkry met behulp van
gerekenariseerde transmissie tomografie beeldirtgdreegedrukte ongekollimeerde vlioed bron

en geen gamma kamera modifikasies.
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