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A B S T R A C T   

Purpose: Monte Carlo modelling of SPECT imaging in Molecular Radiotherapy can improve activity quantifica-
tion. Until now, SPECT modelling with GATE only considered circular orbit (CO) acquisitions. This cannot 
reproduce auto-contour acquisitions, where the detector head moves close to the patient to improve image 
resolution. The aim of this work is to develop and validate an auto-contouring step-and-shoot acquisition mode 
for GATE SPECT modelling. 
Methods: 177Lu and 131I SPECT experimental acquisitions performed on a Siemens Symbia T2 and GE Discovery 
670 gamma camera, respectively, were modelled. SPECT projections were obtained for a cylindrical Jaszczak 
phantom and a lung and spine phantom. Detector head parameters (radial positions and acquisition angles) were 
extracted from the experimental projections to model the non-circular orbit (NCO) detector motion. The gamma 
camera model was validated against the experimental projections obtained with the cylindrical Jaszczak (177Lu) 
and lung and spine phantom (131I). Then, 177Lu and 131I CO and NCO SPECT projections were simulated to 
validate the impact of explicit NCO modelling on simulated projections. 
Results: Experimental and simulated SPECT images were compared using the gamma index, and were in good 
agreement with gamma index passing rate (GIPR) and gammaavg of 96.27%, 0.242 (177Lu) and 92.89%, 0.36 
(131I). Then, simulated 177Lu and 131I CO and NCO SPECT projections were compared. The GIPR, gammaavg 
between the two gamma camera motions was 99.85%, 0.108 for 177Lu and 75.58%, 0.6 for 131I. 
Conclusion: This work thereby justifies the need for auto-contouring modelling for isotopes with high septal 
penetration.   

Introduction 

Patient-specific dosimetry enables a major paradigm shift in the 
administration of Molecular RadioTherapy (MRT), from a “one size fits 

all” approach, where all patients receive the same activity, to person-
alised medicine, where the administered activity is assessed specifically 
for each patient. Clinical dosimetry comprises three main steps: deter-
mination of the spatial distribution of the radiopharmaceutical in 
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different organs at various times after radiopharmaceutical adminis-
tration, most often based on quantitative scintigraphic imaging; 
assessment of the pharmacokinetics by integrating the Time Activity 
Curves (TACs) to provide the total number of radioactive decays in the 
source organs, also called cumulated activity or time-integrated activity; 
and calculation of absorbed doses, based on the radioactive decay dis-
tribution assessed in the previous steps, the energy emitted per decay for 
the radioisotope of interest, and radiation interactions within propa-
gating media [1]. 

Clinical dosimetry relies on the accuracy of each of these steps. 
However, due to the variety of protocols developed and used, there is a 
large heterogeneity in dosimetry approaches. A major issue today in 
clinical dosimetry is that no standard operating procedures exist [2,3]. 
One of the reasons is difficulty in uncertainty assessment for every step 
of the clinical dosimetry workflow. 

The DosiTest [4] project initiated by our team aims to evaluate the 
impact of the various steps contributing to a dosimetry study by 
benchmarking approaches against Monte Carlo (MC) modelling. 

This work highlights one specific aspect of the DosiTest project, i.e. 
improving quantitative imaging by modelling scintigraphic imaging in 
MRT. Scintigraphic imaging used in clinical dosimetry includes 2D 
planar imaging, modelling of which has already been addressed by Costa 
et al. [5]. In this paper, we consider 3D scintigraphic imaging (Single 
Photon Emission Computed Tomography, or SPECT) modelling. SPECT 
is based on acquisitions performed using a detector or gamma camera 
rotating around the patient, either with a fixed radius or with a variable 
distance from the patient (auto-contouring). The trajectory of the de-
tector around the patient affects the system resolution and sensitivity of 
the gamma camera as it is distance dependent, especially when radio-
nuclides with high septal penetration are used. As a result, the image 
quality deteriorates, potentially impacting activity quantification, as the 
distance between source (patient/phantom) and detector increases. 

Therefore, a non-circular detector orbit following the contour of the 
patient is typically used to optimize spatial resolution and uniformity 
[6,7]. This acquisition mode is nowadays considered as the default for 
SPECT imaging [8,9]. 

The modelling of scintigraphic imaging is performed in our team 
using GATE (Geant4 Applications for Tomographic Emission) [10–12]. 
GATE is an open source platform that allows the easy design of different 
medical imaging devices for emission tomography. In addition, it per-
mits the modelling of time dependent phenomena including detector 
motion, activity distribution over time, radioactive decay and patient 
motion in order to simulate realistic acquisition conditions. 

Gamma camera modelling in GATE requires the explicit modelling of 
the collimator (low, medium or high energy), the NaI(Tl) crystal, and a 
back-compartment to account for the electronics and lead shield. The 
geometry and composition are modelled according to the 

manufacturer’s specifications. The back-compartment module is 
designed to model the light guide, photomultiplier tubes (PMTs) and 
associated electronics. The number of detector heads and their move-
ment around the patient or phantom need to be described. Then, the 
behaviour of the electronics (digitization) must be modelled based on 
spatial and energy resolution, and the selected energy windows. 

Modelling SPECT imaging requires not only the development of a 
gamma camera model (detector) but also the model of the imaged ob-
ject, based on a patient or phantom (physical test object) used in 
experimental acquisitions. 

In GATE, detector and patient are defined as two independent vol-
umes (spaces). This allows for the implementation of the detector head 
movement around the patient without having to create a separate input 
file for each SPECT projection, which represents a major asset of GATE. 
However, the two volumes cannot overlap. 

Until now, SPECT acquisition modelling with GATE only considered 
circular orbit (CO) movement of the detector around the patient, i.e. the 
detector rotation around the patient was performed with a fixed radius 
for every step angulation, large enough so that no detector/patient 
collision could occur. In that context, non-circular orbits (NCO) could 
not be modelled, despite being the standard SPECT acquisition in clin-
ical practice. This paper focuses on the implementation of the auto- 
contouring motion in SPECT imaging in GATE, and assessing its 
impact on simulated projections. 

Materials and methods 

Experimental imaging was performed for 2 isotopes (177Lu and 131I) 
on different gamma cameras and using different phantoms. This was 
further used to design and validate SPECT imaging simulations with 
GATE. 

Experimental acquisitions with 177Lu were performed on a Siemens 
Symbia T2 camera, using a 2-organ phantom [13] (Fig. 1) developed 
during the joint research European project “Metrology for clinical 
implementation of dosimetry in molecular radiotherapy (MRTDosim-
etry)” [14]. 

Experimental acquisitions with 131I were performed on a GE Dis-
covery 670 camera, using an anthropomorphic SPECT torso phantom or 
lung spine phantom (ANT) [15]. 

Next, to evaluate the importance of modelling auto-contouring mo-
tion, SPECT images were simulated using gamma camera models and a 
more realistic 4-organ phantom model, also designed during the 
MRTdosimetry (MRTD) project, with both CO and NCO motion, for the 
two radioisotopes considered experimentally. 

Fig. 1. The MRTdosimetry 2-organ (spleen and right kidney) phantom: (a) and its transaxial CT cross section (b).  
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Validation of gamma camera models 

Experiments 

Phantoms. A 3D printed phantom developed by The Christie NHS 
Foundation Trust, UK as part of the MRTD project was used in this work 
[14,16]. The 2-organ phantom includes two realistically shaped 
abdominal organs, namely a spleen and a two-compartment right kid-
ney, inserted into a cylindrical Jaszczak phantom (with a diameter of 

21.6 cm and height of 18.6 cm for the active volume) (Fig. 1). The 
kidney is divided into two compartments: medulla and cortex. Features 
such as base plates, screws and supports were added to complete the 
phantom. 

The anthropomorphic lung and spine torso phantom (model ECT/ 
TOR/P) consists of a large, body shaped cylinder with lungs, liver and 
spine inserts. A spherical “tumour” insert is placed in the liver. The 
phantom mimics the upper torso of an average to large male patient. The 
anterior-posterior and lateral outer phantom dimensions are 26 cm × 38 
cm, while the inner dimensions are 24 cm × 36 cm. The wall thickness is 
9.5 mm [15] (Fig. 2). 

Experimental SPECT acquisitions of the 177Lu-filled MRTD 2-organ 
phantom were performed at the University Hospital Würzburg (UKW), 
Germany on a dual-head Symbia T2 gamma camera (Siemens Healthi-
neers, Germany) equipped with a medium energy (ME) collimator and a 
15.8 mm (5/8′′) crystal to derive the source distribution to be used in 
Monte Carlo simulations. Subsequently, a low-dose CT scan (130 kVp, 
512 × 512 × 78 matrix, 0.98 × 0.98 × 5 mm resolution) was acquired 
for attenuation correction and as a template for geometry construction 
in Monte Carlo simulations. 

Experimental 131I SPECT/CT acquisitions of the lung and spine ANT 
phantom were performed at The Christie (Manchester, UK) on a GE 
Discovery 670 (GE Healthcare, USA) equipped with a high energy (HE) 
collimator and a 9.5 mm (3/8′′) crystal. The corresponding low-dose CT 
dataset was acquired with the following parameters: 120 kVp, 512 ×
512 × 161 matrix, 0.98 × 0.98 × 2.5 mm resolution. 

Table 1 and Table 2 show acquisition parameters for each phantom 
and gamma camera at UKW and The Christie, respectively. Sixty SPECT 
projections per head in step-and-shoot mode with an angular step of 3◦

(providing a total of 180◦ per head) were acquired in both cases. The 
choice of energy windows (both photopeak and scatter) and their width 
was made by each clinical centre and represents what is currently used 
in their clinical acquisition protocols. 

Activity distribution in different compartments of the phantoms. Activities 
(177Lu/UKW) in the spleen, right kidney cortex (RKC) and right kidney 
medulla (RKM) of the 2-organ phantom with the total activity in the 
phantom are reported in Table 3. These values are based on the activities 
of the stock solutions used in the SPECT/CT acquisition. They were 
determined using a VDC-405 dose calibrator with a VIK-202 ionization 

Fig. 2. ANT (anthropomorphic torso phantom, model ECT/TOR/P) with lungs, liver and cylindrical spine inserts (Data Spectrum CorporationTM) (a) and its 
transaxial CT cross section (b). 

Table 1 
Acquisition parameters for experiments at UKW.  

UKW (Siemens Symbia T2 gamma camera with 177Lu) 

Phantom Acquisition parameters 

Matrix 
size 

Pixel size 
(mm2) 

Time per proj. 
(seconds) 

Energy windows 

2-organ 
MRTD 
phantom 

128 ×
128 

4.795 ×
4.795 

20 SC: 178 keV 
(166.14–186.9 keV) 
PP: 208 keV 
(186.9–228.44 keV) 
SC: 238 keV 
(228.44–249.2 keV) 

SC: scatter window; PP: photopeak or main window. 

Table 2 
Acquisition parameters for experiments at The Christie.  

The Christie (GE Discovery 670 gamma camera with 131I) 

Phantom Acquisition parameters 

Matrix 
size 

Pixel 
size 
(mm2) 

Time per 
proj. 
(seconds) 

Energy windows 

Lung and 
spine ANT 
phantom 

128 ×
128 

4.418 ×
4.418 

30 SC: 317 keV 
(307.6–326.62 keV) 
PP: 364 keV 
(328.05–400.95 keV) 
SC: 414 keV 
(401.47–426.31 keV) 

SC: scatter window; PP: photopeak or main window. 

Table 3 
Activities (MBq) in the 2-organ MRTD phantom and the lung & spine ANT phantom.  

Centre Phantom Isotope Liver Spleen RKC RKM Tumour BG Total 

UKW MRTD 2-organ 177Lu  –  178.6  108.7  16.1  –  –  303.4 
The Christie ANT Lung & Spine 131I  51.6  –  –  –  5.06  186.76  243.42 

RKC = Right Kidney Cortex; RKM = Right Kidney Medulla; BG = Background; Total = Total activity in the entire phantom. 
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chamber (Comecer SpA), cross-calibrated to a high-purity germanium 
detector (Canberra Industries Inc.) whose energy-dependent efficiency 
was calibrated with several NIST and National Physical Laboratory–-
traceable standards over the energy range considered. 

Activities (131I/The Christie) for the lung and spine ANT phantom are 
also presented in Table 3. These values are based on the activity con-
centrations of the stock solutions and the weights of the compartments 
before and after filling. Activities were determined using a Capintec55t 
dose calibrator, whose calibration factors were calibrated with National 
Physical Laboratory–standards and a Fidelis secondary standard cali-
brator. Weights/volumes of the background and the cylinder were 
determined on a calibrated scale to 1 ml. 

Simulations 
Simulated SPECT imaging was designed and validated based on 

experimental acquisitions performed on the MRTD 2-organ phantom 
(Symbia T2 gamma camera and 177Lu) and the ANT lung & spine 
phantom (GE Discovery gamma camera and 131I). 

Modelling the motion of gamma camera. The models of the Siemens 
Symbia T2 gamma camera and the GE Discovery 670 were derived from 
the previous works of Costa et al. [5] and Autret et al. [11] respectively. 

To model NCO, information including radial position (radial distance 
of the detector from the centre of rotation), start angle (position of the 

detector around the patient at the start of the acquisition) and angular 
step (angular scan arc step between projections) were extracted from the 
experimental SPECT projection DICOM headers. Polar coordinates were 
converted to Cartesian coordinates to obtain the positions of the gamma 
camera head in ×, y and z as required by GATE using Python 3 [17]. The 
placements (positions along with the rotation angle, axis and time) of 
each detector head were written in a file format readable by the Generic 
Repeater Move class of GATE. This class allows the definition of 
repeated configurations with a list of transformations (translations and 
rotations) in time for the implementation of NCO acquisitions. 

The patient table was not modelled in the simulations, however, the 
distances between the phantom and the camera head were obtained 
from the experimental conditions where the patient table was present. 
All energy windows considered for experimental acquisitions were 
modelled explicitly (see Table 1 & Table 2). 

Phantom modelling and NCO implementation in GATE. Labelled voxelized 
models of the phantoms created from the acquired CT scans were used in 
simulations. They will be called “phantom models” in what follows, to 
make the distinction from the real phantoms (Fig. 1b) [18]. 

By default, a phantom volume is a 3D square voxelized matrix with 
air around the phantom, as can be seen in Fig. 3. Hence, when the virtual 
gamma camera head approaches the phantom model, there is a collision 
between the two volumes (Fig. 3). This is a violation of Geant4/GATE 
conventions as different independent geometries cannot overlap. 

This required a new approach in the definition of the phantom model 
geometry to accommodate the gamma camera head trajectory. 

In order to solve this problem, the voxelized geometry definition was 
converted to a tessellated mesh phantom model. This concept of 
tessellation allows the subdivision of a geometry into finer meshes using 
triangle primitives or tetrahedral surfaces [19]. With this, the labelled 
regions of interest in the phantom model can be extracted individually as 
meshes, thereby eliminating the air region outside the phantom 
boundaries. This enables the gamma camera head to move as close as 
possible to the phantom model without collision and overlap within the 
virtual GATE environment, thereby allowing the replication of the 
clinical situation. 

In this work, triangular primitives were considered over tetrahedral 
mesh structures, in order to conform with GATE requirements. Trian-
gular primitives were generated by first selecting the coordinates cor-
responding to each segmented and labelled compartment of interest 
from the phantom model. This was followed by the generation of a list of 
vertices and faces to create meshes for each compartment, using python 
scripts with the NumPy [20] and SimpleITK libraries [21]. 

The object files (.obj) generated by this python script were then 

Fig. 3. Illustration of the geometry modelling issue in GATE: For some camera 
positions, the gamma camera head model overlaps the phantom model volume. 

Fig. 4. Creation of tessellated volumes with right kidney and spleen followed by the representation of the 2-organ phantom model with the two organs, support poles 
and baseplates (without the phantom model wall). 
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imported in Blender, an open source 3D image software [22] to merge 
triangles on planar faces and linear edges. This was done by dissolving 
the internal vertices and edges, thereby preserving the outer mesh sur-
face of the compartment. All faces were further triangulated and 
exported as stereolithographic (.stl) files, a triangular representation of 
3D surface geometry. Fig. 4 shows the triangulated mesh surfaces of two 
organs along with the assembled phantom model. These individual 
compartmental mesh surfaces were imported in GATE and converted 
into individual volumes with individual materials using the Geant4 
G4TessellatedSolid class. Materials were assigned to each volume based 
on information from the phantom CT. 

Radionuclide emission modelling and data output. Two radionuclides were 
used in this work: 177Lu and 131I. 177Lu (half-life of 6.64 days) is a beta/ 
gamma emitter with a growing number of indications (including 
neuroendocrine or prostate cancers). Emitted photons of 112.9 keV 
(6.2%) and 208.4 keV (10.4%) along with low energy X-rays can be used 
for diagnostic evaluation and dosimetry [23]. 

131I (half-life of 8.02 days) is a beta/gamma emitter. It is the most 
commonly used radioisotope in MRT, primarily for treatment of thyroid 
diseases. Photons of 284.3 keV (6.1%), 364.5 keV (81.5%), 637 keV 
(7.2%) and 722.9 keV (1.77%) [24,25] are emitted, thus allowing 
scintigraphic imaging. The presence of high energy photons requires the 
use of a high energy collimator but yet may result in septal penetration 
artefacts in scintigraphic images. 

Since gamma and X-ray photons contribute to the generation of 
SPECT images, only photon emissions were considered in the simula-
tion: 0.172 gamma emissions and 1.374 x-ray emissions (total of 1.546 
emissions) per disintegration were used for 177Lu and 1.007 and 0.818 
emissions of gamma and x-ray emissions respectively (accounting for a 
total of 1.825 emissions) per disintegration in case of 131I. The 
emstandard_option3 Geant4 physics list was used as it considers all 
electromagnetic interactions needed for imaging. Production cuts in 
form of range cut-off are used in GATE, which are internally converted 
to energy for individual materials, to prevent the generation of sec-
ondary particles. In this work, a range of 1 mm was applied to all vol-
umes (and corresponding materials). For example, in lead, this means 
that secondary photons with an energy level ≤ 100 keV will not be 

generated. 
Different outputs were generated from GATE. A projection interfile (. 

raw) format suitable for acquisition protocols using a multi-headed 
rotating gamma camera was saved. The projections corresponding to 
the particular energy window can also be obtained, but only if it is 
specified in the simulation’s macro files. 

GATE also permits the storage of hits and singles (output pulses) in 
the form of ROOT file (.root) to visualise and inspect the produced 
simulated data. This file contains information like position (in x, y, z), 
direction (dx, dy, dz), time, energy deposition and location of interac-
tion, type of particle corresponding to each hit [26]. This enables 
building projections for any energy window and width that may be 
required for scatter correction or further analysis. 

For this work, projections corresponding to all energy windows 
specified in Table 1 and Table 2 were simulated individually for 177Lu 
and 131I, respectively. 

Computation of the primaries / particles. Considering the total activity in 
each phantom with 60 projections per head, 20 s or 30 s per projection 
(2-organ or ANT phantom, respectively) and 1.546 or 1.825 emissions 
per decay (177Lu or 131I, respectively), the total number of primaries to 
be used in the simulations was computed and reported in Table 4. 

CO vs NCO acquisitions: 177Lu and 131I modelling 

For the comparison of circular detector motion and non-circular or 
auto-contouring detector motion, it is important to consider phantoms 
that mimic a realistic patient geometry. Clearly a cylindrical section 
phantom model is not adapted to the purpose. Hence, the elliptical 4- 
organ phantom (instead of the cylindrical 2-organ phantom) was used 
for generation of 177Lu NCO and CO SPECT projections with the Siemens 
Symbia T2 gamma camera model. 

The 4-organ phantom includes spleen, kidneys, and liver inserted 
into an ellipsoid phantom (with short radii, long radii and height of 10.6 
cm, 13.55 cm and 31.2 cm, respectively). A spherical tumour is present 
in the liver. Features such as base plates, screws and supports were 
added to complete the phantom (Fig. 5). 

The activity distribution for each compartment in the 4-organ 
phantom was derived from the compartmental pharmacokinetic model 
of Brolin et al. [27] assuming an administered activity of 7.4 GBq and 
adapted to reflect the volume of the individual compartments. A full set 
of time-activity curves (TAC) was generated for this realistic 4-organ 
phantom. For the purpose of NCO vs CO comparison, the activity dis-
tribution at 40 h post injection was considered to have sufficient sta-
tistics for simulations (Table 5). More information about the TACs 
considered is given the Discussion section. Acquisition parameters 

Table 4 
Conversion of activity to primaries.  

Phantom Activity 
(MBq) 

Radioisotope Yield (emissions/ 
decay) 

Primaries 
(particles) 

2-organ  303.4 177Lu  1.546 5.63 × 1011 

ANT  243.42 131I  1.825 8.00 × 1011  

Fig. 5. Elliptical phantom with 4-organs (spleen, liver, left (LK) and right kidney (RK)) with the spherical tumour in the liver (a) and transaxial CT cross section of the 
phantom (b). 
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similar to that of the 2-organ phantom were used except for the time per 
projection which was set to 30 s. The number of primaries used for the 4- 
organ phantom is reported in Table 6. 

For 131I, simulated NCO and CO SPECT acquisitions were modelled 
with the same lung and spine phantom on a GE Discovery 670 model, as 
presented in part A. There was no need to change the phantom model as 
the section of the ANT phantom is realistic enough to compare CO/NCO 
acquisitions. 

In case of NCO acquisitions, to generate the detector positions at 
different projection angles for both phantoms, information was extrac-
ted from acquisitions made experimentally with the 4-organ phantom 
and the ANT phantom at The Christie (radial positions from source to 
surface of the gamma camera). 

For CO acquisitions, the largest distance between the phantom model 
and the surface of the gamma camera was obtained from experimental 
acquisitions. 

For both acquisition types, the specific thickness of each gamma 
camera model was considered, to avoid any overlaps or collisions be-
tween phantom and detector volumes. 

Image comparison metrics 

Image comparison was performed using a range of metrics including 
the difference in profile magnitudes and the gamma index. 

Magnitude difference in profiles: For comparison of the series of 2D 
SPECT projections, flattened 1D profiles on the x-axis were created (for 
each projection) by summing all the counts along the y-axis. Then, the 
relative difference between profiles of experimental and simulated 
projections was calculated for each projection and a mean relative dif-
ference was computed considering all projections. 

Gamma index: Gamma evaluation methods are widely used in in-
tensity modulated radiotherapy (IMRT) to quantitatively compare 
absorbed dose distributions. This evaluation technique combines the 
absorbed dose difference (DD) criterion along with the distance to 
agreement (DTA) criterion to compare two absorbed dose distributions 
(namely reference or measured and evaluated or simulated absorbed 
doses). These criteria complement each other, thereby allowing access 
to the absorbed dose distribution calculation quality [28,29]. The 
gamma index of the reference γ( r→r) is defined as the minimum of 
generalised Γ functions as represented in equations 1–4 [30]: 

γ( r→r) = min{Γ( r→e, r→r)}∀( r→e) (1)  

Γ
(

r→e, r→r

)
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2( r→e, r→r)

ΔD2 +
r2( r→e, r→r)

Δd2

√

(2)  

δ
(

r→e, r→r

)
= De

(
r→e

)
− Dr

(
r→r

)
(3)  

r
(

r→e, r→r

)
=

⃒
⃒
⃒ r→e − r→r

⃒
⃒
⃒ (4)  

De

(
r→e

)
and Dr

(
r→r

)
represent the evaluated and reference absorbed 

doses respectively, r→e and r→r are the vector positions of the evaluated 
and reference points respectively, and ΔD and Δd are the DD and DTA 
criteria respectively. 

Hence, the gamma index is interpreted as the minimum distance 
between two distributions in a renormalized absorbed dose-distance 

space. Only if γ
(

r→r

)
≤ 1 is the evaluated distribution accepted. This 

means that each point in evaluated distribution is assessed to see if both 
the criteria pass or fail the selected tolerances (for e.g. 2% DD and 2 mm 
DTA). The gamma index pass rate (GIPR) specifies a percentage of 

γ
(

r→r

)
≤ 1 (indicating the points lying within the given DD/DTA 

acceptance criteria) [31]. This gamma index was used as a comparison 
metric to compare the SPECT projections considering the difference in 
counts as DD criterion and the spatial difference as DTA criterion. 

For the validation of the NCO implementation (i.e., experimental vs 

Table 5 
Activity distribution (MBq) in the 4-organ MRTD phantom.  

Phantom Radio-nuclide Liver Spleen RKC RKM LKC LKM Tum-our BG Total 

4-organ 
MRTD 

177Lu  145.41  54.6  31.91  5.02  38.32  6.03  27.38  79.44  388.11 

RKC = Right Kidney Cortex; RKM = Right Kidney Medulla; LKC = Left Kidney Cortex; LKM = Left Kidney Medulla; BG = Background; Total = Total activity in the 
phantom. 

Table 6 
Computation of primaries for the 4-organ phantom with 177Lu.  

Phantom Radioisotope Activity 
(MBq) 

Yield (emissions/ 
decay) 

Primaries 
(particles) 

4-organ 
MRTD 

177Lu  388.11  1.546 1.08 × 1012  

Fig. 6. Auto-contouring motion of the gamma camera around the 2-organ phantom model. Collimator (white); Crystal (grey); PMT (blue); SPECT head (red); 
Phantom model (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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simulated 177Lu SPECT images of the 2-organ MRTD phantom), DTA was 
set to the maximum difference in pixels between experimental and 
simulated images, while DD (i.e. the acceptable difference in counts in 
our case) was set to 2%. For the validation of 131I SPECT images of the 
lung and spine ANT phantom, DD, DTA criteria of 2%, 1 pixel were 
considered. 

Then, for studying the impact of NCO detector motion (i.e. CO vs 
NCO simulated SPECT images for 177Lu and 131I), DTA was set to 1 pixel 
(the maximum possible shift) and the DD criteria was set to 2%. In all 
cases, 2% was chosen as there is convergence of results above this value. 

Fig. 7. Simulated SPECT projections for the 2-organ phantom at different projection angles as the gamma camera in auto-contouring motion moves clockwise. a) 
Spleen is on the left and the right kidney on the right, b) shows the right kidney, c) shows the inverse of a) and d) highlights the spleen. 

Fig. 8. a) Simulated energy spectrum of 177Lu (energy in keV). The blue and green windows highlight the photopeak (208 keV) and two scatter energy windows 
(lower scatter at 178 keV and upper scatter at 238 keV) respectively; b) Simulated non-circular orbit of detector head (from ROOT). The semi-circular section in the 
positive Y-axis and horizontal elongation in the negative Y-axis verifies the position of the phantom and presence of the table, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Experimental (a) and simulated SPECT projection (b) at 180◦ of the 2-organ phantom (model) acquired with auto-contouring gamma camera motion along 
with gamma index map (c) (for photopeak energy window of 208 keV). 
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Results 

Validation of gamma camera (experimental vs simulated projections) 

Siemens Symbia T2 for 177Lu with 2-organ MRTD phantom 
SPECT projections were simulated for the 2-organ phantom model 

considering NCO or auto-contouring motion. Fig. 6 shows the movement 
of the gamma camera model containing the collimator and crystal along 
with the PMTs and electronics around the phantom model. From Fig. 6a 
to Fig. 6c, the camera head moves from 0◦ to 45◦ and 90◦. As the camera 
rotates, each head moves independently moving close or further from 
the phantom model. As can be seen in Fig. 6b, the camera heads are not 
equidistant from the centre of rotation, thus validating the auto- 
contouring acquisition mode (or non-circular movement) of the 
gamma camera in simulations. 

Simulated SPECT projections for the 2-organ phantom model (con-
taining the spleen and the right kidney) are shown in Fig. 7. These 
projections were modelled from 0◦ to 360◦ with an angular step of 3◦, 
thereby generating 120 projections in total (60 projections per head). 
The projections represented in this figure correspond to 0◦, 90◦, 180◦

and 270◦ from Fig. 7a to Fig. 7d, respectively. 0◦ and 180◦ projections 
correspond to the position of the gamma camera head below and above 
the table respectively. The gamma camera moves in a clockwise direc-
tion, which explains the appearance of the right kidney in the second 
and the spleen in the last projection individually. 

The measured (at UKW, Germany) and simulated energy spectra of 
177Lu (with two major gamma peaks at 113 keV and 208 keV, and the 

low energy X-ray peak at around 50 keV along with the Compton con-
tinuum) are shown in Fig. 8a, illustrating the similarity between ex-
periments and measurements, especially within the energy windows 
considered. The simulated non-circular detector movement in Fig. 8b 
shows the rotation of the camera heads around the phantom with each 
thin blue line representing the gamma camera plane at their respective 
3◦ angular step. It can be clearly seen that the gamma camera follows a 
non-circular trajectory. When the camera head passes above the phan-
tom in a positive y position, it is possible to get closer to the patient than 
when passing below the phantom due to the presence of the table. This 
explains the lower activity observed in Fig. 7a for 0◦, compared to Fig. 7c 
for 180◦. 

The experimental projections and the simulated projections for the 2- 
organ phantom (model) are shown in Fig. 9. 

Profiles were drawn for both sets of projections to assess their sim-
ilarity (Fig. 10). The two peaks in the profiles (Fig. 10a and Fig. 10c) 
represent the spleen and right kidney, respectively. This difference in 
counts between spleen and right kidney arises due to higher spleen ac-
tivity (Table 3). As the camera moves from 0◦ to 90◦, the right kidney is 
more prominently seen (Fig. 7b), thus explaining the presence of only 
one peak in the projection at 90◦ (Fig. 10b). Similarly, a mirror image of 
the projection at 0◦ is seen for the projection at 180◦, and when the 
camera moves further from 180◦ to 270◦, the spleen is more visible 
(Fig. 7d), thereby explaining the single peak for the projection at 270◦

(Fig. 10d). 
While comparing experimental and simulated profiles, projections at 

0◦ and 180◦ are quite similar except for the peak of the spleen at 0◦. In 

Fig. 10. Profiles of experimental (blue) and simulated (orange) SPECT projections at different projection angles for 177Lu. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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case of the projections at 90◦ and 270◦, an offset of approximately 6 
pixels between experimental and simulated profiles was seen, which was 
likely due to the centering uncertainties of the phantom during image 
acquisition (a tilt of a few degrees in the phantom positioning along the 
table axis was observed in the phantom CT). The simulated projections 
were adjusted for this shift, and therefore the simulated profiles at these 
angles are now closer to the experimental profiles. 

The distance to agreement (DTA) in the gamma index was set to 6 
pixels (as per the maximum shift observed in profiles) to understand the 

impact of the shift in the comparison of experimental vs. simulated 
projections. The acceptable difference in counts was 2% of the 
maximum count of the experimental image. The GIPR (gamma < 1) for 
the 2D global gamma index 2% − 6 pixels was 96.27% with gammaavg of 
0.242. The corresponding gamma index map is shown in Fig. 9c. This 
reveals the high similarity between the images, thereby validating our 
gamma camera model. 

Fig. 11. Experimental (a) and simulated SPECT projection (b) at 0◦ of the lung and spine ANT phantom acquired with auto-contouring gamma camera motion along 
with a gamma index map (c) (for photopeak energy window of 364 keV). 

Fig. 12. Profiles of experimental (blue) and simulated (orange) 131I SPECT projections of the ANT phantom at different projection angles. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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GE Discovery 670 for 131I with the lung and spine ANT phantom 
The auto-contouring motion modelling for the GE Discovery 670 

SPECT system with the lung and spine phantom was performed as 
explained previously for 177Lu imaging. 

Experimental vs. simulated SPECT images for the lung and spine ANT 
phantom are shown in Fig. 11. The tumour with high activity concen-
tration can be seen in the liver. The other regions with activity include 
liver and background. 

Fig. 13. Simulated projections for the 4-organ phantom with 177Lu considering auto-contouring motion (for photopeak energy window of 208 keV).  

Fig. 14. Profiles for comparison of circular vs. non-circular SPECT gamma camera motion for 177Lu and the 4-organ MRTD phantom at gamma camera position 
0◦ (left) and 60◦ (right). 

Fig. 15. Profiles for comparison of circular vs. non-circular SPECT gamma camera motion for 131I and the ANT phantom at gamma camera position 0◦ (left) and 
240◦ (right). 
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Profiles were drawn for both sets of projections to assess the simi-
larity as shown in Fig. 12. As can be seen, the profiles for projections at 
all angles are quite similar. A small dip in counts at the central × axis is 
observed in profiles at 180◦ due to the presence of the cylinder repre-
senting the spine in the phantom. 

The gamma index metric was used with 2%, 1 pixel criteria (DD, 
DTA). The GIPR (gamma index passing rate) with gamma < 1 for 2D 
global gamma index 2% − 1 pixel was 92.89% with an average gamma 
of 0.36. The gamma index map in Fig. 11c reveals good similarity, 
thereby validating our GE Discovery 670 gamma camera model. 

Simulation time 

The time required to complete the simulation without any optimi-
sation (variance reduction technique) was estimated to 2.24 to 3.25 
years on a single CPU core with 2,6GHz, 16 GB, thereby justifying the 
access to large computing resources. Brute-forced simulation of SPECT 
projections required from 12 to 16 h of computation time using from 
1620 to 1800 CPU cores at the regional high-performance computing 
(HPC) centre CALMIP [32]. Simulation time varied between simula-
tions, depending on the availability of cluster cores. 

Auto-contouring motion vs. Circular camera motion using 177Lu and 131I 

SPECT projections of the 4-organ phantom were simulated with non- 
circular camera motion for 177Lu as shown in Fig. 13. The spherical 
tumour present in the liver has the highest activity concentration and 
can be seen in the figure. The other coloured regions represent the 
different organs and background. 

Profiles were generated for NCO and CO gamma camera motion 
corresponding to both the 177Lu 4-organ MRTD and the 131I ANT 
phantom model. 

177Lu profiles at two gamma camera positions (0◦ and 60◦) are dis-
played in Fig. 14a and Fig. 14b. At gamma camera position 0◦, the 
effective radius (distance from the centre of rotation to the surface of the 
detector) is 197 mm and 325 mm for NCO and CO, respectively. At 60◦

gamma camera position, this distance for both motions is 325 mm, 
hence the profiles are similar. 

Similarly, profiles at gamma camera positions 0◦ and 240◦ for 131I 
are displayed in Fig. 15. The respective effective radii for NCO and CO 
correspond to 271 mm and 434 mm at 0◦. The same effective radii of 
434 mm are observed for both NCO and CO at 240◦ in case of the ANT 
phantom. 

The total magnitude difference between the profiles was computed. 
In the case of 177Lu, this maximum difference (over all projections) was 
around 2.6%. However, in the case of 131I, this difference increased up to 
13.13%. 

For the gamma index, DTA was set to 1 pixel (kept as minimum since 
there is no shift between the simulated geometries) and DD (here, 
counts) was 2% of the maximum counts of the experimental image. The 
GIPR (gamma < 1) in case of 177Lu for the 2D global gamma index 2% −
1 pixel was 99.85% with gammaavg of 0.108. However, in case of 131I, if 
the same 2% − 1pixel parameter is considered, the GIPR (gamma < 1) 
was 75.58% with a gammaavg of 0.6. This shows that there is a difference 
in the simulated 131I SPECT images between the CO and NCO 

acquisitions. 
Knowing that the mean relative difference between counts from 

profiles for 131I is around 13%, if a 2D global gamma index with 13% DD 
and 1 pixel DTA is considered, GIPR (gamma < 1) rises to 96.79%, with 
gammaavg decreasing to 0.35. This indicates that if a count difference of 
13% between images is acceptable, then 96.79% of points in the profiles 
agree. Therefore, it can be said that there is at least a difference of 
around 13% between CO and NCO gamma camera motion. 

Discussion 

The optimisation of the clinical dosimetry workflow may require the 
modelling of realistic SPECT images [35–36]. This work presents the 
new developments done in GATE to model the step-and-shoot auto- 
contouring motion of the gamma camera for generation of SPECT im-
aging. Step-and-shoot mode (static data acquisition) was adopted in this 
work because it is commonly used in clinical settings. Continuous 
acquisition mode (dynamic data acquisition) has been discussed in the 
literature [33] as a means to improve image quality and may potentially 
be simulated in Geant4/GATE with more research and validation. 

Extraction of information from the experimental DICOM images for 
modelling the movement of gamma camera around the object (phantom 
or patient) was quite challenging as the same tag may not reference the 
same property between manufacturers. For example, a gamma camera 
head rotating with 3◦ angular step and generating a total of 60 pro-
jections per head would have 60 radial positions per head. However, the 
tag ‘Radial position’ in one manufacturer can contain 60 values while for 
the other can have just 1 value (which has to be adjusted with another 
tag containing 60 offset values). Therefore, careful observation and 
analysis of the DICOM headers from different manufacturers for simu-
lations is paramount. 

The generation of individual tessellated meshes for each volume of 
interest was introduced in this work. The use of tessellated meshes 
instead of a voxelized phantom geometry enabled the detector head to 
approach the phantom model without collision in the GATE environ-
ment, thereby allowing for the modelling the auto-contouring detector 
motion. It is often asserted that mesh modelling of individual regions of 
interest and consequently the whole phantom is a time-consuming and 
cumbersome process in comparison to the use of voxelized phantoms. 
However, with the advancement of computational techniques, this step 
can be easily automated nowadays (using a python script for example). 
To avoid degrading simulation performance, each mesh compartment 
was optimized in Blender by reducing the number of vertices, faces, and 
edges to facilitate rapid geometry initialization in GATE. 

As the patient table was not modelled in simulations, any attenuation 
caused by the patient table was disregarded. This is not deemed to have 
a significant influence in our study, however it could be included in the 
future if necessary. 

The scatter-energy-window settings used for the simulations (±5% in 
case of 177Lu and ± 3% in case of 131I) were provided by the nuclear 
medicine departments in accordance with their local clinical 
procedures. 

The energy spectrum of 177Lu derived from simulations was 
compared to the experimental measured spectrum and was found to be 
fairly consistent (except in the lead x-ray region of the spectrum, since 

Table 7 
Activity (in MBq) in 4-organ phantom model corresponding to 177Lu pharmacokinetics.  

Time (h) Liver Spleen RK C RK M LK C LK M Tumour BG Total 

1  149.16  47.14  48.28  7.60  57.97  9.12  30.62  840.43  1190.32 
24  180.55  63.28  39.34  6.19  47.24  7.43  30.11  108.25  482.39 
40  145.40  54.60  31.91  5.02  38.32  6.03  27.38  79.44  388.10 
72  109.90  39.55  20.80  3.27  24.98  3.93  22.27  57.64  282.34 
144  61.23  19.11  8.07  1.27  9.69  1.53  13.84  29.02  143.76 

LK C, LK M - left kidney cortex and medulla respectively; RK C, RK M - right kidney cortex and medulla respectively; BG – background. 
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secondary photons with energy < 100 keV were not simulated in lead). 
Following this, simulated 177Lu SPECT projections were validated 
against experimental projections for the main energy window only i.e. 
208 keV ± 10%. Yet, the projections for the scatter energy windows i.e. 
the 178 keV ± 5% and 238 keV ± 5% as mentioned in the Table 1 were 
also simulated to correct for scatter during reconstruction (when it is 
performed). 

In the context of 131I SPECT imaging, the experimental energy 
spectrum was not available. Despite the fact that a simulated 131I energy 
spectrum was generated, this study is limited as no comparison to a 
measured spectrum was performed, thereby providing a limited vali-
dation for the main photopeak energy window (364 keV ± 10%). Yet, 
the full energy spectrum comparison was presented in the work of Autret 
et al. [11], on which the gamma camera model is based, for both colli-
mated and uncollimated detector heads. 

Simulations were performed using computational hours provided 
freely by the regional high-performance computing centre CALMIP. This 
facilitated the generation of simulated datasets within a reasonable 
timeframe. However, variance reduction techniques such as splitting, 
Russian roulette, or fixed forced detection, available in GATE, could be 
implemented to accelerate the simulations if needed. 

To highlight the relevance of modelling this acquisition mode, 
comparison of CO vs NCO was performed for both radionuclides. For 
177Lu, the ellipsoidal 4-organ cross-sectional MRTD model was chosen 
over the cylindrical 2-organ phantom model as it is closer to the rep-
resentation of an actual patient. 

Activity selected was derived from that presented in Brolin et al. [27] 
and adapted to reflect the volumes of the individual compartments. 
Time activity distribution were then generated representing the activity 
in each organ and tumour as a part of the MRT Dosimetry project. The 
time-activity table is presented below (Table 7). From this table, the 
activity distribution at 40 h post injection was selected, as it provided 
sufficient statistics for simulations. It is believed that the results pre-
sented would not be significantly impacted by the variation in activity in 
the different organs of the phantom model. 

Acquisition modelling was done for two radionuclides: 177Lu and 
131I. For 177Lu, CO and NCO acquisition modelling yields equivalent 
results, whereas for 131I relative differences are more pronounced. Also, 
the differences observed are more important for some angles. This can 

be explained in Fig. 16. The blue circle represents the circular motion of 
the gamma camera whereas the dark grey motion is the auto-contouring 
orbit. The patient (in this case phantom) is lying on the table. 

At angles 231◦, 240◦, or 112◦ (in green radii), it is clear that the 
distance between the centre of rotation and the gamma camera head is 
almost the same for CO and NCO, and hence the projections at these 
angles are reasonably similar. However, for projections at 0◦ (or 180◦), 
the distance between the center of rotation and the gamma camera head 
for CO and NCO are different, and therefore the projections will be 
impacted (more for 131I) due to septal penetration. As a nod to the fact, 
177Lu has main photon emission peaks at 113 keV (~6%) and 208 keV 
(~10.4%), and maximum gamma energy of 321.3 keV (~0.2%) while 
131I emits photons at 364 keV (~81.7%), 637 keV (~7.2%) and 723 keV 
(~1.8%). Even though the yield of 131I high energy photons is quite low, 
these photons have the possibility to cross through the collimator septa, 
thus reducing the image resolution and degrading the image quality 
[34]. This may elucidate why the impact of varying source-detector 
distance is more pronounced on 131I compared to 177Lu. 

Conclusion 

A new auto-contour step-and-shoot acquisition mode was developed 
in GATE. SPECT projections of different phantoms were modelled, and 
validated against experimental acquisitions for two gamma camera 
models, the Siemens Symbia T2 (with 5/8′′ crystal thickness and ME 
collimator for 177Lu imaging) and the GE Discovery 670 (with 3/8′′

crystal thickness and HE collimator for 131I imaging). 
Simulations of CO and NCO acquisition modes were performed for 

177Lu and 131I, and the projections were compared for each radionuclide 
to highlight the importance of modelling auto-contouring motion in 
GATE. The maximum relative difference in profiles between CO and 
NCO differences was 2.6% in case of 177Lu and around 13% in case of 
131I. This justifies the use of NCO acquisition mode in simulations 
especially for radionuclides featuring high septal penetration, for 
example, in the case of 131I SPECT/CT acquisitions for MRT clinical 
dosimetry. In that context, the potential activity underestimation caused 
by the use of a CO acquisition mode in simulations may impact the 
absorbed dose determination. Implementation of the auto-contouring 
motion was made for three phantom models. This work can be further 

Fig. 16. Circular (CO) vs non-circular orbits (NCO) acquisitions.  
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extended to model patient SPECT imaging with various gamma camera 
models and radionuclides. 
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