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ABSTRACT

OPTIMIZATION OF ACQUISITION AND PROCESSING
PARAMETERS IN SENTINEL LYMPH NODE
SCINTIGRAPHY USING SPECT/CT MONTE CARLO
SIMULATION

Although single photon emission computed tomography /computed tomography
(SPECT/CT) systems have been in use to enhance the detection of sentinel lymph
nodes SLNs with lymphoscintigraphy, recently no study has focused on optimization
of acquisition and processing parameters of SPECT/CT imaging of SLN detection in
breast cancer examinations using simulations. The purpose of this study was to carry
out SLN detectability optimization with a SPECT Monte Carlo simulation for the first
time. SIMIND Monte Carlo simulation program was used to model The Symbia T6;
Siemens, Erlangen, Germany SPECT/CT system that was equipped with LMEGP
and LEHR collimators. In order to simulate SPECT imaging of a realistic patient
with breast cancer, a voxel-based anthropomorphic phantom by ZUBAL torso phan-
tom was constructed. Image reconstructions with or without attenuation and scatter
corrections were performed with CASToR software. Quality of reconstructed images
was evaluated according to SLN contrast with respect to background. Reconstruction
with attenuation correction was found to be the optimum reconstruction method for
both collimators. SPECT imaging with LMEGP collimator yielded competitive re-
sults over LEHR collimator in terms of SLN contrast. The results of the study are
in agreement with the literature. The method presented in this study will enable op-
timization of acquisition and processing parameters of SLN SPECT imaging such as
different gamma camera(s), collimator settings, patient dimensions, and reconstruction
correction methods (attenuation, scatter) in breast cancer examinations realistically,

accurately and at a lower cost than physical phantom or patient studies.

Keywords: Anthropomorphic phantom, Attenuation, Breast cancer, Collimator, Monte

Carlo Simulation, Scatter, Sentinel lymph node (SLN), SIMIND, SPECT/CT.
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OZET

SENTINEL LENF NODU SINTIGRAFISININ CEKIM VE
ISLEME PARAMETRELERININ SPECT/CT MONTE
CARLO SIMULASYONU ILE OPTIMIZASYONU

SPECT/CT goriintiilleme, meme kanseri teghis ve tedavisi sirasinda sentinel lenf
nodu (SLN) haritalandirmasimnin iyilestirilmesi i¢in lenfosintigrafiye destek olarak kul-
lanilmakla birlikte literatiirde bu konuya odakli SPECT/CT ¢ekim ve igleme parame-
trelerinin simiilasyon ile optimizasyonu aragtirmalari bulunmamaktadir. Bu caligma,
Monte Carlo simiilasyonu ile SPECT goriintiilemesinde SLN tespitinin optimize edil-
erek bu alandaki ilk ¢aligma olmay1 amaclamaktadir. Aragtirmada LEHR ve LMEGP
kolimator kullamilan Symbia T6; Siemens, Erlangen, Germany SPECT/CT gama kam-
era sistemi SIMIND Monte Carlo simulasyon programi ile modellenmis, antropomorfik
fantom olan ZUBAL torso fantom kullanilarak olusturulan meme kanserli gergek bir
hastanin SPECT goriintiilemesi simiile edilmistir. Rekonstriiksiyonlardaki atteniiasyon
ve /veya sacilma diizeltmeleri CASToR araci ile yapilmig ve goriintii kalitesi gozlemlenen
SLN kontrastina gore analiz edilmigtir. Calisma sonucunda atteniiasyon diizeltmesinin
her iki kolimatdr icin en iyi yontem oldugu saptanmig, SLN kontrast parametresine gore
LMEGP kolimatoriin LEHR kolimator kadar iyi sonuclar verebildigi degerlendirilmigtir.
Ulagilan sonuglar literatiir ile uyumludur. Bu aragtirmada sunulan yontem, meme
kanserinde SLN SPECT /CT goriintiilemesindeki gama kamera, kolimator, hasta boyut-
lar1 ve rekonstiiksivon diizeltme yontemleri vb. cekim ve goriintii igsleme parame-
trelerinin optimizasyonunun gercek¢i, dogru ve fiziksel fantom ve kilinik ¢aligmalara

gore daha az maliyetli olarak gerceklestirilebilmesine olanak kilacaktir.

Anahtar Soézciikler: Antropomorfik fantom, Atteniiasyon, Kollimator, Meme kanseri,

Monte Carlo Simiilasyonu, Sagilma, Sentinel Lenf Nodu (SLN), SIMIND, SPECT/CT
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1. INTRODUCTION

Breast cancer is the most frequent cancer and the leading cause of cancer death
among women worldwide [1|. Lymphoscintigraphy identifying sentinel lymph nodes
(SLNSs) in more than 95% of breast cancer patients is a well established preoperative
method for SLN mapping during breast cancer staging and treatment follow-up [2, 3.
For some patients a hidden SLN is non-visualized because of lymphatic drainage may
not be predictable, injection site (IS) and SLNs are in close proximity causing the
SLINs to be hidden by the scattered radiation of the IS, presence of extra-axillary
SLNs, or SLINs not identified on lymphoscintigraphy because of excessive soft tissue
attenuation in overweight and obese patient [4]. Single photon emission computed
tomography /computed tomography (SPECT/CT) is the supplementary means to con-
ventional planar imaging (lymphoscintigraphy) to increase the success of SLN local-

ization in these cases.

The role of the lymph nodes in the development and spread of cancer is while
preventing the spread of tumor cells also promoting the progression of tumor invasion
from the lymphatic system to more remote sites [5]. The SLN is the first node to
which lymphatic drainage and metastasis from the primary tumor occur [6]. When
the histological status of the SLIN is negative, the nodal basin can be predicted as
tumor free and unnecessary axillary lymph node dissection is avoided, area of excision
is reduced and the life quality of the patient is improved; when it is positive, further
dissection of the nodal basin is indicated [5, 7]. Thus early and accurate mapping of all
lymph nodes before surgery is clinically essential for the adequate prognosis, therapy,

and outcome of breast cancer patients |6, 8.

With improved contrast, spatial resolution, and exact anatomical localization
characteristics of SPECT/CT technique combined with lymphoscintigraphy may de-
pict SLNSs, that were missed on lymphoscintigraphy in up to 14% cases and enhance
the visualization of SLNs up to 89-100% [9, 10]. On the other hand even both lym-



phoscintigraphy and SPECT/CT techniques are used together for SLN mapping it
is reported in the literature [6] that there is still a detection failure rate for SLNs
as 9% for these combined techniques. In addition, while SLNs could be detected in
lymphoscintigraphy, they sometimes are not visualized in SPECT/CT images [4].

During preoperative SLIN imaging of breast cancer both lymphoscintigraphy
and SPECT/CT have some disadvantages. The SLNs are small and have low levels of
radioactivity. Most of the radioactivity is up taken by the IS which causes decreased
detectability of SLIN because of the scattering of the gamma rays originating from
the ISs and septal penetration of the collimators [11]. Especially when the SLNs are
located close to the ISs, methods to eliminate or decrease the artifacts caused by IS

are required [4].

The detection rate of the deeply located SLNs decreases because of the attenu-
ation of gamma rays. A faint (small size and/or less activity uptake) SLIN sometimes
does not appear in SPECT/CT images and the detectability of SLINs maybe worse
than lymphoscintigraphy images. Also image corrections (attenuation, scatter) might
even result in image artifacts when SLINs are located close to the ISs and in some
cases attenuation correction might cause an image artifact on the border of the lung

and the breast [4].

There are several factors which affect the visibility of the SLNs such as the size
and preparation of the radiopharmaceutical, injection techniques, the time interval be-
tween injection and imaging, gamma camera type and settings, collimator characteris-
tics (resolution, sensitivity, septal penetration), patient age, body mass index (BMI) of
the patient, patient displacement maneuvers, techniques for marking and outlining the
body of the patient, and image processing and correction parameters [6, 7, 12, 13, 14].
In addition to these there is no standardized SLN procedure in the literature, and
this may lead variable false-negative and SLIN identification rates among the various
studies [5]. Therefore in order to increase the detectability of SLINs there is a need to
evaluate the optimum imaging protocols for the SPECT /CT acquisition]|7|.



It is reported that developing optimum methods for eliminating or reducing the
artifacts caused by the ISs takes precedence in case of SLINs being located close to

the IS |4].

Phantom studies, in general, are useful for development and improvement of
existing and new imaging technologies and protocols. However the anatomic structure,
variable scatter, attenuation and nonuniform activity distribution in the upper thoracic
region cause very simple realistic phantoms to be insufficient for the studies focused on
imaging of breast and associated axillary SLINs [15]|. In order to offer accurate results
for clinical studies realistic anthropomorphic digital phantoms maybe an alternative

solution.

Using a LEHR collimator is the standard procedure for lymphoscintigraphy and
additional SPECT/CT imaging [12]. High-resolution collimators with thinner septa
such as LEHR collimator are subject to septal penetration and blurred image on the
other hand high sensitivity collimators with thicker septa such as LMEGP might lead
to improved image quality. Collimator selection is a trade off between resolution and
sensitivity therefore in order to improve image quality, collimator optimization studies

takes precedence for also SPECT/CT systems.

Lerman et al. [8] assessed the role of attenuation correction in improved detec-
tion of SLIN by SPECT/CT for 29 overweight or obese breast cancer patients with
non-visualized SLNs by planar imaging. They concluded that SPECT/CT with at-

tenuation correction is attributable to better SLIN image quality.

In their both clinical and physical phantom research Yoneyama et al. [16] in-
vestigated the choice of optimum collimators in SPECT/CT imaging system during
preoperative SLIN mapping of breast cancer. They reported that when compared with
low-energy high-resolution (LEHR) collimator, the lower septal penetration charac-
teristics of low-to-medium-energy general-purpose (LMEGP) collimator leading to
decreased star-shaped artifact could compensate its lower resolution characteristics

disadvantage and result in improved visualization of SLNs especially if they are lo-



cated close to the ISs. They also added that the radioactivity of the SLIN and its
distance from the IS affected the SLN contrast. According to their phantom study for
an SLN, 3em or 6cm away from the IS, the image contrast was the best for LMEGP
collimator. The worst image contrast for both cases belonged to the LEHR collimator

without lead shield.

Yoneyama et al. [4] in their subsequent study over a group of 55 females with
diagnosed breast cancer searched the optimum image correction solution for improving
the detectability of the SLNs with SPECT /CT imaging. Based on the findings of their
previous study, they performed the SPECT/CT imaging with a LMEGP collimator
instead of a LEHR collimator [16]. They concluded that in case of SPECT/CT is
used attenuation correction should be performed as it improved the SLIN detection
rate. They also reported that scatter correction should not be performed, because

scatter correction caused disappearance of a faint SLN in some cases.

Although SPECT/CT systems have been performed to enhance the detection
of SLNs with lymphoscintigraphy there are limited studies |4, 8, 16] in the literature
which focused on the optimization of the SLN detectability with SPECT /CT in breast
cancer. However these studies are either clinical or physical phantom studies with a
visual image interpretation method. Recently no study has focused on optimization of
SPECT/CT systems on SLN detection in breast cancer examinations using a digital

simulation technique.

In order to develop and evaluate especially scatter and attenuation corrections
methods for image improvement, Monte Carlo methods and programs with digital
phantoms are commonly utilized as important tools for analyzing the effects of nuclear
imaging system parameters upon image quality [17, 18]. With an accurate model of the
imaging system and a realistic model of the patient geometry and activity distribution
Monte Carlo simulations can provide clinically highly realistic images and a real patient

like measurements [19].

It is reported in the literature that besides their time, cost and easy to re-



peat/modify advantages over experimental (clinical, phantom) studies, Monte Carlo
simulations have the capability of obtaining results that are impossible to be measured

experimentally and therefore support the optimization of imaging systems |19].

In order to perform clinically realistic Monte Carlo simulations using digital
anthropomorphic phantoms rather than phantoms based on simple geometries enable

modeling the organs and structures in the patient body accurately and easily [20].

The purpose of this study is to simulate and optimize the SLN detectability
in breast cancer with SPECT Monte Carlo Simulation on an anthropomorphic digital

phantom.

The study is aimed to evaluate the effects of important parameters such as
gamma camera type, collimator type, reconstruction methods (attenuation and scatter
correction) of SLN imaging during breast cancer diagnosis and treatment accurately,

easily, and at a lower cost than physical phantom or patient studies.

This study will be the first study carried out with Monte Carlo simulation using

a digital phantom in SPECT/CT SLN detectability optimization.

In the Methods section of the article digital phantom construction, SPECT
simulation, image reconstruction, and analysis & evaluation methods implemented in
the study are defined. In the Results section the outcomes of the study are presented.
Main findings of the study are explained in terms of underlying theory and potential
errors and compared with results from literature in the Discussion section together
with the potential clinical applications, benefits, limitations, and future work regarding
the study. The purpose, lessons learned, and the importance of the study are restated
in the Conclusions section. The report is ended with the Appendix and References

sections.



2. METHODS

2.1 General Approach

In order to have a validated simulation and optimization method the main ap-
proach of this study was to realistically simulate the physical phantom and clinical
studies performed by Yoneyama et al. |4, 16] so far as applicable and evaluate the
findings of this study with the results reported in their studies. Missing data for the

simulation was obtained from other studies in the literature.

SIMIND Monte Carlo simulation program (SIMIND) version 6.1 [21] was used
as the Monte Carlo Program for SPECT camera simulations. In order to simulate a
realistic patient ZUBAL phantom [22|, a voxel-based human male torso anthropo-
morphic phantom with no arms and legs was used. The ZUBAL phantom is one
of the most widely used digital phantoms in research and it is also supported in the
Monte Carlo program SIMIND. In the study, an IS and an SLIN were placed into the
phantom by SIMIND.

SIMIND simulations were reconstructed with or without attenuation and scat-
ter corrections by Customizable and Advanced Software for Tomographic Reconstruc-
tion (CASToR) software Version 1.0 [23] via a conversion program called smc2castor
embedded in SIMIND. Image processing and analysis were performed with ImageJ
1.51k [24].

The Symbia T6; Siemens, Erlangen, Germany SPECT/CT system
equipped with low-energy high-resolution (LEHR) and low-to-medium-energy general-
purpose (LMEGP) collimators were modeled by SIMIND.



2.2 Digital Phantom Construction

The ZUBAL phantom has 128 x 128 x 243 byte volume with isotropic voxel
dimensions of 4mm and consists of a set of 8bit coded images where each voxel has a
unique value that can be related to the organ or structure that the voxel belongs to.
These coded images can then be used to define either density maps or activity maps

provided that the user has appropriate density and activity values [21].

Generally an axillary SLN is located at the junction of the fatty breast tissue
and chest wall and lateral to or within the borders of the pectoralis minor muscle
[6, 25, 26] SLN and IS were located in the phantom referencing the SPECT/CT

images in the studies of Yoneyama and his friends [4, 16].

Yoneyama et al. [16] used SLNs with varying activity concentrations and vol-
umes of in their physical phantom study where the minimum IS:SLIN radioactivity

concentration ratio was 25 : 1.

SIMIND enables to create activity maps from ZUBAL phantom with a user-
written table in a *.zub file. In this study simind.zub file was used as the activity
map where the name, unique code, density value (g/cm? x 1000) and relative activity

concentration (M Bgq/cc) of the organs were defined respectively.

Relative activities of SLN, IS and Background defined in the ZUBAL phan-
tom have been defined in Table 2.1.

Table 2.1
Relative Activity Distribution of SLN, IS, and Background in the Zubal Phantom.

Relative Activity

(M Bq/cc)
IS 250
SLN 10

Background 0




According the literature [11] most of the activity injected in the patient is re-
tained in the IS therefore the relative activity concentrations of the background of
the SLIN (Background) and whole organs in the ZUBAL phantom were ignored and

assigned to zero. The content of the simind.zub file is illustrated in Figure 2.1.

| simind - Not Defteri . — (m} X ) simind - Not Defteri — m} X
Dosya Dizen Bigim GoérGnim  Yardim Dosya Dizen Bicim Goérinim  Yardim
== V4.3 Code Section 1 vox_man!======! A | |long bones 8 1336 © ~
adrenals 21 1825 @ lungs 10 260 0
bladder 49 1040 © lymph nodes 27 1030 o
blood pool 23 1060 0 medulla oblongota 85 1420 ©
bone marrow 26 1030 © optic nerve 106 107¢ o
brain 2 1040 0 outside phantom 0 0000 ©
cartilage 30 1100 @ pancreas 20 1e4e @
cerebellum 77 1040 © pelvis 7 129 o
cerebral aquaduct 122 1040 @ pharynx 15 1eee @
cerebral falx 113 1040 0 pons 91 1eee o
colon 19 1030 © prostate 35 1045 @
dens of axis 70 1180 @ rectum 37 1e3e @
diaphragm 39 1030 @ rib cage & sternum 6 1410 o
| esophagus 16 1030 o | sinuses 104 1000 ©
eye 119 10786 © ‘| skeletal muscle 9 1050 @
fat 22 959 @ skin 1 109 @
kull 4 1610 ©
feces 33 1000 o ||°
fluid (bowel) 25 1007 @ ||smell bowel 8 000 ©
gall bladder 13 1026 o | |SPinal canal 75 1038 0
spinal cord 3 1038 @
gas (bowel) 24 260 © i s 1330 o
hard palate 76 1680 @ spine
heart 11 1060 © spleen 31 1060 ©
. stomach 17 1e3e o
jaw bone 71 1680 @
. teeth 125 1920 @
kidney 14 1050 o
" testes 34 1040 o
lacrimal glands 74 1045 0 .
thyroid 28 1050 @
lens 121 107@ @
lesi 63 1060 © tongue 78 100 o
1?5 on > 1066 o trachea 29 1000 @
iver 12 1 uncus(ear bones) 99 1180 @©
long bones 8 1336 0 o |urine 32 1030 @
< . > < >

Figure 2.1 The content of simind.zub file.

An IS with only one axillary SLIN was placed in digital phantom for analysis
simplicity as the tumor cells initially spread through the lymphatic pathway to at least
one SLN.

According to the voxel size (4mm) limitation, cylindrical IS and SLIN dimen-
sions were chosen in accordance with the physical phantom dimensions defined in the
study of Yoneyama et al. [16] namely; 1.6cm (4pizels) in diameter and 0.8cm (2pixel)
thick for IS; 0.8cm (2pizel) in diameter and 0.8cm (2pizel) thick for SLN. IS had a

32voxel and SLIN has a 8voxel volume.



Axillary SLN near IS was located in the ZUBAL phantom in accordance with
the SPECT/CT images given in the studies of Yoneyama et al. [4, 16]. The center-to-
center distance of the axillary SLN to IS was selected as 3cm (7pizels). The distance
of axillary SLIN origin to the body surface was chosen approximately 1.5e¢m (4pizels).
IS and SLN dimensions, x, y, z coordinates, relative activity, density, cut-off and
order of inner distribution of activity data can be added to ZUBAL phantom with
the SIMIND *.inp file. IS and SLIN dimension and activity data given in Table 2.2
was defined and added to ZUBAL phantom with simind.inp file illustrated in Figure
2.2. A zero density means that the density is given by the original values in the voxels
that the ROI occupies. Distribution of activity (cut-off and order) with a zero value

indicates that there is a uniform distributed activity in the ROT [27].

Table 2.2
IS and SLN Data defined in simind.inp file.

X y v/ X y zZ Relative
radius | radius | radius | position | position | position activity

(pizel) | (pizel) | (pizel) | (pizel) | (pizel) | (pizel) | (MBgq/cc)

IS 2 2 2 90 27 45 250
SLN 1 1 1 88 26 38 10
simind - Not Deften - () X

Dosya Dagen Bicim Gorinim Yardm
| 2.00000 2.00000 2.00000 90.000 27.0000 45.0000 250.0000 ©.000000 ©.000000 ©.000000 ©.000000 A
1.00000 1.00000 1.00000 88.000 26.0000 35.0000 10.0000 0.000000 0.000000 0.000000 ©.000000

v

Figure 2.2 The content of simind.inp file.

A patient was assumed to have been injected a 37M Bq (1mC'i) dose of technetium-
99m (%™Tc) around the tumor in the right breast. This injection region around the
tumor was called as the injection site (IS). The duration between injection time and
SPECT/CT imaging performed after lymphoscintigraphy was taken approximately
6hours (one-half life of *™T¢) according to the study reports of Yoneyama et al.

[4, 16].

Symbia T6; Siemens, Erlangen, Germany [28| equipped with either LEHR
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or LMEGP parallel-hole collimators was chosen as the SPECT/CT camera system.
Detector and crystal parameters of Symbia T6 SPECT /CT system are included in
Table 2.3 and Table 2.4.

Table 2.3
Detector Parameters of Symbia T6; Siemens, Erlangen, Germany.

Intrinsic Spatial Resolution || <3.8 mm

FWHM in CFOV

Intrinsic Energy Resolution <9.9%
FWHM in CFOV

Table 2.4
Crystal Parameters of Symbia T6; Siemens, Erlangen, Germany.

Size 59.1cm x44.5cm
Diagonal 73.9cm
Thickness 9.5mm

The LEHR and LMEGP collimator specifications represented by Yoneyama
et al. and Inoue, Yusuke et al. in their studies [4, 29| were used in the study as both
simulation input and evaluation method of the simulation outputs. These collimator

specifications are given in Table 2.5.

While Yoneyama et al. [4, 16] implemented 60 projections in steps of 6° over
360° and performed resolution recovery in their study [4] because resolution correction
was not applied during the study, SPECT images were taken with 120 equally spaced
projection angles in a 360° stepwise rotation [12]. A time per view of 20s in a 128 x 128

data matrix and 15% energy window centered on 140keV were used.

Acquisition of simulation data was simulated for two energy windows using
SIMIND "scattwin" scoring routine to collect counts and prepare separate images for
each window. Dual energy window (DEW) method with energy windows namely

photo-peak window (129.5 — 150.5keV for ¥T'c) and low-energy scatter window (92 —
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Table 2.5
Specifications of LEHR and LMEGP Collimators.

LEHR | LMEGP
Vendor Siemens | Siemens
Septa length (mm) 24.05 37.00
Hole diameter (mm) 1.11 2.5
Septa Thickness (mm) 0.16 0.6
Sensitivity @ 10em/collimator(cpm/kBq) 5.5 9.2
System resolution FWHM @ 10c¢m(mm,) 74 10.4
Penetration @ 140keV (%) 1 <0.1
Energy at 5% septal penetration (keV') 160 240

129.4keV') were defined according to the tailoring of Sadrmomtaz et al. [30] report
with 15% energy window applied in this study. These energy windows were included
in simulation by simind.win file depicted in Figure 2.3. Scatter image generated for

low-energy scatter window was used for scatter correction during reconstruction.

eN"d 5 6) - smnd- - o ECE
-4
— Girig | Ekle | Sayfa | Basvui | Postal Goxde Gorur | 'S
=4 %A = A 2
Yapistir Yaz: Paragraf  Stiller Duzenleme
- Tipi ~ v v v
Pano
)
E
-
-
Rk29.5,150.5,0 >
922.00,129.4,1.0
o
=
Rl | I >
@i | 2880 (—) $J (+) ek

Figure 2.3 simind.win file including two energy window settings.

The coordinate system used in SIMIND simulation is illustrated in Figure 2.4.
When simulating voxel-based phantoms, the first density/activity image is located
towards +X and the last one is located towards —X. In SPECT simulations the

camera rotates in the ZY plane either clockwise or counter-clockwise [27].
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— Source

Phantom ~~—

Figure 2.4 SIMIND Coordinate System.

As distance between the patient and the scintillation camera is important for
image resolution and scattering of the photons, attention was given to reduce to the
patient-gamma camera distance. Therefore the lowest probable distance was assigned

to the Index 12: Height to Detector Surface parameter.

SIMIND has two main programs: CHANGE and SIMIND. The imaging
system is defined in CHANGE program and SIMIND program performs the sim-
ulations and reports the simulation and reconstruction results. Simulation inputs of
this study were defined in CHANGE program according to the SIMIND Manual
[27] and are given through Figure 2.5-Figure 2.14.

2.3 Reconstruction

In order to obtain results with realistic noise properties, the poisson noise was
added to noise-free SIMIND SPECT simulation data with MosaicSuite for ImageJ
and Fiji [31] before reconstruction. SIMIND simulations were reconstructed with
Customizable and Advanced Software for Tomographic Reconstruction (CASToR)
software Version 1.0 [23] by a conversion program called smc2castor supported by

SIMIND.
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CHANGE Program - X
CHANGE: MAIN PAGE FOR INPUT TO SIMIND - Vé.l
2 - Change some generadl ...cccecees >
3 = Change simulation flagS........ >
4 - Export to & SMC £11@.:..ccnssns >
S - Import from a SMC file....cc0s > simind.smc
6 - Clear all SMC data..ceveeccnnes >
7 - Comment SeNTeNCe...cccssssssnns > SY-LEHR SY-LME SIMULATIONS
€ = Transfer changes to other files>
9 - Phantom soft tissue........file> h2o
10 - Phantom bone tissue........file> bone
1l - Cover material...cccccccnsnsce file> al
12 - Crystal material....cccessss file> nai
13 = DensitY MADcccucssccnsnsnsee file> vox_man
14 - SOUYXCE MAP....::sssesasss..file> vVOX man
15 - Backscatter material.......file> lucite
Select an Index Number
f

Figure 2.5 CHANGE: Main Page for Input to SIMIND - V6.1.

Dual energy window with a k — factor(0.5) was chosen as the scatter correction
method according to the studies [4, 30, 32, 33, 34, 35| in the literature. The scatter was
estimated based on the two energy windows in simind.win file illustrated in Figure
2.3. Scatter correction was added to the reconstruction by assigning k — factor(0.5)

to the smc2castor program SF: Scaling Factor Scatter switch as "/SF : 0.5".

Attenuation map of SIMIND generated simulation data was produced by set-
ting Flaglhs: Save Aligned Density Map of SIMIND CHANGE program to
"TRUE" and in order to change the data format of attenuation map the switch
in:x22, 5x was added to the SIMIND simulation command line. Attenuation correc-
tion was included to the CASToR reconstruction with AT: Include Attenuation

Correction switch of smc2castor program.

CASToR reconstructions were performed using an iterative method based on
a maximum-likelihood expectation-maximization (MLEM) algorithm with 12

iterations and 15 subsets. In the study attenuation and scatter corrections were per-
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CHANGE Program - X
SCINTILLATION CAMERA PARAMETERS - SETUP 1
1l - Photon ENeXQY.cccscccssssssssssasssssnsnss keV 140.000
2 = Source: Half-length SOUXC@..:ceecssssnsss cm > 48.600
3 - Source: Half-width SOUXCe....ccscscscasss cm > 0.000
4 - Source: Half-height SOUXCE@...ccccvvscnnss cm > 0.000
S - Phantom: Half-length PhantoM....ccsccssss.CM 48.600
€ - Phantom: Half-width Phantom....cccceccce.Cm > 0.000
7 = Phantom: Half-height PhantoM...cccescccssss cm > 0.000
8 - Crystal: Half-length/Radius....cccccvcuesee cm > 22.250
9 - Crystal: ThiCKknesSS...ccccecsccssnsssnnnsss cm > 0.950
10 - Crystal: Half-width..[0=Circular)...cceess cm > 29.550
1l - Backscattering Material: Thickness........ cm > $.000
12 - Height to Detector SurfacCe....csssssssssss cm > 26.500
13 - Thickness Of COVeX...cceeennvccnnnvccnnnsse cm > 0.100
14 - Phantom TYPe®.ccccsccsscsssssscssssssssnsssnses > -2.000
18 = SOUYCE TYDPCecccssccsssscssssscssssssnnsscns > -2.000
Select an Index Number
[

Figure 2.6 Scintillation Camera Parameters - Setup 1.

formed and the other methods such as resolution correction, pixel truncation or gaus-

sian filter were excluded during reconstruction.

For each simulation with either LEHR or LMEEGP collimators, images were re-
constructed using 4 different reconstruction choices namely, attenuation correction,
scatter correction, attenuation+scatter correction and no correction (none).
In order to have comparable SLN counts with the study results reported by Yoneyama
et al. [16] the SLN counts of the poisson noise added simulations were tried to be nor-
malized with MB: Activity In The Phantom switch of smc2castor program. To
assign a default value to MB switch for each reconstruction the SLIN count in the
reconstructed image of LM EGP without any attenuation or scatter correction was

scaled with the regarding count result of Yoneyama et al. [4].
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CHANGE Program - X |
SCINTILLATION CAMERA PARAMETERS -~ SETUP 2

16 - Shift Source in X-direcCtioN....cscssscnnss cm >

17 - Shift Source in y-direcCtioN..ccsscssssssss cm >

18 - Shift Source in zZ-direCtioON...:ssssssssssaCm >  0.000
9 - Photon DireCTioN..sscsssssssssssssssssaasadeg > 2,000
20 = Upper Wind -15

21 - Lower Wind =-15.0
22 = Enexgy Resolu 140 keV > $.900
23 Intrinsic Resolu 3
24 Emitted Photons peX DeCaAY.ccccccccncvsnnsens 9
25 Source AcCtivicy MBq 370.000
26 umber of photon histories B6 ccceccccccees » = 1.000
27 - keV/Channel...ccccccecccccncssnnccsssccnnns keV >

28 - Pixel Size in simulated image....cccccccc.Cm >

29 - SPECT: NoOo Of ProjectionNS..cccccsccssscsnccns >

30 - SPECT: Rotation [0=-360,1=- 2=3¢ 3= J. >  0.000

Select an Index Numberx

I

Figure 2.7 Scintillation Camera Parameters - Setup 2.

2.4 Evaluation and Statistical Analysis

The detectability of the SLN in reconstructed images was evaluated by the SLIN
contrast with respect to background. ImagelJ [24] was used to analyze the images.
SLN region of interest (SLNROI) was analyzed from the image slices (namely 29/60,
30/60 or 31/60) in which the mean count of the SLN is the highest. SLNROI and
background (BackgroundROT) were decided referencing the study of Yoneyama et al.
[16]. As the coordinates and dimensions of SLIN and IS were known values (Table 2.2,
Figure 2.2) a 2 x 2pizel SLNROI was placed at the origin of the SLNs 3cm away
from the center of the IS in reconstructed images. BackgroundROI was chosen as an
area of 5 x bpizel around the SLN ROI and approximately in 3cm from the center
of the IS. An illustration of SLN ROI, Background ROI, and IS is illustrated on a

reconstructed image in Figure 2.15.

SLN contrast was evaluated quantitatively according to the Eq.2.1 used in the
study of Yoneyama et al. |16]:
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CHANGE Program — X

NON-HOMOGENEQUS PHANTOM AND SPECT PARAMETERS

31 - Pixel Size in Density MapsS..cccvccccccnss cm > 0.400
32 - Orientation of the Density Map Phantom...... > 0.000
33 = Start Image when reading Density Maps....... > 1.000
34 = Numberxr Of CT=1BAQeS.cccscsscasnnannasnnsnssa > 243.000
35 - Density Limit Defining the Border..... g/cm3 > 0.100
36 - Shift Density Map Relative Origin (Y-Dir).cm > 0.000
37 = Shift Density Map Relative Origin (Z2-Dirx).cm > 0.000
38 - Step Size for Photon Path Simulation......cm > 0.200
39 - Shift Density Map Relative Origin (X-Dir).cm > 0.000
40 = cccscecscecssssssscssssssssnssenssesssansenas 0.000
4= S L S R ANy FAAXMOLE G = n T degzree > 0.000
42 - SPECT: Orbital Rotation FraCtiON....ccescass > 1.000
43 - Camera Offset in X-dirXeCtiON...sccssscssecCB > ). 000
44 - Camera Offset in y-direcCtioN..ccescscascss cm ). 000
45 - Code Definitions in generic Zubal phantom... > 1.000

Select an Index Number

(

Figure 2.8 Non-homogenous Phantom and SPECT Parameters.

ol
|
SN

Contrast =

VAl
_%
S

Where; 5: mean count of SLNROI, and b: mean count of BackgroundROI.

In order to increase the sample size and to normalize the randomness effects
of the simulations, and to have more dependable results SPECT simulations were
repeated for 10 times for both LEHR and LMEGP collimators resulting in a total
of 20 SPECT simulations. The SLN ROI and Background ROI counts measured
and the contrast values calculated for both collimators were averaged and the standard
deviations were predicted accordingly. The average contrast results of the total number
of 80 images projected with different collimators (LMEGP, LEHR) and reconstructed
with different reconstruction methods were compared with each other and the results
of studies of Yoneyama et al. [4, 16]. The average contrast results of the reconstruction
methods were compared performing Wilcoxon signed rank test -a nonparametric

statistical test- with a statistical significance o = 0.01.
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CHANGE Program - X
COLLIMATOR PARAMETERS SY-LEHR
46 - Hole Size X.....ceveescccnnssccnnnnnnnnns cm > 0.111
47 - Hole SiZ€& Y....ceecsscsccssnsscsnnnscnans cm > 0.124
48 - Distance between holes in x-direction..... cm > 0.01¢
49 - Distance between holes in y-direction..... cm > 0.0%0
S0 - Displacement center hole in x-direction...cm > 0.064
S1 - Displacement center hole in y-direction...cm > 0.107
52 = Collimator ThicknesS.......oeeeessscccnnss cm > 2.405
53 - Collimator ROUTINEG ...ccevcccccnsnscsnnnnses > 1.000
54 - Hole Shape:2=Cir,3=Hex,4"Re€CC...ccvccccnnses > 3.000
§S - Type: 0=PA,1=PI,2=CO,3=FB,4=DV,5=SH......... > 0.000
S€ = Distance from collimator TO deteCtoX...... cm > 0.000
87 = sccsccssssccsssscssassssssssssssansscssanses > 0.000
S8 = ..sccscssscsssssscsssssssssssssnssssssnnnnsns > 0.000
$9 - Random Collimator Movement (0*"no)........... > 1.000
60 = ...cccscccssansssncnsscancssaansansaannanana > 0.000
Select an Index Numberxr
[

Figure 2.9 LEHR Collimator Parameters.

The effects of scatter correction (SC) and attenuation correction (AC) were

evaluated using Eq.2.2 and Eq.2.3 [4].

The counts decreased by SC

E =1
ffectof SC 00 The counts obtained without SC

(2.2)

The counts increased by AC
The counts obtained without AC

Effectof SC =100 (2.3)

As an additional verification method of the study the average Sensitivity
(cpm/kBq) and Penetration (%) After collimator parameters of both collima-
tors were calculated according to the related data in SIMIND simulation reports.

The results were compared with the literature for consistency.



CHANGE Program -
COLLIMATOR PARAMETERS LMEGP
46 - Hole S1Z& X.c.csecscssssscssnsscsnnssssnsns cm > 0.250
47 - Hole Size Y....vcevveccccnnnsccannnnnnnns cm > 0.280
48 - Distance between holes in x-direction..... cnm > 0.060
49 - Distance between holes in y-direction..... cm > 0.244
SO0 - Displacement center hole in x-direction...cm > 0.185
51 = Displacement center hole in y-direction...cm > 0.262
52 - Collimator ThiCKNESS.cccccccsssssssssnnnsns cnm > 3.700
53 = Collimator ROUTINEG ....cccscscccnssscsnnnnsns > 1.000
$4 - Hole Shape:2=Cir,3"Hex,4"ReCC..ccccccscnnnsse > 3.000
55 = Type: 0=PA,1=PI,2=CO,3=FB,4=DV,5=SH....ccs.. > 0.000
$€6 - Distance from collimator to detector...... cm > 0.000
S7 = .cccccsssccsssssssssssssssssssssnsssssnsnsss > 0.000
B8 = ..cecsessccssssscssnsssssennsssssnscsssnnses > 0.000
59 - Random Collimator Movement (0®™nC)....ccsssss > 1.000
€0/ = . 'aa'aisnie nulesies nsessnnneeennessenssssssenssssss > 0.000
Select an Index Number
i

Figure 2.10 LMEGP Collimator Parameters.
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Although the study was based on a quantitative analysis method, to identify the

SLNs with a visual evaluation method Maximum Intensity Projection (MIP) images

of the sample images were generated by ImageJ [24].
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CHANGE Program - X
TRANSMISSION SIMULATION PARAMETERS
6l - Transmission Photon Energy.cccccsccccsss keV > 0.000
62 - Transmission Photon Polar Angle...... degree > 0.000
€3 - Transmission Photon Azimuthal Angle.. degree > 0.000
64 - Source LengthecccsssssccssssssssscsssssssssCl > 48.600
65 - Source WidhC....cceeeecccesnnnnssssaacanssCl > 0.000
€6 - Shift Transmission Source in x-direction..cm > 0.000
€7 - Shift Transmission Source in y-direction..cm > 0.000
68 - Shift Transmission Source in z-direction..cm > 0.000
69 = .iicettiitttccttttnsssssssssnssssssesnnnnnns D 0.000
70 = Transmission OPTION. . ccsssssssssssnsnnnsnnne > 0.000

Select an Index Number

Figure 2.11 Transmission Simulation Parameters.

Select an Index Number

CHANGE Program - X
IMAGE PARAMETERS AND OTHER SETTINGS
76 = Matrix Size TBAQR I ccsccscnssssanssnnnnanas & 128.000
77 - Matxix Si2e IMBQgEe J ccccccccsssscsssssssssss > 128.000
78 - Matrix Size Density Map I ...ccccccnccscsces > 128.000
79 - Matrix Size Source Map I .....cccccnccccnns > 128.000
80 - Energy Spectra ChannNels ....cccssscssssssnss > £12.000
81 - Matrix Size Density Map J ....cvvevvnnnsenns > 0.000
82 - Matrix Size Source Map J ..ccccccccsnscccas > 0.000
83 = Cut-off energy to terminate photon history.. > $2.000
84 - Scoring ROUTINE .ccccssssscsssnsssssnsssssns > 1.000
85 = CSV File CONTEONT ...csvsssvscssssscsnnnssnnns > 5.000
86 - DYRnamic STUAY cccccccsssscccssnsscssnssscsns > 0.000

Figure 2.12 Image Parameters and Other Settings.



CHANGE Program -
SOLID STATE DETECTOR SETTINGS
o1 VOltaAQg®. ccccnsnsnsnnnsnsnansnnnasanannannnsa > 0.000
92 - Mobility life (electrons).........l0+3 cm2/V > 0.000
@3 Mobility life (holeS) ............1043 cm2/V > 0.000
94 Gap (fraction of detector 35ize) ....ccveeees > 0.000
@5 DETECTOX S1Z& .....ccccsssscnssssssnnsssssCl > 0.000
9€ - Tau - exponential decay COnsStanNt....cceveeeee > 0.000
97 Hecht Formula (=0, e+h™l...ccccccccsnssccas > 0.000
113 Energy Resolution model .....cceesessssscsas > 0.000
99 - Cloud MODIliTY.ccsccccsssssssasssscnssssnnss > 0.000

Select an Index Number

Figure 2.13 Solid State Detector Settings.

CHANGE Program -
SIMULATION FLAGS - V6.1
1 - Write Results to the SCreéeN......ccssssssssa.> TRUE.
2 HriterInagul Hatr xS o BRIl Gt e et ata et tata e = e A BT
3 - Write Pulse-Height Distribution to File......> .FALSE.
4 Include the CollimMATOYX...ccesssssssssssssssss> TRUE.
S - Simulate a SPECT Study...ccceveeeeesssnnessas> TRUE.
€ Include Characteristic X-Ray Emission........> .FALSE.
7 Include Backscattering Material........ssss..> .TRUE.
€ = Use a Random Sampled Seed Value..............> .TRUE.
9 Simulate a Transmission Study...ccsceeesesses> LFALSE,
10 Include Interactions in the COvVer............> .FALSE.
11 Include Interactions in the Phantom..........> .TRUE.
12 Include Simulation of Energy Resolution......> .TRUE.
13 Include Forced Interaction at Crystal Encry..> .TRUE.
14 Write File Header in INTERFILE V3.3 Format...> .TRUE.
15 - Save Aligned Density Map.......cecsesesssssss> TRUE.

Select an Index Number

Figure 2.14 Simulation Flags.
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30/60. 128x128 pixals: 32-bit (inverting LUT). 3.8MB
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Figure 2.15 Tllustration of SLN ROI, Background ROI, and IS.
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3. RESULTS

The two samples (simind185, simind197) of SIMIND SPECT simulations for
each collimator (LEHR, LMEGP) with poisson noise are depicted in Figure 3.1-

Figure 3.10.
¢ simind185_tot_w1.200 (505%) - X
1/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB
-
>l ol

Figure 3.1 Simulation #: simind185, Collimator: LMEGP, Poisson noise added, Slice: 1/60.

The average SLN contrast values (Mean + SD) of a total number of 80 recon-
structed images are given in Table 3.2 and illustrated in Figure 3.11, Figure 3.12 in

terms of collimator type and correction method.

According to Table 3.1 the images projected by LMEGP collimator provided
that the SLN contrast (Mean + SD) by attenuation correction resulted in the best
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¢ simind185_tot_w1.200 (505%) - X
15/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB

&
> < | 2l

Figure 3.2 Simulation #: simind185, Collimator: LMEGP, Poisson noise added, Slice: 15/60.

contrast (0.4 £ 0.1), followed by the no correction (none) (0.3 £ 0.1), and the atten-
uation-scatter correction (0.3 £ 0.2). The contrast for the scatter correction was the
lowest (0.1 4+ 0.3). Significant (p < 0.01) average SLN contrast ratio [4 : 1| was ob-
tained between attenuation and scatter correction methods for LMEGP. In addition
significant differences were observed for LMIEGP collimator between attenuation-none

(p £0.01) and none-scatter (p = 0.01) correction methods (Table 3.2).

SLN contrast results summarized in Table 3.1 for simulations using the LEHR
collimator presented that with the best value of 0.4 4+ 0.1 the attenuation correction
method was in the first place, no correction (none) method was the second (0.3 +
0.1) and attenuation+scatter correction (0.2 4 0.1) was the third in terms of SLIN
detectability. Scatter correction method with an SLIN contrast as 0.2 + 0.3 was the
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¢ simind185_tot_w1.200 (505%) - X
30/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB
> 4 | 2l

Figure 3.3 Simulation #: simind185, Collimator: LMEGP, Poisson noise added, Slice: 30/60.

worst among the four image correction methods. An important average SLN contrast
difference was observed between attenuation and scatter correction methods with a
ratio of [2 : 1] for LEHR collimator. Statistical significance among attenuation-none,
attenuation-scatter, none-scatter reconstruction methods of LEHR collimator were

observed as p < 0.01 (Table 3.3).

SLN average contrasts for attenuation and no correction (none) corrections
methods were observed the same for both LMEGP and LEHR collimators. No sig-
nificant statistical difference (p > 0.1) was observed between the two collimators incase
of attenuation correction method was performed. SLIN average contrast (Mean £ SD)
and significance values are depicted for LM EGP and LEHR collimators in Figure
3.11-Figure 3.12:
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¢ simind185_tot_w1.200 (505%) - X
45/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB

* i 2l

Figure 3.4 Simulation #: simind185, Collimator: LMEGP, Poisson noise added, Slice: 45/60.

Average counts (Mean=+SD) of SLNs in LEHR and LMEGP SPECT images

according to the reconstruction correction methods are summarized in Table 3.4.

The average SLN counts provided by the attenuation correction method was
the highest (8749 4 1347) for simulations using the LMEGP collimator, followed by
the counts of the attenuation scatter (5374 + 1610), and the no correction (none)
(4981+198) methods. The scatter correction SLIN counts were the lowest (2349+1270)
(3.4). The simulations using the LEHR collimator resulted in the average counts SLIN
given in Table 3.4 regarding the correction method implemented from highest to lowest
were attenuation correction (13456 £+ 10753), attenuation-+scatter correction (9411 +
7816), no correction (none) (7854 £ 6472), and lastly scatter correction (4750 & 3927).
The standard deviations of the SLN counts in the images projected with LEHR
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¢ simind185_tot_w1.200 (505%) - X
60/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB

* ]

Figure 3.5 Simulation #: simind185, Collimator: LMEGP, Poisson noise added, Slice: 60/60.

collimator are observed considerably higher than their corresponding mean values and

the standard deviations with the LMEGP collimator.

The effectiveness of both scatter and attenuation correction is summarized in

Table 3.5:

According to the data presented in Table 3.5, the scatter correction effectiveness
was calculated as 39% when attenuation + scatter correction method was compared
with attenuation correction method and as 53% when scatter correction and no cor-
rection (none) correction methods were compared. The scatter correction effectiveness
average was 46% for LMEGP collimator. For LEHR collimator these results were

30% and 40% respectively with an average of 35%. Attenuation correction effectiveness
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¢ simind197_tot_w1.200 (505%) — X
1/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB

L
> i

Figure 3.6 Simulation #: simind197, Collimator: LEHR, Poisson noise added, Slice: 1/60.

was calculated comparing the attenuation-+scatter with scatter correction methods and
attenuation with "none" correction methods. While the corresponding attenuation cor-
rection effectiveness were found as 129% and 76% accordingly with an average value
as 103% for LMEGP collimator, for LEHR collimator 98%, and 71% results yielded
an average of 85%. It is observed from the effectiveness data presented in Table 3.5
that attenuation correction had higher effect on SLIN counts than scatter correction.
According to the data in Table A.5 average sensitivity and penetration results of the
SIMIND simulations using the LMEGP and LEHR collimators are summarized in
Table 3.6.

According to Table 3.6 simulations using the LEHR collimator resulted in a
higher average penetration rate (3.8%) than LMEGP collimator (2.5%). On the other
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¢ simind197_tot_w1.200 (505%) - X
15/60; 128x128 pixels; 32-bit (inverting LUT); 3.8MB

8
> < | 2l

Figure 3.7 Simulation #: simind197, Collimator: LEHR, Poisson noise added, Slice: 15/60.

hand the SIMIND simulations reported a higher sensitivity for LMIEEGP collimator
(5.5¢cpm/kBgq) than LEHR collimator (3.1cpm/kBgq) (MIP) of reconstructed images
samples obtained by LMEGP collimator are illustrated in Figure 3.13-Figure 3.16.

(MIP) of reconstructed images samples obtained by LEHR collimator are il-
lustrated in Figure 3.17-Figure 3.20.

(MIP) of reconstructed images with the highest contrasts performed using at-
tenuation correction method for LMIEEGP and LEHR collimators are illustrated in
Figure 3.21 and Figure 3.22.
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Figure 3.8 Simulation #: simind197, Collimator: LEHR, Poisson noise added, Slice: 30/60.

Table 3.1
Average SLN Contrasts of Correction Methods applied in SPECT Simulations using the LMEGP
and LEHR Collimators.

Correction Method || SLN Contrast | SLN Contrast

(LMEGP) (LEHR)
Attenuation 0.4 £0.1 0.4 £0.1
None 0.3 £0.1 0.3 £0.1
Scatter 0.1 £0.3 0.2 £0.3

Attenuation-+Scatter 0.3 £0.2 0.3 £0.3
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Figure 3.9 Simulation #: simind197, Collimator: LEHR, Poisson noise added, Slice: 45/60.

Table 3.2
p values for LMEGP Collimator.

Correction Method || None | Scatter

Attenuation 0.01 < 0.01

None —— 0.01
Table 3.3

p values for LEHR, Collimator.

Correction Method || None | Scatter
Attenuation < 0.01 < 0.01
None —— < 0.01
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Figure 3.10 Simulation #: simind197, Collimator: LEHR, Poisson noise added, Slice: 60/60.
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Figure 3.11 Average SLN Contrasts of Correction Methods applied in SPECT Simulations using
the LMEGP Collimator.
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Figure 3.12 Average SLN Contrasts of Correction Methods applied in SPECT Simulations using

the LEHR Collimator.

Table 3.4

Average SLN Counts of Correction Methods applied in SPECT Simulations using the LMEGP and
LEHR Collimators.

Correction Method || SLN Count | SLN Count
(LMEGP) (LEHR)
Attenuation 8749 +£1347 | 13456 £10753
None 4981 +198 7854 +6472
Scatter 2349 +£1270 4750 £3927
Attenuation+Scatter 5374 £1610 9411 +7816




Table 3.5

Scatter and Attenuation Correction Effectiveness.

Comparison of

Scatter Correction

Attenuation Correction

Correction Methods Effectiveness Effectiveness

LMEGP | LEHR | LMEGP LEHR
Attenuation vs 39% 30% —— ——
Attenuation+Scatter
None vs 53% 40% —— ——
Scatter
Scatter vs —— —— 129% 98%
Attenuation+Scatter
None vs —— —— 6% 1%
Attenuation

Table 3.6

Sensitivity and Penetration Results of the Simulations.

Collimator || Sensitivity | Penetration (%)
Type (cpm/kBq) | After Collimator
LMEGP 5.5 2.5
LEHR 3.1 3.8
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Figure 3.13 Reconstruction #: LMEGP 302, Correction Method:

0.33.
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Figure 3.14 Reconstruction #: LMEGP 303, Correction Method: Attenuation, MIP image, SLN
Contrast: 0.43.
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Figure 3.15 Reconstruction #: LMEGP 304, Correction Method: Scatter, MIP image, Contrast:
0.03.
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Figure 3.16 Reconstruction #: LMEGP 305, Correction Method: Attenuation+Scatter, MIP
image, Contrast: 0.29.
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Figure 3.17 Reconstruction #: LEHR 162, Correction Method: None, MIP image, Contrast: 0.26.
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Figure 3.18 Reconstruction #: LEHR,_ 163, Correction Method: Attenuation, MIP image, Contrast:

0.31.
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Figure 3.19 Reconstruction #: LEHR 164, Correction Method: Scatter, MIP image, Contrast:

-0,12.
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Figure 3.20 Reconstruction #: LEHR 165, Correction Method: Attenuation+Scatter, MIP image,
Contrast: 0.16.
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Figure 3.21 Reconstruction #: LMEGP 298 Correction Method: Attenuation, MIP image, and
Contrast: 0.54.
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Figure 3.22 Reconstruction #: LEHR 171, Correction Method: Attenuation, MIP image, Contrast:
0.58.
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4. DISCUSSION

It is observed from Table 3.1, Figure 3.11, and Figure 3.12 that attenuation
correction resulted in the highest contrast (0.4 & 0.1) with a significance p < 0.01 for
both collimators (LMEGP, LEHR) when compared with no correction (none) and
scatter reconstruction methods. Therefore, attenuation correction can be defined as the
optimum reconstruction method for LMEGP and LEHR collimators. Considering the
contrast standard deviation (SD) together with the averages, performing no correction
is in the second place with a contrast of 0.3 & 0.1. There was significant difference
between the "none" and scatter correction method (p < 0.01). Because of the higher
SD, attenuation+scatter correction method is in the third place with a contrast value
as 0.3 £0.2 for LMEGP collimator and 0.3 = 0.3 for LEHR collimator. There was
no statistically significant difference (p>0,01) observed between attenuation-scatter
and other correction methods. Scatter correction yielded significantly (p < 0.01) the
worst SLN contrasts (0.1 £ 0.3) for LMEGP collimator and 0.2 + 0.3 for LEHR
collimator when compared with other correction methods. These results might mean
that attenuation correction is the optimum reconstruction correction method for the
SPECT images projected by both LEHR and LMEGP collimators. It can be further
concluded from the study results that without an attenuation correction no significant

benefit on SLIN visualization could be expected from scatter correction alone.

In the comparison of the SLIN contrasts of LMEGP and LEHR. collimators
when the suggested optimum correction method (attenuation correction) is imple-
mented to SPECT images, contrasts were calculated as the same (0.4 = 0.1) for both
collimators after the 10" simulation trial for each collimator. The contrast results of
LMEGP and LEHR collimators have no statistically significant difference (p > 0.1)

in case of attenuation correction.

Even if the input parameters are the same for the SIMIND simulations per-

formed using these two LMIEGP, LEHR collimators as a result of the randomness
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base of the Monte Carlo simulations by each SIMIND simulation varying contrast
results were obtained. This situation leaded the study to decide the sample size for the
simulations (which was decided as 10 simulations per each collimator) and to take the
cumulative averages of the SLIN ROI counts, SLN Background ROI counts and

contrasts for the total 10 simulations.

The average SLN counts regarding LMEGP and LEHR simulations presented
in Table 3.4 are maximum with attenuation correction followed by attenuation+ scat-
ter correction and without any correction method. Scatter correction alone resulted in
the least SLN counts for both collimators. The decrease in SLIN counts with scatter
correction and increase in SLN counts with attenuation correction can be called as
expected. The SLINN counts in images projected by LEHR collimator are higher than
the SLN counts with LMIEGP collimator. On the other hand it is also observed from
the Table 3.4 that standard deviations of the SLN counts in images with LEHR colli-
mator are also considerably higher when compared with the standard deviations of the
SLIN counts with LMIEGP collimator. The sequence of average SLIN counts of both
LMEGP and LEHR collimators from highest to lowest as attenuation correction, at-
tenuation—+scatter correction, no correction (none), and scatter correction respectively
is in line with the study of Yoneyama at al [4]. The magnitude of the SLIN average
counts are correlated between the two studies. This is due to the activity normaliza-
tion applied during reconstruction aiming to have comparable SLIN counts and SLIN

contrasts with the study of Yoneyama at al [4].

Lower and negative contrasts are caused by the higher mean value of Back-
ground ROI than SLN ROI. Even though it is reported that SLN to background
ratio is at least 10 : 1, being very closed to an IS with most of the injected activity

might be the reason for these results.

Comparing the contrast results of the attenuation corrected images with at-
tenuation+scatter corrected images for both LM EGP and LEHR collimators it can
be concluded that if attenuation correction is implemented the additional scatter cor-

rection implementation might decrease the SLN detectability in terms of contrast.
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In addition higher standard deviation of the contrast values for attenuation-+scatter
corrected images projected by LMEGP and LEHR collimators could name attenua-

tion+scatter method less dependable against the choice of no correction (none) method.

It is significant in Table 3.1 that the scatter correction alone has the lowest
contrast average and the highest standard deviation for both LMEGP and LEHR
collimators 0.1 £ 0.3 and 0.2 & 0.3 respectively among the total methods (attenuation,
none, scatter, and attenuation-scatter). These results suggest that scatter correction
alone should not be performed for SLN SPECT imaging when SLNs are located
closed to the ISs.

Reconstruction with attenuation correction resulted in the highest contrast val-
ues therefore, this method was found to be the optimum reconstruction method for

both LMEGP and LEHR collimators during SLN mapping with SPECT /CT.

It can be concluded that the visual interpretation of MIP images might not yield
confident results. Because even in the attenuation corrected LMEGP and LEHR
images (Figure 3.21, Figure 3.22) with the highest contrasts measured in the study
(0.54, 0.58 respectively) the SLNs cannot be visually detected precisely in the images.
Tsushima, Hiroyuki, et al. [26] reported in their study that image contrast of 0.5 which
corresponds to a 3 : 1 SLN to background ratio was a suitable threshold level for hot
SLN detection. The maximum contrast of this study is (0.58) not so higher than the
0.5 threshold therefore the unprecise detection of SLIN in the study might be regarded

as an expected result.

SPECT systems are regarded as photon poor systems [36] as more than 99%
of all the photons emitted by an injected radiopharmaceutical are not recorded by the
gamma camera and "wasted"; only less than 1% are used for generating the desired
image [37]. Therefore increasing collimator sensitivity is a crucial consideration for
SPECT imaging. Sensitivity improvement (increased counts) of a collimator is de-
pendent on the larger hole diameter and the smaller septa/hole length. According

to the Table 2.5 the hole diameter of the LMEGP collimator (2.70mm) is nearly
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2.4 folds of LEHR collimator (1.11mm) on the other hand the septa/hole length of
the LMEGP (37mm) collimator is nearly 1.5 times greater that LEHR collimator
septa/hole length. The average sensitivity (cpm/kBgq) calculated for LMEGP and
LEHR collimators are 5.5 and 3.1 respectively which means the sensitivity ratio be-
tween LMEGP and LEHR collimators (5.5 : 3.1) is approximately 1.8 (Table 3.6).
In Table 2.5 where vendor collimator specifications are given sensitivity (cpm/kBq) of
LMEGP collimator (9.2) is 1.7 folds of LEHR collimator (5.5). Sensitivity ratio of the
collimators are nearly the same both vendor supplied data and the results of the study.
It can be inferred from the septa/hole length, hole diameter input parameters, and the
sensitivity results of the collimators that larger hole diameter advantage of LM EGP
collimator compensated its longer septa/hole length disadvantage and yielded a better

sensitivity value than LEHR collimator.

The higher average SLN counts of the images projected with LEHR collima-
tor compared to those with LMEGP collimator presented in Table 3.4 can be seen as
controversial with the collimator sensitivity results presented in Table 3.6. The expla-
nation of this issue is collimator sensitivity results are based on the simulations and
the SLIN counts are based on the reconstructed images. Because Yoneyama et al. [4]
presented average counts (Mean + SD) of SLNs in SPECT/CT images projected by
LMEGP collimator but did not report SLN counts for LEHR collimator in their pre-
vious study [16]. In this study the SLIN counts of the reconstructed images projected
with LMEGP collimator were normalized to mentioned count data in the study of
Yoneyama et al. [4]. This normalization was performed with the activity adjustment
index (MB) of the smc2castor program. The same LMEGP collimator specific
(MB) switch was used for the reconstruction of the corresponding LEHR collimator
projected images. For instance during the reconstructions of the first LMEGP and
LEHR simulations the same (MB) switch specific to the first LMEGP simulation
was used. As MB switch has a linear effect on the SLIN count outcomes of the recon-
structions and contrast value (the focus of our study) is independent of related counts,
having a lower sensitivity in Table 3.6 but having higher SLN counts in Table 3.4

should not be seen controversial phenomena for LEHR collimator and for the study.
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Septal penetration ratio of collimators while increasing the background counts
also reduces the contrast. Septal penetration depends on the septal thickness of the
collimators and the energy of the emitted photons. As study of interest radionuclide
is the same (T¢”™) for both LMEGP and LEHR collimators the septal thickness
parameter takes precedence in septal penetration ratio assuming that total number
of collimator holes is the same for each collimator. Thicker septal thickness results
in reduced septal penetration ratio. According to the collimator specifications data
in Table 2.5 the septal thickness of LMEGP collimator (0.6mm) is 3.8 times greater
than the septal thickness of LEHR. collimator (0.16). According to Table 3.6 cal-
culated penetration ratio of LEHR collimator (3.8%) is 1.5 times greater than the
LMEGP collimator (2.5%). In Table 2.5 where vendor collimator specifications are
given penetration ratio of LEHR . collimator (1%) is more than 10 times greater than
the LMEGP collimator (0.1%. Although T'c®™ is classified as low energy photon and
might not be expected to be affected by the septal thickness change because of its low
energy it can be concluded from this study that larger septal thickness characteristics
leading to lower septal penetration of LMEGP collimator might be the reason for
improved and competitive SLIN contrast results against LEHR collimator with higher

septal penetration ratio caused by smaller septal thickness.

Resolution and sensitivity performance of a collimator is inversely proportional.
In this study LMEGP collimator could compensate their lower resolution charac-
teristics with lower septal penetration and with higher sensitivity and could present
competitive SLIN contrast levels as compared with LEHR. collimator. The findings
concerning collimator sensitivity and penetration are in line with the data presented

in Table 2.5.

In this study according the physical phantom study of Yoneyama et al. [16]
1.6cm (4pizels) in diameter and 0.8cm (2pizels) thick cylindrical IS; and a 0.8cm
(2pizels) in diameter and 0.8cm (2pizels) thick cylindrical SLN were modeled. Ac-
cording to the histological data of Farshid, Gelareh, et al. [38] an SLN width ranges
between 0.5mm and 15mm with a mean of 5.14mm, and an SLN length ranges be-

tween 0.5mm and 27mm with a mean of 8.47mm. It can be concluded that the IS and
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SLIN dimensions in this study are also in line with the report of Farshid, Gelareh, et

al. [38].

The IS:SLN activity ratio in this study was selected as 250 : 10 among the
IS:SLN ratios applied in the study of Yoneyama et al. [16]. 250 : 10 IS:SLN ratio
complies with the investigation findings of Alqahtani, M. S., et al. [39] declaring that
in the majority of the studies 1: 20, 1: 50, and 1: 100 SLN:IS activity uptake ratios

are used.

Yoneyama et al. [4] reported that the average distance between the SLIN and
body surface was 2.6 = 1.3cm (median2.2cm) in their study. Therefore 1.5 cm SLN-
body distance in this study can be regarded as a reasonable distance when compared
with their findings. In the same study [4] they measured the average distance of SLIN
to the IS in their clinical study cohort as 7.6 £2.6cm (median7.3cm). In their previous
physical phantom study Yoneyama et al. [16] compared the SLN contrast values of
different collimators (LMIEGP, LEHR, and ME) for both 3cm and 6¢m IS-SLIN
distances. With the 3cm IS-SLN distance they simulated the effect on contrast for an
SLN being closed to and ISs. As non visualization of SLNs concerning their being in
close proximity to injection sites is one of the reasons of supplementary SPECT/CT
imaging to lymphoscintigraphy is chosen in this study SLN was located close to in-
jection site (3cm). The IS-SLN distance of 3cm also made the results of the study

comparable with the results of Yoneyama et al. [16].

Yoneyama et al. [4] correlated the effect of scatter correction in relation with
the distance between SLINs and IS and the effect of attenuation correction regarding
the distance between the SLNs and the body surface in their clinical study over 55
female patients. From the related graphics in their report [4] it can be deduced that for
a 1.5c¢m distance between SLIN and body surface the attenuation effect was interpreted
as approximately 85% and for a 7em SLIN-IS distance the effect of scatter correction
was predicted as approximately 40% for LMEGP collimator. It can be concluded
that both attenuation and scatter correction effectiveness estimated in this study are

in close proximity with the study of Yoneyama et al. [4].
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According to their physical phantom study Yoneyama et al. [16] suggested that
in case of attenuation correction was selected as the image reconstruction correction
method, LMEGP collimator might result in higher contrast and improve the SLIN
detectability than LEHR collimator. In this study with a sample size of 10 SIMIND
simulations for each collimator (LMEGP, LEHR) the cumulative average SLN con-
trast (Mean + SD) was calculated the same (0.4 £ 0.1) for both collimators. As ac-
cording to the guideline for lymphoscintigraphy and sentinel node localization in breast
cancer [12] LEHR and LEUHR collimators are the only recommended collimators
for both lymphoscintigraphy and SPECT/CT imaging because of their high resolu-
tion characteristics and suitability for radionuclides with low energy such as T'¢%™.
This study presented that LMEGP collimator could compensate its lower resolution
characteristics with its lower septal penetration advantage and could be competitive in

terms of SLIN detectability against LEHR collimator. Yoneyama et al. [4] performed

resolution correction in their study with LMEGP collimator.

In our study as there was no resolution correction capability of the reconstruction
program (CASToR), resolution correction could not be performed. In order to have
comparable contrast results with the study of Yoneyama et al. [4] that implemented
resolution correction the number of projections were increased [12] to 120 projections

instead of the 60 projections implemented in their study.

It can be inferred that it might be probable to have a higher SLIN contrast with
LMEGP collimator than LEHR collimator if resolution correction could be performed
in addition to attenuation correction. It can be summarized that the results of this

study are in agreement with the studies performed by Yoneyama et al. [4, 16].

In the literature |6, 12, 40, 41, 42| SLN radioactivity uptake quantification is
regarded as clinically not required or useful because of naming a lymph node as an
SLN is not correlated with the amount of the radioactivity uptake in it. Therefore
anatomical localization of the radionuclide uptake is more favored than its quantifi-
cation. However in this study the SLN counts of the reconstructed images regarding

varying correction methods to be in line with the counts reported in reference study [4]
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was the primary aim in order to offer comparable results with those in the literature.

In this study an extreme case in which an SLIN with small activity is located
closely to IS with high radioactivity (IS:SLN activity ratio as 250/10). Because of the
scattering of the photons originating from IS to the SLN in closed proximity average
SLN contrasts were expected as low. According to the Table 3.1 the average SLIN
contrasts (Mean £ SD) of correction methods applied in SPECT simulations using
the LMEGP and LEHR collimators are in the range of 0.1 0.3 - 0.4 £ 0.1. SLN-
to-background radioactivity ratios in vivo are typically on the order of 3 : 1, 10 : 1,
15: 1, or even 20 : 1 in the literature |40, 43, 39, 44]. According to the contrast formula
(Eq. 2.1) SLNN-to-background ratios correspond to a contrast value in a range of
0.5 —0.9. As an extreme case of SLIN being closed to IS was modeled in the study
and this case might cause a decrease in the contrast values it can be concluded that
the SLIN contrast results of this study in Table 3.1 might be considered as compatible

with the general in vivo SLN-to-background ratio in the literature.

Because there is only one SLIN modeled near an IS, a star shaped artifact
originating from the scattering of the IS similar to the physical phantom study of
Yoneyama et al. [16] could not be observed in the study.

High-resolution collimators are recommended for improving lymphoscintigraphy

images [40].

There were a number constraints in the study which can be grouped as availabil-
ity of relevant clinical or phantom study data, the capability of Monte Carlo SPECT
simulation (SIMIND) and reconstruction (CASToR) program, and simulation sam-

ple size.

In order to have realistic results from simulation studies adequate, complete,
and accurate data representing the real world is a prerequisite. The potential data
sources are especially the clinical and phantom studies. In the field of this study

(SPECT imaging of axillary SLNs in breast cancer) the investigations were limited
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[4, 16] so the input parameters of SPECT simulations were dependent on these few data
in the literature. For example although a dual energy window for scatter correction
was referred in their second study |16] the energy windows and the scatter constant
(kfactor) were not explained. Therefore the range of the scatter windows and the
scatter constant were defined in the study by tailoring general literature concerning
the dual energy window. Nevertheless as these two studies [4, 16| are complementary
with each other the input, method and results presented in their reports affected the
outcomes of this study in a positive way. It was observed that the LMEGP collimator
is not a common collimator in nuclear imaging and the studies are limited including
the investigations of Yoneyama et al. |4, 16]. The nonavailability of the collimator
specifications data of LMEGP was overcome by using the low-medium-energy (LME)
collimator data given in the study of Inoue, Yusuke, et al. [29] assuming that (LME)
and LMEGP are most likely the same collimators but only their notations are different
in the related studies [4, 16, 29]. In addition SIMIND program does not include
the LMEGP collimator in its database. LMEGP collimator has been included to
the CHANGE according to the SIMIND Manual [27]. Because of an inconvenience
of SIMIND program to define the newly added collimator name in the CHANGE
program simulation reports were released with a collimator name as SY-ME. As it
can be observed in Figure 2.10 and Figure A.1 manual correction of the collimator

name as LMIEGP has been done in these figure and report.

The availability, functional capabilities, easiness, and reputation of simulation
tools (programs, phantoms etc) determine how extent the study input data could be
modeled and simulated in a sufficient manner. For instance Yoneyama et al. |4, 16] used
a fixed attenuation coefficient (= 0.15cm™!) while in this study SIMIND used an
aligned attenuation map created from a user-specified input file [27]during attenuation

correction.

Yoneyama et al. [4] implemented resolution correction in order to have similar
resolutions between the LMIEGP and LEHR collimators as resolution of the LMEGP
collimator is less than LEHR collimator. CASToR program had only attenuation and

scatter correction capability therefore resolution correction could not be performed and
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the effect of resolution correction on the SLN detectability could not be observed.
Even it is a newly released tool and therefore might not be a reputable software at the
time of study, using CASToR |23] as a reconstruction tool decision was based on the
availability of SIMIND conversion program called smc2castor which facilitated to

reconstruct SIMIND simulations [27].

In order to reduce the artifacts in images Yoneyama et al. [4, 16] implemented
ordered subset expectation maximization (OSEM) iterative reconstruction algorithm
with 12 iterations and 15 subsets. On the other hand in the study image reconstruc-
tions were performed by CASToR program using maximum likelihood expectation
maximization (MLEM) reconstruction algorithm with 12 iterations and 15 subsets.
OSEM algorithm is a block-iterative version of MLEM developed in order to improve
the speed of MLEM algorithms which are computationally intensive. They are the
most widely used technique on commercial nuclear medicine computer systems and

have been in use for routine clinical practice [45, 46].

The most important limitations of this study were about the phantom used.
SIMIND Monte Carlo program [19] supports lots of phantom models and the ZUBAL
[18] torso phantom with no arms and legs is one of the most widely used phantom in
research. Although it is very easy to make realistic studies over this anthropomorphic
phantom by SIMIND as this phantom was created from sets of segmented images of
living human males it was very difficult to model a female patient with breast cancer
and to locate the SLIN and IS in the phantom because of lack of appropriate breast
organ structure in the human male phantom compared to human females. Most of the
clinical studies in the literature together with the ones [4, 16] which were the origin
of this study are mostly focused on female breast cancer patients. The risk of using
a male anthropomorphic phantom could be mitigated with the data reported in the

literature [5] that between female and male breasts there was no significant difference.

The second important limiting factor for this study was that the activity uptake
of soft tissues such as fat, muscle, skin which spread all over the body cannot be

confined around the study of interest. Therefore in this study it was not able to define
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and implement an SLN to background activity ratio for fat and muscle tissues around
the axilla and the relative activities in the simind.zub file were zeroized. This the most
important constraint of the study which caused to model only SLIN and IS and ignore
the activity effects of the surrounding tissue (background) of the SLN. Nevertheless
because in this study one of the extreme cases (an SLN in closed proximity to IS) which
necessitates additional SPECT/CT imaging to lymphoscintigraphy was modeled, the
negative effect of this important constraint was mitigated. As simind.zub file is used
for both activitiy and density maps, densities of the organs defined in simind.zub file
enabled attenuation and scatter corrections even though the relative activities of the

organs were ignored and zeroized.

Lastly, the simulation tools are black box solutions therefore even the simulation
input can be changed there is no possibility to interfere with the underlying algorithm,
physics of these tools and the study results are shaped according to the intrinsic struc-
ture of them. Therefore using well-known, reputable simulation tools is of essential

importance.

The decision of sample size of a simulation study is influenced by the fluctuations
or standard deviations of each simulation run and the time that can be devoted to the
study. Because of the randomness nature of Monte Carlo simulations a varying output
in spite of the same input is an expected thing. In order to decide on an effective
simulation sample size in terms of output data dependability (quality of data) and
the elapsed time, cumulative averages of the results were traced after each subsequent
simulation and simulations were stopped when cumulative of the averages observed
as stable. Even though the more sample means more reliable results considering the
time limit 10 simulations for each collimator (LMEGP and LEHR) as a SPECT

simulation sample was decided as adequate in this study.

Eliminating or mitigating the limitations experienced in this study might yield
more realistic results for the next simulation studies in simulation and optimization of

SLN mapping with SPECT imaging regarding breast cancer.
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The method presented in this study will enable further Monte Carlo simula-
tion studies with digital anthropomorphic phantoms concerning the optimization of
multiple acquisition and processing parameters of SLN SPECT imaging such as dif-
ferent gamma camera(s), collimator settings, patient dimensions, and reconstruction
correction methods (attenuation, scatter) in breast cancer examinations realistically,
accurately and at a lower cost than physical phantom or clinical studies. The depend-
able results of these simulation studies will support and guide the subsequent patient

and phantom studies and increase the effectiveness of their outcomes.
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5. CONCLUSIONS

In order to improve the preoperative SLN mapping in breast cancer staging
using SPECT/CT imaging, the aim of this study was to simulate and optimize SLIN
detectability optimization depending on various reconstruction correction methods (at-
tenuation, scatter) and collimator types (LMEEGP, LEHR) with a SPECT Monte

Carlo simulation method for the first time.

In case of an SLN in a close proximity to the injection site, attenuation cor-
rection alone of SPECT/CT imaging might yield the best SLIN contrast and scatter
correction alone might yield the worst SLIN contrast. For the same case using an
LMEGP collimator with less septal penetration characteristics similar SLN contrast

levels can be achieved against LEHR collimator.

The study method validated in this study will enable further Monte Carlo simu-
lations concerning SLIN SPECT imaging in breast cancer examinations with different
gamma camera(s), collimator settings and reconstruction correction methods, and pa-

tient variability.

5.1 List of publications produced from the thesis

1. Monte Carlo Simulation of Sentinel Lymph Node SPECT/CT, A. Guvenis, A.
Yuksel, Life Science and Medicine, International Congress On Biological And
Medical Sciences, pp. 72, Oct. 31-Nov. 3,2018.
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APPENDIX A. SUPPLEMENTARY RESULTS

Sample SPECT simulation reports (Figure A.1, Figure 39A.2), SLN contrast
measurements of reconstructed simulations (Table A.1-Table A.4), individual and cu-
mulative averages of SLN contrasts for reconstructed simulations (Figure A.3-Figure
A.6), the comparison graphs of SLIN contrast of LMEGP and LEHR. collimators

with attenuation correction (Figure A.7, Figure A.8) are appended in this section.

Table A.1
SLN Contrast Measurements of Reconstructed Simulations performed using the LMEGP Collimator.

Reconstruction | Evaluation Simulation #

Methods Parameters 1 2 3 4 5
Attenuation 5 7165 | 10126 | 10489 | 10137 | 8383
Correction b 3414 | 3686 | 3500 | 4077 | 2538
Contrast 0.35 | 047 0.50 0.43 | 0.54
None 5 4915 | 4879 | 5490 | 4891 | 4832
b 2690 | 2309 | 2274 | 3028 | 1546
Contrast 0.29 | 0.36 0.41 0.24 | 0.52
Scatter 5 1223 | 2275 | 3901 923 | 2882
Correction b 803 | 1047 | 1808 | 1661 | 1039
Contrast 0.21 | 0.37 0.37 | -0.29 | 0.47
Attenuation+ || 3§ 3588 | 5827 | 7289 | 5710 | 6887
Scatter b 1638 | 1892 | 3094 | 2115 | 2014
Correction Contrast 0.37 | 0.51 0.40 0.46 | 0.55
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SLN Contrast Measurements of Reconstructe'fia;)ilr(ramﬁ.‘jons performed using the LMEGP Collimator
(Continued).
Reconstruction | Evaluation Simulation # Cumulative
Methods Parameters 6 7 8 9 10 Average
Attenuation 5 8827 | 9466 | 7819 | 8655 | 6418 | 874911347
Correction b 3536 | 5778 | 2986 | 5436 | 4353 | 393041021
Contrast 043 | 0.24 | 045 | 0.23 | 0.19 0.38+0.12
None 5 5145 | 4891 | 4973 | 4892 | 4898 4981£198
b 2568 | 3992 | 2090 | 3598 | 3034 2713£726
Contrast 0.33 | 0.10 | 041 | 0.15 | 0.23 0.30+0.13
Scatter 5 1759 | 2199 | 1305 | 2037 | 4987 | 2349£1270
Correction b 1641 | 2882 | 788 | 2668 | 3062 17401862
Contrast 0.03 | -0.13 | 0.25 | -0.13 | 0.24 0.1440.25
Attenuation+ || 3 4517 | 5418 | 1990 | 6018 | 6497 | 5374£1610
Scatter b 2465 | 4648 | 1300 | 4238 | 4682 | 280941280
Correction Contrast 0.29 | 0.08 | 0.21 | 0.17 | 0.16 0.32+0.16
Table A.3
SLN Contrast Measurements of Reconstructed Simulations performed using the LEHR Collimator.
Reconstruction | Evaluation Simulation #
Methods Parameters 1 2 3 4 5
Attenuation s 35057 | 2695 | 14893 | 12448 | 3567
Correction b 9096 | 1485 | 4181 | 5607 | 1698
Contrast 0.59 | 0.29 | 0.56 0.38 | 0.35
None 5 21961 | 1506 | 9252 | 7666 | 1831
b 6154 | 1021 | 2755 | 3934 | 1079
Contrast 0.56 | 0.19 | 0.54 0.32 | 0.26
Scatter 5 10924 | 1137 | 4083 | 5257 | 934
Correction b 3203 | 851 1566 | 3719 | 691
Contrast 0.55 | 0.14 | 0.45 0.17 | 0.15
Attenuation+ s 21300 | 2321 | 7063 | 12544 | 2137
Scatter b 7300 | 1298 | 2437 | 5528 | 1174
Correction Contrast 0.49 | 0.28 | 0.49 0.39 | 0.29




SIMIND Monte Carlo Simulation Program

ve.l

InputFile: simind

Collimator:pb_sb

SourceFile: smap

CutputFile:simindl185 Cover: al SourceMap: vox_man

Phantom(S) :h2o Crystal: nai DensityMap: vox_man

Phantom(B) :bone BackScatt: lucite ScoreFile: scattwin

PhotonEnergy 140.00 sy-me PhotonsPexProj
8080

SourceType ZubalVoxman SPECT Ectivity
370.000

PhantomT ype ZubalVoxman BScatt DetectorLenght
22.250

DetectorWidth 29.550 Random DetectorHeight
0.950

UpperEneWindowTresh 150.500 Phantom Distance to det
26.500

LowerEneWindowTresh 129.500 Resolut ShiftSource (X)
0.000

PixelSize (I) 0.400 Fozxced ShiftSource (Y)
0.000

PixelSize (J) 0.400 SaveMAP ShiftSource (Z)
0.000

HalfLength (S) 42,600 HalfLength (P)
48.¢00

Halfwidth (5) 0.000 Halfwidth (P)
0.000

HalfHeight (S) 0.000 HalfHeigh (P)
0.000

EnergyResolution 9.900 MaxScattexrCrder
10

GENERAL DARTR

keV/channel 1.000 Compiler INTEL
Windows

Photons/Bg 0.891 StartingAngle
0.000

CameraOffset (X) 0.000 CoverThickness
0.000

CameraCffset (Y¥) 0.000 BackscattexrThickn
5.000

MatrixSize (I) 128 IntrinsicResolut
0.380

MatrixSize (J) 128 REcceptancekngle
4.320

Emission type 2.000 Initial Weight
0.40801E+05

"NN" Scaling factor 1.000 Energy Channels

512
Photon Exit phantom
92.00

I

CutoffEnexgy
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Random number generator:

SPECT DATR

RotationMode

120
RotationZngle

Crbital fraction

Nr of projection
Projection start

Projection end

COLLIMATCR DATA FOR RCUTINE:Ray-Tracing by MC

CollimatorCode sy-me CollimatoxType
Parallel

HoleSize (X) 0.250 Distance (X)
0.0€0

HoleSize (Y) 0.289 Distance (Y)
0.1%9¢

Centershift (X) 0.155 Collimator effic
0.038

Centershift (Y¥) 0.268 CollimThickness
3.700

Hole Shape Hexagonal Space Coll2Det
0.000

X-Ray flag 0

CollDepValue (57) 0.000 CollDepValue (58)
0.000

CollDepValue (59) 1.000 CollDepValue (60)
0.000

NON-HCMCGENECUS PHANTCM DATA

RotationCentre 65, €5 Bone definition
1.190

CT-Pixel size 0.400 Slice thickness
0.400

StartImage 1 No of CT-Images
243

StepSize 0.200 CTmapOrientation
0

MatrixSize (I) 128 MatrixSize (J)
128

CenterPoint (I) €5.000 CenterPoint (J)
€5.000

CenterPoint (K) 122.500 ShiftPhantom (X)
0.000

ShiftPhantom (Y) 0.000 ShiftPhantom (2)
0.000

PHANTOM DATA FRCM FILE:

simind.zub SECTION: 1
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CRGAN
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lens 1.070 0 0.000E+00 0.000E+00 0.000E+00
0.0
cerebral aquadu 1.040 0 0.000E+00 0.000E+00 0.000E+00
0.0
teeth 1.920 0 0.000E+00 0.000E+00 0.000E+00
0.0
TUMCRS ADDED FRCM FILE:simind.inp
TUMCR VOL(pix) VOL (cc) MBg MBg/cc  CHANGE g/cm3
1 32 0.205E+01 0.366E+03 0.179E+03 none
2 8 0.512E+00 0.366E+01 0.71eE+01 none

SCATTWIN RESULTS USING WINDOW FILE: simind.win

Win WinAdded Range (keV) ScaleFactoxr
1 0 129.5 - 150.5 1.00
2 1 92.0 - 129.4 1.00
Win Total Scatter Primary S/P-Ratio S5/T Ratioc Cps/MBq

1 0.404E+07 0.340E+06 0.370E+07 0.919E-01 0.842E-01 0.911E+02
2 0.190E+07 0.169E+07 0.203E+06¢ 0.835E+01 0.893E+00 0.427E+02

Win Geo(Rir) Pen(Rir) Scal(Rir) Geo(Tot) Pen(Tot) Sca(Tot)
1 95.93% 2.99% 1.08% 96.01% 2.94% 1.05%
2 94 .,55% 3.49% 1.9¢e% 97.10% 1.87% 1.03%

Win SsC1 sC2 sC3 scC4 sC5 sCe sc7 sCc8 sc@
1 87.5% 10.8% 1.5% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
0.0%

2 59.6% 26.9% 9.6% 2.9% 0.8% 0.2% 0.0% 0.0%

Simulation start: 2019:03:08 20:23:07
Simulation stop : 2019:03:08 20:23:54
Elapsed time Oh Omin and 47sec

INTERACTIONS IN THE CRYSTAL

Detector hits...... H 5214
Detector hits/sec..: 167.
Max val in spectra.: 0.2906E+06
Max val in images..: 0.2288E+04
Count rate [Total]l.: 0.6151E+05
Count rate [Window]: 0.3370E+05

PHOTONS AFTER 1) CCLLIMATOR AND 2) WITHIN E-WIN

Geometric.....: 96.14% 96.01%
Penetration...: 2.45% 2.94%
Scatter Collim: 1.41% 1.05%
X-ray Collim..: 0.00% 0.00%

RESULTS FROM ENERGY SPECTRUM
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Scatter/Primary......: 0.9192E-01 18.¢e7% (1sD)

CALCULATED DETECTCR PARRMETERS
Efficiency [Peak]....: 0
Efficiency [Detector]: )
Sensitivity [cps/MBq]:

y [cpm/uCi]:

[Peak]..:
[Area]..:

Inifile: simind.ini
Comment: EMISSICN VMAN

Compton area in spectrum: 5.91% (1sD)
b 0 area in spectrum: 14.47% (1sD)
area in spectrum: 18.14% (1sD)
SCATTER RESULTS IN ENERGY WINDOW

Figure A.1 Report of simind185 Simulation performed using the LMEGP Collimator.
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SLN Contrast Measurements of Reconstruc‘;izbsliemﬁlﬁcions performed using the LEHR Collimator
(Continued).

Reconstruction || Evaluation Simulation # Cumulative
Methods Parameters 6 7 8 9 10 Average

Attenuation s 14235 | 5375 | 2372 | 18493 | 25426 | 1345610753
Correction b 8512 | 3079 | 1244 | 7857 | 6700 | 49463023
Contrast 0.25 | 0.27 | 0.31 | 0.40 0.58 0.40+£0.13
None 5 8086 | 3149 | 1517 | 10036 | 13535 | 7854+6472
b 5674 | 2068 | 884 | 5303 | 4398 3327+£2032
Contrast 0.18 | 0.21 | 0.26 | 0.31 0.51 0.33+0.15
Scatter 5 7034 | 480 | 583 | 7319 | 9745 47503927
Correction b 0672 | 1717 | 748 | 4115 | 3179 2546+1688
Contrast 0.11 | -0.56 | -0.12 | 0.28 0.51 0.174+0.33
Attenuation+ || 3 10728 | 811 | 1548 | 15526 | 20136 | 94117816
Scatter b 7852 | 2365 | 1129 | 6232 | 5528 4084+2666
Correction Contrast 0.15 | -0.49 | 0.16 | 0.43 0.57 0.28+0.30




SIMIND Monte Carlo Simulation Program

ve.l

InputFile: simind

Collimator:pb_sb

SourceFile: smap

CutputFile:simindl97 Cover: al SourceMap: vox_man

Phantom(S) :h2o Crystal: nai DensityMap: vox_man

Phantom(B) :bone BackScatt: lucite ScoreFile: scattwin

PhotonEnergy 140.00 sy-lehr PhotonsPerProj
8080

SourceType ZubalVoxman SPECT Ectivity
370.000

PhantomT ype ZubalVoxman BScatt DetectorLenght
22.250

DetectorWidth 29.550 Random DetectorHeight
0.950

UpperEneWindowTresh 150.500 Phantom Distance to det
26.500

LowerEneWindowTresh 129.500 Resclut ShiftSource (X)
0.000

PixelSize (I) 0.400 Fozrxced ShiftSource (Y¥)
0.000

PixelSize (J) 0.400 SaveMAP ShiftSource (Z)
0.000

HalfLength (S) 42,600 HalfLength (P)
48.600

Halfwidth (5) 0.000 Halfwidth (P)
0.000

HalfHeight (S) 0.000 HalfHeigh (P)
0.000

EnergyResolution 9.900 MaxScattexrCrder
10

GENERAL DARTR

keV/channel 1.000 Compiler INTEL
Windows

Photons/Bg 0.891 StartingAngle
0.000

CameraOffset (X) 0.000 CoverThickness
0.000

CameraCffset (YY) 0.000 BackscatterThickn
5.000

Matrix3ize (I) 128 IntrinsicResolut
0.380

MatrixSize (J) 128 Ecceptancekngle
2.954

Emission type 2.000 Initial Weight

0.40801E+05
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"NN" Scaling factor
512

Photon Exit phantom

92.000

Random number generator: ranMar

Energy Channels

CutoffEnexrgy

SPECT DATA

RotationMode
120

RotationZngle

Crbital fraction

Nr of projection
Projection start

Projection end

CCLLIMATOR DATA FCR ROUTINE:Ray-Tracing by MC

CollimatorCode
Parallel
HoleSize (X)
.01¢6
HoleSize (Y)
0.078

Centershift (X)
0.02¢

CenterShift (Y)
2.405

Hole Shape
0.000

X-Ray flag

CollDepValue (57)

[

CollDepValue (59)
0

sy-lehr
0.111
0.128
0.0¢64
0.110

Hexagonal

CollimatoxType
Distance (X)
Distance (Y)
Collimator effic
CollimThickness

Space Coll2Det

CollDepValue (58)

CollDepValue (60)

NON-HCMCGENECUS PHEANTCM DATA

RotationCentre
1.190

CT-Pixel size
0.400

StartImage
243

StepSize
0

Matrix3ize (I)
128

CentexPoint (I)
€5.000

CenterPoint (K)
0.000

ShiftPhantom (Y)
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Slice thickness
No of CT-Images
CTmapOrientation
MatrixSize (J)
CentexPoint (J)
ShiftPhantom (X)

ShiftPhantom (2)
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PHANTOM DATA FRCM FILE:

CRGAN
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cerebral falx 1.040 0 0.000E+00 0.000E+00 0.000E+00
0.0
eye 1.070 0 0.000E+00 0.000E+00 0.000E+00
0.0
lens 1.070 0 0.000E+00 0.000E+00 0.000E+00
0.0
cerebral aquadu 1.040 0 0.000E+00 0.000E+00 0.000E+00
0.0
teeth 1.920 0 0.000E+00 0.000E+00 0.000E+00
0.0
TUMCRS ADDED FRCM FILE:simind.inp
TUMCR VOL(pix) VOL (cc) MBg MBg/cc  CHANGE g/cm3
1 32 0.205E+01 0.366E+03 0.179E+03 none
2 8 0.512E+00 0.366E+01 0.71eE+01 none

SCATTWIN RESULTS USING WINDCW FILE: simind.win

Win WinZdded Range (keV) ScaleFactor
1 0 129.5 - 150.5 1.00
2 1 92.0 - 129.4 1.00
Win Total Scatter Primary S/P-Ratio S5/T Ratioc Cps/MBq

1 0.227E+07 0.189E+06¢ 0.208E+07 0.906E-01 0.831E-01 0.512E+02
2 0.106E+07 0.942E+06¢ 0.118E+06¢ 0.798E+01 0.889E+00 0.239E+02

Win Geo(Rir) Pen(Rir) Scal(Rir) Geo(Tot) Pen(Tot) Sca(Tot)
1 93.90% 4.72% 1.37% 93.93% 4.68% 1.39%
2 92.03% 4.21% 3.1¢e% 95.22% 2.81% 1.31%

Win SC1 sC2 sSsC3 sSC4 sC5 sCe sc7 sc8 sc¢9
1 87.4% 10.9% 1.5% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0%
2 59.1% 27.2% 9.8% 2.9% 0.8% 0.2% 0.0% 0.0% 0.0%

SCl10
0.0%
0.0%

Simulation start: 2019:03:13 22:34:25
Simulation stop : 2019:03:13 22:34:59
Elapsed time Oh Omin and 34sec

INTERACTIONS IN THE CRYSTAL

Detector hits...... H 6105
Detector hits/sec..: 238.
Max val in spectra.: 0.1650E+06
Max val in images..: 0.1940E+04
Count rate [Total]l.: 0.3452E+05
Count rate [Window]: 0.1894E+05

PHOTCNS AFTER 1) COLLIMATCR AND 2) WITHIN E-WIN
Geometric.....: 94.,48% 03.93%
Penetration...: 3.82% 4.68%
Scatter Collim: 1.70% 1.39%
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RESULTS FROM ENERGY SPECTRUM

Compton area in spectrum: 0.1785E+07 5.91% (1sD)
Photo area in spectrum: 0.2273E+07 15.27% (1sD)
Pileup area in spectrum: 0.8519E+05 13.72% (1sD)

SCATTER RESULTS IN ENERGY WINDOW

Scatter/Primary......: 0.9064E-01 15.10% (1sD)
Scatter/Total........: 0.8310E-01

ScatterOrder 1 .....: 87.4344 %

ScatterOrder 2 .....: 10.8894 %

ScatterOrder 3 .....: 1.4247 %

ScatterOrder 4 .....: 0.1912 %

ScatterCrder 5 .....: 0.0003 %

CALCULATED DETECTCR PARAMETERS

Efficiency [Peak]....: 0.5221 15.27% (1sD)
Efficiency [Detector]: 0.9517
Sensitivity [cps/MBqg]: 51.1872
Sensitivity [cpm/uCi]: 113.6355
Peak/Compton [Peak]..: €6.3345
Peak/Compton [Rreal..: 1.2734
Peak/Total.....uuuunnt 0.54%¢

Inifile: simind.ini
Comment: EMISSION VMAN

Command: simind simindl97/in:x22,5x/if:2

Figure A.2 Report of simind197 Simulation performed using the LEHR Collimator.

SLN Contrast
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Figure A.3 SLN Contrast Results for Reconstructions of Simulations performed using the LMEGP
Collimator.
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Cumulative Average of SLN Contrast
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Figure A.4 Cumulative Average of SLN Contrasts for Reconstructions of Simulations performed
using the LMEGP Collimator.
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Figure A.5 SLN Contrast Results for Reconstructions of Simulations performed using the LEHR,

Collimator.
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Figure A.6 Cumulative Average of SLN Contrasts for Reconstructions of Simulations performed
using the LMEGP Collimator.
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SLN Contrast with Attenuation Correction
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Figure A.7 SLN Contrast of LMEGP and LEHR Collimators with Attenuation Correction.
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Figure A.8 Cumulative Average of SLN Contrasts for LMEGP and LEHR Collimators with Atten-

uation Correction.



Table A.5
Penetration and Sensitivity Performance of LMEGP and LEHR Collimators.
Collimator || Reference File Penetration (%) Sensitivity
After Collimator
(cpm/kBq)

LMEGP simind180.res 241 5.55
simind181.res 2.47 5.46
simind182.res 2.48 5.46
simind183.res 2.42 5.45
simind184.res 2.47 5.44
simind185.res 2.45 5.46
simind186.res 2.49 5.45
simind187.res 2.51 5.46
simind188.res 2.49 5.42
simind189.res 2.48 0.47

LMEGP Average 2.47 5.45

LEHR simind190.res 3.80 3.08
simind191.res 3.85 3.07
simind192.res 3.88 3.07
simind193.res 3.83 3.06
simind193.res 3.83 3.06
simind194.res 3.82 3.07
simind195.res 3.81 3.07
simind196.res 3.84 3.06
simind197.res 3.82 3.07
simind198.res 3.83 3.07
simind199.res 3.83 3.08

LEHR Average 3.43 3.07
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