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Abstract

A more realistic simulation approach is used to study thebiehn of the Compton camera in
this thesis than previous studies to date. The Compton eadiféers from gamma cameras
in that the collimator is replaced by a detector known asshatterer’. Gamma rays may be
Compton scattered in the scatterer and subsequently eetegtan ‘absorber’ which is the
equivalent of the detector in a gamma camera. By measurengribrgies and the positions
of the points on the scatterer and the absorber where ttaeimcand scattered gamma rays
interacted with the detectors, an image of the source caadmmstructed. Because there is
no collimator present, the potential sensitivity of the Qxom camera is much higher than
the gamma camera, resulting in reduced acquisition times.

Most of the work described in this thesis was done with the GEA Monte Carlo
simulation software. GEANT4 has been proven to be very riodog dficient in modelling
physics problems of radiation transport and interactioith watter in complex geome-
tries. Four major studies are carried out to estimate anidhigat the performance of this
novel equipment. The first study takes a look at the scadeireaging parameters with
the aim of prescribing an optimal scatterer material andrggy. In the second study,
the contribution of the absorber to the overall Compton acanperformance is evaluated,
considering detector material, interaction type and gegméhe third study explores the
limitations imposed by the detector energy threshold ardl diene on the Compton camera
performance, using a simplified model of the general elaeatrarchitecture. An evalua-
tion of Compton camera for scintimammography was perforimetie fourth study. For
this study, three dual-head Compton camera models (Si/SiZlaBr;:Ce and Si/Nal(Tl)
Compton cameras) were simulated, and tfiea of scintillation photons’ interactions with
the photomultipliers was implemented.

The results show that silicon of about 1 cm thickness woulddexjuate as the Comp-
ton camera scatterer. Analyses suggest however, that dieeabf silicon is not completely
flawless. Doppler broadening for this detector materialtrijomes as much as 7.3 mm
and 2.4 mm to full-width-at-half-maximum (FWHM) image ré&stion at 140.5 keV and
511 keV respectively. On the other hand, detector spatgdluéon which accounts for
the least image degradation at 140.5 keV is found to be theimdmhdegrading factor
at 511 keV, suggesting that the absorber parameters play mud¢s in image resolution
at higher diagnostic energies. Findings further suggedtdhdmium zinc telluride (CZT)
would be the most suitable detector as the absorber sincedtezial demonstrated the high-
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est dficiency and least positioning error due to multiple intdmaxg as well as good spatial
resolution. The inclusion of the energy threshold and detetead time at 140.5 keV, re-
duced the Compton camera detectidiiceency by 48% and 17% respectively, but improved
the image resolution from 10.7 mm to 9.5 mm at the sourcesddterer distance of 5 cm.
At 511 keV, the inclusion of these parameters reduced ffieency by 6% and 13% re-
spectively, but made no significantffidirence on the camera resolution. For a challenging
detection case in scintimammography, 5 mm breast tumoutsraur/background uptakes
of 10:1 and 6:1 at 511 keV were used. The best signal-to-rraise (SNR) was attained
for the Si/CZT Compton camera model, with the SNR values d? 82d 5.3.

It is therefore envisioned that with an optimal camera ggomanmproved reconstruc-
tion technique and adequate filter algorithm, the comtonadi Si and CZT as the scatterer
and the absorber of the Compton camera would make a very giragrimaging system for
nuclear medicine studies at higher gamma ray energies vihereollimated SPECT sys-
tems perform very poorly due to increased septal penetraltids equally evident from the
studies that with improved technology, new detectors sscha®r;:Ce could replace the
traditional Nal(TI) detector as imaging detectors.
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Chapter 1

INTRODUCTION TO MEDICAL
NUCLEAR IMAGING

Nuclear medical imaging is a generic term for the imagindimégues that make use of
ionizing radiation emanating from within the body to detarena physiological component
that is not obtainable with most other imaging modalitiese@Cand Bones, 1994). The
radiation source is usually a short-lived isotope linkechtohemical compound that per-
mits specific physiological processes to be scrutiniseid.diven by injection, inhalation or

orally in trace amounts. The compound then accumulateseipdtient and the pattern of
its subsequent radioactive emission is used to estimateistréoution of the radioisotope.

Information gained from these techniques is often usefedaduating the functions of hu-

man organs, as well as detecting sites with infections ooturgrowth. They also serve as
valuable adjuncts to other imaging techniques such as xaaymography and magnetic
resonance imaging as they provide complementary infoamabout the patient. A distinct
advantage of nuclear medical imaging over x-ray technidgist both bone and soft tissue
can be imaged.

The first tomographic method of nuclear medical imaging iigjlsi photon emission
computed tomography (SPECT). In SPECT, single photonseteettd by a gamma cam-
era which can view organs from manyférent angles. The camera measures the projections
to the radiation emission points. The image is reconstdubtea computer and viewed by
a physician on a monitor for indications of abnormal comdisi (McKillop, 1996).

The second tomographic method of nuclear medical imagimpsiron emission to-
mography (PET) which uses radioisotopes produced in a wgco For PET imaging,
a positron-emitting radionuclide is introduced by injeati and accumulates in the target
tissue. As it decays it emits a positron, that promptly corabiwith a nearby electron re-
sulting in the simultaneous emission of two identifiable gamrays in opposite directions.
These are detected by a PET camera which gives an indicdtibeioorigin. PET’s most
important clinical role is in oncology, withéF as the common radiotracer. It is also well
used in cardiac and brain imaging (Phedpisal., 1975; Hawkins and Phelps, 1988; Cherry
et al, 2003).
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In some imaging centres, nuclear medical images can beisypeed with computed
tomography (CT) or magnetic resonance imaging (MRI) imdaggsoduce special views,
a practice known as image co-registration. These viewsvale information from two
different studies to be correlated and interpreted on one inlegeing to more precise
information and accurate diagnoses. Along these lines,ufaaturers are how making
Single Photon Emission Computed Tomography/Computed Goapby (SPECT/CT) and
Positron Emission Tomography/Computed Tomography (PEY/@its that are able to
perform both imaging studies at the same time. These areviedlito be very powerful
and significant tools that can provide unique informatioraavide variety of diseases from
dementia to cardiovascular disease and cancer (Bzyal, 2000; Townsend and Beyer,
2002).

It is important in nuclear medical imaging that the energg #dre direction of the ad-
ministered radiotracer be measured as accurately as [@s$siprovide reliable medical
information to the clinician. The accuracy of the energy démel direction information,
of course, relies significantly on the operating conditidrth® imaging system. Conse-
quently, the question of how to optimize the existing and sgatem models has become
a major challenge and is a very active area of research. \WWh#etrue that the perfor-
mance of PET systems has been greatly advanced by diveis@zapion measures, only
marginal improvements in resolution and sensitivity hagerbrecorded in SPECT despite
the tremendousftorts that have been invested in detector research and etdlindesign
(Hua, 2000).

SPECT limitations arise from diverse complexities asdediavith system designs. The
most obvious reason SPECT resolution affitiency are dticult to improve is that SPECT
is still performed using the Anger camera (Anger, 1958) jmued with a mechanical (lead)
collimator to determine the distribution of the radiotnac&he need for a mechanical col-
limator places a physical limit that couples detectidiiceency and spatial resolution in an
inverse trend, thus limiting the achievable resolutiond®pecific dose limit. A primary
consideration in collimator design is the septal thicknedsich can be evaluated by anal-
ysis of Figure 1.1(a). As Figure 1.1(a) suggests, septekiieiss depends on the shortest
path lengthw for the gamma rays to travel from one collimator hole to thetnimhe colli-
mator length and the diameted of the collimator holes. The relationship between septal
thickness and the other parameters can be expressed as (GHeaty2003)

ty ——. (1.1)

It is generally desirable thatbe as small as possible so that the collimator septa obstruct
the smallest possible area of detector surface therebynmiwes the collimatorféiciencyg,
which can be defined as the fraction of gamma rays that passghithe collimator for each
gamma ray emitted by the source. The collimatficency is related to septal thickness in
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Figure 1.1: (a) A diagram illustrating how the minimum pagimgthw for a gamma ray
passing through the collimator septa from one hole to thé degends on length and
diameterd of the collimator holes and on septa thicknessegb) A diagram showing
how the collimator resolution is derived from radiation fileo(FWHM) for a parallel-hole
collimator. Figures adapted from Cheetal. (2003).

vk (L) (=L
(1) (avm) 42

whereK is a constant that depends on the hole shape, normally tekesn@.24 for round
holes in a hexagonal array, 0.26 for hexagonal holes in ajoed array and 0.28 for square
holes in a square array (Chemtal,, 2003)). The tern, is the dfective length of the holes,
and defined as

the following way,

[ — 2;4_1, (1.3)

whereyu is the linear attentuation cffecient of the collimator material. Thefective length

of the collimator holeg, is somewhat less than the actual collimator lengtine to septal
penetration. The collimator resolutiaR,, which refers to the sharpness or detail of the
gamma ray image projected onto the detector can be exprizssedrigure 1.1(b) as

_d(l, +b)

R
c le

(1.4
An approximate relationship between collimatffi@ency,g, and collimator resolutionk,
is (Cherryet al., 2003)

g« RZ. (1.5)

It follows that for a given septal thickness, collimatoralesion is practically improved
at the expense of decreased collimatfiiceency, and vice versa. Again, the use of the
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collimator places a substantial limit on the camera’s fididiiew. This is because only
the photons travelling approximately parallel to the aXishe holes are allowed to pass
through the holes without being absorbed in the lead. Thiessitates the rotation of the
Anger camera around the patient for performing SPECT. Broblbecome substantially
worse when attempting to image high energy gamma rays. Tdideimt energy of the
photons has to be, at most, a few hundred keV otherwise phetdipenetrate through the
collimator and increase the image background. In realitythickness of septal material
is sufficient to stop all gamma photons, so the usual criterion i€tept some reasonably
small level of septal penetration (approximately 5%). As tfuantity of the radiotracer
administered is restricted by the allowable radiation dosthe patient, imaging times are
often long in order to collect a statisticallyfigient number of photons. To overcome these
fundamental drawbacks, the Compton camera has been pdhjgaseld a better future than
the conventional SPECT technique (Singh, 1983; Singh amPIN83; Toddkt al.,, 1974).

1.1 Radiopharmaceuticals

The gamma ray source for nuclear medical imaging is the phdionaceutical (radioactive
drug) injected into the patient’s body for either medicagtiosis or treatment of disease. It
can be thought of as comprised of two compounds: a radi@actmpound that produces
the radiation to be detected and a non-radioactive compthatdorovides the distinctive
chemical and physical properties. Good imaging requireacanrate determination of a
specific tissue’s function, shape, or distribution of a eaditive source within the tissue.
Radiopharmaceuticals must therefore emit gamma raysffi€ismt energy to escape from
the body which must be readily detectable in minute amoufte compounds must not
be toxic in the amounts utilized, and should not be presestigusly in the body. They
must not in any way disturb the very phenomena under invag#iig. It is desirable that the
radioactive compounds disappear from the body witificent rapidity to allow repeated
measurements if necessary. Their availability at low cost @ase of production is also
critical. Different radiopharmaceuticals havéelient dfinity to a specific bodily function,
hence the choice of radiopharmaceuticals is often basdtkarpreference to collect around
certain bodily functions or organs (Cree, 1994).

The first implementation of a radiopharmaceutical to stugihysiological process was
accomplished by Blumgart and Yen in 1927 (Blumgart and Y&27). They used a gas-
filled detector to measure the arm-to-arm transit time of ldof dissolved radium C
injected into an antecubital vein of one arm, timing its appace in the other arm by
observing the response in a shielded cloud chamber.

In the 1950s, gamma scintigraphy was developed by Hal O. Argeelectrical engi-
neer at Lawrence Berkeley Laboratory (Anger, 1958). Thiagimg procedure requires a
radiopharmaceutical containing a radionuclide that egetsima radiation and a SPECT
camera capable of imaging the patient injected with the gammitting radiopharmaceuti-
cal. Since then, the most widely used radiopharmaceutiteébPECT becam&”Tc (T2
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= 6 hours), which is produced from the decay’3flo (Ty/2 = 66 hours). The low cost
and convenience of th€Mo/*¥"Tc generator, as well as the ideal photon energ$P®Tc
(140 keV), are the key reasons for its widespread use. A wadiety of *¥ Tc radiophar-
maceuticals have been developed during the last forty y@desy of them are currently
used every day in hospitals around the world to aid in therdiaig of heart disease, cancer,
and an assortment of other medical conditions.

PET was developed by Ter-Pogossian et al. at Washingtoretsify during the 1970s
(Ter-Pogossiaret al, 1975). This imaging modality requires a radiopharmacaltia-
belled with a positron emitting radionuclidg®) and a PET camera for imaging the pa-
tient. Positron decay results in the emission of two 511 kédtpns 180 apart. PET
scanners often contain a circular array of detectors withottence circuits designed to
specifically detect the 511 keV photons emitted in oppoditections. The positron emit-
ting radionuclides most frequently used for PET imaging'a@ (71, = 2 minutes),*N
(T1/2 = 10 minutes) 'C (T1/,= 20 minutes), and®F (T2 = 110 minutes). Of thesé®F
is most widely used for producing PET radiopharmaceuticdlse most frequently used
18F |abelled radiopharmaceutical is 2-deoxy*8H]fluoro-D-glucose (FDG). This agent is
routinely used to image various types of cancer as well ag bszase.

The Compton camera principlefféirs significantly from those of the Anger and PET
cameras. However, research has shown that the camera oamaltge the distribution of
radiopharmaceuticals used in conventional SPECT and PHeTiriaging resolution of the
Compton camera is nevertheless better for radionucliddshigher photon energies, such
as®! or positron source$'C, 18F, 13N and*®0. Table 1.1 shows the properties of selected
radionuclides that are commonly used for nuclear medicagiing (McCarthyet al., 1994;
Troy, 2006). The common production method of the radiowlediis described by the
general expression

X(BP, EP)Y, (1.6)

where X is the target element, BP is the bombarding partitieis the emitted product and
Y is the product element. Table 1.1 shows that radionuclkd@sdecay by one or more than
one possible mode (positron emission, electron capturesamah). In each decay process,
high photon abundance is desirable in that it fosters hightqrhflux and minimizes the
imaging time. By photon abundance, we refer to the percentagfractional) yield of the
photon emitted for each decay process. This factor als@septs the fraction of the time
taken to emit a gamma ray during a decay process. It is pesiibphoton abundance to
exceed 100 % in a particular decay event because deexcitatiy occur through sequential
emissions from dierent nuclear excited states. An example is the ca$&ofadionuclide.

In this case, the nucleus decays about 100 % of the time byrgosmission, the emitted
positron recombines with a nearby electron and emits twongamays of 511 keV each at
18C° apart, creating a photon abundance of 200 %. Another exaspie case of'lin
radionuclide. In this case, nucleus decays about 100 % ofirtes by electron capture,
leading to an excited state 6f2Cd. This excited state deexcites about 90 % of the time
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Table 1.1: A table of selected radionuclides used in nucteagical imaging. EC stands for
electron capture, IT for isomeric transition, d for deutero for neutron, p for proton and
a for alpha patrticle.

Radionuclide Halflife Mode of Energy Abundance Common
decay (keV)  of primary production
photons (%) method
e 20.4min gt 511 200 10(d, n}'c
18 110 min  p*,EC 635 97 8O (p, n)eF
511 194
123 13.2 hr EC 27 71 123|(p, 5n)'23Xe daughter
159 84
13y 8.04days p- 284 6 fission
364 82
1n 67.3 hr EC 171 90 12Cd(p, 2n}tin
245 94
13N 10 min p+ 511 200 10C(d, n)i*N
1OO(p, a)lgN
13c(p1 n)lSN
50 2 min pt 511 194 180 (p, n)'F
9T 6.02 hr IT 18 6.5 Mo daughter
140 89

with the emission of a 171 keV gamma ray, and in the other 10 ¥h@fdeexcitation a
conversion electron is emitted rather than a gamma ray. fitialideexctation leads to a
lower excited state that also deexites about 94 % of the tiittetive emission of a second
gamma ray with an energy of 245 keV. The sum of the two gammayiedgls gives the

photon abundance of 184 %.

1.2 The Compton camera

A simple model for the Compton camera consists of two plamdedors, the scatterer
at the front and the absorber at the back, that operate indoimeidence. Figure 1.2(a)
shows a schematic diagram of a typical Compton camera mbBdeh successful image re-
construction, a gamma photon emitted from a radioisotopeceomust undergo Compton
scattering with a shell electron inside the scatterer wkisgeime of interaction, position
of interaction and kinetic energy of the recoil electron x@asured. The scattered photon
must escape from the scatterer and undergo photoelecsar@ton inside the absorber
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Figure 1.2: (a) A diagram of the Compton camera, (b) accutiom®f backprojected cones
to locate a point radioactive source (in principle, threeesocan be used to locate a source).

where the time of interaction, position of energy depositimd the total energy deposited
are also measured. The path of the scattered photon betheeletectors allows the axis
of a cone within which the source may possibly be located tdraen and the recoil elec-
tron energy deposited in the scatterer permits the scdtgieton angle to be estimated.
This information constrains the incoming photon to lie oroae surface without limiting
the incident photon flux, and subsequent accumulation ottime beams shows the pos-
sible location of the source (Figure 1.2(b)). Detailed désions on the Compton camera
operation principles are presented in Chapter 2.

It is obvious from the above that the Compton camera scatteptaces the mechan-
ical collimators used regularly with clinical Anger cametay the sometimes-called elec-
tronic collimation using the Comptorffect (Meieret al,, 2002). Unlike Anger cameras,
the Compton camera’s useful energy range extends overdgianref gamma ray energies
where Compton scattering is the dominant process, fromtdtiiflikeV to beyond 10 MeV
(Phillips, 1995). However, building a practical Comptomeaa system with a high reso-
lution and sensitivity in the energy range of nuclear medigiresents more serious design
challenges that result from optimizing various camera patars. This notwithstanding,
high performance is needed to reduce exposure times, angjoove image quality. High
sensitivity translates to better contrast, shorter imggime and consequently, lower dose
to the tissue or organ under examination. Also, a high réisolyprovides the ability to
accurately trace the distribution of a radiopharmaceutazated in a given region of the
body. The desire to optimize Compton camera performancentmtical procedures that
favour compact and lightweight imaging systems motivakesi thesis.

1.2.1 Compton camera parameters

Extensive evaluations of how the Compton camera paramietgiact on its performance
are the major consideration in this thesis. The reasonigtiea&amera’s parameters govern
its behaviour. Research (Studen, 2005a) has shown thatdlmptGn camera parameters
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can be categorized as:

Energy resolution: This parameter reflects the measurement uncertainty indieieg the
energy to the recoil electron. It depends strictly on thespats/of particle interactions with
the surrounding media and specific intrinsic detector atiarstics. The degree of energy
resolution of the Compton camera is dominated by the chditieeoscatterer material and
governs its ability to resolve between two close radiatioargy peaks.

Doppler broadening: This parameter adds to the uncertainty generated by thgyeres-
olution. It is the spread of the energy spectra due to Comiptenaction between a photon
and a moving electron bound to an atom in the scatterer. Ropgpbadening decreases
with increasing incident energy of the gamma photons, thusuring the choice of higher
energy radiation, which is in strong contrast to the regmnést of the Anger camera.
Detector Material: The density andféective atomic number of the detector material deter-
mine the type and number of interactions the incident gamaya can undergo, therefore,
defines fundamental limits on the sensitivity and spatisbhation.

Geometry: The importance of the nature of Compton camera geometrydersnored by
the small tradefb that exists between the spatial resolution and sensitivitglecrease in
source-to-scatterer distance for instance increasegigiggnsnd angular uncertainty simul-
taneously. However, angular uncertainty in medical Commameras does not dominate
the spatial resolution as position uncertainty does, aadridded between Compton cam-
era spatial resolution and sensitivity is less than thahefAnger camera.

Charge collection time: This is the time interval after a radiation interaction,idgrwhich
the signal current flows between the terminals of the deteclithis parameter is con-
trolled by the detector readout characteristics such ad tleee, detector time resolution
and thresholds.

It is worth mentioning that the list of the Compton cameraapagters can be continued.
The examples above are just the ones considered in thisthisite that in reality, the
Compton camera parameters aréfidult to isolate, they are only detected and estimated
through their manifestations.

1.2.2 Historical résumé of methods employed in studying th€ompton cam-
era

The concept of Compton coincidence detection was first impteged by Hofstadter and
Mclntyre in 1950 for a two-plane sodium iodide (Nal) scilatibr system in which the en-
ergy of the recoil electron in the first detector and the enefghe backscattered photon in
the second detector were measured with good accuracy édtéstand Mcintyre, 1950).
Since then, the technique has been implemented in divelds 8ach as gamma ray as-
tronomy, industrial imaging, radioactive waste managdna@d nuclear medical imaging
(Phillips, 1995).

Compton coincidence detection was implemented for theftfire in gamma ray as-
tronomy in the form of the Compton telescope by Schonfelder.eén 1973 for imaging



1.2 The Compton camera 9

the distributions of the cosmic and atmospheric gamma 1agisdnfeldeet al., 1973). The
group had for their initial Compton telescope design twgédaplastic scintillation detec-
tors, separated 1.20 m apart, and operated at an energy shdg#eV to 10 MeV. The
telescope model has an opening half angle 6fith an energy resolution af 20% and
an absolute detectiorfficiency of about 0.5%. The sequence of gamma detection in this
telescope was verified by the collision time informationtia two detectors which was used
to eliminate undesirable cosmic radiation backgroundso §amma ray source®2Co and
24Na, were used to characterize the performance of the tglesocthe laboratory. How-
ever, the energy and angular resolution of the Comptondepesneeded to be improved
to obtain more valuable information on specific celestialctires in the gamma ray en-
ergy spectrum. This telescope was afterwards modified dteld@OMPTEL (COMPton
TELescope) (Schonfeldeat al,, 1984), which had a better angular resolution ®fa2 1
MeV and 0.7 at 10 MeV. The COMPTEL later on, developed into a joint profgcseveral
countries for imaging gamma rays emitted by celestial ®itiehe energy range of 1 MeV
to 30 MeV (Schonfeldeet al.,, 1996).

The possible application of the Compton camera in the fieldusiear medical imag-
ing was first proposed by Todet al. (1974) one year after its introduction in gamma ray
astronomy. The proposal presented new prospects as wedhashallenges to the nuclear
medical imaging field. Specifically, the Compton camera éigensitivity over the tra-
ditional SPECT systems, wider imaging field of view and &pilo image a wider range
of radiopharmaceutical energies (typically, 100 keV to &8¥) captured a lot of interest.
However, excellent energy resolution is required for thettecer to match or surpass the
image resolution of the traditional SPECT systems at thettomedium radiopharmaceu-
tical energies. Other challenges lie on the fact that higitjpm resolution and more robust
reconstruction algorithms are needed for imaging comigitghysiological structures in
three dimensions, with a limited number of gamma photondtechirom the source, in
a limited data acquisition time to reduce the radiation dostne patient (Conka Nurdan,
2004).

A great deal of fort has been put forth by several research groups to studgpbie
cation of Compton cameras in nuclear medical imaging. Sétgl. published a series of
papers that described the theories upon which the Comptoereais based (Singét al,
1977; Singh, 1983; Singet al., 1988). Their grasp of the essentials of the camera’s oper-
ation principles was extraordinary. From their estimatitie Compton coincidence detec-
tion capability of the camera should lead to a higher setitsitihan that obtainable with a
mechanically collimated gamma camera and also provideipteultiews of the source si-
multaneously. They proposed that the cumulative signaleise ratio in projection images
obtained with a simulated system with a:833 array of germanium detectors was expected
to be about a factor of four higher than that obtained in assponding projection image
with a conventional gamma camera when imaging a unifornmgyriduted®*™Tc source in
a 20 cm diameter and 20 cm tall cylinder. Singh (1983) desdrhimw the detector type and
size could &ect the Compton camera performance. The group also publeskgerimen-
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tal results for a Compton camera composed of a pixelated gly germanium (HPGe)
scatterer and an uncollimated conventional Anger camesarbbr (sodium iodide) (Singh
and Doria, 1983, 1985; Singh and Chris, 1987). Their re$oita®°™Tc (140.5 keV) point
source showed that their prototype camera had a sensigaity of an order of magnitude
at the same spatial resolution with the mechanically caltad camera. However, the re-
constructed images were somewhat worse than predictedugaested that, there may be
some other factors that were not captured in their the@letialuations and which caused
disagreements between the predicted and experimentdtistemud therefore failed to pre-
dict the Compton camera behaviour accurately. Furthergdrenanium detector which
they used is very expensive and requires liquid nitrogedirgo In recent years, radia-
tion detector technology has advanced significantly, fegath detectors with better energy
resolution, lower noise, lower cost, and no need for cryageaoling. Further limitation
of Singh’s camera was that of large detector dead time ofddaum iodide absorber pro-
cessing electronics due to extremely high photon evergs @thigher energies (LeBlanc,
1999). Singh's scatterer detector was subsequently leltattin et al. to investigate the
potentials of a ring geometry Compton camera to image ratli@aspills, monitor nuclear
wastes and medical imaging (Mar&h al., 1993, 1994; Martin, 1994; Rogees al., 2004).
However, Martin’s camera $fiered low sensitivity which resulted from the small solid keng
of the second detector.

The problem of Compton camera implementation in the mediielal received its next
impetus in 1997, when Ordonex al. (1997) studied the role of Doppler broadening to
the detector energy resolution. The group predicted thagipl@o broadening causes non-
negligible uncertainty in the scattered photon energy awgglar uncertainty, and therefore
could have non-negligible degradindfexts on the reconstructed source image. Wilder-
manet al. (1998b) validated Ordnez et al.’s predictions by showirggdbgrading ffects of
Doppler broadening on the reconstructed images of a pointeat the low and medium
gamma ray energies. More fruitful to the Doppler broademiraplem were the approaches
of Hirasawa and Tomitani (2003), and Wildermetnal. (2001) who proposed that the pa-
rameter must be properly accounted for in the reconstmuclgorithms for the Compton
camera to match or surpass the imaging resolution of the remeterpart at low gamma
ray energies. A further increase in spatial resolution wetsexed by LeBlanc et al by
replacing Singh’s high purity germanium scatterer withleean pixel detector (LeBlanc
etal, 1998, 1999; Leblanet al,, 1999). LeBlanc’s camera was intended for low to medium
gamma ray energies. However, its reconstructed imagetgwads equal or worse than that
of conventional Anger cameras. Other innovative modeldiferCompton camera include
that of Zhang et al who demonstrated the camera’s potentiadjing capability for scinti-
mammography (Zhanet al,, 2004). The group illustrated by Monte Carlo simulatiohs t
possible imaging of breast cancer tumours of 5 mm diametéraviovel Compton camera,
which the Anger camera is presently incapable of. An et alistiithe &ects of basic de-
tector parameters such as the Doppler broadening, enesgliatien, detector segmentation
and energy discrimination on the image resolution at 14@¥ (An et al,, 2007). They
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used only 10000 photon events to reconstruct the gammaesouege, resulting in poor
estimation of image resolution for thé&ect of energy discrimination. However, the group
predicted that the use of a higher energy radiotracer sutdirass well as further reduction
in the size of the absorber pixel elements to a few millingetreless could achieve an image
resolution of 5 mm required for medical imaging.

Several known, but inadequate reconstruction technicumss been proposed for the
medical Compton camera. The major challenge in developirgiable and robust recon-
struction algorithm is that the directional localizationmedical Compton cameras requires
complicated chains of steps to localize complex sourcettres with unknown source dis-
tributions, unlike in gamma astronomy where the imaging@is often point-like or an
object of known and simple structure. The simplest recanttn for the medical Compton
camera is the direct back-projection of cones from eachtex&o an image plane. In this
reconstruction technique, there is a cone associated aathghoton that is counted. There-
fore the intensity of a reconstructed voxel is the sum ofgrdks associated with the cones
that intersect the voxel. Unfortunately, images producéh this reconstruction technique
are often noisy and $ier from poor spatial resolution. To improve the image qua8ingh
et al. developed iterative algorithms that work relativiegtter in terms of image resolution
for the case of point sources and simple extended sourcethétime of convergence of
the algorithms is clinically unacceptable (Singh and Doti@83; Hebertt al, 1990). An
alternative technique was proposed by Cree and Bones (1884) developed two kinds
of analytical algorithms for direct reconstruction in terf integral transformations. The
sensitivity of their camera is however, severely limiteddagse only the scattered photons
with direction perpendicular to a detector array are a@mkps valid events. Comprehen-
sive dforts that have been put forth to develop a robust recon&irustheme can be found
in (Wildermanet al,, 1998b; Basket al,, 1998; Sauvet al., 1999; Parra, 2000; Wilderman
et al, 2001; Tomitani and Hirasawa, 2002; Smith, 2005; Ketral,, 2007; Maximet al.,
2009; Kim et al, 2010; Andreyewet al,, 2011). The development of a fully 3-D robust
algorithm to reconstruct the acquired data from a medicahf@on camera is an ongoing
effort that is not addressed in this thesis. Rather, the bagiciples of the reconstruction
method, list-mode backprojection is explained in Chapter 2

Medical imaging devices are usually very expensive. Camnsetly eficient simulation
of system design and good optimization measures are ofteantajeous before the ac-
tual construction. There does not appear to have been ansesdetfort by researchers to
optimize the Compton camera performance. Few that attehygpgmizing their specific
designs did it in fragments and completely ignored the irhpathe data acquisition system
on the Compton camera data, thereby caused irreconcilatoes detween their simulated
results and experimental data. Previous attempts to amithie Compton camera perfor-
mance are discussed as follows. A report by Chelileaial. (2004) described the optimiza-
tion of a custom Compton camera geometry. They achieved dnypulating the geometric
parameters, a sensitivity gain of two orders for a Comptoneza prototype whose geo-
metric dimensions are similar to those of the conventionadjgx camera. However, they
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ignored the ffects of finite energy and spatial resolutions leading toesténation of the
image resolution at 140 keV. An optimal geometrical studydaouble-scattering Comp-
ton camera was carried out by Setal. (2008). The group showed a better improvement
of the image resolution by the use of two parallel siliconedtirs as scatterers, but at se-
rious expense of the sensitivity. This is because sertgitior their camera required that
interactions must take place in the two scatterers and therlér, thereby eliminating a
significant fraction of useful events. Harknestsal. (2009) carried out an optimization
study on a dual head semiconductor Compton camera. Thaiicroébptimization was the
fraction of events that interacted with a single Comptoritedag and a single photoelec-
tric interaction in the scatterer and the absorber resmdgtifor various detector materials.
However, their study did not include théects of Doppler broadening, energy resolution
and finite detector resolution. These research groups ad&dged that more work needs
to be done to bring the Compton camera performance to an alptavel. Therefore, in
response to the desire to optimize the Compton camera peafare, this thesis has sought
to explore extensive evaluation mechanisms using a comtate Carlo particle trans-
port simulation toolkit, GEANT4 (Agostineliet al, 2003), to model and optimize a novel
Compton camera systemffart was put forth to relate a similar Compton camera prottyp
to clinical performance.

1.3 The GEANT4

GEANT4 is an acronym for GEometry ANd Tracking. The GEANT4Itat is a platform
for the simulation of the passage of particles through mattgng Monte Carlo methods.
It is the successor of the GEANT series of software toolkégetbped by CERN, and the
first to use object-oriented programming (iR-€). Its development, maintenance and user
support are taken care by the international GEANT4 Collation, and in this respect,
GEANT4 acts as a repository that incorporates a large pal tfiat is known about par-
ticle interactions. Application areas include high enepgysics and nuclear experiments,
medical, accelerator and space physics studies. The sefiwaised by a number of re-
search projects around the world. It runs on operating Bystsuch as Linux, Unix and
Windows. The GEANT4 software and source code is freely alskl from the project web
site (geant4.web.cern.ch, 2011). GEANT4 includes faedifor handling geometry, track-
ing, detector response, run management, visualizatiomusedinterface. For many physics
simulations, this means less time need be spent on the l@lvdetails, and researchers can
start immediately on the more important aspects of the sitiaurl.

1.3.1 GEANT4 features

Following is a brief description of each of the facilitiestéd above:

e Geometry is an analysis of the physical layout of the expenitnincluding detectors,
absorbers, etc., and considering how this layout vifitet the path of particles in the
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experiment.

e Tracking is simulating the passage of a particle throughenarhis involves consid-
ering possible interactions and decay processes.

e Detector response is recording when a particle passesgthtbe volume of a detec-
tor, and approximating how a real detector would respond.

e The ‘PhysicsList’ class consist of a set of physics packagatescribe the interac-
tions of photons, electrons, hadrons and ions with mattee Jow Energy Electro-
magnetic package extends the coverage of electromagn&ti@dtions of photons
and electrons down to 250 eV, and of protons, ions and amtipsadown to less than
1 keV.

e Optical physics processes in GEANT4 allow the wave like propof the electro-
magnetic radiation to be associated to a photon. The trgakiiran optical photon
therefore includes scintillation, Cerenkov, Rayleightsring, refraction and reflec-
tion at medium boundaries, and optical photon absorption.

e Run management is recording the details of each run (a seteoit®, as well as
setting up the experiment inférent configurations between runs.

e GEANT4 dfers a number of options for visualization, including Open@hd a fa-
miliar user interface, based on Tcsh.

e GEANT4 can also optionally perform histogramming, but fjues external soft-
ware that implements the AIDA framework in order to do so.

A more detailed description of the GEANTA4 features is presgim Section 2.10.

1.3.2 Reason for choosing GEANT4

The structure of GEANT4 allows for modifications and impnments to meet dierent ap-
plication needs. It is preferred for the simulation workatésed in this thesis because it
offers the flexibility of understanding the steps of the imagingcess and identifying the
changes that have impact on Compton camera performanckeovit€Energy Electromag-
netic package is very relevant to medical applications.ddanost of the work described in
this thesis was done by GEANTA4.

1.4 Thesis goals and original contributions

Because of the limitations and inaccuracies of the previtudies, there is a necessity to
develop a more satisfying approach to accurately estinn@t€Cbmpton camera operation
as well as optimizing its performance. Towards this aimgibals of this thesis are outlined
in the following:
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e To investigate the impacts of the scatterer's parameteiSanpton camera perfor-
mance.

e To perform an extensive study on the role of the absorber mgion imaging.
¢ To investigate theféects of charge collection times on the Compton camera data.

e To evaluate the potentials as well as the limitations of tbex@ton camera in scinti-
mammography.

The original contributions made by this research are surnsedas follows.

e Validation of the results of the new ‘LowEnergy’ physics nebdf GEANT4 with
respect to Doppler broadening as well as quantificatione#ifect of the parameter
in Compton cameras intended for medical applications.

e Contributions of the absorber parameters to the overalbpeance of the Compton
camera.

¢ Inclusion of the Compton camera data acquisition unit byusation. This study
involved further improvement of the GEANT4 code to inclutie photon emission
times. as well as careful documentation of its limitations.

e Realistic prediction of the performance of the Compton aanie scintimammogra-
phy. Unlike in previous studies of the Compton camera, #leition photons were
simulated along with detector boundarffeets. A relatively new scintillation detec-
tor, cerium doped lanthanum tri-bromide (LaBPe) was evaluated as the Compton
camera absorber.

The limitations of the above studies as well as possibleréuitmprovements are also docu-
mented.
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Chapter 2

ABSTRACT DELIBERATIONS
FOR COMPTON CAMERA
DESIGN

In this chapter, the fundamental theories upon which the i@omcamera operations are
based are discussed. After a brief overview of the basiceqemf photon-matter interac-
tions in Section 2.1, discussion on emission computed toapdty is given in Section 2.2.
Section 2.3 and Section 2.4 describe the Compton camere pasciples with relevant
mathematical models. Berent contributions to the Compton camera angular resoluti
are presented in Section 2.5. Section 2.6 deals with theeppro¢ Compton camera sensi-
tivity. To clarify the impact of system dead time on sendiitwo models of dead time are
introduced in Section 2.7. Section 2.8 provides a discassiothe applicability of dferent
types of radiation detectors in Compton imaging. To und@ctthe basics of Compton
camera reconstruction, the list-mode reconstruction ateik explained in Section 2.9.
Section 2.10 provides an introduction to the structure oANE4. How the GEANT4 uses
relevant electromagnetic physics principles for its ofienais explained in Section 2.11.

2.1 General overview of photon interaction with matter

A gamma photon that enters an absorbing medium can pasgthwvath no interaction at
all, or it can interact in some way with the atoms of the meditfrthe photon interacts, the
interaction may involve either an atomic nucleus or an atlgtectron of an atom within
the medium. Photon-atom interactions result in ejectioarbftal electrons from atoms or
in the creation of positron-electron pairs. These elestrionturn can produce additional
secondary electrons through ionization events. The elestihus generated are detected in
radiation detectors.

Photon interactions with atomic nuclei may be direct phetaoleus interactions (pho-
todisintegration) or interactions between the photon hedtectrostatic field of the nucleus
(pair production). The photon-orbital electron interan can be between the photon and

17
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either (i) a loosely bound electron or (i) a tightly boundetton

A loosely bound electron is an electron whose binding enétgys very much smaller
in comparison with the photon ener@y (Ez < E,), and an interaction between a photon
and a loosely bound electron is usually approximated to terdntion between a photon
and a free (unbound) electron.

A tightly bound electron is an electron whose binding enefjyis comparable to,
larger than, or even slightly smaller than the photon enéfgyFor a photon interaction to
occur with a tightly bound electron, the binding enety of the electron must be of the
order of, but slightly smaller than the photon ener@g (< E,). An interaction between a
photon and a tightly bound electron is considered an intierabetween a photon and the
atom as a whole. Two possible outcomes exist after photendiation with an atom:

1. The photon is completely absorbed and its energy is &amsf to the electrons (pho-
toelectric dfect).

2. The photon is scattered with two possible results:

(a) The resulting photon has the same energy as the incitletanpand no electron
is released in the interaction (Rayleigh scattering).

(b) The scattered photon has a lower energy than the incudterion and the energy
excess is transferred to an electron (Compton scattering).

The electrons produced in the absorbing medium throughophioiteractions either de-
posit their energy to the medium through Coulomb interactiavith orbital electrons of
the absorbing medium (excitation and ionization losses);adiate their kinetic energy
away through Coulomb interactions with the nuclei of theoabsig medium (radiative
loss) (Podgorsak, 2006).

2.2 Emission Computed Tomography

The concept of photon-matter interactions described iniGe@.1 has enormous appli-
cations in the branch of medicine known as emission compuatedgraphy (ECT). With
millions of imaging procedures being performed each ye@T Bas made a great impact
on the practice of medicine due to its ability to provide gétmensional information of
radioactivity within an object. This information is typibapresented as cross-sectional
slices through the patient, but can be freely reformattechanipulated as required. ECT
uses radiation as the emanations to probe the body. Due tighesnergy of the gamma
rays used (100 keV to 600 keV), the refractive index of theytiedssentially unity, there-
fore the gamma rays travel in straight line pathsffiaction dfects can be ignored to a
very high level of accuracy. The gamma rays are sourcedmiitid body and detected by a
detector positioned outside the body (Cree, 1994).

There are several potential advantages of performing EGH tive Compton camera
compared with the conventional gamma camera that usesimatidl. One potential ad-
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vantage is increased sensitivity. Studies suggest thattmepton camera may be able to
count one or two orders of magnitude more photons than theeatiopnal gamma camera,
resulting in reduced acquisition times. Compton camerss dfer the potential to image
more than two tracers simultaneously. Contemplating tkeareh and clinical advance-
ments that could be made possible by multi-tracer imagiegtraily exciting (Chelikani
et al, 2004; Smith, 2005).

The basic principles of ECT can be described with the attsruaosdficient u, used
for characterization of photon penetration into absorliimgdia. This parameter depends
on the energyE, of the emitted photon and atomic numhgrof the absorber, and may
be defined as the probability per unit path length of a photaring interaction with the
absorber.

Consider a slab of absorber material of thicknegdaced between a gamma ray source
located within a tissue and a detector as shown in Figure Thi.absorber decreases the
detector signal (intensity) fronfp (E) that is measured without the absorber in place to
I (x, E) that is measured with absorber thicknasm the beam. A layer of thicknessc
within the absorber reduces the beam intensity/bynd the fractional reduction in inten-
sity, —dI /I, is proportional to the attenuation deient u (x, E) and the layer thickness
dx. The relationship fordI /I can thus be written as follows:

—dI
T =Uu (X, E) dx, (21)
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Figure 2.1: Photon attenuation in an absorbing material

Integrating Equation 2.1 with respect togives the expression for a monoenergetic
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Figure 2.2: Total attenuation cross section for the intewamf photons with lead, and the
contribution of each interaction to the total attenuati@Braph data sourced from NIST’s

XCOM database (Bergest al., 2010))

photon beam traversing a homogeneous medium with a atienyafx, E),
I(x,E) = Io(E) e J v E)dx (2.2)

Note that Equation 2.2 is obtained with the consideratia ghly and all depend on the
gamma ray energ¥. A plot of the various contributing interactions to linedteauation
codficient for lead up to 10 MeV is shown in Figure 2.2. Of the vasiouteractions shown,
the most relevant processes to ECT are Compton scatterthglaotoelectric absorption.
These interactions are also the key processes needed f@tQooamera operation, hence,
detailed descriptions of the interactions and relevantharatitical aspects as to how they
affect the Compton camera operations are discussed in thevfiofjsections.

2.3 Compton Scattering

For the analysis following, it is convenient to defimé¢o be

E,

moc?’

(2.3)

a =
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where E, is the energy of the incident photon amdc? is the rest energy of the electron,
which evaluates to 511 keV.

In 1923 Arthur Compton (1923) assumed the target electr@moéterial detector to be
free and at rest and derived his famous photon scatteringtiegs from the laws of energy
and momentum conservation as:

a (1 — cosh)
AE=E,—-E =FE 2.4
T T 14 a(1-cosh)’ (2.4)
AE
cosf=1- ——. (2.5)
a(E, — AE)

Here AE is the energy transferred to the target electron by the emtighoton,E; is the
energy of the scattered photon afids the scattering angle. Unfortunately, in real de-
tector systems the electrons are neither free nor at reshdund to their atomic nuclei
with non-zero orbital momentum. In 1929 Jesse Du Mond (192@ypreted a measured
broadening of the Compton spectra as Doppler broadening@utlby the velocity of the
electrons (Zoglauer and Kanbach, 2003). Details of Dogdpleadening as it concerns our
application is discussed in Chapter 3.

The amount of energy transferred to the recoil electronearfgom almost zero for
6 ~ 0° (grazing collisions) up to some maximum valuefat 18C°. At § = 18C, the
incident photon is backscattered toward the original dive¢c whereas the electron recoils
along the direction of incidence and the energy transfereetbe derived as:

2a

AE=Er oy

(2.6)
Equation 2.6 represents the maximum energy that can bddreat to the electron in a
single Compton scattering, and is commonly known as the Gamgxige. Figure 2.3 shows
a schematic diagram of a Compton scattering between areincghmma ray photon and
an atomic electron. In this figure, a certain photon with andent energyE, scatters f

a free electron through an anglewith respect to its incident direction and with a reduced
energyE,. The electron also deflected with an increased enarfythrough an anglep
with respect to the incident photon direction.

The Compton scattering process is utilized in determinireydirectional information
of incident gamma photons in Compton cameras. To achieeettinal localization, part
of the energy of the incident photon must be transferred tmadly bound electron of the
scatterer, which recoils and is ejected from its atom, ardotioton is deflected through a
scattering anglé with respect to its original direction. If the photon stidldrenough energy
left, the process may be repeated. The scattered photognisitiected by the second plane
detector known as the absorber where it is completely abdorbhe energy, position and
time measurements from each of the detectors are combimeddnstruct the initial photon
direction.
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E!

Figure 2.3: Compton scattering between an incident photonaa orbital electron (recoil
electron)

2.3.1 The Compton scattering probability

The probability for a single Compton scattering followed dy escape of the scattered
photon was derived by Oskar Klein and Yoshio Nishina in 19@i6 and Nishina, 1929),

a few years after the Compton scattering discovery. Thisferred to as the Klein-Nishina
differential cross section. The Klein-Nishindfdrential cross section for an unpolarized
electromagnetic radiation scatterinff an unbound electron is uniguely given by the energy
and angle relationship:

deaKN_rz( 1 >2(1+co§0) 14 a? (1 — cosf)?
dQ 9\ 1+ a(1-cosb) 2 (1+cof0) (1+a(l-cosp)) )

(2.7)
whererg is the classical electron radius. Equation 2.7 is a meaguhe probabilityd,c X
that an incident gamma ray will be deflected into the solidadgf by a free electron. The
validity of the above equation occurs when the incident phanergy is much greater than
the binding energy of the target electron. Figure 2.4 shbwggtaphical representation of
the relative probability of Compton scattering dfeient angles per unit of solid angle. This
figure reflects the relative number of scattered photonsatbatd be recorded by a detector
of fixed area as it is moved about a fixed distance from theesaadt object at dferent
angles relative to the incident photons assuming attemnuaind secondary scattering are
ignored.

As scattering predominates, the total Compton scatteribgsesection can then be eval-
uated as the integral of Equation 2.7 over all possible soigles,

KN b3 deO'KN )
o = o) 27 sing do (2.8)
0

s 2[2(1+a)2 +In(1+2a) (1._1+a)_ 1+ 3a ] (2.9)

O la2(1+ 20) @ 2 a? (1 + 2a)?
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Figure 2.4: Compton scattering collision cross sectionahma rays at various incident
energies scatterindifree electrons at flierent angles. (Figure adapted from (Cree, 1994),
used with permission)

Equation 2.9 is independent of atomic numkeof the detector, since in the Compton the-
ory the electron is assumed free and stationary, implyiagttie electron’s binding energy
to the atom is assumed to be negligible.

2.3.2 Htect of electron binding on Compton scattering

Consider a homogeneous elemental scattering medium wigmsitg of electrons defined
as

NApZ
ne = R
A
where N, = 6.02 x 10?2 mol?! is Avogadro’s numbery is the density,Z is the atomic
number and is the atomic mass of the medium. Assuming that this mediumtistfected
by electron binding ffects, all electrons will be free and participate equally on{pton
scattering. The Compton linear attenuationf@oint for this system of free electrons can
then be expressed as:

(2.10)

_ NapZ KN NAPeO'KN

MC A e ~ 2
where,cX N is the Compton electronic cross section. The approximaifahe ratioZ/A
to 1/2 in Equation 2.11 implies a small variation in Compton lineienuation caécients

(2.11)

for different elements. Howeverftérent shell electrons are havéfdrent binding energies
which make them participateftitrently to Compton scattering.
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A variety of theories have been proposed to account forfileets of electronic binding
energy on Compton atomic cross sectiops("). Most notable is the method developed
by Hubbellet al. (1975) from the National Institute for Science and Techgpl(NIST) in
Washington, USA. This group treated the binding energyemtions to the Klein-Nishina
relationships in the impulse approximation taking intocact all orbitals electrons of the
scattering atom. They achieved their success by applyingltpficative correction func-
tion S (x, Z), referred to as the incoherent scattering function, td<deen-Nishina atomic
cross sections as follows: 4 KN

% - “;’Q S(x, ), (2.12)
wherex = (sinf/2) / Ais defined as the momentum transfer variable wijtthe wavelength
of the incident photon. The inclusion of (x, Z) into Equation 2.11 gives the modified

expression of Compton linear attenuation ffieeent

He = ———OCinec- (2.13)
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Figure 2.5: The linear attenuation ¢beient due to Compton scattering for silicon, germa-
nium, lanthanum bromide and sodium iodide

Figure 2.5 shows graphs of the Compton linear attenuatiefficient as a function of
the photon energy for selected radiation detectors. It eaoldserved from the figure that
the probability of Compton scattering between photons dadtrens of these materials
increases gradually as the photon energy increases upuid Hbd keV and then fallsfbat
higher energies. Figure 2.5, however, provides no infolomatbout the suitability of the
materials as Compton camera scatterers. The materiakshiialt suitability as Compton
camera scatterers can be determined by plotting the Contpttwtal interaction ratios,
which are illustrated in Figure 2.6. According to Figure ,&flicon is the best candidate
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Figure 2.6: Compton to total cross section ratio as a funabbenergy in various for se-
lected radiation detectors

for the scatterer considering only the Compton scatterioability.

2.4 Photoelectric Hfect — a tool for position localization

To be accepted for image reconstruction, a Compton scdtgmenma photon from the
scatterer must fall into the solid angle subtended by the @omcamera absorber, and
interact with a tightly bound orbital electron of the absarlvia the photoelectricffect.
The photon disappears and the orbital electron (photgelécis ejected with a kinetic
energyEk, equal to the dierence between the scattered photon ené&iggnd the binding
energyE g of the electron shell from which it was ejected. Chestyal. (2003) suggest that
the ejection of a K-shell electron is four to seven times mnilikedy than ejection of an L-
shell electron when the energy requirement of the K-shetles depending on the absorber
element. This ejection creates a vacancy in the orbitaltrelecshell, which is quickly
filled through the capture of an electron and/or rearrangeimigelectrons from other shells
of the atom. This may result in the emission of one or moreadtaristic x rays or Auger
electrons which are generally reabsorbed near the emigsioh The quantity of the energy
deposited, position of interaction and time of the photctele interaction are measured and
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. e
E °

E . =E, -E,

Figure 2.7: Schematic diagram of the photoelectffe@. A photon with energy, inter-
acts with a K-shell electron. The photon is absorbed coralyieind the K-shell electron is
ejected as a photoelectron from the atom with a kinetic gngfg= E, — Ep

stored for further analysis. A schematic diagram of the pélettric interaction between a
photon of energy, and a photoelectron is shown in Figure 2.7

2.4.1 Photoelectric cross section

The probability that the photoelectrié¢fect will occur depends on the atomic number of the
absorbing materiak and the energy of the incident photdh (or scattered photon energy
E; for the case of Compton camera). At present, an exact acallygkpression for the
photoelectric probability has not been found. Howeverughoapproximation o andE,
dependence on the photoelectric linear cross segtjaan be written as (Knoll, 2000):

pZ"

//lp = k—35, (214)
A (Ey)

where the exponeni varies between 4 and 5, akds a constant that depends on the shell
involved, assuming a medium with atomic magsatomic numbelZ and densityp. The
severe dependence of photoelectric linear cross sectigphfmoelectric absorption proba-
bility) on atomic numbelZ in Equation 2.14 is the primary reason for the preponderafce
high Z materials for Compton camera absorbers. A graph of phattveldinear attenuation
cosdficient i, as a function of the incident photon enerBy for some detector materials is
shown in Figure 2.8. In the low-energy region of the graplsoaption edges (discontinu-
ities) in curves appear at photon energies that correspotiek thinding energies of specific
electron shells of the absorber atom. Sharp edges cor@spdhabsorption edge, whereas
smooth edges correspond to L, M, etc, absorption edges.
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Figure 2.8: Photoelectric linear attenuation for silicgarmanium, lanthanum bromide and
cadmium zinc teluride

2.5 Angular resolution

The accuracy of the Compton camera is based on the accurticyhich the cone param-

eters are determined from the measurements of the poséimhthe energies deposited in
the detectors. For instance, measurement uncertaintiesote the true positions and en-
ergies cause a spread about the true location of a pointesolifwis the angular deviation
of the reconstructed cone from the true source locationachenizes the imaging perfor-
mance of Compton cameras, and is evaluated using the amgstdution measure (ARM),

A6, which refers to the uncertainty in measuring the true sgag angle. In real Comp-

ton cameras, ARM can be evaluated with the following expoesé&Zoglauer and Kanbach,

2003; Watanabet al., 2005; Secet al., 2010):

A0 = 0Geom — 9Compy (215)

wherefg..n is the scattering angle defined by the known position of therga ray source
and the hit (or interaction) positions, afid,, is the scattering angle computed with the
Compton scattering formula. The full width at half maximuRWHM) of the distribution

of Equation 2.15 gives the angular resolution of the Compeimera. Major contributions
to the Compton camera angular resolution can be identifiéadllas/s:

¢ the contribution of limited energy resolution of the scite

¢ the inherent resolution given by Doppler broadening,
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e the geometric contribution which is related to the deteation of the scattered pho-
ton track.

Measurement errors in energy resolution and Doppler broagecause the Compton
scattering angle to be uncertain. These two parametersgmificantly influenced by the
choice of the selected radionuclide and detector matéfrfed. geometric contribution how-
ever, depends on the detector layout and the interactidgtigroancertainties of the detec-
tors. The combined FWHM spread caused by these three famiorsine can be computed
in principle from the following quadrature addition (Sindt®83; Duet al., 2001):

tarf (A9) = tarf (A6,) + tar? (Ad,) + tarf (Af,) (2.16)

whereAd, is the scatterer energy resolution contributia®,, is the Doppler broadening
contribution andAd, is the geometric contribution to the angular resolutionteNibat the
energy resolution of the absorber is not often used to aaleuhe uncertainty in angular
resolution. It is rather considered useful for separatirgttue Compton scattering events
from the background events within a desired energy windowesit does not limit the
angular resolution significantly as the scatterer energpludion does. Hence it can be
classified as of secondary importance in the image form#&8tunden, 2005a). More details
of the contributions of angular resolutidk® in Equation 2.16 are presented in the following.

2.5.1 The contribution of the energy resolution to the angwdr resolution

The directional localization of a radiotracer distributiovith a Compton camera involves
the calculation of scattering angles from the measuredg@®er Consequently, errors in
the energy measurements manifest as uncertainties in iidatad scattering angles. An
expression for the uncertaintyg, in the Compton scattering angles due to energy measure-
ment errors can be obtained by taking the derivative of thea@on scattering equation

(Equation 2.5) to yield:
m0c2
Ab, = AEs, (2.17)

~sing (E, - E,)°

whereAE; is the FWHM uncertainty in measuring the energy depositédérscatterek.
The sind term in the denominator results in a large uncertainty faslsangle scattering as
illustrated in Figure 2.9 for three incident photon enesgiéheEy2 term in the denomina-
tor indicates that the uncertainty decreases rapidly witheiase in incident photon energy.
This is also observed in Figure 2.9 which shows that it isezdsi achieve good angular
resolution at 300 keV and above. Achieving a high angulasloti®n at 140.5 keV would
require a state-of-the-art detector as the scatterer oraig accounting of the angle uncer-
tainty due to the energy measurement errors in the recatistnualgorithm. The angular
uncertainty,Af, in Equation 2.17 has two contributions in reality. One is¢nergy reso-
lution of the scatterer, and the other is Doppler broadef@nfact that is not accounted for
in the equation). The energy resolution is limited by théistiaal noise and the electronic
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The impact of scatterer energy resolution on angular resolution
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Figure 2.9: The contribution of the energy resolution tataingular resolution

noise within the scatterer. The statistical noise is relédethe fluctuation in the number of
discrete charge carriers generated by the interactingretecrhe electronic noise is related
to the signal noise generated in the course of signal primgpsEhe latter can be minimized
by using suitable electronics, but the former represenisedtucible intrinsic limit that will

always be present in the detector signal no matter how pgetfeademainder of the system
is made.

2.5.2 The contribution of Doppler broadening to the angularresolution

In Equation 2.17, it was assumed that the scattering anglertainty can be calculated with
only the energy resolution. However, when consideratiorsnzade on the reality that the
electrons spin around the atomic nucleus, the impossitofitrealizing the accurate pre-
diction of the total Compton camera angular uncertainthwitly Equation 2.17 becomes
obvious. This is because, for a given value of energy medsur¢he scatterer (even if
no measurement error is made), there is a distribution dearthat could have occurred;
and at the energy level of the conventional SPECT (140 ke\f3,distribution of angles
is substantial. This phenomenon is referred to as Doppleadaning. The problem of
Doppler broadening is complicated by the fact that theres dhme seem to exist any direct
relationship between the kinetic energy of the recoil etecand the scattering angle when
the electron spin is considered. Hence, the most feasiblé@ois to adopt the concept of
electron momentum distribution which can be describedénctintext of Compton camera
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in the following way (Ribberfors, 1975).

The interacting electrons of the scatterer have a non-zeraantum distribution which
depends upon the characteristics of the electron shetitates associated with the detec-
tor material. This distribution changes the kinematics #relrelationship between the
scattering angle and the energy transferred to the reaaitren. The Compton scattering
formula (Equation 2.5) which assumes that the recoil edecss free and at rest, must then
be modified to include thefiects of the electron motion and binding, leading to addition
uncertainty in calculating the scattering angle.

Ribberfors (1975) incorporated the electron’s motion aindibg efects into the Comp-
ton kinematics equation in a consistent way by using theivedic impulse approximation.
He achieved this feat by treating the motion of the elect®ma plane wave so that the tar-
get potential is assumed to be constant during the collisidnis implies that the energy
transfer from the photon to the electron has to be at leasooher of magnitude higher
than the binding energy of the respective electron. Fohligvwtheir work, Ordonezt al.
(1997) showed that the angular uncertainty due to DopptEd®ning is non-negligible for
Compton cameras intended for medical applications. Thegagcounted for thefiects of
the electron’s non-zero pre-collision energy and momentitm the approximate formula:

E, - E,—aE,(1-cost)

P, = —mgc (2.18)

2, g2 '
\/ E, + Ef — 2E, E, cosf

P, was defined as the projection of the electron’s pre-cotlisitomentum on the momen-
tum transfer vector of the incident photon by the group. Adtwly, the Klein-Nishina
formula for the diferential cross section of Compton scattering was also neadés fol-
lows:
E

Jo (P, (2.19)

Ec E,
—C+—y—sm26)
\/Ey2+E;2—2EyE; cost

E,  Ec

d%c, _ mor (2)
dQdE, ~ 2E,

where E¢ is the Compton energy defined by Equation ZZ4(P,) is the Compton profile
for the nth sub-shell of the target atom anads the classical electron radius. Equation 2.19
is referred to as the doubleffirential cross section (DDCS) ff#irential in the energy and
direction of the scattered photon. DDCS is thus a bi-vapatéability distribution function

of the energy and direction of the scattered photon.

If the Compton profiles are separated out in terms of the ealand core electrons, the
variation of the electron momentum due to Dopplffeet is more clearly evident. This is
illustrated in Figure 2.10 for the case of crystalline sitic The long tail of the total profile
is due to the core electrons and gives a poor estimate of thie Ipeation of the energy
spectrum whereas the peaked valence electron profile gibester estimate of the peak
location of energy spectrum (Brusaal., 1996; LeBlanc, 1999). Theffect of the spread
in the electron’s momentum and energy by Doppler broadeisishown in Chapter 3 to
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cause a blurring of the Compton camera image.

Graphical illustration of Compton profile for crystalline silicon
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Figure 2.10: Compton profiles for crystalline silicon shogiotal, and contributions from
valence electrons and core electrons
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Figure 2.11: The contribution of Doppler broadening to thgwdar resolution at 140.5 keV
and 511 keV

The contribution of Doppler broadening to the total anguéeolution as a function of
scattering angle is shown in Figure 2.11. The graph curvesesent the FWHM of the
Compton profile at 140.5 keV and 511 keV. It can be seen in Eigutl that Doppler
broadening dominates the Compton camera angular resolati®40.5 keV more than at
511 keV. The figure also shows that the Doppler contributmangular resolution varies
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strongly with scattering angle such that it becomes worséafger angles. This is an im-
portant fact that must be considered when designing a Cangatmera model for clinical

purposes. A GEANT4 study on how Doppler broadeniffgas the performance of Comp-
ton cameras intended for clinical purposes is presentedhapter 3.

2.5.3 The contribution of geometric uncertainty to the anguar resolution

Besides the uncertainties due to the energy resolution apglBr broadening, the geomet-
rical uncertainty is a severe limitation in determining tedés of the back-projected cone
in Compton cameras. The reason lies on the fact that the taimdgrto estimate the ‘true’
positions of interactions in the detectors transforms umtoertainty in the placement of the
back-projected cone. Two major contributions to the gedmancertainty of the Compton
camera are commonly reported in the literature (Ordaies., 1999; Studen, 2005a). One
is the finite spatial resolution of the detectors, and themiththe extended geometry of the
detectors. The former relates to the pixel size or the staliscollections of the scintillation
photons by the photomultipler tubes (PMTSs), as well as tipgtdef resolution of the detec-
tor; the latter relates to the placement and geometric tatiem of the detectors. A detailed
analytical study on the geometric uncertainty of Comptaome&as has been presented by
Ordonezet al. (1999), hence discussions on this subject herein is lintitettie Compton
camera design described in this thesis, namely the twolpbpédnar detector design.

Consider a gamma ray emitted from a source located at origifigure 2.12) and
Compton scattered at a poirg in the scatterer, and the scattered gamma ray is fully ab-
sorbed at a pointa in the absorber. From the vectors that connect these pdiimsesac-
tions in Figure 2.12, it is easy to derive the following edomat

(2.20)

In Equation 2.20, it is obvious that the emission point misstwithin the surface of a
cone. If the angular resolutiond, is taken into account, then the shift of the cone axis
will be derived from the spatial resolutions of the scattemed the absorber, as well as the
detector arrangements, which correspondig (Axs, Ays, Azs) for the scatterer spatial
resolution,Ar4 (Ax4, Aya, Az,) for the absorber spatial resolutioR; for the source-to-
scatterer distanceR, for the distance between detector interaction points Rador the
scatterer-to-absorber distance. In real Compton camia@sifect of the spatial resolution
is evaluated by utilizing the centre positions of the detegixels in which the interac-
tions occurred or by blurring the detection positions witahces sampled from Gaussian
distributions whose widths (FWHM) correspond to the spedifspatial resolutions. The
direction vectors are then calculated with the use of theifieadinteraction positions and
the known source position using Equation 2.20.

On the other hand, an analytical expression to calculatgdbenetrical contribution to
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Figure 2.12: An illustration of how the use of detector pigehtres canféect the placement
of the reconstructed Compton camera cone

angular resolution is given by Ordonetal. (1999) as:

A
Ab, = I;S 1+ ¢2 (14 f2) + 2¢ cost, (2.21)

where¢ = R1/ Ry andp = Ar,/Ars. The parametef denotes the spatial resolution of the
absorber relative to that of the scatterer. In Equation,2a2dtched resolutions represent
the condition,p = 1 or Arg = Ar,. However, the spatial resolutions of most proposed
Compton cameras are not always matched but are suclpthatl. Equation 2.21 also
suggests that for a hypothetical Compton camera with the&onsArs = 1 mm, Ary

= 2 mm andR; = 10 cm, the &ect of the distance between detector interaction points
on the angular resolution can be represented as in FiguBéad.1The largest separation
(1000 cm) in Figure 2.13(a) exhibits asymptotic behavioithwespect taR,. In fact, even

at 30 cm, the angular resolution is already close to the amtiapvalue for all scattering
angles. Therefore, the detector separation need not be toadarge in order to obtain
an optimal angular resolution (Ordonetal, 1999). On the other hand, with the source-
to-scattererR; varied andR; fixed at 10 cm, the féect of R, on the angular resolution is
shown in Figure 2.13(b). Figure 2.13(b) suggests a rapigase in the angular resolution
for sources close to the scatterer. In general, the vamiaiaRy is similar to that observed
for R,.
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Figure 2.13: (a) Angular resolution for a Compton camer# wititched spatial resolutions
(FWHM), Ars = Ary, = 1 mm to 4 mm, source-to-scatterer distarRe= 10 cm and
scatterer-to-absorber distanRe = 5 cm. (b) Angular resolution for a Compton camera
with matched spatial resolutions (FWHMy g = Ar4 =1 mmto 4 mm, source-to-scatterer
distanceR; = 10 cm and scatterer-to-absorber distaRge= 10 cm.

2.5.4 Position uncertainty and optimization consideratios

In the image reconstruction of Compton camera data, théigsincertainty of the source
located at a distancR; from the scatterer is a more meaningful constraint than tigellar
uncertainty. Assuming that each detector event conicdhcairhas the same angular un-
certainty, the point where all cones intersect (the souosgipn) is approximately circular
with a diameter of

Ax = R1A6, (2.22)

whereAx is the position uncertainty of the source and is approxiimagual to the spatial
resolution of the image generated with the conditions dtateve. Heré\0 is the total an-
gular uncertainty given by Equation 2.16 (Mundy and Hern281,0; Ordoneet al., 1999).
Figure 2.14(a) shows the position uncertainties predibtethe major contributions to the
angular resolution for a hypothetical Compton camera withdcatterer energy resolution
A6, =1 keV, scatterer pixel resolutiarg = 1 mm, absorber pixel resolutiakr, = 2 mm
source-to-scatterer distandg = 10 cm and scatterer-to-absorber distafge= 5 cm at
140.5 keV. The figure suggests that the camera can achieveMridition uncertainties
of approximately 8 mm to 10 mm for scattering angles betwe®nabd 100 for a point
source object located 10 cm in front of the scatterer. A singkaph for the total position
uncertainty is shown in Figure 2.14(b) for 511 keV witld, adjusted to 2 keV. This time,
the figure predicts FWHM position uncertainties of about 4 torB mm for scattering an-
gles between Z0and 100 for all the uncertainty contributions combined. If a Compto
camera with the above configurations can achieve thesdgédsukality, its performance
would be rated as excellent! Nevertheless the calculatfatheofigures in both cases is
based on the knowledge of the electron momentum. Note thedt thfe variables in Equa-
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tion 2.18, only two €, and E}) are either known or can be measured. Therefore, unless
the electron momentum is known, measured, or estimatedscthitering angle cannot be
calculated unambiguously. The ambiguity in the calcutatbthe scattering angle is a cru-
cial concern in the actual implementations of the Comptanara in medical applications
because Equation 2.18 cannot be used to obtain the Comptiarsty angle, the best that
can be done is to use the Compton scattering formula, EquatH(Ordonezt al.,, 1997).

Position uncertainty of a hypothetical Compton camera for 140.5 keV Position uncertainty of a hypothetical Compton camera for 511 keV
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Figure 2.14: The various contributions to total angulaohgson of uncertainty.

It is obvious in Figure 2.14(a) that the geometrictfeets are small compared to the
energy resolution and Doppler broadening. The energy utisnldominates the position
uncertainty at lower scattering angles (&pOvhereas Doppler broadening dominates the
position uncertainty for higher scattering angles (35®ased on this, the sensitivity of the
system can be increased by increasing the surface areas détiectors without significant
sacrifice in position resolution. It is also clear that anggible reduction in the energy res-
olution of the scatterer below 1 keV will do little to improtkee overall position uncertainty
due to the Doppler limit at 140.5 keV. On the other hand, thengetry dfect contributes
the largest fraction of the overall position uncertainty flmv scattering angles (<7) at
511 keV because of the reduction in tHéeets of the energy resolution and Doppler broad-
ening. Absorbers with highet materials and good spatial resolution could then be used
to limit photon penetration and subsequently reduce thengéic uncertainty component.
Now given that the geometric uncertainty is easy to mantputhe true physical limits on
position uncertainty for a Compton camera system at a giadivisotope energy is set by
the Doppler broadeningfect and limiting energy resolution.
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2.6 Sensitivity

The Compton camera sensitivity relates to its ability tadoice a usable signal from photon
interactions in the two plane detectors. Photon countsayeiiged in a coincidence counting
mode between the plane detectors with time parameter asiisicpl observable. The time
window should therefore be reasonably small to discrinémandom coincidence events,
and at the same time, not so small to discriminate the goaut®as that could lead to poor
photon counting. Poor photon statistics have serious gatitins for image reconstruction.
Reconstruction algorithms often fail to produce reliabli®imation on source images when
the signal-to-noise ratio is small. Direct reconstructagorithms are, in particular, noted
for poor reconstruction in noisy situations.
A good template for the Compton camera sensitivity was glweheBlanc (1999) in

the following way. To be counted as part of good photon hjstarevent, a photon emitted
by a source must

¢ travel within the solid angle range of the scatterer

e undergo a Compton scattering in the scatterer

e escape from the scatterer following the Compton scattering

e the scattered photon must fall into the solid angle rangaéefbsorber
e and undergo full photoelectric absorption in the absorber.

Ideally, the scatterer and absorber must be able to prowideniation on the deposited
energy, time and positions of interactions. With this inf@tion, a time coincidence mode
and an energy criterion are applied to ensure that the tveodations observed are caused
by a single photon.

The above details given for a successful photon historyasl® five éiciencies which
can be maximized for optimal Compton camera sensitivitye Titst term relates to the
geometric €fficiency, which can be increased by increasing the surfacedrine scatterer
and/or decreasing the source-to-scatterer distancet(tnédds not evaluated in this thesis).
The second term is related to the Comptdficeency of the scatterer. Multiple Compton
scattering events in the same scatterer pixel can be allowtb@ sensitivity analysis since
there is no way of filtering them out in real situations. Thiectiterm includes theféect of
self-attenuation of the scattered photon within the scattevhich depends on the scatterer
thickness, material characteristics and scattered ptestergy. The fourth term is a function
of the overall camera geometry, and can be optimized by reguhke scatterer-to-absorber
distance and/or maximizing the absorber surface area. fthédim relates to the intrinsic
peak dficiency of the absorber. This component strongly depend$eremergy of the
scattered photon. It can be maximized by choosing tgmaterials and increasing the
absorber thickness.
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In addition to the above photon event criteria that must bg the Compton camera
sensitivity also depends on the inherent detector noisi dapending on the detector de-
sign, the protective material surrounding the sensitiMeme of the detector. For the first
case, a certain minimum amount of energy deposition is sacgdor the signal to be us-
able. This lower limit is determined from the noise from thetettors and the associated
electronics. The noise appears as a fluctuating voltagermerduat the camera output. For
the second case, the material that covers the entrancewiodibe sensitive volume must
allow only photons with sfficient energy to penetrate its thickness. The thickness dets
a lower limit on the energy that can be detected.

It follows from the above that the Compton camera sengjtiiay be defined as the
percentage of the photon events that produced usage readitst information in a fixed
set of photon histories (Chelikaet al,, 2004). The evaluations of the abovi@encies to
optimize the Compton camera is a significant part of thisighes

2.7 Deadtime

Depending on the camera design, information on the energlyeofadiation may or may
not be preserved as the signal is being processed. Thisasigethe amount of ionization
caused by radiation in the detectors is collected as thgramitef the deposited energy
(electrical pulse) with respect to time. This signal intggm time is of great importance
in data acquisition (DAQ). It relates to the finite time re®di by the detector to process an
event, which is known as the dead time. Depending on the tydetector may or may not
remain sensitive to other events during this period. If tetector is insensitive, any further
events arriving during this period are lost. But if the d&teaetains its sensitivity, the
second event may pile-up on the first resulting in the digtorf the signals and subsequent
loss of information from both events. These lossffech the observed count rates and
distort the time distribution between the arrival of therggeso that events from a random
radioactive source no longer have the expected Poissdmardistribution. To avoid large
dead time ffects, photon count rate should be keffisiently low such that the probability
of a second event occurring during the dead time is small,(1864).

When calculating theftects of dead time, the entire camera system must be taken into
account. Each detector component of the Compton camerensyss its own dead time.
In some cases the limiting time may be set by processes iratinera’s detectors, and in
other cases the limit may arise in the associated elecgoriowever, combining the dead
time dfects often becomesftlcult when the several elements have comparable dead times.
Consequently, a simple method for combining the dead tiffezts in such cases does not
exist at present (Knoll, 2000; Leo, 1994).
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2.7.1 Types of dead time

Two models of dead time behaviour have come into common ugsgalyzable and non-
paralyzable dead time models. In the paralyzable casertilkial@f the second event during
the dead time period extends this period by adding its deagktistarting from the moment
of its arrival. This occurs in detector elements which remaiensitive during the dead time.
Thus if the event rate is fficiently high, events can arrive such that their respecteadd
time periods all overlap, resulting to a prolonged periodrduwhich no event is accepted.
The element is thus paralyzed. The nonparalyzable casentrest, corresponds to an ele-
ment which is insensitive during the dead time period. Thigarof a second event during
this period simply goes unnoticed and after a titnhe element becomes active again. In
Figure 2.15, a constant dead timés assumed to follow each true event that occurs during
the active period of the detector. The nonparalyzable twteecords four counts from the
six true events. In contrast, the paralyzable detectowstabong the top line of Figure 2.15
records only three counts for the six true events.

Dead_| < 7T+ _—
Active ‘ ‘ ‘ T Paralyzable

| | T
A AN

Events in detector Time —

Dead

Active

“t4
l ‘ ‘ ’—‘ ’—‘ Nonparalyzable

Figure 2.15: An illustration of two models of dead time bebav for radiation detectors.
“Dead” stands for the dead period of the detector, whereasiv&’ stands for the active
period of the detector.

A simple expression for the nonparalyzable dead time carehigedl in the following
way. SupposeR; is the true count rate of a detector system that regist@sunts in a given
periodT. Assuming that each detected count engenders a constattimes, a total dead
time mt is accumulated during the counting peri®d During this dead period, a total of
R,mt counts are lost. The true number of counts is therefore

R, T = m+ Rymr. (2.23)
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Solving for R, in terms ofm gives

R,

R, = ,
! 1-R,T

(2.24)
whereR, is the observed count rate and definedrgs= m/T. Note that Equation 2.24
can also be written for the observed count rate, namely,

- 1+ RtT.

0 (2.25)

For the paralyzable case, dead periods are not always of ligxggh, so the same
method cannot be applied. Rather the observed countRafer the total counting pe-
riod T is the fraction of the true events that satisfy the condition

R, = Ree &7, (2.26)

There is no analytic equation f&®, as a function ofR, for the paralyzable case. A plot
of the observed count ratR, versus the true count ratR, is shown in Figure 2.16 for
both models. When the rate is low the two models give viutie same result, but the
behaviour is markedly éierent at high rates. The observed count rate for a nonpaiallyz
system is seen to increase asymptotically toward a maximaioe\R)"> = 1/z, which
represents the situation in which the counter barely hastinfinish one dead period before
starting another. For paralyzable behaviour, the obserwadt rate is seen to go through a
maximum valueR** = 1/er, wheree is the base of natural logarithms, and then decreases
with further increase in true count rate. This is becauseétiaddl events serve only to
extend the already long dead time intervals without coutitilg to additional events in the
observed count rate. At very high true count rate, the oleskecount rate can approach zero.
This is called counter paralysis. These two dead time maateladequate for most practical
nuclear medical imaging systems, however, they are onlyditer approximations. More
rigorous treatments and discussions on dead time probleenkegond the scope of this
thesis (Chernet al,, 2003; Knoll, 2000; Leo, 1994).

2.7.2 Methods of dead time measurement

A prior knowledge of the dead timeis required to make system dead time corrections with
either of the dead time models. Most often however, the dea& is not known, or varies
with detector operation conditions and therefore must basmed directly. Two methods
of measuring the dead time of imaging devices as explainedro}l (2000) include the
two-source methodnd thedecaying source methodhe former is based on observing the
count rate from two sources individually and in combinatiarnereas the latter is based
on analyzing the count rates of a short-lived radioisotapece acquired over a period of
time. A detailed investigation with thdecaying source methqaerformed for a Compton
camera model is reported in Chapter 5.



40 ABSTRACT DELIBERATIONS FOR COMPTON CAMERA DESIGN

o Illustration of two detector dead time models
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Figure 2.16: The variation of the observed count rRiewith the true count rate, for
paralyzable and nonparalyzable dead time models. Note taat0°> second.

2.8 Radiation detectors for Compton imaging

A variety of radiation detector materials present themeselas potential detectors for the
Compton camera. In general, suitable detectors for Comgaameras must be able to de-
tect, track and measure ionizing radiation. As indicate&eaation 2.1, ionizing radiation
interacts with detectors (or matter) by causing ionizathowl/or excitation of atoms and
molecules. The ionized and excited products undergo reir@tibn or de-excitation to pro-
duce energy. Most of these energies are dissipated by gameans that include molecular
vibrations in gases, lattice vibrations in a crystal andébléslight emission in a scintillation
material. The first category of energy dissipation reladebé gaseous ionization detectors,
the second to the semiconductor detectors and the thire tcthtillation detectors. Ideally,
the Compton camera scatterer and absorber should havegstihl @nd energy resolution,
with the scatterer having a high Compton scattering crossoseand the absorber a high
photoelectric cross section. In this section, the basicgiples of the three detector types
above and their applicability to Compton imaging are diseds
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2.8.1 Gaseous ionization detectors

Gaseous ionization detectors belong to a class of detettiatsespond to radiation by
means of ionization-induced electrical currents. Thedaenfiguration of gaseous ion-
ization detectors consists of a container with conductilegteodes (walls) that are sepa-
rated by a volume of gas with a voltagefdrence (and by implication, an electric field)
between the electrodes (see Figure 2.17). The strengtheaéldctric field between the
electrodes determines the level of the detector’s resporisaizing radiations. If a photon
passing through the gas has enough energy to ionize a gasatmwiecule, the resulting
electrons are attracted to the positive electrode and tigetmthe negative electrode, caus-
ing a momentary flow of a small amount of electrical currenanmttnon examples of the
gaseous ionization detectors include the ionization clesibhe proportional counters and
the Geiger-Muller (GM) counters. The use of this class oédirs for Compton cameras
is, however, very restricted because their stopping powerdetection fficiency are quite
low (Cherryet al, 2003; Leo, 1994).

Voltage source

Incident s
ionizing | © other Current

radiation Nif measuring
? device
- Cathode

Figure 2.17: Basic principles of a gas-filled detector. Eieal charge released by ionizing
radiation is collected by the positive electrode (anodel)the negative electrode (cathode).
(This figure is adapted from (Chergt al,, 2003))

2.8.2 Semiconductor detectors

The basic configuration of the semiconductor detectorsasogous to that of the gaseous
ionization detectors, except for their condensed atomicktre which gives them increased
efficiency, energy and spatial resolution for imaging radratio a semiconductor detector,
ionizing radiation is measured by means of the number ofgehaarriers set free in the
detector, which is arranged between two electrodes. Theepsoof ionization produces
free electrons which are transferred from the valence barldet conduction band, and an
equal number of holes is created in the valence band as wed.nimber of electron-hole
pairs is proportional to the energy transmitted by the tamhao the semiconductor. Under



42 ABSTRACT DELIBERATIONS FOR COMPTON CAMERA DESIGN

the influence of an electric field, the electrons and holegelro the electrodes, where
they are collected as electrical pulses that can be meagsumad outer circuit. Thus, by
measuring the number of electron-hole pairs, the energheirtcident radiation can be
found (Cherryet al., 2003).

Several semiconductor materials have been investigateds® in Compton camera
systems. These include silicon (Si) (Studdml., 2004), germanium (Ge) (Aet al., 2007)
and cadmium zinc telluride (CZT) (Det al, 2001). Si and Ge semiconductors dominate
the choice of the scatterer materials in most proposed Gungatmera designs. The choice
of these materials is primarily due to their excellent ckangnsport properties, ease of
fabrication, high Compton scattering cross section, ket low cost and good energy
resolution in comparison to other semiconductor mate(iéi®ll, 2000). In the presence
of electronic noise, the FWHM energy resolution of semiaartdrs is limited statistically
according to the following equation (Dogan and Wehe, 1994)

AE? = 235 FWE, + (AE)2 0 + (AED)] itge (2.27)
where F is the Fano factor accounting for departure of ion pair potidn from Poisson
statistics (0.084-0.160 for Si and 0.057-0.129 for @G#)is the average ionization energy
(3.6 eV for Si and 2.9 eV for Ge)E, is the energy deposited in the semiconductor ma-
terial by the recoil electron,AE;,)2 . is the equivalent noise added by the preamplifier-
amplifier combination and is expressed in terms of the etprvenoise charge (ENC)
(8.5 x ENC (electrons) for Si and 6.8 ENC (electrons) for Ge), andA(Es)lzeakage is
the equivalent spread due to detector leakage current amgechollection variations in the
detector. The noise term plays an important role for detaaition of energy resolution. The
effects of this term on the energy resolution of a Si materiahaheident photon energy of
140.5 keV is illustrated in Figure 2.18(a). In this figure;din be observed that increase in
the electronic noise will increase thé&exct of the energy resolution on the Compton cam-
era’s angular resolution considerably, which is more pr@ni for low and high scattering
angles. However, there would be advantages in operatirgeldttronic noise below 2 keV
FWHM, possibly as low as 1 keV, to give good resolution dowB@cattering angles for
the case of 511 keV (see Figure 2.18(h)).

It is worth-mentioning that not all the properties of Si ane €&miconductors are ideal.
The material has low photoelectric linear attenuationffoccient and consequently fars
from poor detection feiciency. Hence fabricating detectors out of higher atomimiper
compounds such as CZT will increase detectitiiciency.

CZT crystals have attracted a lot interest in various fieldtie material in essence
is a CdTe material in which some of the Te atoms, typicallyween 10% to 20% are
replaced by Zn atoms (Cherst al, 2003; Cheret al, 2007, 2008). Thus, CZT has very
similar properties to CdTe. Admittedly, this semiconduatmaterial is of poorer energy
resolution than Si and Ge, and is presently less used in auobedical imaging, but it
overcomes two of the major drawbacks of Si and Ge: it can beatgabat room temperature
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Effects of noise on energy resolution at 140.5 keV Effects of noise on energy resolution at 511 keV
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Figure 2.18: An illustration of how equivalent noise fronethreamplifier-amplifier can
affect the Compton camera angular resolution at (a) 140.5 kel\((lan511 keV.

without excessive electronic noise, and the higher atonmclrer of the material means that

it can be a good Compton camera absorber. Nevertheless, @&tals are mostly available

in small sizes due to the ffiiculty and expense of growing large pieces with acceptable
purity. However, arecent CZT crystal growth method, “TteareHeater Method”, proposed
by Chenet al. (2007, 2008) ffers the possibility of overcoming these drawbacks of the
material in the near future.

2.8.3 Scintillation detectors
The basic principles

The scintillation detectors make use of the fact that cerzaterials, when excited (struck)
by ionizing radiation absorbs energy, and reemit the alesbdmergy in the form of light.
This property is calletminescenceThe amount of light produced in an excitation process
is proportional to the energy deposited by the incidentataath in the detector. If the re-
emission occurs immediately after absorption or more pedgiwithin 108 s, the process
is calledfluorescenceBut sometimes, the excited state is metastable, so thatldpeation
time from the excited state varies from a few microsecondsém hours depending on the
material. In this case, the process is caldwbsphorescencg@fterglow). These situations
imply that the interaction between a radiation and a statitin detector depends on the type
of transition and the wavelength of the emitted opticalnfjgohoton. Note that the terms
scintillation detectorand scintillator will be used interchangeably from now on. While
many scintillation materials exist, not all are suitabl€asnpton camera detectors. Suitable
scintillators should exhibit a variety of properties whidiould include:

Sensitivity to energy: Above a certain minimum energy, the light output of the sitator
should be directly proportional to the exciting energy.
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Fast time response:The response and recovery time of the scintillator shouldHumet to
allow for short detector dead time, leading to obtaining tihee difference between two
events with greater precision.

Pulse shape discrimination: The scintillator should distinguish betweerffdirence types
of particles by analyzing the shape of the emitted light @silsThis is possible by the fact
that particles of dferent ionzing power exhibit tfierent fluorescence mechanisms.

At least six types of scintillation materials are in use. 3&déclude: organic crystals,
organic liquids, plastics, inorganic crystals, gases dadsgs. However, discussions will
be limited to the type of scintillation materials investig in this thesis, which fall into the
class of inorganic crystals. The basic configuration of at#lgtion detector consists of a
scintillator coupled to an electronic light sensor knowragshotomultiplier tube (PMT) or
a photodiode (Cherrgt al,, 2003; Knoll, 2000; Leo, 1994). A PMT is illustrated in Figur
2.19.

photocathode
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radiation v connectors
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4 t
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electrode photomultiplier
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Figure 2.19: The basic configuration of a scintillation d&te with the basic operation
mechanisms of PMT illustrated.

A typical PMT consists of a photocathode (or photoemissathade) followed by a
focusing electrode, metal channel dynodes (electron phigits) and an anode (electron
collector) in a vacuum tube as shown in Figure 2.19. WhenH ligptical) photon from
the scintillator enters the photocathode, the photoca&temdits photoelectrons into the vac-
uum. These photoelectrons are then directed by the foces#ttyode voltages towards the
metal channel dynodes where electrons are multiplied bytbeess of secondary emis-
sion. The multiplied electrons are collected by the anodarasutput electrical signal
which can be analyzed to give meaningful information abbetincident radiation. Be-
cause of secondary-emission multiplication, PMTs prowgigemely high sensitivity and
exceptionally low noise which make them ideal for the détecof extremely low light or
short pulses of light. This notwithstanding, researchiiswstderway to produce a photon-
counting light detection device that is much mof&oéent because most practical photo-
cathodes are less than 30% quantuticient, meaning that 70% of the light photons im-
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pacting on the photocathode do not produce a photoelectrdmm®@ therefore not detected
(Hamamatsu Photonics, 2006).

An important feature of the scintillation detector is iteeegy resolutionAE/E. Ac-
cording to Moszyiski (2003), the parameter can be defined as follows:

(AE/E)? = (8im)? + (61)% + (651)°. (2.28)

wheresé;,; is the intrinsic resolution of the scintillatos,, is the transfer resolution and;

is the PMT contribution to the resolution. The tedg is related to the non-proportional
response of the scintillator. However, the experimentdtyermined intrinsic resolution
is affected also by manyfiects such as inhomogeneities in the scintillator causiogllo
variations in the light output and non-uniform reflectivity the reflecting cover of the
crystal. The terms,,. is described by the variance associated with the posyilthiat a
photon from the scintillator results in the arrival of a pbelectron at the first dynode and
then is fully multiplied by the PMT dynode chaié,. depends on the quality of the optical
coupling of the scintillator to the PMT input window, the hogeneity of the quantum
efficiency of the photocathode and thffi@ency of photoelectron collection at the first
dynode. In modern scintillation detectors the tefynis negligible compared to the other
components of the energy resolution. The teiyncan be defined as (Mosiski, 2003;
Moszytiski et al., 2006):

5. =235/ 1+e)

(2.29)

where N is the number of photoelectrons ands the variance of the electron multiplier
gain, typically 0.1 to 0.2 for modern PMTs (Dorenketsal., 1995; Moszyiski et al.,, 2002;
Moszyiski, 2003; Moszyiski et al., 2006).

Inorganic scintillation crystals

A great deal of &ort has been put forth to improve the performance of inoyaaintilla-
tion crystals (precisely, alkaline halide crystals) asation detectors. This is due to their
comparatively good detectiofffeciency for hard radiation. Although a few of them may op-
erate as scintillators in their pure state —for examplee @adium iodide (Nal) crystals at
liquid nitrogen temperatures —a vast majority are “impuasittivated”. The impurity atoms
of these crystals had been found to be responsible for thélstion effect, therefore are
sometimes calledctivator centregCherryet al,, 2003).

Sodium iodide crystals doped with 0.1% to 0.4% thallium asetivator, Nal(Tl), are
the standard detector used for comparisons with other tradigetectors. The notable
features of Nal(TI) are its good light output (38 000 photMes), moderate energy res-
olution, low cost and good linear response over a large gramge of incident radiation.
However, it is also hydroscopic, which requires the cryistdle hermetically sealed, usually
together with the PMT. If not sealed the crystal quickly dierates due to the absorption of
moisture in the air. Also, it has a relatively long scintilban time of 230 ns, which may be a
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problem for high count rates, and a phosphorescence compwith decay time of 0.15 s.
In most applications, phosphorescence is not importamtesach phosphorescence photon
is detected as a single event giving rise to a single phatwele Such a small signal can
be ignored by using a discriminator set to the appropriatelldNal(Tl) is also fragile and
can be easily damaged by mechanical or thermal shock. Howsvescintillator satisfies
all imaging conditions well, therefore some compromisessaruck in most cases depend-
ing on the imaging modality. But recent lanthanide bromidestals doped with 0.5% to
5% cerium atoms, LaB(Ce), appear to have gained a new interest due to their superi
scintillation properties (Dyer, 2001).

Continuous LaB#(Ce) crystals, developed by Delft University of Technologyhne
Netherlands (van Losdt al, 2002), have been characterized by sub-millimetre spesal
olution (Paniet al,, 2008), and superior energy resolution<o3% (FWHM) at 662 keV
(Kumaret al,, 2009). This is by far, the best for any scintillator at prasd@ he crystals’ fast
light pulse decay time is estimated at 16 ns, with no intelts® somponents and afterglow;
which allows for high count rates. This combined with a lalight output, above 60 000
photons/MeV, assures an excellent time resolution of 30Q0Moszyiski et al., 2008). An-
other interesting feature of Lag{Ce) crystals is their negligible variation of light output
within the temperature range20°C to 60°C, which limits the problem of the detector tem-
perature instability to that of the PMT (Kumat al., 2009; Moszyiski et al., 2006, 2008).
The high density of LaBy(Ce) and high atomic number of lanthanum also results ingrigh
detection éiciency than Nal(Tl) (Kumaet al., 2009). All these properties have opened up
a very wide usage of LaB(Ce) crystals for a variety of applications. On this noteesal
studies have been conducted to evaluate the viability of4(@) crystal as a gamma cam-
era detector for scintimammography (Pabial, 2006b, 2007). A similar investigation of
LaBr3(Ce) crystal's performance as a Compton camera absorbsciftimammography is
presented in Chapter 6.

2.9 Reconstruction

A careful review of the literature reveals that numerousnstruction methods have been
used to estimate images of gamma emitter distributionsradegrom measured Compton
camera data. In general, the input to the reconstructiooritthgn is a list of data obtained
from photon interactions in Compton camera detectors winichudes: the photon interac-
tion positions (determined by the volume flux density of jpimstat the detection sites) and
the corresponding deposited energies. The output of tlemsrmiction algorithm is a three
dimensional voxel intensity proportional to the strengthhe radionuclide emitter. The
quality of the final source image and the reconstruction tiftav evaluation of the quality
of the reconstruction method used, as well as the accurabg afieasured Compton camera
data (Studen, 2005a).

Although several reconstruction algorithms have beengweg for the Compton cam-
era data, this section will discuss only the basic prinsijplethe reconstruction method used
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to produce the results reported in this thesis, which isiitteriode backprojection method.
Therefore, this is not an exhaustive discussion on Comgoreca reconstruction methods.

2.9.1 The system matrix

The reconstruction of images from the Compton camera fiojeclata involves solving
the equation
g=Af, (2.30)

whereg is the Compton projection data, considered to be conicésaiintegrals or inte-
grals of cone beam line integrals that have been weighteleilein-Nishina distribution
of scattering angles and blurred by the Doppléed, f is the source distribution andl is
the system matrix.

Equation 2.30 can be represented in discrete notation as:

PLPy0
8PP0 = ZAljlk 2 fijk- (231)
ijk

In this case, the distribution of radioactivity is partited into voxels. Here the system
matrix Aslkp 26 represents the probability that a photon emitted from a lvbixg k) is scat-
tered at a positiorP; of the scatterer with a scattering angleand detected at a position
P, of the absorber. Forfficient computation, the system matrix can be factorized into
sub-probabilities as follows:

PPo

P P60
- =M "
ijk

A 2 My, (2.32)

According to Equation 2.32, elements of the system matnxt@Ecomputed by the prob-
ability M P29 with which a voxel (, j, k) belonging to a conical surface is determined by
P, P, and @, and the probabilityM, relating to Compton scattering in the scatterer. |If
the interaction in the scatterer is Compton scatteringpthbability M, is the diferential
cross-section for the Compton scattering which can be [zt with the Klein-Nishina
formula (Smith, 2005; Kirret al.,, 2007).

2.9.2 Limitations on computing the system matrix

The direct inversion of the system matwxto solve forf in Equation 2.30 exists in theory.

But in reality, no exact analytical solution for the invensiof A has been implemented in

real Compton cameras, neither has the conventional itenaconstruction methods proven
easy to handle. The reasons for these limitations can be avsed as follows:

e The inversion of A is computationally demanding, even fok64x 64 image voxels.
e A1 may not be unique.

e A is ill-conditioned (very small changes in projection datmay produce large dif-
ferences in the resulf).
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In real systems, the matrix is ill-conditioned which is complicated by noise in the pro-
jection datag. The problem is made even worse by the fact that the numbaeatdtected
photon events in real Compton cameras is often of severat®rdagnitude smaller than the
number of elements of in most cases. To see why this is true, let us consider th@bthe
matrices and the vectors that are involved. If it is assurhat in terms of order of magni-
tude, there are TGelements in each of the detectors and &@ergy levels that are measured
in the first detector, then there are!@easurement bins associated with one positioning
of the camera. In contrast, in one positioning of a conveaticGPECT camera there are
typically no more than 0measurement (Smith, 2005). Based on these reasons, the dire
inversion solutions ofd are not widely employed (Bruyant, 2002). Instead, evestta
reconstruction methods which treat each detected photent @s a point in a continuous
measurement space, rather than as a contributing countdsit@gop and energy bin may
be preferable (Wildermast al., 1998b). Along these lines, several investigators such as
Wildermanet al. (1998a,b), Kimet al. (2007) and Andreyeet al. (2011) have presented
in the context of Compton camera, a variety of list-mode nstmiction algorithms. These
algorithms are distinguished by the capability of presevine accuracy of the measured
data that would otherwise be lost in the discretization afrgyp and position. List-mode
algorithms can be implemented as part of a back-projecémonstruction method or as
part of an iterative reconstruction method.

2.9.3 List-Mode Backprojection

The list-mode backprojection method is applicable to anypn@imn camera configuration
requiring the projection data in the form of lists of photoatattion positions and en-
ergy losses for all the recorded coincident events (Wilderet al, 1998b). Details of
each single photon coincident event should include thectiteposition in the scatterer
Py = (sx.sy.5;), the detected position in the absortRr = (ay. a,.a;) and the energy
transferred to the scatter@l; used to determine the scattering anglfom the Compton
equation. Figure 2.20 illustrates the operation of thisalgm for a single photon co-
incident event. Note that since a three-dimensional imdgegamma source distribution
is usually obtained by piling up many slices of two-dimensioreconstructed images, the
discussion on the list-mode backprojection reconstradtierein is limited to a single image
slice for simplicity.

Consider a certain photon that is emitted from a source aimavislling along the;-axis
as shown in Figure 2.20. If this photon Compton scatter®;dbcated in the scatterer
and is fully absorbed aP, in the absorber, the vector connectiRg to P, defines a cone
axis, and the energy deposited Bt can be used to determine the cone angle from the
Compton equation, with the cone peak originating fr&m The intersection of the conical
surface with an orthogonat-y image plane forms an ellipse on the plane, and subsequent
accumulation of multiple ellipses gives the possible pasiof the source voxel denoted by

(fx’fy’fz)-
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.

voxel

7:(fx’fy9fz) cone axis

Figure 2.20: An illustration of a backprojected cone of a @ton scattering event. Po-
sitions indicated with an asterisk represent positionsntdractions in the scatterdh =
(sx. sy, 5) and the absorbel, = (ay, ay, a;). The positions of interactions and the scatter-
ing angled can be measured, and together determine the origin poiheahtident photon
to lie on the cone-surface somewhere within an image gridhasn.

If a voxel f is on the cone surface, the ellipse equation can be derieaad fine inner
product of the vectoP;, P, and the vector from the voxel on the ellipggo P;. That is,

| fP1| = |PLP»| CcOSO. (2.33)

Variables arefy, f, and f; in Equation 2.33 for a three dimensional image reconswacti
However, reconstruction on one image slice (in two dimaemsiogequires setting, equal
to the source-to-scatterer distance (this assumptiorasor@bly accurate if the source lo-
cation is known). This implies the sampling of the intersegellipse at a fixed distancg
along thex — y plane. The drawing of the ellipse requires finding the sohﬁi(fx, fy) of
Equation 2.33. These solutions are approximately caledlay projecting along the- and
y-axis. By inserting a samplefl, the corresponding, can be calculated and vice versa.

2.10 Monte Carlo simulation by GEANT4

Monte Carlo experiments are a class of computational dlgus that rely on repeated ran-
dom sampling to compute their results. They are most suitediculation by a computer
and tend to be used when it is not feasible to compute an easwlt with a deterministic
algorithm. They are also considered to possess the cagaiithkddressing the challenging
requirements of new-generation experiments (Andersa86)19

The GEANT4 toolkit provides an excellent platform for thensiation of the transport
and interactions of particles with detectors using MonteldCmethods. The simulation
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toolkit was developed in response to the needs of modernriexguets. The GEANT4
toolkit can contain various components such as event gioeraletector simulation, re-
construction and analysis which can be used separately @snbination. Other design
requirements make it modular and flexible and thus its implaation of physics is trans-
parent and open to user validation. The toolkit's modulahigecture allows the user to
pick only those components he/she needs (Agostiee¢ldl, 2003). An overview of the
descriptions of the functionalities GEANT4 provides folia

2.10.1 GEANT4 kernel

The GEANT4 kernel manages the simulation runs, events an#litg. The Event package
provides an abstract interface to external physics evargrgéors for the creation of the pri-
mary particles. The kernel handles the tracking of parité&ing account of the geometry,
fields and physics processes. GEANT4 Tracking steers tlogdtion of physics processes
in a general way for all particle types, thus allowing greexihility in the implementation
of a variety of physics processes, as well as openness tefugktensions. The manage-
ment of particles is based on Particle Data Group (Nakan2@&)) compliant definitions
and data, including their decay processes and modes.

2.10.2 Geometry and materials

The GEANT4 geometry package provides tools to describe ¢loengtrical structure of a
detector and the patient’s organs in detail and realisficihis makes it possible to describe
the experimental set-up accurately (Foppiabal., 2005). It also handles the equation of
motion solvers in dterent fields and geometrical boundary conditions for th@agation
of particles. The GEANT4 materials package allows the digtion of materials consisting
of a single element or a composition of elements, which in ttan consist of a single
isotope or a mixture of isotopes. Thts and Digi domains provide the functionality to
reproduce the readout structure of a detector and its etéctresponse, independently from
the geometry used for tracking particles.

2.10.3 Interactive facilities

GEANT4 visualisation packages provide the capability suaiise detector geometry, par-
ticle trajectories, tracking steps, hits and text. Its gesbased on abstract interfaces, makes
GEANT4 independent from any particular graphics systenth@tsame time it allows mul-
tiple implementations of drivers to interface the simwativith a variety of such systems.
TheUser Interfacedomain adopts a similar approach, allowing the usage ofiatyasf user
interfaces, from simple command-line driven ones to sdighied Graphic User Interfaces
(GUI)s. To avoid any internal dependence on any specifigyaizaiool, GEANT4 supports
the adoption of Abstract Interfaces for Data Analysis (AlBarrandet al., 2001)), which
are used internally in the physics tests and in the advancach@es distributed together
with the toolkit.
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2.10.4 Other features

A Fast Parameterisatiofecility is integrated with the full simulation, allowingdependent
and simplified detector descriptions and direct produatibhits. ThePersistencycategory
provides an interface for storing and retrieving runs, &dmits and geometry information.
Extensive possibilities for interaction with the GEANT4ssym are fiered to the user via
a set of dedicated user-action classes (Pia, 2003).

2.11 The GEANT4 low energy physics models for particle inter
actions

The GEANTA4 toolkit consists of a series of packages for ebechgnetic physics, spe-
cialized for diferent particle types, energy range or approach in the physmdelling.
But the most important to this thesis is the GEANT4 Low Enefdgctromagnetic pack-
age which is very relevant to medical applications. Thiskpge includes a variety of
models for electromagnetic processes of electrons, phpt@drons and ions, taking into
account advanced features, such as shédices and ffects due to charge dependence.
The object-oriented design of GEANT4 provides the abildayimplement or modify any
physics process without changing other parts of the softwRrocesses for photons inherit
from G4VDiscreteProcesswhile processes for electrons, hadrons and ions inheih fr
G4V ContinuousDiscreteProcedBoth categories of processes are handled transparently by
the GEANTA4 kernel through their abstract interfaces.

The implementation of Low Energy electron and photon preegsovers the energy
range from 100 GeV down to 250 eV for elements with atomic neinfietween 1 and 99.
Processes in this category include the Compton scattepimgtoelectric &ect, Rayleigh
scattering, bremsstrahlung, ionization and Audéga. Fluorescence emission from exited
atoms and polarization of radiation are equally handletig¢ategory.

The GEANT4 Low Energy package can also handle the ionizdtydmadrons and ions.
For this, diferent models are implemented depending on the energy rawhihe particle
charge. In the high energye(>2 MeV) domain the Bethe-Bloch formula is implemented,
whereas in the low energy domaift <1 keV for protons) the free electron gas model is
applied. In the intermediate energy range, parameterizedels based on experimental
data from the Andersen and Zieger (1977) and ICRU reviewighkt al, 1993) are im-
plemented. Corrections due to the molecular structure @énads and to theféect of the
nuclear stopping power are taken into account. The Barffastés also accounted for, and
a specialized quantum harmonic oscillator model for nggatharged hadrons is provided,
down to 50 keV.

For accurate implementation of Doppler broadening in Camgtattering process, two
alternative sets of models are available in GEANT4 Low Enétlpctromagnetic package.
One is based on the EPDL97 (Cullenal,, 1997) evaluated data library and the other, on
analytical models (Baret al,, 1995) originally developed for the PENELOPE Monte Carlo
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system.

The library-based physics model makes ample use of pubdiluated databases, dis-
tributed by a variety of sources. Notably, the data libriePDL97 (Culleret al,, 1997),
EEDL (Perkinset al, 1997b) and EADL (Perkinst al, 1997a), which provide data for
the determination of cross-sections and the sampling diitaéstate. This physics model
was recently upgraded to incorporate Doppler broadenirigpimpton scattering by Longo
et al. (2008), which has contributed to the reliability and thensggarency of the physics
implementation.

In the PENELOPE physics model, the implementation of Dapmleadening and bind-
ing effects in Compton scattering events are included by meang aftiss-section obtained
from the relativistic impulse approximation (Ribberfot§75). Contributions from dlier-
ent atomic electron shells are considered separatelyr Af@ompton interaction with the
i—th shell for instance, the participating target electajécted to a free state with kinetic
energy

AE=E,—E,-U; >0, (2.34)

whereE, is the incident photon energy;, is the scattered photon energy eneidyis the
ionization energy of the considered shell, and the resigigah is left in an excited state with
a vacancy in thé-th shell. The total atomic cross-section of Compton sgatgeprocess
is then evaluated using an analytical parameterizationoagp, which involves integration
over the final photon directions and energies (Breisal,, 1996). The total cross-section as
given in GEANT4 physics manual is (GEANT4 Collaboration12)

”ez Eé Ec  E .
Ginc = ZnJ > <?> <E + o sm9> Z Z:© (E, — U;) n; (pimax) d(cosb).
2 shells

(2.35)
Herer, is the classical electron radiuB¢ is the Compton energy defined by Equation 2.4,
0 is the scattering anglez; is the number of electrons in theth atomic shellU; is the
ionization energy of the-th atomic shellP is the Heaviside step function; is normalized
approximate one-electron Compton profile of the activelsh@d p(; n.x) is the highest
possible value op, (projection of the initial momentum of the electron in theedtion of
the scattering angle) which is equivalent to Equation 2.TBe derivation of the above
eqguation is beyond the scope of this thesis; interestecereadhould consult Bruset al.
(1996) and GEANT4 Collaboration (2011).



Chapter 3

GEANT4 EVALUATIONS OF THE
COMPTON CAMERA
SCATTERER

Detectors are the heart of a SPECT system and are, thusnsiisigofor collecting the
high-energy photons emitted from the patient, estimatirggthoton energy and locations
of interactions, and generating the count data for subsdqmege reconstruction. The
ability to perform these functions depends on their desiggiterials, and electronics (Holly
et al, 2010). In this chapter, a GEANT4 description and analykth@first detector (scat-
terer) parameters of the Compton camera as to how tffegtdhe camera’s performance
in medical applications is provided. For maximum benefitriaftoverview of diferent
proposed Compton camera configurations is first given becausle it can be argued that
the general functions of the detectors are more or less the,sthe configuration of the
Compton camera plays a major role ififdrent applications.

3.1 Camera designs and considerations

A variety of configurations and detector materials have hgeposed for the Compton
camera. The most common design for the Compton camera datkddan early paper by
Toddet al. (1974) in the field. Each of the two detectors was planar, hadwo detectors
were configured so that they were parallel to each other. rGtiepes and configurations
for the detectors have also been considered. Planar detabtit were perpendicular to
each other (Kroegest al., 1994) and a planar first detector in front of a cylindricais®d
detector have been considered (Hatal., 1999). A spherical-shaped second detector was
considered in a computer simulation (Sawteal, 1999). In any case, a paper by Seo
et al. (2008) suggests that the parallel detector design may Hesteconfiguration for the
Compton camera with respect to sensitivity and resolution.

In addition to the shapes and configurations of Compton casnénvestigators such
as Smith (2005) are of the opinion that the Compton cameramoape fully capable of

53
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capturing a complete three-dimensional image of a gammaaasce from one position,
therefore the motion of the detectors needs to be considetbd camera’s design as well.
Despite dfferent views on the Compton camera design, predicting theraygerformance

accurately is the most critical aspect of any Compton carmesan.

When designing a Compton camera, considerations must ke givthe fact that the
factors that govern the camera’s imaging performance #tiasically different from those
of other SPECT systems. For instance, unlike the Anger aanaecollimator is not used,
therefore the two detectors are exposed to a higher photean lance they must be able
to handle the increased count rate and good temporal resvolistrequired to accurately
identify and accept coincident hits on the two detectorsl, r@ject all other photon detec-
tions. Also, accurate estimation and accounting of theatdes which ffect the camera’s
performance due to the additional detector (scatterer) usimaging would be beneficial
if the Compton camera is to compete or surpass the Anger eawidhr respect to image
resolution.

3.2 Performance parameters of the Compton camera scatterer

A detailed study of the Compton camera scatterer would afl@vimitations introduced
by the detector to be determined. A list of variables tH&a the imaging performance
of the scatterer can been itemized as follows: sourcedtieser distance, scatterer energy
resolution, Doppler broadening, scatterer geometry,teseait spatial resolution and scat-
terer temporal resolution. Each of these variables cart#fbto the accuracy with which
the cone associated with a detector event can be definedikeggof the voxel size of the
reconstructed image. The impact of each variable on theathwarcertainty is dependent
on the geometry of the Compton camera system. A number oé thesables are deter-
mined by the system application and placement relativeddnttaged object, for example,
the initial photon energy and source-to-detector distamtereas others are dependent on
detector materials and configuration, for example, thee@atenergy resolution, Doppler
broadening and scatterer geometry (Mundy and Herman, 20b@)aspects of the scatterer
design that are considered in this thesis are the energlutiesp Doppler broadening and
scatterer geometry. The modelling of these parametersdsisted in the following.

3.2.1 Energy resolution

The analyses of the scatterer parameters with GEANT4 begdwooking at the accuracy
with which the scatterer can measure the energy that isfénaied to the recoil electron by
the interacting gamma ray. This, of course, depends on theri@i&gs energy resolution.

According to Figure 2.6, silicon and germanium have the éggiCompton scattering prob-
ability, therefore the performance of these materials vassessed fierently with respect

to energy resolution. At present, unfortunately, the fiomzlity to simulate the detector en-
ergy resolution in GEANT4 is not well developed. An alteimaimethod is therefore used,
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which includes approximating the detector energy resaiutly sampling the deposited en-
ergies in the scatterer with a Gaussian random number gen¢@4RandGauss function)
provided in GEANT4, with mean equal to the deposited energlwidth (FWHM) equal
to an experimentally obtained energy resolution value fthenliterature. Since only an
approximation is used to determine the energy resolutiomatailed results of the detector
energy resolution are given in this thesis.

3.2.2 Doppler broadening

Doppler broadening adds to the inherent limitations of Cmmgameras to produce images
of high resolution at low photon energies. Thifeet originates from the Compton scatter-
ing between a gamma ray and a moving electron bound to an dtata@et detector rather
than of a stationary electron as is assumed by the famillaple Compton scattering equa-
tion (Ordonezet al,, 1997). The details of how GEANT4 accounts for Doppler berag
were given in Section 2.11, but will be briefly recounted hireconvenience. In order
to include Doppler broadening of Compton scattered photwrgy due to electron pre-
collision motion, GEANT4 samples each Compton scatterastgghenergy from a cross
section formula based on the Compton profile, and the Comgatatiering is sustained if
the energy imparted to the electron is less than its bindimeggy. The electron binding
effect modifies the scattered photon energy and angular uimdgrtistribution as shown in
Section 3.2.5.

3.2.3 Previous study on Doppler broadening using the GEANT4

Already introduced in Section 1.2.2 is the variety of otleshiniques that have been applied
to Doppler broadening, hence only the previous studieswziad on Doppler broadening
with the GEANT4 will be discussed in this section. The firsidst of Doppler broadening
with GEANT4 simulation toolkit is by Aret al. (2007). The group utilized the GEANT4
PENELOPE electromagnetic physics model (this physics mied® longer supported in
GEANT4) to study the ffect of Doppler broadening on the reconstructed image. lin the
work, a point source was imaged at 6 cm in front of a silicoritecar and the image resolu-
tion was reported as 7.99 cm (FWHM). However, they could hotswith GEANT4 how
Doppler broadeningffects the energy spectra and angular uncertainty. Followioggo

et al. (2008) incorporated Doppler broadening into the LowEne&iggtromagnetic physics
model of GEANTA4. This was done by utilizing a computatior@gbaach, with the Doppler
data obtained from EPDL97 libraries and the tabulated Comptofiles (Cullenet al,
1997; Perkingt al, 1997a,b) as explained in Section 2.11. Preliminary resflthe new
LowEnergy physics model were compared with those of the RENFE physics model
and were found to have similar accuracy, but with an enhasitedlation performance.
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3.2.4 Present study of Doppler broadening using the GEANT4

Two sets of simulations are presented here. One is to valitlatresults of the new LowEn-
ergy physics model of GEANT4 with respect to Doppler broaagnand the other is to
quantify the &ect of Doppler broadening on the performance of medical Gompam-
eras.

The first task was implemented by relating the impact of Depproadening on the
Compton camera angular uncertainty and energy spectra.seqoantly, the TestEM14
extended example of GEANT4 (release 9.2 patch 01) was mddiieutilize Si and Ge
detectors as the scatterers. The TestEM14 example ggndealls with how to compute
cross sections from the direct evaluation of the mean friére pad how to plot the final state
of a process (e.g., Compton scattering and photoeledfigcty. This example provides a
set of macros that define various run conditions. Processebe activated or inactivated
in order to study the processes individually. To study onbyrpton scattering for example,
an event is killed at the first interaction of the incidenttjgde if the interaction is Compton
scattering process. The absorption length (mean free matomputed as the mean value
of the track length of the incident particle. The result ismpared with the ‘input’ data, that
is, with the cross sections stored in the ‘PhysicsTabled'wsed by GEANT4. The details
of simulations to validate the results of the new LowEnergygics model of GEANT4
with respect to Doppler broadening are as follows.

An isotropic, non-attenuating radioactive source wasmssll and incoming gamma
rays were constrained to the direction of the scatterer ¢oease simulationfgciency.
Point sources of two common nuclear medicine energies 1€V and 511 keV) were
simulated. A minimum of 10 million events was used for eachuation run. To reduce
complexities, multiple scattering events within the sratig medium were eliminated from
the analysis and the Compton scattering angles were direbthined using the GetMo-
mentumDirection function in a derived SteppingAction slas

To study the &ect of Doppler broadening on the reconstructed Compton caimage,

a camera that consists of a 9 en® cm Si scatterer separated by 5 cm from a 10ch® cm
CZT absorber was simulated. A gamma ray point source wag 4& a@m in front of the
scatterer. Other detector factors such as energy resolatid spatial resolution are not
considered in this study and an otherwise ‘perfect’ camexa assumed. Exact interaction
positions and energy depositions in the two detectors focessful photon events were
saved to output data files and images of the point source weomstructed from the sim-
ulated data using the list-mode backprojection recontitnuenethod whose algorithm is
given in Section 2.9.3.

3.2.5 \Validation of GEANT4 simulated Doppler data

By validating the simulation software with theoretical gition, confidence can be gained
in the results obtained from it. Hence, the simulated es@maf the contribution to angular
uncertainty due to Doppler broadening with respect to mighhoton energy and scattering
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medium were compared with the prediction by Bigdsl. (1975), and are shown in Fig-
ure 3.1. Here, uncertainty has been defined as the full-vattralf-maximum (FWHM) of

—_— . . X L Validation of GEANT4 simulation data with respect to detector material
Validation of GEANT4 simulation data with respect to incident energy 10

10 T
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Figure 3.1: (a) Angular uncertainty due to Doppler broadgror different incident ener-
gies using a Si detector, (b) forfférent scattering materials when the incident energy is
140.5 keV .

the corresponding angular distribution. The histogranesagh angle distribution are calcu-
lated by binning all the angle counts within @.htervals across the distribution. The solid
curves represent the theoretical data by Biggal. (1975) whereas the circle and asterisk
data points represent GEANT4 simulated data. In genemiletis a reasonable agreement
between the theoretical data and the simulated data by GBAMI high scattering an-
gles however, the angular uncertainty by GEANT4 simulatiare slightly less than those
calculated from Bigget al. (1975). In any case, the simulated uncertainty data ponets a
generally within the error bounds of 5 % with the theoretidata by Biggset al. (1975).
Note that Si is the scattering medium in Figure 3.1(a), anckmsing the simulation events
could reduce the greater spread of the simulated data goin®&e in Figure 3.1(b).

The graphs in Figure 3.1(a) indicate the Compton cameralangncertainty is great-
est at very low and at higher Compton scattering angles.disis shown in the figure that
angular uncertainty decreases with increasing incidentgohenergy. Figure 3.1(b) sug-
gests that angular uncertainty due to Doppler broadenitignerease with higher atomic
number Z of the scattering medium. These are important pdivet must be considered
when designing a Compton camera.

To quantify the degree of broadening dféient incident energies, two-dimensional his-
tograms of the energy transferred to the recoil electrorhbyiricident photon were plotted
with respect to the scattering angle (see Figure 3.2). Asarg, there is more broadening
of the energy spectrum at 140.5 keV (Figure 3.2(a)) than atkel/ (Fig 3.2(b)). This
gives credence to the fact that better imaging resolutiondse probable at high incident
energies than at low energies with respect to Doppler broage

Figure 3.3 shows similar histograms as Figure 3.2 but this tifor two scattering me-
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Figure 3.2: (a) lllustration of the degree of Doppler braadg at 140.5 keV and (b) 511
keV .

dia (Si and Ge) and incident photon energy of 140.5 keV. Mooadening is observed for
germanium than silicon due to the increased number of electromentum states available
for Compton scattering. This trend of results suggestsltheaZ materials are more suit-
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Figure 3.3: (a) lllustration of the degree of Doppler brazdg in Si detector and (b) Ge
detector.

able as Compton camera scatterers in terms of Doppler moageHowever, studies have
shown that the atomic number-to-Doppler broadening degresedfor some materials does
not follow this trend when theffects of the core and valence electron ratio are taken into
consideration (Reed and Eisenberger, 1972; Baygd.,, 1975).

The dfect of Doppler broadening on Compton camera energy specstaoiwn in Fig-
ure 3.4. The graphs were obtained from a simulation perfdrfoea 140.5 keV source.
Figure 3.4(a) shows the spectra of energies transferreletaecoil electrons when the
gamma rays are Compton scattered throughwiith and without Doppler broadening be-
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Figure 3.4: (a) Spectrum of the energies transferred todabeilrelectrons for photon scat-
tering angles in the range 900.1° in a Si scatterer, (b) Spectrum of the energies transferred
to the recoil electrons over all photon scattering angles 8i detector, with and without
Doppler broadening.

Table 3.1: Estimates of image resolutions of a source imag#dtwo scattering media
(silicon (Si) and germanium (Ge)) at two incident photonrgies. All image resolution
measurements are in mm.

Incident energy|] No Broadening Broadening No Broadening aBening
(keV) (Si) (Si) (Ge) (Ge)
140.5 keV 0.58t 0.05 7.3+ 0.3 0.59+ 0.05 12.3+ 0.5
511 keV 0.58+ 0.05 2.4+ 0.1 0.58+ 0.05 4.2+ 0.2

ing taken into account. These graphs actually show the rspémt Compton scattering
angles over the range 89.8® 90.T as in a Monte Carlo simulation it is unlikely any single
event will be found to result in a scattering angle of exaétly. Suficient photons were
scattered in the 0°2range to form the spectra. This range is much smaller tharused
by Longoet al. (2008) so that a more precise estimate is obtained. It caedme that the
resulting electron energies transferred are spread obtthat almost all of them are in the
range 20 keV to 40 keV rather than the predicted 30 keV for #ise evhere the electrons are
at rest and Doppler broadening is not taken into accounur€ig.4(b) shows the spectra of
the energies transferred to the recoil electrons over@atattering angles. The broadening
of the energy spectrum around the Compton edge region faatbeof Doppler broadening
implies that some of the electron kinetic energies are grehan the theoretical Compton
edge in reality. This is a deviation from the prediction bg Klein-Nishina formula (Klein
and Nishina, 1929).

Table 3.1 shows the estimates of théeet of Doppler broadening on reconstructed
Compton camera image resolution. Two results are showrilfoors and germanium for
two incident energies, one for the resolutions of a pointe®unodelled with theféect of
Doppler broadening excluded and the other for the resalsitaf a point source modelled
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with Doppler broadening. Image resolution is defined as WW&HM of the reconstructed
image profile. In Table 3.1, each figure represents an avesage of three image resolu-
tions of a point source obtained at threéfelient angles (Q 30° and 60) of the absorber
with respect to the scatterer. The idea is to evaluate thelBogfect for diferent Comp-
ton camera designs. Preliminary simulations show that ritegé resolutions of a point
source by Doppler broadening forfiirent angles of the absorber are very similar. Hence
the averages of the resolutions are reported in Table 3.1.

The case of “No broadening” for Si and Ge represents the imeggg#utions of the point
source which would be obtained by a camera that is capableca$uning the exact energy
depositions and positions of interactions in the scattanerabsorber without any detector
uncertainty. This camera can be thought of as an ‘ideal ca@m@dihe resolution for this
camera is very high and estimated as 0.58 mm FWHM. The highlutien of the ideal
camera is greatly reduced by the inclusion of Doppler brogdeat 140.5 keV. For the
case of the silicon detector (“Broadening (Si)”), the FWH¥hiow 7.3 mm. This result is
in good agreement with that published by Anal. (2007), that is, 7.3 mm vs. 7.99 mm.
The resolution is further degraded to 12.3 mm FWHM when tlatescer is germanium
(“Broadening (Ge)") rather than silicon. However, if a 51d\ksource is used instead of
a 140.5 keV source, then the FWHM is improved to 2.3 mm whemnguaisilicon detector

(a)

(e)

Figure 3.5: Reconstructed point source images from simdil&ompton camera (a) with
ideal camera. (b) with Doppler, scatterer is Si and inciggmiton energy 140.5 keV (c)
with Doppler, scatterer is Si and incident photon energykeM (d) with Doppler, scatterer
is Ge and incident photon energy 140.5 keV (e) with Doppleaiterer is Ge and incident
photon energy 511 keV
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Figure 3.6: The cross section profiles of reconstructed @sad a point source obtained for
different scattering media and incident photon energies.

(“Broadening (Si)”) and 4.2 mm when using a germanium dete¢Broadening (Ge)").

Figure 3.5 shows thefiect of Doppler broadening on the reconstructed Compton cam-
era images for the case where the absorber is parallelati @), with the scatterer. Note that
the point source image in Figure 3.5(a) can only be seen lgfudarbservation. Figure 3.6
shows the respective image profiles of the reconstructet pource images. In this figure,
one image profile is used to represent the case of the idearedmecause, as indicated in
Table 3.1, they all have similar profiles. The terms Ideab1%j Ge511, Sil40 and Gel40
represents the case of the ideal camera, with silicon andajeéum detectors at 511 keV
and 140.5 keV.

The results above give credence to the fact that the Comptoreia scatterer parame-
ters need to be well accounted for, in order for the cameraatzmor surpass the Anger
camera with respect to image resolution. It is acknowledbatitremendousffort has been
invested to account for the Doppleif@ect in the reconstruction algorithms. An example is
the analytic solution proposed by Hirasawa and TomitanD80However, the group’s re-
construction algorithm does not appear to take detectdigroation into account. Wilder-
manet al. (1998b) attempted to overcome this limitation by using tsierhode expectation
maximization reconstruction method. Nevertheless, the tf convergence for this recon-
struction method is presently clinically unacceptable @ampton cameras. Hence more
robust reconstruction algorithms are still needed.
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3.3 Analyses to determine the optimal scatterer geometry

A scatterer geometry that allows high fraction of one Compoattering in the detector
would make an optimal geometry for the Compton camera. Heingestigations have
been carried out to determine the optimal scatterer gegmétin respect to the percentage
of incident gamma rays that interacted with two scattereterads (Si and Ge) with only
one Compton scattering. Information gained from theseyaralwould allow the prediction
of the optimal geometry for the scatterer model. Note thesehevaluations do not include
the source-to-scatterer distance and the surface area st#iterer which are not needed
to achieve the goal of this thesis. Thus, the scatterer nieiek that produces the highest
percentage fraction of one Compton scattering is the optirset-up.

For this investigation, the Compton camera geometry is taged as described in Sec-
tion 3.2.5, but this time, the thickness of the scattererenmdtwas varied between 0 cm
and 2 cm. Simulations were performed such that the majonpeteas of the scatterer such
as energy resolution and Doppler broadening were takerairtount while excluding the
parameters of the absorber. Hence, only the relafifreiencies of the scatterer materials
with respect to one Compton scattering in the detector wesessed for the accepted co-
incident events. It was also essential to ensure that ordypbietoelectric #ect took place
in the absorber. In the second evaluation, the relativaifras of multiple scatterings in the
scatterer materials were assessed to determine the nfarggg the materials as Compton
camera scatterers. The results of these evaluations aresdes] in the following section.

3.3.1 The relative dficiencies of the scatterers with respect to geometry

The graphs in Figure 3.7 show that increasing the thickné$isecscatterer increases the
absolute detectionfigciency of the Compton camera. Figure 3.7(a) shows that tigdesi
Compton scatteringfiiciency of Si exhibits asymptotic behaviour with increasitegector
thickness. In fact, at the thickness of 1 cm, the absolutectit dficiency is already close
to its maximum asymptotic value (0.19% vs. 0.23%). Hencgobe this thickness value
there is little merit increasing the detector thickness4t.3 keV since multiple scatterings
in the detector continue to increase almost linearly as shinwigure 3.7(b). According to
these two figures, the optimum thickness for Ge is about 5 mid@6 keV. This thickness
is also consistent with the prediction by Harknessl. (2009). Nevertheless, Ge does not
appear to be the choice scatterer of choice for the Comptoreieaat 140.5 keV due to
its lower single Compton scattering ratio resulting fromstrong photoelectric interaction
tendency.

On the other hand, Figure 3.7(c) shows that Ge has a béfitdercy than Siat 511 keV.
This time, there is ho merit in increasing the thickness efdhtector (Ge) beyond 1.5 cm
due to its higher multiple scatterings tendency (Figuréd)7 A careful look on the figures
shows that an approximate thickness of 2 cm would be reqéire8i to match the perfor-
mance of Ge at 1 cm. In any case, Siwould be preferred wheesssich as cost and room
temperature operating conditions are taken into condidera
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Figure 3.7: (a) The absolute detectidfi@encies of Si and Ge considering only one Comp-
ton scattering in the detector at 140.5 keV, (b) consideoinly the multiple scatterings in
the detector at 140.5 keV, (c) considering only one Comptaittaring at 511 keV and (d)
considering only the multiple scatterings in the detectdld keV.






Chapter 4

GEANT4 EVALUATIONS OF THE
COMPTON CAMERA ABSORBER

Analyses in Chapter 3 have shown that Si would make an extalgatterer for the Comp-
ton camera. Its advantages include high Compton ratio, goedgy resolution and lower
Doppler broadening in comparison with other detector ngter Having considered the
parameters that govern the performance of the scatteiisraiso beneficial to investigate
the contribution of the absorber in Compton imaging. On thite, a quantitative investi-
gation of three detector materials, cadmium zinc tellu(@&T), thallium-doped sodium
iodide ((Nal(Tl)) and germanium (Ge) as potential Comptamera absorbers is presented
in this chapter. Discussions begin by highlighting thevatee of the absorber study in
Section 4.1, followed by the description of the propertiEthe selected potential absorber
materials in Section 4.2. The initial geometry of the sinedaCompton camera set-up is
described in Section 4.3. In Section 4.4, the descriptidardfier modifications of the cam-
era geometry due to various absorber parameters includedelbas details of evaluations
performed on the absorber materials are provided. Compsateeresults of theféects of
the absorber parameters dfi@ency and image resolution are presented in Section 46&. Th
discussion of the results is given in Section 4.6 and SeetiénTo assess the contribution
of the absorber detector to the overall Compton camera ipeaface, a complete Compton
camera system is then modelled in Section 4.8.

4.1 The relevance of the absorber study

Seoet al. (2008) suggest that the selection of the absorber for thepBomcamera is not

a critical issue. However, there do not appear to be extersiwdies on theffects of the
absorber on Compton camera performance. While it could tpeedrthat the Compton
camera performance depends significantly on the operatarameters of the scatterer,
an investigation (Aret al, 2007) suggests that there might be some merits to study the
effect of the absorber parameters at higher gamma ray ene@uesplete optimization of

a Compton camera system must include proper evaluatioreadtiécts of the absorber.

65
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Table 4.1: Detector material propertigsis the linear attenuation cficient

Property Si czT Ge Nal(TI)
effective atomic number 14 50 32 49
density (g cm®) 2.33 5.81 5.32 3.67
H100 keV (cm‘l) 0.33 9.14 2.95 6.62
H600 keV (cm‘l) 0.19 0.46 0.40 0.30

Most proposed Compton camera absorbers are based on the damgera scintillation
detectors (Chelikangét al, 2004; Zhanget al, 2004) or an array of solid state detectors
with pixel sizes in the range of 1 mm to 10 mm (Ru al, 2001; Anet al, 2007). To
be successful, the requirements of a Compton camera abstringld surpass those of the
Anger camera because the Compton camera absorber fackenghalthat result from de-
tector uncertainties in the scatterer apart from the usgihtion background from tissues
under examination. Since the higher sensitivity of the Clmmgamera over the present
gamma systems is well established (Singh, 1983; Cheliaal, 2004), optimization pro-
cedures should focus on ways of improving resolution witteampromising sensitivity.
Apart from the geometrical optimization, better resolatio Compton camera systems can
be achieved in two ways: accounting for the energy resaiwiad Doppler broadening of
the scatterer at lower diagnostic energies using signalegsing (Wildermamt al.,, 2001,
Hirasawa and Tomitani, 2003), and using a high performabseraer at higher diagnostic
energies, although at some sensitivity compromise. Therlat the primary focus of this
chapter.

4.2 The physical properties of the selected detector matexis

The relevant physical properties of the detector matetisézl for this study are shown in
Table 4.1. Siis used as the scatterer, while CZT, Ge and Na€ potential absorbers.
Nal(TI) is a potential absorber because of its good lighpatjtwhereas Ge has an excellent
spatial resolution. CZT has been proposed as having théitiapso create revolutionary
advances in medical imaging ([t al., 2001), but for the small size and high cost of CZT
crystals. Recently, however, reports (Cladral, 2007, 2008) have shown that large-sized
and cheaper CZT crystals with even better signal output eagrdavn in commercial quan-
tity using the “Travelling Heater Method”. How the paranrstef these absorber materials
contribute to the overall performance of a Compton camesdudied herein. The goals
are to estimate the contribution of the Compton camera Bbs®o the performance of the
overall camera, as well as to propose a suitable Comptonreaabsorber design.

4.3 Initial camera geometry

An isotropic gamma ray source placed at 10 cm in front of a Gompamera was modelled.
The prototype camera consists of a single planar &c@cm scatterer and a single planar
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10 cmx 10 cm absorber. The material and thickness of the scattezer et as Si and
0.5 cm whereas those of the absorber were varied dependititedype of investigation

performed. The inter-detector distance between the twectlas was set at 5 cm; this
distance is commonly quoted for Compton cameras with gdrplanar detector designs
(Zhanget al,, 2004; Anet al., 2007).

4.4 Absorber investigations

An appropriate choice of the absorber detector is verycaltitivhen designing a Compton
camera because the detector parametiiestathe sensitivity and resolution significantly.
Consequently, a series of investigations have been pesfbiio determine a suitable ab-
sorber material with respect tdficiency and image resolution. Investigations were done
considering photon interaction type, multiple interactmccurrences and pixel size of the
selected absorber materials for a variety of incident pheteergies. Details of these inves-
tigations are described in the following.

4.4.1 Hficiency and thickness issues

For radiation detectors, intrinsidfiiency,e, can be defined as

no. of interaction events with energy loss
¢ = ven 9y 1952 100% 4.1)
total no. of photons incident on the detector

Ignoring the &ect of dead time on detectoffieiency, it is possible to estimate the suitable
absorber thickness from Equation 4.1; hence, the absdnnessest, were calculated
as

t=—-In(1+ (0.01)¢) /u, (4.2)

where u is the linear attenuation cficient obtained from data provided by National In-
stitute of Standards and Technology (NIST) photon cros8edatabase (Bergeat al.,
2010). Intrinsic €ficiency, e, was assumed to be at least 60% to ensure that a reasonable
fraction of incident photons interact with the absorberariats in a given set of photon
emission histories (Stickel and Cherry, 2005). This ddtemwas implemented in Equa-
tion 4.2 and the results show that the thicknesses of 0.3 &emnowould be suitable for the
selected absorber materials in the energy of 100 keV to 680rkeresenting the nuclear
medicine energy range. These thicknesses provide a guidesidgtable absorber.

To perform the #iciency analysis, the scatterer was removed (for this etiatuanly)
from the camera arrangement, allowing incident photons:agatropic point source which
is now positioned in front of the absorber material to imgirn the absorber directly. In-
trinsic dficiencies were analyzed in terms of the energy and typeseyhiciions an incident
photon could undergo in the absorber in the energy rangek&U to 600 keV. Note that
this energy range was just used to determine the appromimerber thicknesses in the
nuclear medicine energy range. Every other analysis wdsrpeed at two real nuclear
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medicine energies, 140.5 keV and 511 keV, representinghtbp energies of technetium-
99m and fluorine-18 radioisotopes respectively.

4.4.2 Resolutionissues

In order to fully characterize the degradinffeets of the absorber spatial resolution on the
image resolution, modelling was first done such that no tetgscatterer and absorber)
parameter was taken into account, that is, a ‘perfect’ ematand a ‘perfect’ absorber were
assumed. This Compton camera model, as has been stated pteCBa Section 3.2.5
can be thought of as an ‘ideal Compton camera’. That is, a @that is able to record
exact positions of interactions and exact energy depaositad only the photon events that
interacted with one Compton scattering in the scattereroamedphotoelectric absorption in
the absorber. The idea is to estimate the performance ofiiem before the inclusion of
detector parameters that degrade the resolution of thes@uage.

Next, two diferent simulations were performed to determine tifiect of the absorber
spatial resolution on the image resolution. The first siteawas performed such that only
the dfect of the multiple scatterings in the absorber was takemaatount. By multiple
scatterings, we mean Compton scattering(s) followed byqgahectric absorption and all
other energy deposition processes ended with complet@pladtsorption in the absorber.
The simulated energies and positions of interactions wese tecorded to an output file
for image reconstruction. For the second simulation, tremdder detector was segmented
into equal pixel sizes to study thdfect of the pixel size on image resolution. The size
of the pixels was varied from 1 mm to 3 mm. Certain assumptiease also made based
on currently available technologies, notably the deptmtfraction resolution which refers
to the accuracy with which the detector is able to measurértigeposition of interaction
within the thickness of the detector was assumed to be 5 miNd4iTI) (Majewskiet al.,,
2003) and 0.5 mm for CZT and Ge ([ al, 2001; Ghogaliet al., 2004). The positions
of interactions were then extracted as the centre positibtise pixels where the interac-
tions occurred. Note that for these simulations the seatigas still assumed perfect. The
simulated energy and position data were then processed eveahbasis using a list-mode
back-projection algorithm explained in Section 2.9.3. algorithm analyzed each param-
eter of the event data to reconstruct a source image. Imaghkutiens were estimated using
the average of full-width-at-half-maximum (FWHM) valuektbe horizontal and vertical
image profiles of the reconstructed source image. The racmted resolution of the source
was then evaluated for each of the absorber materials onatsie bf multiple interaction
occurrences and fierent pixel sizes.

45 Results of absorber simulations

The results of the absorber studies are presented in tlosvfaty order. The ficiencies of
the selected absorbers are first presented in Section 48 .than, the resolution results in
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Table 4.2: The fficiencies of the absorber materials obtained from GEANT4ikitions.
e stands for the intrinsicfciency ance ;. stands for the photo-pealffieiency.

Assumees = 100%
Energy Thickness Material ¢ ¢€,, Compton Photoelectric Multiple scatter

(keV) (cm) (%) (%) (%) (%) (%)
100 0.3 CZT 93 86 8 86 6
Nal(Tl) 83 74 11 84 5
Ge 56 48 14 72 14
0.5 czT 99 91 8 86 6
Nal(Tl) 95 85 10 84 6
o ______Ce_ M _ 6 12 2 16 .
600 2.0 czT 59 35 40 13 47
Nal(Tl) 44 22 49 14 37
Ge 53 20 65 3 32
3.0 cztT 73 51 31 13 56
Nal(Tl) 58 34 41 14 46
Ge 68 31 54 3 43

Section 4.5.2 (presented in terms ffieets of multiple scatterings and pixel size).

4.5.1 Htficiency results of the absorber

The dficiencies of the absorber materials as determined from GEASIhulations are

shown in Table 4.2. For the purpose of analysis, the fraatiothe photons incident on
the absorber that interacted with energy loss is normalaat recorded as ‘Compton’,
‘Photoelectric’ and ‘Multiple scatter’ which represenethiactions that underwent Compton
scattering, single photoelectric interaction and mudtiptatterings, respectively.

As Table 4.2 highlights, the intrinsicffeciency, €, decreases with an increase in en-
ergy and CZT demonstrates the highest intrindficiency. However, the intrinsicfé-
ciency comparison between Nal(Tl) and Ge is not straighifiod. The former demon-
strates higher intrinsicféciency at 100 keV while the opposite is true at 600 keV. Howeve
Compton camera sensitivity is not assessed with respeatriasic dficiency but photo-
peak dficiency, e u,, defined for Table 4.2 as:

sum of single photoelectric and multiple scattering evenis
— x 100% (4.3)
total no. of photons incident on the detector

Ephot =

Note that the sum of the denominator excludes the events hypm scattering only. It
is then obvious in Table 4.2 that, unlike the intrinsifi@ency, the photo-peakfficiency
of Nal(Tl) is greater than that of Ge for both incident photamergies. Thesefficiency
results are consistent with the theoretical prediction bygBret al. (2010) as illustrated in
Figure 4.1. Hence at 100 keV and 5 mm thickness, the photk-gf&aiency,e yu,, of CZT

is slightly higher than that of Nal(Tl), and about 1.4 timeattof Ge, but increases to about
1.6 and 1.8 times at 600 keV and 2 cm thickness of the matedsfgctively, as calculated
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Intrinsic efficiency behaviour of the selected absorbers

Photo—peak efficiency behavior of the selected absorbers
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Figure 4.1: (a) A theoretical graph of the intrinsiffieiencies of the selected absorber
materials, (b) A theoretical graph of the photo-pedficeencies of the selected absorber
materials.
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Figure 4.2: The plot of single/multiple event ratio as a timt of energy.

from Table 4.2. Since CZT and Nal(Tl) have comparable shpifietoelectric fractions

over the energy range, it is also instructive to maximizer#ti® of single photoelectric to

multiple events for each set of photon histories. This issilated in Figure 4.2 and the
implications for the Compton camera sensitivity are disedsin Section 4.6.

Figure 4.3 shows the number of photons that interacted wighabsorber materials
with respect to interaction depth. The graphs in the lefuicoi are based on the intrinsic
efficiency defined by Equation 4.1 and the graphs in the rightnanlare based on the
photo-peak ficiency defined by Equation 4.3. The graphs are based»ni® incident
photons, and each point is calculated by binning all photsogption counts withig: 0.25
mm of the nominal depth (100 keV) ar0.5 mm of the nominal depth (600 keV).
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Figure 4.3: The number of photon interactions as a functibmteraction depth. Left
column graphs are for the intrinsidfigiency and right column graphs are for the photo-
peak dficiency. (a) and (b) represent the absorber thickness off.&nl incident energy
of 100 keV whereas (c) and (d) represent the absorber théskofe8 cm and incident energy
of 600 keV. Note that the y-axis of (c) and (d) is rescaled @38.to show clear dlierences

in efficiencies).

45.2 Resolution results of the absorber

In order to appreciate the degradineets of the absorber parameters on the reconstructed
image resolution, the image resolutions of a point sourcelyred with the ideal Comp-
ton camera at 140.5 keV and 511 keV are first shown in Figure Mdte that all the
reconstructed images in this chapter cover a region of &@&rtm about the point source.
FWHM value of the image resolution is shown at the top of eachge. As can be seen
in Figure 4.4, the image resolution of the ideal camera isnased as 0.58 mm FWHM for
both energies. Additional uncertainties in image resotutiue to the absorber parameters
are presented in the following.

Figure 4.5 shows the reconstructed images of a point sowrsedoon multiple scat-
terings in the absorber materials at 140.5 keV. As can berodden the figure, there is
virtually no change in the FWHM values by increasing the absiothickness from 0.3 cm
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0.58 + 0.002 mm 0.58 + 0.002 mm

€Y (b)

Figure 4.4: The achievable reconstructed resolution ofiatmmurce image of an ideal
Compton camera at (a) 140.5 keV and (b) 511 keV.

1.1 +£0.02 mm 1.4+0.04 mm 1.2 +0.03 mm

1.1 £ 0.03 mm 1.7 £ 0.06 mm 1.2 £ 0.04 mm

(b)

Figure 4.5: The achievable reconstructed resolution ofiat gource image at 140.5 keV
when considering thefiect of multiple scatterings in the absorber, left: CZT, niddse,
right: Nal(Tl). (a) Absorber thickness of 0.3 cm and (b) Onb.c

to 0.5 cm, therefore the full width tenth maximum (FWTM) vaduwere calculated and
tabulated as Table 4.3 to illustrate the resolutioffiedences more clearly. It is evident in
Table 4.3, that CZT has the best resolution, followed by Nalédnd then, Ge.

Figure 4.6 shows theffect of multiple scatterings on the image resolution at 5M. ke
In comparison with 140.5 keV, the resolution degrades damably with increase in the
absorber thickness.

Table 4.4 shows the image resolution (FWHM) results dueeddiect of pixel size of
the absorber. The data is derived by varying the pixel siz®fabsorber from 1 mm to
3 mm. Ge shows the best resolution. Nevertheless, its peagioce is comparable with that
of CZT, and the same at 1mm pixel size. The resolution of G@jsaimately between
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Table 4.3: The achievable reconstructed resolutions ofirst gource image at 140.5 keV
when considering theféect of absorber thickness on the image resolution. All nreasu
ments are in mm.

Image Absorber thickness
resolution 3mm 5mm
CZT Ge Nal(TI) CZT Ge Nal(TI)
FWHM 11 14 1.2 11 1.7 1.2
FWTM 7.7 13.2 9.1 8.6 17.8 9.8

2.7 £0.07 mm 5.1+0.23 mm 2.7 £0.09 mm

3.1 £0.08 mm 8.8 £ 0.37 mm 3.4+0.11 mm

(b)

Figure 4.6: The achievable reconstructed resolution ofiat@murce image at 511 keV
when considering thefiect of multiple scatterings in the absorber, left: CZT, niddse,
right: Nal(Tl). (a) Absorber thickness of 2 cm and (b) 3 cm.

1.5 to 3 times better than that of Nal(TI) across 1 mm to 3 mnelgize. On the average,
detector pixelation degrades the image resolution mone the multiple scatterings but
the degradation is more pronounced at 140.5 keV. It is algieat/that the trend of image
degradation for the two incident energies due to the detéstmpposite, but less severe in
magnitude than that of multiple scattering. The implicasiof these #ects on the absorber
performance are discussed with respecffficiency and resolution in Sections 4.6 and 4.7.

4.6 Discussion of the absorberfliciency

The dficiency results of this study indicate that at 100 keV, thetpipeak and intrinsic
efficiencies of the selected absorber materials are similar.aB600 keV, the photo-peak
efficiency is smaller than intrinsidféciency due to the strong shift towards Compton scat-
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Table 4.4: The achievable reconstructed resolutions ofirst gource image at 140.5 keV
and 511 keV when considering thffect of absorber pixel size on the image resolution. All
measurements are in mm.
Energy Pixel size
(keV) 3mm 2mm 1 mm
CZT Ge Nal(Tl) CZT Ge Nal(Tl) CZT Ge Nal(Tl
140.5 53 5.2 7.5 36 34 6.5 19 19 5.4
511 47 4.4 6.2 31 3.0 55 1.7 1.7 4.4

tering and multiple scatterings (Table 4.2). This suggtstt all the materials potentially
could make good absorbers at lower radiation energies. i#awéhe highest Compton
scattering and lowest photoelectric absorption trend ferisza clear fficiency disadvan-
tage relative to CZT and Nal(TI). This trend is also illustchin Figures 4.2 and 4.3 which
confirm that Ge is not an absorber of choice for the Comptorecarin terms of sensitivity,
while CZT and Nal(TIl) have comparable performance. Newets CZT with the highest
photo-peak fficiency shows the tendency of stopping most photons closketald¢tector
surface (Figure 4.3), which is an advantage due to its be#pth of interaction resolution.

4.7 Discussion of the absorber resolution

In order to evaluate the possible impact of the absorbeiiaggpasolution on a Compton
camera, it is beneficial to examine first the performance@ttdmera by taking no detector
parameter into consideration. This has been illustratdeéigare 4.4. The high and equal
image resolutions recorded for the ideal Compton cameréabkeV and 511 keV indicate
that point spread function is strongly dependent on detezttaracteristics and incident
photon energy. It is then easy to infer that the high resmuvialue recorded for the images
is only limited by the accuracy of the reconstruction method

Multiple scatterings in the absorber degrade image résalats shown in Figures 4.5
and 4.6. However, it is clear in Figure 4.5 that this quansityot a dominant image degrad-
ing factor at 140.5 keV. But at 511 keV, there is consideraidecase in image degradation
due to multiple scatterings in the absorber (Figure 4.6)th®fthree materials considered,
Ge shows the poorest resolution due to multiple scatterigss fact is also supported in
Figure 4.2 which also shows that Ge has the lowest ratio gfesimultiple events. This lim-
itation makes Ge least attractive as a higher energy albssirtse the material is most prone
to inter-pixel cross-talk. On the other hand, CZT shows #aest positioning error because,
its high photoelectric contribution to mass attenuatiogffacient, and density translate to
high stopping power, stopping the primary photons and stengnparticles at relatively
short distances between interaction sites.

Incorporating the fect of the absorber pixel sizes shows that Ge has the bestimag
resolution (Table 4.4). This, in some way, could compenfatiés poor multiple scattering
resolution in the situation where the multiple scatteriogsurred within the same pixel.
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Nevertheless, the material's best resolution is still caraple with that of CZT, and even
the same for 1 mm pixel size. The commonly used Nal(TI) gitesvtorst resolution due
to its poorer depth of interaction resolution.

4.8 Simulation of a Compton camera

It is instructive to relate the contribution of the absoriparameters to the performance
of the whole Compton camera system. To perform this assegsmeomplete Si/CZT
Compton camera was modelled with all the major detectormpeatars of the scatterer and
absorber included. The included parameters are the enesgjution, Doppler broaden-
ing and spatial resolution. Thus, how these parametiestahe image resolution of the
Compton camera was evaluated separately and in combindenchoice of CZT for this
evaluation is due to the outstanding qualities the matdisallayed in the earlier evaluations
as are shown in Section 4.5. A simple diagram of the compleragfon camera is shown
in Figure 4.7 and the details of the simulation are describede following.

5cm ‘

—

Il

point source

&
é AR RRRRRARRAR A
@

scatterer

Figure 4.7: A simple diagram of the Compton camera set-up.

To simulate the complete Compton camera, the geometry atetiala of the camera
system were defined in the ‘DetectorConstructor’ class ®GEANT4 with details of the
set-up described as follows: the scatterer consists ofgdesplanar 9 cnx 9 cmx 0.5 cm
Si detector, segmented into a 75-by-75 array of elementsh Bixel element is 1.2 mm
x 1.2 mm in dimensions. Energy resolution was parameterizgtjuhe Gaussian distri-
bution, and was assumed to be 1 keV at 140.5 keV and 2 keV at &1 Meier et al,
2002; Studeret al,, 2003) for Si. Position measurements in the scatterer wanmated
as the centre location of the pixels in which the interactioacurred. The absorber de-
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tector consists of 10 cm 10 cmx 1.8 cm CZT detector segmented into 40-by-40 array
of elements. Each pixel element is 2 mm2 mm in dimensions. Energy resolutions of
CZT were assumed to be 3.7 keV at 140.5 keV and 5.1 keV at 51Tdspéctively (Chen

et al,, 2008). The size of the absorber pixels (denotirgndy- positions) and its depth of
interaction resolutionzt position, found within 0.5 mm accuracy (Bat al,, 2001)) were
used to estimate the spatial resolution. The simulatedggreard position data were then
processed with the list-mode backprojection reconstracthethod whose algorithm has
been described in Section 2.9.3. A comparison was then noaaksess the performance of
the absorber with that of the whole camera system.

4.8.1 Hfects of the Compton camera parameters on image resolution

The image resolutions due to thffexts of the major detector (scatterer and absorber) pa-
rameters of the simulated Compton camera are shown in FHig8rén the figure, theféects

of the disturbing camera parameters to an otherwise idealpgfin camera are shown sepa-
rately. Itis shown that Doppler broadening, energy resmhind spatial resolution account
for 7.10 mm, 8.53 mm and 6.10 mm FWHM image degradation reispcat 140.5 keV.

It is also evident that while the spatial resolution accedat the least image degradation at
140.5 keV, the contribution due to this parameter is quigaificant (5.52 mm FWHM) at
511 keV. At this energy, the contributions due to Dopplerddening and energy resolution
are only about 2.43 mm and 1.85 mm. The image resolutiondiftresse detector param-
eters combined is shown in Figure 4.9. The comparisons leetivee results of the present
study with previous studies are made in Section 4.8.2.

4.8.2 Camera assessment in terms of the image resolution

Table 4.5 compares the results of this study with those oéfal. (2007) and Wilderman
et al. (1998b). The low resolution values due to Doppler broadgaimd energy resolution

Table 4.5: The achievable reconstructed resolutions ofire gource image due to the de-
tector (scatterer and absorber) parameters at 140.5 kest&id keV.

Incident Research group Doppler Energy Spatial  All paranset
energy broadening resolution resolution combined
(keV) (mm) (mm) (mm) (mm)
140.5 present study 7.10 8.53 6.10 18.36
An (2007) 7.99 8.74 16.50 20.30
4Wilderman (1998b) - - - 14.00
511 present study 2.43 1.85 5.52 8.22

a Wildermanet al. (1998b) presented the results of all the detector parametenbined
with and without Doppler broadening in their study.

suggest that accounting for the inherent scatterer paeasatould significantly improve
image resolution at 140.5 keV. These resolution resulteeageasonably with those pub-
lished by Anet al. (2007). But there is a strong disparity between the resoiutesults
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Figure 4.8: The ffect of detector parameters on the image resolution, lefth ®oppler
broadening, middle: with energy resolution, left: withgiixtion. (a) at 140.5 keV and (b)

at 511 keV.

due to spatial resolution obtained from both studies. Tlasar is due to the smaller-
pixel detectors used in this work against the large pixels28 mmx 3.125 mm for the
scatterer and 10 mm 10 mm for the absorber used by Ahal. (2007). The overall im-
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Figure 4.9: The ffect of all the detector parameters combined on the imagéutesy left:
at 140.5 keV and right: at 511 keV.

age resolution of our design is therefore slightly bettantiAn et al. (2007) camera (i.e.
18.36 mm vs. 20.30 mm). Nevertheless, the fact that thavelatsmaller detector pixels
used in this work could not improve the present camera’sadvienage resolution signifi-
cantly is a strong indication that the scatterer has muctenmfiuence on image resolution
at lower diagnostic energies than the absorber. On the b, the present camera’s
overall image resolution is worse than the result publishgdVildermanet al. (1998b)
(18.36 mm vs. 14 mm respectively) for a similar experimesttup except for a tfer-
ent absorber geometry and material (cylindrical and Ngleetively). Certain conditions
could contribute to the group’s better resolution resutieyr assumed a better energy res-
olution value for their scatterer (0.25 keV) which implie®etter angular resolution, and
accordingly, a better image resolution for their model.

It is noteworthy that while the spatial resolution accouotsthe least image degrada-
tion at 140.5 keV, the reverse is the case at 511 keV. At thisgsnthe &ects of Doppler
broadening and energy resolution are significantly redacethe overall image resolution
is 8.22 mm. Recall that it has been shown in Table 4.4, thaRthem x 2 mm pixelated
CZT alone contributes as much as 3.1 mm FWHM to image dedoadfdr CZT, which
indicates that the image resolution at 511 keV is signifigasffected by the absorber pa-
rameters. Now considering that thifexts of the Doppler broadening and energy resolution
are smaller, inherent and cannot be improved easily by miatipg the detector electron-
ics, it is then instructive to infer that an improvement oé thbsorber spatial resolution
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would significantly improve the overall image resolutiorbai keV. This confirms the pre-
dictions by Anet al. (2007) who state that the use of a higher energy gamma saucbeas
18 emitting 511 keV annihilation photons, together with fignt reduction of segmentation
of the absorber down to few millimetres or less, could adhite image resolution of 5 mm
required in medical imaging. Nevertheless the achieverokstich image resolution may
also require a better reconstruction algorithm than the@kitackprojection algorithm used
in this study.

4.8.3 Camera assessment in terms of the angular resolution easurement
(ARM)

It is also advantageous to validate the performance of theeawith respect to the angu-
lar resolution measurement (ARM) since this metric is iredeent of the reconstruction
method used in producing the image. As is stated in SectmnARM refers to the accu-
racy with which the cone parameters are determined from tresarements of the positions
and the energies deposited in the detectors €ab, 2010). The metric was evaluated for
each gamma ray event by comparing thigetlence between the true scattering amigig,,,
derived with the Compton formula and the measured scattemgledg...., defined by the
location of the gamma ray source and the hit positions. ThélM/éf the distribution of
Ocomp - OGeom Provided the angular resolution of the camera (Watardlad, 2005).

The contributions of Doppler broadening, energy resofutimd spatial resolution to
the angular resolution are estimated as well. The Dopplatriboition is estimated by
performing simulations with the LowEnergy physics packa§&EANT4 with the other
parameters excluded. To estimate the contribution duedcettergy resolution, the de-
posited energies in the scatterer were sampled with a Gaussndom number generator
(G4RandGauss function) provided in GEANT4, with mean edqoidhe deposited energy
and width (FWHM) equal to the detector energy resolutionteNbat the energy resolution
of the absorber of the camera was not considered in this caisel@es not limit the angu-
lar resolution as the energy resolution of the scatteres.ddhis idea is also implemented
by Studen (2005a) in his PhD thesis and by ke¢al. (2009). The authors approximated
the angular resolution due to the energy resolution oniynftioe energy resolution of their
scatterers. However, this idea cannot be used in cases wigenecident radiation energy
is not known. In such cases, the energy resolution of therbbss very relevant (Mundy
and Herman, 2010). The contribution of the spatial resofuis estimated by analyzing the
difference between the true hit positions and the centre positibSi and CZT pixels.

Table 4.6 shows the simulated results of the three conimisito ARM at 140.5 keV
and 511 keV. The table is categorized into incident gammareygy, research group and
detector parameter under consideration. Two results awrsfor the present study, one
calculated with small angle bins of 0.Width and the other with large angle bins of 1.0
width. As already shown in Section 3.2.5, Figure 3.1, theutargresolution estimates de-
rived with the small angle bins of @ Ehow good agreement with the theoretical prediction
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Table 4.6: Angular resolution estimates of an isotropic genpoint source located at
10 cm in front of the scatterer. Incident photon energiesaaseimed to be 140.5 keV and
511 keV for various detector parameters.

Incident Research Doppler Energy Spatial Combined Medsure
energy group  broadening resolution resolution parametersesult
(keV) (deg.) (deg.) (deg.) (deg.) (deg.)
140.5 a 2.0 5.2 2.0 8.6 -
b 3.0 5.3 2.5 9.1 -
c 8.0 4.4 2.4 9.6 9.1
d 3.4 4.6 - - -
511 a 0.6 0.6 1.9 2.7 -
b 2.3 1.1 2.4 3.4 -
c 24 11 2.7 3.8 3.9
d 1.8 0.9 - - -

a Present study: Angle distributions of the contributionA\RM are binned with 0.1
width bins for these results.

b Present study: Angle distributions of the contribution®\RM are binned with 1.9
width bins for these results.

¢ Watanabeet al. (2005)

d Studen (2005b)

by Biggset al. (1975) for Doppler broadening. Hence the smaller the biesl digr analy-
sis, the more accurate the result (because the blurffiegteof binning is less marked) but
less precise (since fewer counts per bin). The large binsvatbmparison with previous
studies by Watanabet al. (2005) and Studen (2005b), however, these results aredess a
curate due to the large size of the bins. Figure 4.10 showsthewize of the angle bin
varies with the simulated angular resolution estimates #gparent in the Figures, that the
angular resolution value of the simulated camera variga ftodown to 0.2, below which
the value is approximately the same. For the purpose of cosgpa the energy resolution
of the scatterer was adjusted to 2 keV for both incident éesrand the previous results in
Table 4.6 are estimated from the graphs presented by theray®tuden, 2005b; Watanabe
et al, 2005).

The comparisons of the results obtained with the large dsiglewith previous studies
are discussed in the following. In Table 4.6, it is shown thatuncertainties due to Doppler
broadening and energy resolution at 140.5 keV account éoatigular resolutions (FWHM)
of 3.0° and 5.3 separately. The results agree reasonably with the prevesugts except
for Doppler broadening where the estimate by Wataretba. (2005) is more than twice
the value. However, Watanatet al. (2005) commented that their Doppler broadening
value could be reduced by using a Compton camera detectorgement that allows more
gamma ray events with smaller scattering angles, whicheic#ize for the present camera
model where most of the scattering angles are beldw 8e small spatial resolution result
for the camera model, Z5implies that the image quality can be improved at 140.5 keV
by accounting for the scatterer parameters in the recaristrualgorithm (Hirasawa and
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Figure 4.10: The ffect of angle binning on the simulated angular resolution(&rfor
Doppler broadening and (b) for energy resolution.

Tomitani, 2003). The combinedfect of the parameters gives the angular resolution 6f 9.1
for the present camera.

At 511 keV, the uncertainty due to Doppler broadening is @ighan that of the energy
resolution. However, a graph of the uncertainties due tedlparameters as functions of the
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scattering angle by Lest al. (2009) suggests an opposite trend. Certain conditionsldmul
responsible for the disagreement. Their scatterer A@€) is very much inferior to Si with
respect to energy resolution. While the uncertainty dubdcspatial resolution is smallest at
140.5 keV, the ffect of the parameter is quite significant at 511 keV. At thisdant energy,
the dfects of Doppler broadening and energy resolution are refjusiggesting that the
reduction of detector pixels at 511 keV would improve thewdagresolution. However, the
practical implementation of the electronic readout systenvery small pixel dimensions
as suggested by At al. (2007) in a large volume detector would be very challenging.



Chapter 5

MODELLING OF TIMING
CHARACTERISTICS OF THE
COMPTON CAMERA

This chapter explores the limitations imposed by the deteehergy threshold and dead
time on the Compton camera performance, using a simplifiedeinaf the general elec-
tronic architecture. This is done by utilizing straightf@rd approximations to estimate the
charge collection times and their relationship to findingnciment events, setting thresh-
olds to reject noise, and the resultant impacts on the Camgamera performance. Note
that the primary goal is not to model a complete Compton cardata acquisition (DAQ)
system, but to study the limitations imposed by the physffalcts mentioned above.

The first simulation paper on the timing characteristicshaf Compton camera is by
Parket al. (2010), followed by a more elaborate paper by Uehal. (2011). Both studies
were done without the knowledge of each other as they werksped within a short time
interval. This chapter is thus based on the description eddtstudies. Three major sec-
tions are considered. Section 5.1 provides an overviewefghdout scheme. Section 5.2
details the study by Past al. (2010), and Section 5.3 presents a more detailed study of the
Compton camera timing characteristics by Uehal. (2011).

5.1 The detector readout

In addition to simulating the radiation transport and iattions with detectors, the op-
timization of the Compton camera requires accurate modehbind predicting of the be-
haviour of the detector readout schemes. The operationesétechemes is dependent on
the timing characteristics since the emitted gamma raysletected with respect to time.
The information obtained from successful gamma ray eventexiorded as ‘hits’. GEANT4
defines a hit as “a snapshot of the physical interaction ohektwithin a sensitive region
of a detector”. The information provided by a hit is the piasitand time of a step, energy
deposition of the step, momentum and energy along a tratgaiction type of the hit and

83
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volume name containing the hit. A step corresponds to thectiay of a particle between
discrete interactions such as photoelectric, Comptom,graduction and so on. During a
step the changes to the particle’s energy and momentum latdatad. The length of a step
depends upon the nature of interaction, the type of parictematerial and so on. If a step
occurs within a volume corresponding to a sensitive detethte interaction information
between the particle and the material is stored. The ergiiessof steps form a simulated
trajectory of a particle, that is called a ‘Track’ in GEANT@EANT4 Collaboration, 2011).

The primary function of the readout schemes is to acquirekbetrical charge pulses
generated by the radiation detectors, to extract hit in&tiom and to convert them into a
digital format that are then acquired, saved and analyzed bgmputer. The quantities
of interest are the particle energy (proportional to theghaeleased by the particle in the
detector), position of interaction and the time of arriviedaditionally, the electronic readout
systems for particle detectors are made up of readout medaiteunits). Each module has
a specific function, so that one needs to interconnect daverdules in order to make the
system able to extract all the quantities of interest. Thal filalue obtained after filtering
by a set of these modules is called a ‘Single’. Singles cambedsas output. Each transient
value, between two modules, is called a ‘Pulse’.

As already described in Section 2.7, depending on the cteaistcs of the detector
readout, there is a minimum amount of time that must sepanat&vents, detected on the
same readout component, for them to be recorded as two sepataes. This is known as
the dead time. Two models of dead time behaviour, nonpaablgzand paralyzable, can be
implemented on an event basis for this purpose (Knoll, 2008 nonparalyzable model is
one for which, if an event occurs during the dead time of aqutigg event, then the second
event is simply ignored, with no furtheffect on subsequently occurring events. The para-
lyzable model is one for which each event introduces a deael Wwhether or not that event
actually was counted. Thus an event occurring during thd tleee of a proceeding event
is not only ignored but introduces its own dead time duringclvisubsequent events cannot
be recorded. How this timdfect influences the Compton camera operation is described in
the following.

5.2 Time characteristics of the Compton camera — the approdc
by a previous study

The first paper on the timing characteristics of the Comptonera is by Parkt al. (2010)
who also used the GEANT4 software as programming tool. Tbemeaccounted for the
stochastic nature of the gamma ray’s emission time by thraudt@a

1

Tiy1= —In (5) VA (Tz)

+T;, (5.1)

whereT;,, andT; are the {+ 1)th and theth gamma ray emission times, respectivély,
is a random number from a random number gener@@idniformRandy is the emission
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yield of the gamma ray in use for Compton imaging, ai(@;) is the activity (in Bq) of
the source at tim&;. The exponential decay of the radiation source during inagias
modelled by calculating the activity each time before samggdl’;, ;. The time information
was stored in th&4Stepobject using th&etGlobalTimdunction. The global time was up-
dated whenever a particle interacted with the camera’'sttgte The time information was
retrieved whenever necessary using @etGlobalTimdunction of theG4Stepobject. The
interaction time was sampled, considering the time regmludf the component detector,
with the Gaussian distribution:
T =T + o7&, (5.2)

whereT’ andT are the measured and true interaction times, respectiwglis the time
resolution of the component detector, ahds a random number that is produced by a
random number generator of standard normal distribut@hRandGaugs

To model the dead time, the nonparalyzable model was useslr détector dead time
was assumed to be 1;6 for the scatterer and /% for the absorber. The time resolutions
of the scatterer and absorber were taken to be 65 ns and 1@pectigely. Coincidence
counting was determined by defining the coincidence timedawnof 200 ns after the ap-
plication of the dead time to the signals. The digitizati@ad time was taken to be 3.
The measured interaction times at the component detectesnetrieved from th&4Step
object using the&setGlobalTimefunction. The measured interaction times of the detectors
were then compared and, if they are within a given coincidetimoe window, it was as-
sumed that the interactions were caused by the same gamraadayre then stored as an
effective event for subsequent image reconstruction.

According to Parlet al. (2010), their simulatedfgciencies are in very good agreement
with experiments; that is, within 1% to 2% errofffédirence and their reconstructed image
resolutions are within 7% to 13% for two point gamma ray sesiat 511 keV and 1275 keV
respectively, imaged at 3.7 cm in front of a prototype dotdalattering Compton camera.

5.2.1 Drawbacks of the previous study

The study by Parkt al. (2010) is however not flawless. Their use of a fixed digitmatiead
time value makes their simulation model less robust for wadeye of event rates. Again,
it has not been established that the nonparalyzable deadniodel can fully characterize
the dead time behaviour of the Compton camera system. Théearsnof dfective events
also used by the group for their reconstruction are too lowive reliable results, 679
events for 511 keV and 1063 events for 1275 keV. It is also tedrcwhy the group’s
simulated éficiencies without the dead time are lower than the simulafgéciencies with
dead time (2.90« 10~8 against 4.20< 1078 for 511 keV and 6.1% 10°8 against 6.64x
10-8 for 1275 keV respectively). Theséfigiency results imply that there are no limitations
imposed by the timing characteristics of the Compton camehach is in disagreement
with earlier predictions by Leblanet al. (1999) for a real C-SPRINT Compton camera.
Hence a simulation study has been conducted by l@thk (2011) to address these issues.
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5.3 Time characteristics of the Compton camera - the approdc
by the present study

The GEANT4 toolkit was used to model the camera geometry anfdigmance for the two
common nuclear medicine energies that correspof¥'itc (140.5 eV) and®F (511 keV)
radiotracers. In addition to the GEANT4 provisions, howeweodifications were made to
account for the photon emission times which were used toumtdor the detector response.

5.3.1 Simulation of detector response

To simulate the detector response, physical observablesnfbrmation) which include
energy, position, and time of detection of each interacagima ray were first extracted
using a derived sensitive detector class in GEANT4. Theggraéepositions in the detectors
and their corresponding detection times were then summed jgimoton event basis for
each detector pixel where the interactions occurred. Tlh&sBo distribution was used to
approximate the decay rates of the radiotrac€®Tc and'®F), notably, decay instants
drawn from theG4Poissortlass with the appropriate decay constant, consideringiiaso
activity of 10 MBq was used to approximate the decay timesalt assumed that no atomic
decay occurred before the simulation commenced, henceitied decay time was set at
zero. A derived ‘RunAction’ class was then used to sum sulessigdecay times, which
were added to the times of particle interactions in the detedo determine the times of
the energy pulses. In real detection systems however, fioeete pick-up times of pulses
are also governed by noise in the system and statisticatifitions of the signals from the
detector. This timing uncertainty is known as time jitten. dccount for the detector energy
resolution and detection time jitter, Gaussian blurring imdroduced to the pulses and their
corresponding times respectively.

In order to count the pulses reliably, the concept of eneiggrithination threshold was
introduced. Note that the implementation of this woncepiidaffect the €iciency results
of Chapters 3 and 4 since low energy depositions below theerevel in the scatterer will
be eliminated from the data. In many counting situations,ahergy theshold level is set
just above the system noise so that the maximum sensitivity f

counting detector pulses is realized. Along this line, Ioewed upper energy thresholds
of 8 keV and 50 keV were applied to the scatterer, whereask&d/5and 150.5 keV were
applied to the absorber at 140.5 keV respectively. The Idatweshold of the scatterer is
in line with the predictions by previous researchers (Stueteal., 2004; Watanabet al,,
2005), which suggest that a minimum energy threshold of 8ike®quired for the Compton
camera scatterer (i.e. silicon) for its stable operatiowl, the upper threshold was to allow
a greater fraction of events with single Compton scattedpgo the Compton edge. The
decision on the absorber energy thresholds is to allow aipte energy depositions that
would add up with those in the scatterer to fall within thenoident window. The energy
thresholds were adjusted to 8 keV and 341 keV for the scattend 160 keV and 521 keV
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for the absorber at 511 keV. The time jitters of the scattarat the absorber correspond
to experimentally measured values of 12 ns and 5 ns respbcii$tudenet al, 2004;
Bolotnikov et al,, 1999). The simulated energy, position and time measureswegre then
saved to an output data file for the system dead time progessih MATLAB code.

5.3.2 Application of detector dead time

To simulate the detector dead time, the scatterer was amaty segmented into modules
(or units) of 128 pixels each for easy identification of theifions of the signals. Signals
in each module represent the pulses from the preamp/shpplzadion-specific integrated
circuits (ASICs) and each module was treated as an indepesédetion of the detector. The
photon events were first processed with a paralyzable deedafigorithm for each scatterer
module readout section. When an event signal is detectéa isctatterer pixel and is under-
going processing, the module is not able to process the igdldf the time of detection
occurs within a dead time interval ofis from the time of the event under processing, and
any new signal restarts the dead time. Signal outputs frenmtbdules were analyzed by a
second algorithm that mimics the operation of a nonparalgz28-channel multichannel
analyzer (MCA). The dead time of the MCA is comprised of a alle processing time
of the virtual analogue-to-digital converter (ADC), whiishdetermined by the appropriate
signal channel number, and a fixed memory storage timeust 2

The absorber detector is functionally segmented into nesdaf 64 pixels each. Each
module was considered as an independent section of thaatet@sthin the subgroup, the
asynchronous pulses from the preamp/shaper ASICs congrededess to a single output
channel via a ‘winner-takes-all’ arbitration algorithmadh successful pulse is multiplexed
to a free-running ADC. The data stream from the ADC, alonchwfite pixel ID of the
winning pixel are forwarded to the coincidence detectiggoathm (Griesmeet al., 2002).

The processed events from the scatterer and absorber vesredhd into the coin-
cidence detection algorithm which matched coincident gaulwith their respective time
stamps. The algorithm also eliminated accepted eventsalaa tncorrect scattering se-
quence such as Compton scattering in the absorber followeddmmplete absorption in
the scatterer. This was done by using the time stamps of lsegand the corresponding
pixel ID to accept the events where the hits took place firshénscatterer before the ab-
sorber. At 140.5 keV, the fraction of events with incorrecattering sequence is less than
1%. But at 511 keV, this factor rose to about 48%, necessifatieir elimination with the
coincident timing algorithm. Respective pulses from thatterer and the absorber were
summed to find the photon events that meet the coincidentomiraditeria, which are, an
energy window of:10 keV around the radionuclide energy and a time window of2bex
tween the recorded pulses in the scatterer and the absdti®Ematched event singles were
then clocked out at a trigger rate of 10 kHz for image recowtivn. The overall system
dead time was estimated using the decaying source methal (RB00) with a short-lived
150 radioisotope point source as described in Section 5.3t@ Jompton camera DAQ
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characteristics such as pulse pileup and time walk werenmestigated in this study.

5.3.3 Modified Compton camera set-up

To investigate theféect of the timing characteristics on the prototype cameraluations
were done based on thé&ect of the basic detector parameters (Doppler broadeniveggg
and spatial resolutions), and then with energy threshottl detector dead time. It was
decided to reduce the dimensions of the scatterer due tfitient computer memory to
perform long simulations with multiple stacks of pixelatsiticon strips. The modified
geometry of the camera is described as follows.

The pixel size of the scatterer was not modified (LeBlanal., 1999), but its thickness
was reduced to 0.2 cm. This is in line with the prediction bylip$h et al. (2001) who
suggest that the fabrication of single Si detector striggh @i2 cm thickness is practicable.
Hence, the modified scatterer design consists of two stacgkaoar 5.8 cmx 5.8 cm x
0.2 cm Si detectors, segmented into 6-by-6 detector modikesh module consists of 128
Si pixels with 1.2 mmx 1.2 mm dimensions. Note that the optimal thickness of therem
as predicted in Section 3.3.1 would require five stacks otr§iss but this geometry was
not possible due to ingficient computer memory. Other characteristics of the detene
as described in Section 4.8.

The absorber dimensions were not modified, neverthelesdetieetor was segmented
into a 5-by-5 array of detector modules. Each module cansitt4 CZT pixels with
2.5 mmx 2.5 mm pitch for each pixel element. The thickness of the @ddesovas set at
5 mm at 140.5 keV and 1.8 cm at 511 keV (Stickel and Cherry, 20benet al,, 2008;
Awadallaet al,, 2009). Energy and spatial resolutions were implementedeasribed in
Section 4.8. Figure 5.1 shows a simple diagram of the mod@@tipton camera model.

point source

absorber
(10cm x 10 cm x 1.8 cm)

scatterer pixels
(5.8 cm x 5.8 cm x 0.4 cm)

Figure 5.1: Simple diagram of the modified Compton cameraiget
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Figure 5.2: The energy spectra of 10 MBq radiotracers shpwire impacts of en-
ergy threshold and dead time (a) on the scatterer and abseffiencies for a®Tc
(140.5 keV) point source (b) on the totafieiency for a®*"Tc (140.5 keV) point source
(c) on the scatterer and absorbéiaencies for a®F (511 keV) point source and (d) on
the total éficiency for a®F (511 keV) point source.

5.3.4 Impact of energy threshold and dead time on thefficiency

Figures 5.2(a) and 5.2(b) show energy spectra to illustreteffects of the detector param-
eters, in addition to energy threshold and dead time on Camgamera fficiency for 120
million simulated photon events for a 10 MB&"Tc radiotracer (140.5 keV). The spec-
tra diagrams are derived by binning the energy counts withkeV intervals across the
distributions. The dotted spectrum line represents fhieiency estimates of studies that
ignore energy threshold and dead time. The inclusion ofggnitreshold and dead time
reduced the spectra overlap between the absorber energyhamdincident sum energy.
Similar diagrams are also shown in Figures 5.2(c) and 5@ 10 MBq'8F radiotracer
(511 keV).

It is apparent in these figures that the practidéceency of the Compton camera has
been overestimated by previous investigators who did nedipr count rate losses under
clinical conditions. The importance of the energy thredhahd time &ects cannot be
ignored. The energy threshold is needed for the stable operaf practical Compton
cameras (Studeet al., 2004), specifically to discriminate noise signals and bemknd ra-
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Table 5.1: Coincident detectiotifigiencies of the Compton camera model.

Radiotracer Detector parameters Detector parameters ctoefmrameters
(activity = 10 MBQ) only + energy threshold + energy threshold
+ dead time
%mTc 8.99x 1074 4.67x 107% 3.16x 10°*
18 3.84x 1074 3.65x 1074 3.10x 107*

Table 5.2: Achievable resolutions of the camera model atcgsto-scatterer distance of
5cm.

Radiotracer Resolution Parameters Parameters Parameters
energy only + energy threshold + energy threshold
(keV) + dead time
140.5 Image (mm) 10.0 9.5 9.5

Angular (deg.) 6.2 5.4 5.4
511 Image (mm) 5.3 5.2 5.4
Angular (deg.) 3.6 3.6 3.6

diation pickup capable of causing instability of perforrmanThe time #ects are necessary
for accurate accounting of count rate losses as well as imgtcwoincident events. The
application of the energy threshold at 140.5 keV reducedcimeera sensitivity by 48%.
This is because a significant fraction of the energy trartsfegcoil electrons occurs below

8 keV. The inclusion of dead timeffects further reduced the camera sensitivity by 17%.
But at 511 keV, the energy threshold did not dominate couetlosses as it only reduced
sensitivity by 6%, while the dead time inclusion furtheruedd sensitivity by 13%. The
results of the coincident detectioffieiency are shown in Table 5.1. Théieiency results

in Table 5.1 suggest that the findfieiency of proposed camera would be at least three
times more than the Anger camera.

5.3.5 Impact of energy threshold and dead time on the resolidn

Table 5.2 illustrates the impacts of the count rate lossegaanergy threshold and detector
dead time on resolution at 140.5 ke®”(Tc) and 511 keV ¥F). As the table highlights,
the image resolution of an isotropic point source locatel etn in front of the scatterer
is improved from 10.7 mm to 9.5 mm by including the energy shdd at 140.5 keV.
These correspond to the angular resolutions of ©5.4 respectively. The inclusion of
the dead time made no impact on the resolution. At 511 ke\sthbsequent inclusions of
energy threshold and dead time virtually made ritedénce on the resolution. The plots of
reconstructed images and angular resolutions for botlomadiide energies are shown in
Figures 5.3 and 5.4 as examples.
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Figure 5.3: (a) Reconstructed image of a point source Idatté cm in front of the scatterer
with all the dfects included and (b) corresponding angular resolutiod@ilkeV.
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Figure 5.4: (a) Reconstructed image of a point source Idatd cm in front of the scatterer
with all the dfects included and (b) corresponding angular resolutiod AtV.

5.3.6 The evaluation of system dead time

Knoll (2000) suggests that the dead time of an imaging sysi@mbe estimated by using

a short-lived radioisotope source in the limit of negligilllackground. This is known as
the decaying source method (Knoll, 2000). The method assutinat the dead time model
which describes the system behaviour will fit the best ditdige to the observed count-
ing rate data. It is also suggested that this method coulcebeflzial for cases where the
observed counting rates depart slightly from the known egptial decay of the source.
Hence, Figure 5.5 is derived by recording the observed catesR, as a function of time

t, using a short-lived 500 kBtO radioisotope source for an acquisition period of 420 sec-
onds. The figures illustrate the degree of fit of the dead tirodets to our prototype camera
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data. In these figures, the paralyzable dead time model derates a better linear fit to our
camera data than the nonparalyzable model, with the deadrtiralue of 3.1 ms, derived
from the slope of the linear fit. Note tharepresents the decay constant radioisotope
and R? is the R-square value of the linear fit. Thentercept of the nonparalyzable plot
corresponds to the initial true count rate while that of tlaeafyzable corresponds to the
natural log of the initial true count rate.

The system dead time is, ho doubt, very large but not totalbxpected due to the mean
trigger rate of 10 kHz (or 0.1 ms dead time) utilized for thadeut bidifer in Section 5.3.2.
However, it had been suggested that the dead times of tharftistecond generation silicon
pad detectors are in the range of 1 ms to 3 ms (LeBlanc, 198%act, the dead time re-
sults of this study are comparable to those published foala3€SPRINT Compton camera
system (LeBlanc, 1999), that is, 3.1 ms vs. 3.8 ms for thelyable model and 4.8 ms
vs. 8.5 ms for the nonparalyzable model. Note that the natzable dead time graph
line did not fit the scattered points for both cases and tbezahay not be reliable. It may
even be possible that the dead time of the Compton camermnsysay not be completely
characterized using just one dead time model. In any caseCtimpton camera system
dead time can be reasonably reduced by utilizing electn@@dout schemes with shorter
dead times. However, this must be done with caution corisgléhe noise added by the
preamplifier-amplifier combination which negates the gooergy resolution of semicon-
ductor detectors, as well as preventing event mismatchihgyh count rates which is even
more critical. Hence, issues such as pulse pileup and tintenead to be taken in account
before it can be donefticiently.

Nonparalyzable system dead time model Paralyzable system dead time model
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Figure 5.5: Graphs of the system dead time models, obtain@tbliing observed data and
corresponding linear fit for the data for (a) nonparalyzgbleparalyzable model.
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5.3.7 Limitations of the present study

While it is believed that the dead time explains thifedences between the measured and
theoretical sensitivity values, it is by no means suggettatithis study depicts a complete
modelling of the Compton camera data acquisition (DAQ)eystonsidering the rapidly
changing and ever improving developments in the designsewf fnont-end electronics.
Also, effects such as pulse pileup and time walk were not studied. teless, the results
of this study can be viewed as more realistic predictionfi@f@ompton camera operation.






Chapter 6

COMPTON CAMERA
ASSESSMENT FOR
SCINTIMAMMOGRAPHY

Assessment of the performance of SPECT scanners in breastrdanaging is a compli-
cated task as there is no specific system designed for it.niRgdbere has been widespread
interest to develop compact SPECT cameras that are baséthenrew scintillators with
very high yield such as LaBrCe or pixelated solid-state detector arrays such as CZi-(Gr
ber et al,, 1999) for clinical use. These devices present numerouangaiges over the
conventional Anger cameras in imaging specific human orgamnd have been shown to
be potentially capable of improving the imaging of breastoeas in scintimammography
(Paniet al.,, 2006b, 2007). The use of scintimammography as an adjubctdy mammog-
raphy is useful in reducing the rate of false biopsies. lesommended for breast cancer
cases where additional information is required to reachfmitiee diagnosis. However,
even with the improved compact SPECT cameras, the very logitgdty of scintimam-
mography for tumours under 1 cm in diameter is a major lindtatn recommending the
imaging technique for breast screening purposes (Eaai., 2006b). Recently, however,
Zhanget al. (2004) have proposed that the higher sensitivity of Comptameras could
be exploited advantageously to improve the visualizatibbreast tumours in scintimam-
mography. Based on this proposal, an investigation has temducted in this chapter to
evaluate the performance of the Compton camera for scintimagraphy using detailed
simulations.

For proper appreciation of the relevance of this study, aervdew of breast cancer
imaging is first presented in Section 6.1, followed by thecdpion of scintimammogra-
phy in Section 6.2. Given the numerous aspects of this sitidy,clearly impossible to
deal with all aspects in a short section, hence the Comptorei@investigations for scin-
timammography are treated in Section 6.3 and a discussitineafesults is presented in
Section 6.4.

95
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6.1 Breast cancerimaging

Breast cancer is ranked as the second cause of death aftewveacular disease, and is the
most common cancer among New Zealand women with more thahrs0 cases expected
every year. Itis estimated that 1 in 9 New Zealand women @liko be diagnosed with
breast cancer during their lifetime, making it the leadilagise of cancer-related death in
females. Also it was estimated that approximately 20 merevaagnosed with breast
cancer in 2008 (Ministry of Health/NZHIS/BSA, 2007; Mimgtof Health, 2008).

Many breast tumours can be detected by self-examinatiory ar dinical routine ex-
amination. Early detection and treatment improve prognasi survival rate, and this has
motivated the implementation of screening tests and imgatodethods of staging therapy.
However, depending on the size of the breast and the deriditgast tissue, most tumours
do not become palpable until greater than 1 cm in diametenéDan, 1992). If the primary
screening technique, X-ray mammography, detects a pedsitvlour, further diagnosis will
need to be obtained by biopsy. Biopsy can determine whellgesttucture is cancerous,
and if so, can also determine the type of cancer and thereby tieatment selection. How-
ever, biopsy is time consuming for the physician, often umfcotable for the patient, and
can increase the patient’s radiation exposure. Of mossk@sperformed every year, only
about 25% find cancer. This has lead many breast cancer gxperbnclude that better
diagnostic imaging techniques are still needed (Fishat., 1983; Morris and Malt, 2000).
Consequently, a number of imaging procedures have be@uirded to improve diagnosis
of breast cancer, which includes ultrasound, magneticiasze imaging and positron emis-
sion mammography. However, beside the high cost of medms#pment, another critical
limitation of these imaging procedures is that they do nlotafor accurate dferentiation
between benign and malignant tumours in dense breasts.

6.2 Scintimammography

Scintimammography is a functional imaging technique wineaeradiotracer is introduced
into the patient’s breasts and axillary nodes, and obsemithch radiation detection camera.
Radiotracers are designed so that they tend to accumulaienmurs more than in healthy
tissues, hence the images that are taken can visualize taraad aid in diagnosing the
presence or absence of breast cancer.

Research has shown that scintimammography imaging caredelyudiagnose primary
breast cancer, demonstrating sensitivities of 80% to 948ospecificities of 73% to 93%
(Khalkhali et al.,, 2000; Tailleferet al., 1995). Investigations further suggest that the imag-
ing technique performs equally well when used to evaluateattillary lymph nodes (Kao
et al, 1994; Lamet al,, 1996; Palmedet al., 1996).

While researchers agree that scintimammography will race X-ray mammography
as a mass screening tool, many believe that a good numbetieftsacan benefit from it.
One such group of patients is those with dense, glandulastsevherein the sensitivity
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of X-ray mammography is impaired. Another group is thosenvbiteast implants, since

scintimammography is permeable to implants (Rarl., 2006b). It is also possible to use
scintimammography for post-surgery discrimination betéumour recurrence and scar
tissue since scarred breasts are poorly imaged with X-ragmmagraphy.

The above advantages notwithstanding, scintimammograpiyresently not been in-
troduced as a routine examination in many nuclear mediciméres (Panét al., 2006b).
The reason is due to its currently low sensitivity for dategtcancer tumours of less than
1 cm diameter as there is no specific equipment designed. fdh#& problem of very low
sensitivity of scintimammography for tumours under 1 cnmakéger is not trivial, the ability
to visualize small breast cancers is really crucial to thieepts survival and more clini-
cal use of scintimammography. Another major limitationtie tise of Anger cameras for
performing scintimammography (Paetial., 2006a). It is believed that the number of false
negatives (i.e., missed tumours) could be reduced if thitdtions of Anger cameras could
be overcome. This problem has been partly addressed withairgamma systems which
reduce large dead spaces between the photomultiplier iml#esger cameras (Paet al.,
2006a,b, 2007). Nevertheless, the use of compact imagimgres with wider fields of
view and higher sensitivities would be more advantageous.

6.3 Compton cameras for scintimammography

The Compton camera has been shown to be a suitable candidepace the Anger camera
for scintimammography. This is demonstrated by Zhangl. (2004) who showed that the
camera’s higher sensitivity and adequate resolution is tbhddress the problem of very
low counts often recorded for breast tumours less than 1 cdmimeter which, time and

again, leads to poor or no visualization of tumours, esfigd@ the breast tumours located
at the medial region of the breast or close to the chest wall.

Previous simulation studies of the Compton camera did remiwat for the spatial reso-
lution due to the photomultipliers since they did not in@utle modelling and collection of
scintillation photons by the photomultipliers. Consedtyemesolution has been worse than
predicted in the actual implementation of Compton camdrasare based on scintillation
detectors since the dead zones between neighbouring phitidiers are not accounted
for (LeBlancet al., 1998). It is for a similar reason that Paatial. (2006a, 2007) reported
that large and bulky detectors as used in Anger cameras lwvsern very successful in
scintimammaography.

To improve the work of Zhangt al. (2004), the group’s large sodium iodide (Nal)
detectors are replaced with portable lanthanum tri-brenaigrium-doped (LaBrCe) de-
tectors. Further steps are taken to simulate the camerazvimeir more realistically, such
as the modelling of radionuclide decay times, scintillagaoton transport and interactions
with photomultipliers, as well as detector dead time cdioes. The performance of the
Si/LaBr;:Ce Compton camera model is then compared with Si/Nal(Td)SHCZT Comp-
ton camera models of similar geometry.
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6.3.1 Camera geometry

The Compton camera model described in this study is dual-kdesection system, with
each detection head consisting of a scatterer and absbdiergderate in time coincidence.
The scatterer-to-absorber distance is taken to be 5 cm. CEtteeger geometry is mostly as
described in Section 5.3.3, except that since simulatiomaaw performed at only 511 keV,
energy resolution is assumed to be 2 keV (Watareitsd., 2005). Position measurements
in the scatterer were estimated as being at the centre ofistekip which the interaction
occurred.

The absorber panel consists of an array of four 5xcicm x 2 cm planar LaBy:.Ce
crystals that are attached to a 4.5 mm thick glass windowistaupled in front of an array
of 16 x 16 closely packed, square photomultipliers with 6.25 mi®.25 mm dimensions.
The crystals are surrounded by 0.5 mm aluminium, and a 0.3 efforfiTmaterial acting as
a Lambertian reflector (reflects photons according to thelaatian distribution) is used to
cover the front surface of the crystal. The energy resatuscestimated as (Lo Meet al,,
2008):

AE = \/AE% + AE?, (6.1)

where AE,, represents the Poissonian component of the energy resolgiven by the
square root of the number of collected photoelectrons,fahgl;, is the intrinsic resolution
of LaBr3:Ce assumed to be approximately 18 keV at 511 keV (Mosizyet al., 2007).
The planar - andy-) positions of interactions in LaBr:Ce were estimated bplement-
ing an improved Anger algorithm developed by Panal. (2008) in GEANT4 whereas the
depth of photon interactionz{) positions were estimated with an energy weighted posi-
tion centroid algorithm in GEANT4 to account for the muléghteraction cases. Intrinsic
spatial resolution for LaBrCe was set at 1 mm (Paat al,, 2006b). While most Monte
Carlo codes do not allow the simulation of the transport amghdary characteristics for
optical photons generated by scintillating crystal, in GEA, certain optical models such
as the UNIFIED model are available for this purpose. Theidetahe UNIFIED model

is described in Section 6.3.3. For comparison purposes| dB#;:Ce crystals were re-
placed with CZT and Nal(TI) detectors of similar dimensioletails of the CZT design
is as described in Section 5.3.3. The intrinsic energy utisnl of the Nal(TI) detector was
adjusted to 34 keV at 511 keV (Bailat al., 2005) and the intrinsic spatial resolution to
3 mm (Zhanget al,, 2004). Note that the Si/Ge camera was not modelled due ® gaer
sensitivity at 511 keV as demonstrated in Chapter 4. Figutdsthe simulated diagram
of the Si/LaBg:Ce scintimammographic camera and a human breast phantbraetivity
sources placed in between the scatterers.
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Figure 6.1: A simple simulation diagram of dual-head Comptamera and a breast phan-
tom in between the scatterers. The breast phantom is repeeseith yellow wireframes
to allow visualizing the activity sources in it. The bluesds represent the tracks of the
gamma rays and the green lines represent the tracks of titélaton photons.

6.3.2 Simulation tool

The physics and geometry of the above cameras are expliedtelled with the GEANT4
simulation toolkit (release 9.3, patch 1) (Agostingdtial, 2003). GEANT4 allows the
modelling of the radiation transport and interactions it surrounding media, as well as
boundary éfects for the scintillation photons generated in a scititiitamaterial. Also, the
simulation toolkit has the capability to model the x-ray f@ointeracttions as well as the
optical photon physics (e.g., scintillation, absorptibaundary éects), which makes it ex-
ceptionally well suited to detector simulations. The “LaweEgy” electromagnetic physics
package of GEANT4 is very relevant to medical applicatior3ther capabilities allow
GEANT4 to model the geometries and materials of the Companmeca, as well as the hu-
man organ in detail and realistically, making it possibleléscribe the experimental set-up
accurately (Foppianet al., 2005).
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6.3.3 Simulation overview

The general particle source package (GPS) of GEANT4 wastossithulate an isotropic
point and spherical gamma ray sources in air and in a breasitq@im that is approximated
by a soft tissue material. To be successful, a photon evest start with the emission of a
gamma ray from the radionuclide, and be detected in theeseathnd be fully absorbed in
the absorber where the absorbed gamma ray triggers theagjenesf scintillation photons
which must be detected by the photomultipliers coupled ¢écetisorber. In order to model
the wave like properties of the scintillation photons aeately, the detector surface finish
properties also need to be considered. To do this, the bopptdacesses of the absorber
crystal surfaces were modelled to follow the rules of the BIERD model developed for the
DETECT project (Levin and Moisan, 1996). In this model, saroebinations of surface
finish properties such as polished or ground, enumerateifferaht situations which can
be simulated. The ‘Polish’ model is meant to account for dgatly polished surface that
may or may not in optical contact with another component.olbther component is spec-
ified , the surface is assumed to interface with a vacuum. dAkancident on the surface
are assumed to have random polarization, and are first testéae possibility of Fresnel
reflection if a change in refractive index occurs at the sgrfdf reflection does not occur,
scintillation photon is transmitted with the complementarobability given by:

T=1-R, (6.2)

whereT is the transmission cdigcient. If reflection is selected, the angle of reflection is se
egual to the angle of incidence. The ‘Ground’ option is alé to simulate a roughed or
ground optical surface. In this case, surfaces are treatihe isame way as the polished sur-
faces, except that the reflection and refraction followsLitwabertian distribution (Lo Meo
et al,, 2008, 2009; Uchet al., 2011).

The scintillation properties (refraction index and absiorplength) of the scintillation
absorber crystals used in the simulations are gatheredlfterature (Dyer, 2001; Kumar
et al,, 2009; Moszyiski et al,, 2002; Moszyiski, 2003; Moszyiski et al,, 2006). A scin-
tillation light yield equal to 63000 photons/MeV is assunfedLaBr;:Ce whereas 38000
photons/MeV is assumed for Nal(Tl). The decay times of théenwds are assumed to
be 16 ns and 230 ns respectively. The quanttiiciency of the photomultipliers was ap-
proximated by reducing the number of photons in the outpua Fgctor, 0.27 (Parét al,,
2008).

For the simulation with the isotropic point source in air,dalling was done with re-
spect to the coincident detectioffieiency and angular resolution of the camera models at
a source-to-scatterer distance of 2.5 cm. This distanaesepts approximately half the
thickness of a mildly compressed average-sized breash(Zéteal., 2004). The simulated
hits data were corrected for decay times by assigning detsgrits drawn from Poisson
distribution derived from the G4Poisson class of GEANT 4 ¢émitted gamma rays, con-
sidering a source activity of 10 MBq with a decay constantqadée for'®F (511 keV)
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radionuclide. Gaussian blur was introduced to the timeb®photon detections to account
for the detector time jitter. The time resolution of the sedr corresponds to an experi-
mentally measured value of 12 ns (Stud¢ml., 2004), whereas those of the absorber were
assumed to be 300 ps for LaBCe (Crespiet al, 2009), 5 ns for CZT (Bolotnikowet al,,
1999) and 7.76 ns for Nal(Tl) (Se al.,, 2010).

For the simulation with the spherical tumour sources in astrehantom, a soft tissue
of thickness 5 cm was inserted between the two camera heegjzrasent the thickness of a
mildly compressed average-sized breast. In order to stuthakenging detection case, the
average size of the two breast tumours was chosen to be 5 mianmetkr and embedded
in the medial region of the breast, that is, at 2.5 cm from ez@chera head. The activity
concentration level of the breast phantom was set at 3.7 kBgtrfizhanget al., 2004;
Del Guerraet al,, 2002) and the tumour/breast radiation uptakes were asbtortze 10:1
and 6:1 for the first and second 5 mm breast tumours resplgctideminimum of one
hundred million photon histories were simulated to gemegatough photon statistics for
image reconstruction. The simulated energy, position ane tlata were then saved to an
output data file for dead time processing with MATLAB code.

6.3.4 Detector dead time corrections

The dead times of three data acquisition (DAQ) readout sekeane considered in this
study and are accounted for using straightforward apprations. The dead times of the
detectors and amplifiers were considered together, and agstemed to follow a paralyz-
able dead time behaviour of 1;4s between successive events. Signal outputs from the
detector modules were analyzed by a second algorithm thatoked the operation of a
128-channel multichannel analyzer (MCA). The dead timé&efCA follows the nonpar-
alyzable dead time model, and is comprised of a variablegggiog time that is determined
by the appropriate signal channel number, and a fixed mentorgige time of 2us. For
the coincidence detection scheme, pulses from the saattedethe absorber were matched
with their respective time stamps within a coincidence timiredow of 50 ns, and were then
summed to find the deposited energies that added up to thenteddide energy within a
+10 keV energy window. Event singles from the coincidenceesehwere then clocked
out at a trigger rate of 250 kHz.

6.3.5 Image reconstruction

The energy and position information from the coincidendeeste were then processed on
an event basis using a list-mode back-projection algoritlescribed in Section 2.9.3. The
algorithm analyzed each parameter of the event data to sgceha source image. Image
performance was estimated using the signal-to-noise (&titR) and image resolution de-

fined as the average of full-width-at-half-maximum (FWHMlwes of the horizontal and

vertical image profiles of the reconstructed source digtidin.



102 COMPTON CAMERA ASSESSMENT FOR SCINTIMAMMOGRAPHY

6.4 Results and discussion

The performance of the three Compton camera models was fahktated by comparing
their resolutions and coincident detectidii@encies in an air medium. In Figure 6.2, the
reconstructed source images and the corresponding angglaution histograms for the
camera models are presented for a point source located at@gn-scatterer distance of
2.5 cm. The calculated image and angular resolutions ofdheeca models correspond to
4.2 mm and 4.1 for the Si/CZT camera, 4.9 mm and 5.for the Si/LaBg camera, and
5.5 mm and 6.5for the Si/Nal(Tl) camera, respectively. From these rasiiitis obvious
that the best resolution is attained for the Si/CZT cameiled by the Si/LaBy:Ce cam-
era and then, the Si/Nal(Tl) camera. In the same vein, thrilzabd coincident detection
efficiencies are @ x 10~ for the Si/CZT camera,.8 x 10~ for the Si/LaBg:Ce camera
and 43 x 1074 for the Si/Nal(TI) camera. Note that only the results of oamera head is
shown due to ingfficient computer memory to perform long simulations with the tam-
era heads. Nevertheless, preliminary results obtaineul tivit two camera heads without
including detector segmentation and scintillation phatonulation showed that results of
the two camera heads are very similar due to the symmetryeafameras.

An et al. (2007) suggest that an image resolution of 5 mm is requirecefficient
visualization of tumours. Hence, image resolution was maated by varying the cameras’
imaging distance over 3 cm to 11 cm. The results are showngn@8. As can be seen
in the figure, the image resolution is less than 5 mm for allddimeras at the scatterer-to-
absorber distance of 7 cm, although with tlfigcgency compromise of approximately 30%.
At this distance, the image resolution is 3.9 mm for the SWe:Ze camera model, 4.4 mm
for the Si/LaBg:Ce camera model and 4.9 mm for the Si/Nal(Tl) camera modaseB on
these results, the scatterer-to-absorber distance of 7asused to model the geometry of
the cameras for the breast tumour imaging.

Breast tumours of about 5 mm diameter are usually considerbd the smallest size
for tumour detectability in breast imaging. Tumour detbilitly was therefore analyzed by
varying the tumour/background radiation uptakes of thesgpal 5 mm sources from 10:1
ratio down to 6:1 ratio. The signal-to-noise ratio (SNR) &fided as (Del Guerrat al.,
2002):

T - B,

GBg

SNR = (6.3)

whereT is the average signal in the tumour region of interest (R®B)),s the average
background signal in the ROI with the same size of the tumowr g, is the standard
deviation of B,. The obtained images of the tumours are shown in Fig. 6.4.

The measured SNR values for the 5 mm tumour with tumourfiadiaiptake of 10:1
are 12.2 for the Si/CZT camera, 9.0 for the Si/LgBe camera and 6.5 for the Si/Nal(TI)
camera. Using the conventional statistical limit of vikthiin analog radiology which is
SNR of 5, it is obvious that the images of the 5 mm tumour withaur/radiation uptakes
of 10:1 would be visualized for all the cameras since theiRSidlues are greater than the
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Figure 6.2: Three reconstructed images of a point sourceamdsponding angular resolu-
tion histograms of (a) the Si/CZT Compton camera, (b) thegRf;:Ce Compton camera
and (c) the Si/Nal(Tl) Compton camera at 511 keV.
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Cameras’ performances with respect to image resolution
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(b)

(©)

Figure 6.4: Reconstructed images of two spherical breasbius embedded in the medial
plane of a breast phantom, imaged with: (a) SI/fCZT (b) SitigaBe and (c) Si/Nal(Tl)
Compton camera models.
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conventional statistical limit of visibility in analog raaogy. It may also be possible to
visualize the image of the 6:1 tumour for the Si/CZT camemgeithe SNR value is 5.3.
However, it is unlikely that the images of the 6:1 tumour foe Si/LaBg:Ce and Si/Nal(Tl)
cameras would be visualized when tHeeet of background radiation from the heart, lungs
and liver are taken into consideration since the SNR valuest® and 4.2 respectively,
which are below the statistical limit of visibility in anajagadiology. It is however imagined
that with better reconstruction techniques and adequase fitier algorithms, there may be
chances of improving SNR (Zhareg al., 2004). For the 10:1 tumour, SNR is proportional
to the coincident detectiorffeciency, suggesting that increaseti@ency could further im-
prove SNR. It is however fficult to fully assess the 6:1, 5 mm breast tumour case since
the cameras generally recorded very low counts with thegb{N) camera showing the
highest noise background.

The above results confirm the prediction by Panhial. (2007) that LaBs:Ce could
replace the widely used Nal(Tl) in nuclear medical imagiRigwever, this would only be
possible if the present limitations of LaBE€e are overcome, such as higher production cost
and dfficulty in growing large volume crystals. On the other hand,ithaging performance
of LaBr3:Ce is slightly inferior to CZT. From this, one can infer thhe combination of
Si and CZT as the scatterer and the absorber of the Comptoeraamould make a very
promising imaging system for scintimammography at higlanma ray energies where the
collimated gamma ray systems perform very poorly due tceimeed septal penetration.



Chapter 7

CONCLUSION AND FUTURE
WORK

In this thesis, a more realistic and satisfying approachbeen developed to study the
operation of Compton cameras that are intended for medjalications than previous
studies to date. In Chapter 1, the literature review inégdhat current SPECT scanners
are severely limited in performance due to resolutifficiency trade-ff by the mechanical
collimator. A more éficient imaging SPECT camera is therefore sought. The Compton
camera uses the process of Compton scattering to deternhiei\&t gamma ray has come
from. The literature review indicates that this imagingteys is able to overcome the
present limitations of the current SPECT cameras due tagtseh sensitivity and adequate
resolution, thus suggesting some merits to exploit therpiateapplications in the medical
field.

Since there is no easy way of isolating and analyzing thenpeters of the system ex-
perimentally, a Monte Carlo simulation approach using tlEeAGT4 simulation toolkit is
therefore used. GEANT4 allows the modelling of the radrati@nsport and interactions
with the surrounding media, as well as optical physics iniatilator. The “LowEnergy”
electromagnetic physics package of GEANT4 is very reletamhedical applications. It
provides the functionalities to model important detectargmeters such as Doppler broad-
ening. Other capabilities allow GEANT4 to model the geoiestiand materials of the
Compton camera, as well as the human organs in detail anstiezlly, making it possible
to describe the experimental set-up accurately. The majotributions that are made in
this thesis are reported in the following.

Four analyses were used to validate tlike@ of Doppler broadening on the energy
spectrum, angular uncertainty and reconstructed imagenapteér 3. It is shown that the
behaviour of the Compton camera depends significantly orp[2oproadening at diagnos-
tic energies lower than 300 keV, whereas at higher diagnestrgies, theffect is minimal.
The impacts of detector geometry and material on the rathatm interaction with respect
to Compton scattering were then investigated with the gb&ihding the optimal material
and geometry. Analyses suggest that silicon of about 1 cokrkbss would be suitable

107
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as the Compton camera scatterer. The choice of silicon ighemnot completely ideal.
Doppler broadening for this detector material contrib@esnuch as 7.3 mm and 2.4 mm to
FWHM image resolution at 140.5 keV and 511 keV respectivilignce, the development
of fast and robust reconstruction algorithms that wouldaat for the &ect is suggested.

The thesis progressed by considering how the parametehne aflisorber contribute to
the overall performance of the Compton camera in Chapter l#&e€l potential absorber
materials (cadmium zinc telluride (CZT), thallium-dopestimim iodide (Nal(Tl)) and ger-
manium (Ge)) were selected for this study. Investigatioasavdone to find the contribution
of photon interaction type, multiple interaction occurwes and absorber pixel size on the
performance of the whole camera. Findings suggest thafffiveeacy of CZT is compara-
ble to that of Nal(Tl), but about 1.4 times that of Ge at 100 ke\d 5 mm thickness. At
600 keV and 2 cm thickness, CZTheiency increased to 1.6 times that of Nal(TI) and 1.8
times that of Ge. On the other hand, Ge gave the best spat@ution which is approxi-
mately 1.5 to 3 times better than that of Nal(Tl) across 1 mB8nton pixel size respectively.
However, its low ratio of single photoelectric/multipleténaction suggests that it is more
prone to inter-pixel cross-talk than the other materialsiglher energies. In contrast, CZT
which demonstrated the least positioning error due to plalinteractions also has compa-
rable spatial resolution with Ge at all energies. This nadéd the decision to simulate a
Compton camera design based on Siand CZT detectors as tterescand absorber respec-
tively. The evaluation of ffects of the detector parameters of the Compton camera model
on image resolution showed good agreement with previoudiestu The detector spatial
resolution which accounts for the least image degradatidd@5 keV was found to be the
dominant degrading factor at 511 keV, suggesting that tlserbler parameters play major
roles in image resolution at high gamma energies.

In Chapter 5, the limitations imposed by the Compton camata dcquisition (DAQ)
system on performance was explored with a simplified modéh@igeneral electronic ar-
chitecture. This is done by utilizing straightforward apgmations to estimate the charge
collection times and their relationship to finding coingitlevents, setting thresholds to re-
ject noise, and the resultant impacts on the Compton canegfarmance. In other words,
beside the basic detector parameters, modelling incluffest® such as decay times, de-
tection time jitters, energy threshold and dead time. Thkugion of the energy threshold
and detector dead time at 140.5 keV, reduced the Comptonraatetection fficiency by
48% and 17% respectively, but improved the image resoldtamn 10.7 mm to 9.5 mm. At
511 keV, the inclusion of the energy threshold and the tiffexéts reduced thdféciency by
6% and 13% respectively, but made no significaffiedence on the camera resolution.

In Chapter 6, assessment of performance is made for thrédead detection Compton
camera models (Si/CZT camera model, Si/LaBe camera model and Si/Nal(Tl) camera
model) for scintimammography. Simulation steps include tiodelling of radionuclide
decay times, optical physics and interactions with phottipliers, as well as detector dead
time corrections. Note that no other study has simulatethalie aspects of the Compton
camera. The performance of the three Compton camera modslevaluated by comparing
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their resolutions and coincident detectioffi@encies in an air medium for an isotropic
point, and then in a breast phantom for two spherical bressbtrs. In order to study
a challenging detection case, the size of the two breastutsneas chosen to be 5 mm
in diameter and embedded in the medial region of the brdaat,d, at 2.5 cm from each
camera head. The calculated image and angular resolutidhe camera models in the air
medium correspond to 4.2 mm and 4fbr the Si/CZT camera, 4.9 mm and 5.for the
Si/lLaBr; camera, and 5.5 mm and 6.tor the Si/Nal(Tl) camera, respectively. Likewise,
the calculated coincident detectioffieiencies are @ x 10~* for the Si/CZT camera,.B x
10~ for the Si/LaBg:Ce camera and.@ x 10~ for the Si/Nal(Tl) camera. The measured
signal-to-noise ratio (SNR) values for the 5 mm tumour witmobur/background uptake
of 10:1 are 12.2 for the Si/CZT camera, 9.0 for them Si/lzaBe camera and 6.5 for the
Si/Nal(Tl) camera. For the other 5 mm tumour with tumourkemound uptake of 6:1,
SNR value is 5.3 for the Si/CZT camera, 4.0 for the Si/LaBe camera and 4.2 for the
Si/Nal(Tl) camera.

Using the conventional statistical limit of visibility imalog radiology which is SNR of
5, itis obvious that the images of the 5 mm tumour with tumimackground uptakes of 10:1
would be visualized for all the cameras. This statementegver not completely true for
the 5 mm tumour with tumour/background uptake of 6:1. In aageg it was anticipated that
with improved reconstruction technique and adequate flgorithm, the images of the 6:1
tumour would be visualized. From the above results, it iSsoned that the combination
of Si and CZT as the scatterer and the absorber of the Comptoara would make a very
promising imaging system for scintimammography at higleenma ray energies where the
collimated SPECT systems perform very poorly due to inaéaeptal penetration.

While the Compton camera shows promise for medical apicst more work is still
needed to optimize its performance. The development ofdadtrobust reconstruction
algorithms to account for the degradineets of the scatterer would be very helpful for the
camera to compete with the collimated SPECT systems inutisolat lower diagnostic
energies. It is also suggested that future studies shougldde inter-pixel spacing and
cross-talk that influence the camera’s resolution and teteefficiency. The inclusion of
significant dfects such as pulse pileup and time walk in Compton camera Dg@itam
would be of significant benefit as it would help to estimatengV@sses at high count rates
more accurately. It is clear in Section 5.3.3 that the regabfinal cameras’ féciencies
are not optimal since limited computer memory did not allowdalling of the optimal
geometry of the complete scatterer configuration. Henderdistudies should consider the
parallelization of the simulation to utilize all CPU coreBhe assessment of the Compton
camera performance in scintimammography can be signifjcanthered to include more
vital imaging factors such as tracer time and motion. It #dacknowledged that if other
vital organs of the body are simulated and tlike& of background radiation from them
studied, the results of the scintimammographic study maygé slightly.
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