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T Department of Physics Background: Monte Carlo (MC) simulations are used in nuclear medicine imaging
and Astronomy, The University as they provide unparalleled insight into processes that are not directly experimen-
?L“;jgrf?‘e;the;yaalEZZS;;EK tally measurable, such as scatter and attenuation in an acquisition. Whilst MC is often
Teddington, LyJK ¢ used to provide a‘ground-truth; this is only the case if the simulation is fully validated
 Department of Radiology, against experimental data. This work presents a quantitative validation for a MC simula-
\L/Jv'\gracsessf;aw/"euds';a‘ School, tion of a single-photon emission computed tomography (SPECT) system.

*The Christie NHS Foundation Methods: An MC simulation model of the Mediso AnyScan SCP SPECT system
?F:';;a“l/‘;:‘fr:;sggxg Hospita installed at the UK National Physical Laboratory was developed in the GATE (Geant4
Guildford, UK ' Application for Tomographic Emission) toolkit. Components of the detector head

and two collimator configurations were modelled according to technical specifica-
tions and physical measurements. Experimental detection efficiency measurements
were collected for a range of energies, permitting an energy-dependent intrinsic
camera efficiency correction function to be determined and applied to the simulation
on an event-by-event basis. Experimental data were collected in a range of geometries
with ®°™Tc for comparison to simulation. The procedure was then repeated with '//Lu
to determine how the validation extended to another isotope and set of collimators.

Results: The simulation’s spatial resolution, sensitivity, energy spectra and the pro-
jection images were compared with experimental measurements. The simulation

and experimental uncertainties were determined and propagated to all calculations,
permitting the quantitative agreement between simulated and experimental SPECT
acquisitions to be determined. Statistical agreement was seen in sinograms and pro-
jection images of both *°™Tc and '”/Lu data. Average simulated and experimental
sensitivity ratios of (0.991 4 0.011) were seen for emission and scatter windows of 99m
Tc,and (0.897 £ 0.014) and (0.839 & 0.014) for the 113 and 208 keV emissions of '"’Lu,
respectively.

Conclusions: MC simulations will always be an approximation of a physical system
and the level of agreement should be assessed. A validation method is presented

to quantify the level of agreement between a simulation model and a physical SPECT
system.
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Background

The application of Monte Carlo (MC) simulation in nuclear medicine imaging has a
long history. It has been widely used in relation to single-photon emission computed
tomography (SPECT) imaging, from early studies of Compton scatter [1], to estab-
lishing practical methods for scatter correction [2], and work modelling full SPECT
systems and collimator models [3—5]. Multiple MC packages are available for nuclear
medicine applications [6—10].

To ensure that results generated from a simulation (MC or other method) are
adequate for their intended use, the simulation must be validated. This should be
achieved through comparison of experimental and simulated data with known meas-
urement uncertainties [11]. Full validation of a MC SPECT simulation requires vali-
dation of the emission, transport and interaction of radiation, the detection system
response, and validation that the generated tomographic information is compara-
ble to the physical camera’s response. Validation therefore requires consideration of
a number of experimental observables including the energy spectra, spatial resolu-
tion, sensitivity, movement of the gamma camera heads during the acquisition and
the recorded sinogram (counts per time frame). If the projection images are to be
reconstructed, additional validation of the reconstruction process is required. In this
work, we present a quantitative validation of a SPECT MC simulation by comparison
to experimental measurements.

This work used the GATE (Geant4 Application for Tomographic Emission) package
[12], an open-source extension to the Geant4 toolkit [13] dedicated to MC in medical
physics. GATE models have been developed for many different SPECT systems; a sum-
mary of publications can be found in [5]. All GATE model parameters, such as detector
geometry and physics processes, are configured by the user in GATE macros. It is then
up to the user to validate their simulation model with comparison to experimental data.
Many internal components of SPECT cameras, such as the electronics and collimator
internal geometries, cannot be readily experimentally measured by the user. Therefore,
simulation models often rely on manufacturer-provided technical specifications for the
geometry and composition of system components. Due to manufacturing tolerances,
there may be differences between these specifications and the manufactured systems,
leading to differences in photon interactions specific to each system. Thus, experimen-
tal data must be acquired to validate the simulation for each system independently. For
simulations of SPECT systems, an accurate collimator model is particularly important,
so the photon interactions with the collimator (such as septal penetration, scatter and
X-ray fluorescence) are modelled. Realistic parallel hole collimators have complex geom-
etries with tens to hundreds of thousands of holes which can lead to long computation
times for MC simulations [14].

An MC model of the Mediso AnyScan SCP system installed at the UK National Physi-
cal Laboratory (NPL) was developed in the GATE framework, and a validation method-
ology was tested. To date, there are no published works of full MC simulations of this

system (to the authors’ knowledge). The focus of this validation methodology was on



Pells et al. EJINMMI Physics (2023) 10:60 Page 3 of 25

quantifying experimental and simulation uncertainties and evaluating the agreement
between the simulation and experiment within their context. This quantitative validation
methodology would be applicable to a simulation of any camera in any MC software.

This validation procedure was performed for the commonly used clinical isotope **™
Tc. Planar acquisitions of point sources and SPECT imaging of water-filled phantoms
were used. The same simulation was then tested with phantoms of 177Lu, to determine
how the validation translated to another isotope and a different set of collimators.

Methods

The Mediso AnyScan Trio SCP (SPECT-CT-PET) system is a hybrid imaging system
with three imaging modalities. The SPECT component of the model installed at NPL has
a Nal(TI) scintillation crystal thickness of 9.5 mm and three detector heads. It can oper-
ate either in triple- or dual-head acquisition mode where the detector heads are at a 120°
or 180° separation, respectively. In dual-head acquisition mode, the third head is placed
at 90° to the other two, but does not acquire counts. A photograph of the system in
dual-head acquisition mode is shown in Fig. 1. Two collimators were considered in this
work: Low Energy High Resolution (LEHR) and Medium-Low Energy General Purpose
(MLEGP) collimators, recommended for imaging with *™Tc and 17’Lu, respectively. A

T . Electronics
Jﬂ /J{Light guide

Crystal

Phantom

Patient bed

Touch plate

Collimator

Fig. 1 Top: A photograph of the SPECT system in dual head configuration. The third head (left) is not used to
acquire data in this mode. Bottom: A visualisation of the simulation geometry with key components labelled.
Each detector head is surrounded by lead shielding; this is shown as a wire frame here but fully encases each
head
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Table 1 The specifications of the low energy high-resolution (LEHR) and medium-low energy
general purpose (MLEGP) collimators used in this work

Collimator LEHR MLEGP
Hole length (mm) 35 28
Hole diameter (mm) 1.5 19
Septal thickness (mm) 0.16 0.5

description of their hole sizes and septal thicknesses from the Mediso AnyScan cata-
logue [15] is given in Table 1.

Experimental data acquisition
Phantom acquisitions
Experimental acquisitions of **™Tc and }”/Lu were performed with LEHR and MLEGP
collimators, respectively. Images of each isotope were acquired with a uniform and a
localised distribution of activity. A cylinder with 20 cm internal diameter and height
was filled with a uniform solution of *™Tc. A commercial cylindrical Jaszczak phantom
was used for the 1”’Lu acquisition; with an internal height of 18.6 cm and a diameter of
21.6 cm [16]. A commercial NEMA phantom [17] with six active spheres in an inactive
background of water was used for both isotopes. The same activity concentration was
dispensed to all spheres. Water was used as a scattering medium due to its similar den-
sity to human tissue. All phantom scans were performed in dual-head acquisition mode
with a fixed detector radius of 250 mm; they are summarised in Table 2.

One emission (EM) and one scatter (SC) windows were simultaneously acquired for
9mTc imaging. A larger (5%) scatter window was used for the cylindrical phantom. 20%

Table 2 Details of the phantom scans performed

Isotope Phantom Activity (MBq) Time per
projection
(s)
99T Cylinder 103.91 £ 093 20
99T 6-sphere NEMA 1129410 32
771y Cylinder 3243+ 16 32
77y 6-sphere NEMA 17352 +0.87 32
Energy window Range (keV) Energy window Range (keV)
99mTc 177Lu
EM 140.5 £ 10% EM1 1129 £ 10%
SC (Cylinder) 119.0 £ 5% SCI 98.7 £ 3%
SC (NEMA) 1225+ 3% SC2 128.1 £ 3%
EM2 2084 £ 10%
SC3 182.1 £ 3%
SC4 236.3 £ 3%

Each acquisition was dual-head and tomographic, with the two SPECT heads each rotating over 180° in 60 projection
positions at fixed radius. The activity in the phantom at the start of each SPECT acquisition is provided (the activity at the
start of the EM1 acquisition is given for 177Lu). The total activity in all spheres is given for the NEMA phantoms. The energy
windows used in each scan are also given; EM refers to a photopeak emission window and SC to a scatter window
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Table 3 The percentage uncertainty components for activity per unit mass of *™Tc and '"’Lu
solutions used in the NEMA phantom

Uncertainty component Uncertainty (%)

99m 77
Capacitance 0.1 0.1
lon chamber reproducibility 0.1 0.1
Calibration factor 0.88 048
Standard error of the mean 0.0104 0.0209
Voltage change measurement 0.00624 0.00441
Volume correction 0.00061 0.00007
Decay correction to reference time 0.01074 0.00039
Decay correction within measurement (start to middle) 0.00326 0.00013
Decay correction within measurement (end to middle) 0.00326 0.00013
Background 0.01139 0.04539
Weighing (negligible) 151%107° 3.02x107°
Combined uncertainty 0.892 0.503

All components were combined in quadrature

emission and 6% scatter windows were acquired for the two emissions of 177Lu [18, 19].
The Mediso AnyScan system permits a maximum of four windows per scan so two con-
secutive scans with one emission and the adjacent scatter windows were performed.

Source activities were measured with the NPL secondary standard ionisation cham-
ber system (Vinten 671). The uncertainty budgets for the NEMA phantom activities are
given in Table 3. A final uncertainty of 0.892% and 0.503% was obtained, through adding
the components in quadrature, for °™Tc and 1”’Lu, respectively.

All experimental images were acquired in DICOM format with 128x128 matrices and
voxel sizes of (4.2578 mm)3. A CT scan was performed directly following each SPECT
scan, with 512x512 matrices of 0.9766 x 0.9766 x 0.625 mm? voxels.

Extrinsic spatial resolution

Point source measurements of ™ Tc were obtained to measure the extrinsic spatial res-
olution of the system with LEHR collimators. An active volume of approximately 0.5 ml
and 12 MBq was drawn into a 2.5 mL syringe which was positioned in a central, repro-
ducible position on a custom-made perspex board. A single detector head was posi-
tioned directly above the patient bed, at the minimum height permitted by the system
(106.5 mm). A static planar acquisition was conducted with a termination condition of
500,000 counts in an energy window of 140.5 keV £ 10%. This process was repeated for
three additional head radii: 150, 250 and 350 mm. Further measurements were made
with the head at 106.5 mm height and the source shifted laterally (150 mm in the long
axis of SPECT head - ‘CentreLeft’ and —150 mm in the long axis and 100 mm in the
short axis - “TopRight’). All experimental acquisitions used a 1024x1024 matrix with
pixel width 0.5322 mm to reduce the uncertainty on experimental position in the scan
(half the acquisition pixel size, or 0.2661 mm). The experimental acquisitions were then
down-sampled to 128x128 matrices to match SPECT pixel size used in the rest of this

work.
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Fig. 2 Experimental energy spectra for the background acquisitions with LEHR and MLEGP collimators. The
spectra have been plotted with 1 keV bins

Background radiation

Extrinsic background acquisitions with LEHR and MLEGP collimators were performed
to record counts with no source present. Tomographic acquisitions were acquired for
all energy windows used in the phantom acquisitions for 32 s per projection. The energy

spectra were extracted directly using manufacturer-provided software and are shown in
Fig. 2.

Intrinsic camera efficiency
Standard calibration sources were used to determine the experimental intrinsic effi-
ciency of the Mediso SPECT AnyScan system, these were 1°°Cd, 133Ba, 13°Ce, 210Pb, 24!

Am, P™Tc, 123™Te, and 17’Lu. A liquid solution of each radionuclide was dispensed to

Fig. 3 A photograph showing one of the calibration ampoules in a reproducible position on a custom-made

perspex board beneath a stationary SPECT head of the Mediso AnyScan SPECT system. The same position
was used for each source
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Table 4 The y emissions used to calculate the intrinsic detector efficiency

Isotope Energy (keV) Intensity (%) Activity (kBq)
210pp 46 4254004 32824034
241Am 60 359404 2762410
1334 81 329403 12930+ 0.88
109¢d 88 3644 4+ 0016 7554 + 046
771y 113 6.23 4+ 0.04 5123+ 25
99mTC 140 89+ 4 1706 £ 1.5
123mTe 159 840+ 04 58.325+ 0.085
139Ce 166 79.90 + 0.04 50.75 + 0.51
7L 208 1041 £0.04 5123425
13383 356 62.05+0.19 12930+ 0.88

The quoted activities correspond to the start of the planar acquisition and standard uncertainties are given. y emission
intensities are taken from [22]. Energy uncertainties are not given as they were significantly smaller than the energy
resolution of the SPECT camera

a 2 ml ISO ampoule [20] and placed in a reproducible position with the SPECT head
at a fixed radius of 455 mm. No collimators were used. All calibration source data were
acquired with a ®*™Tc energy-correction map [21]. A photograph of the set-up is shown
in Fig. 3. All sources were traceable to national primary activity standards, with activities
as shown in Table 4. Static acquisitions were acquired for 600 s for each source, apart
from 19°Cd and 21°Pb which were acquired for 3600 and 7200 s, respectively, to account
for their low count rates.

A Gaussian fit was applied to each photopeak in the energy spectrum of each isotope.
An absolute detection efficiency was then calculated for each of the peaks according to

N
‘T Aaxl, (1)

where N is the net count rate in the peak, A is the source activity, and I, is the emission
intensity of the y ray of interest. The uncertainty on the absolute efficiency, o, was deter-

mined through standard uncertainty propagation, assuming uncorrelated variables, as
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intensity, respectively.

Simulation model

A full MC simulation model was created for the Mediso AnyScan SPECT system based
on specifications provided by the manufacturer and physical measurements. GATE ver-
sion 8.2 with Geant4 version 10.05 was used. A detector head model was created and
positioned for either dual or triple head configuration, as per the physical camera. Each
head contained a 9.5 mm Nal thick crystal set as a ‘sensitive volume, meaning all interac-
tions within the volume were recorded. Geometric structures for the glass light-guide
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and the compartment housing the signal electronics were modelled in the simula-
tion, as they were found to contribute to scatter into the crystal (as seen in other work
[23]). The individual photomultiplier tubes were not defined in the simulation; instead,
a general ‘back-compartment’ material was used to mimic the density of the electrical
components, as suggested in [3]. In addition to SPECT, the AnyScan SCP system has a
computed tomography (CT) and a positron emission tomography (PET) ring, but these
were not included in the simulation.

Models for LEHR and MLEGP collimators were defined as uniform blocks of lead with
a rectangular array of hexagonal holes according to technical specifications of hole size
and septal thickness, shown in Table 1. An aluminium touch-plate was included in front
of the collimator and the detector head was surrounded by lead shielding. The plastic
casing surrounding the heads was not included in the simulation. A visualisation of the
simulation model with a geometric cylindrical phantom on the patient bed is shown in
Fig. 1, along with a photograph of the physical scanner.

The patient bed was defined from a CT image, in order to accurately describe its inter-
nal structure.

The CT scan of the phantoms was used to define the source geometry and attenuation
distribution in the simulation. The Hounsfield unit (HU) value of each voxel was attrib-
uted to a material density and elemental composition. The CT images were manually
segmented to determine regions for activity. The CT scan was used to ensure accurate
replication of the positioning and material composition of the phantom in the simula-
tion. The ‘ImageNestedParameterisedVolume’ feature in GATE was used to speed-
up the simulation of voxelised volumes [24]. For the calibration ampoules and point
sources, geometric source and phantom distribution were used due to the more simple

geometry and material composition.

Nuclear data, physics and digitisation models

Each radioactive source was defined as an isotropic ‘UserSpectrum’ with nuclear data
on radioactive emissions, energies and half-life from the ENSDF database [22]. All emis-
sions of y rays and X-rays were included as a discrete energy histogram according to the
energy and intensity provided by ENSDE. For ”’Lu, the B particle emissions were also
included in the source definitions as an ‘Arb’ histogram with linear interpolation, so that
any contributions from Bremsstrahlung were included. Radioactive decay was included
in all simulated acquisitions. In each case, the full experimental activity was simulated.

All physics processes such as scatter and attenuation within the phantom, collima-
tor and detector system were defined with the Geant4 emstandard_opt4 library with its
default parameters; this physics library has undergone extensive validation [25]. Produc-
tion range cuts of 0.05 mm were applied to photon tracking and 0.01 mm to electron
tracking in the simulation. These are converted into an energy threshold for each mate-
rial, below which no secondary particles are generated.

The scintillation process and light detection were not incorporated into the simulation
due to large computation times. Instead, the photon-detection process was modelled
through GATE digitisation modules, which convert photon interactions in the crystal
into digital counts and apply blurring to mimic the response of the physical system. An
‘Adder’ module was used to sum detected events. A Gaussian blurring of the energy
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spectrum was applied by with the ‘blurring’ command, defining an energy resolution of
9.5% at 140 keV, as stated by the manufacturer. The energy resolution was extrapolated
to other energies using GATE’s in-built default inverse square law function. A Gauss-
ian intrinsic spatial blurring was defined with GATE’s ‘spblurring’ with full-width half
maximum of 3.2 mm as quoted by the manufacturer [15]. The timing resolution of the
detector was not modelled as the dead-time percentage was found to be insignificant at
the activities used in this work (< 0.05% at 200 MBq of **™Tc which is almost twice the

phantom activities used here).

Simulation execution and post-processing

A simulation was conducted for each of the experimental acquisitions of point-sources,
calibration ampoules and phantoms. All simulations were split into parallel jobs and run
on a HTCondor cluster [26] with 660 total CPU cores.

The GATE ‘Singles’ output of all simulations were recorded in TTrees in ROOT, an
object-oriented programme developed by the CERN community [27]. Simulated energy
spectra were extracted directly from the TTrees.

To assess the intrinsic efficiency, a Gaussian fit was applied to the photopeaks in the
simulated energy spectra of the calibration ampoules. Equation 1 was used to calcu-
late the absolute detection efficiency of the simulation as a function of energy; these
are compared to the same measurements from the experimental data in Fig. 4a. The
intrinsic efficiency measurements showed that the simulation consistently overesti-
mated the efficiency and this effect was worse at low energy, suggesting that the simu-
lation digitisation modules do not accurately represent the signal-processing chain of
electronics in the physical system. To correct for this, the ratio of the experimental
and simulated efficiency was calculated for each peak of the calibration sources. An
efficiency correction function, €qor, was modelled as a function of energy, E, using the
equation

€cor(E) = a + bIn(E) + cIn?(E) (3)

where g, b and c are the fitted parameters of the function and In is the natural logarithm.
Such a function is commonly used for the efficiency of Nal detectors [28]. The fitted
€cor returned zero efficiency at 26 keV, rather than 2 keV seen in the experimental data.
Thus, the efficiency was fixed to zero at 2 keV and a linear extrapolation was applied
from the lowest-energy experimental data point. This energy region is significantly lower
than energies typically used for clinical SPECT imaging, so the linear extrapolation was
deemed sufficient. Figure 4b displays the logarithmic and linear functions applied to the
efficiency-correction data. Residuals of €cor to the data above 46 keV (the lowest experi-
mental data point) are shown in Fig. 4c; the error bars are the standard uncertainty on
each data point (calculated with Eq. 2) and the dashed lines represent the uncertainty of
the fit. The fit uncertainty was taken as the standard deviation of 1000 fits after perturb-
ing each data point by a random number following a normal distribution with sigma
equal to the point’s standard uncertainty.

A combination of the logarithmic and linear functions was used to correct the simula-
tion efficiency:
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Fig.4 The data used to create the efficiency correction. a The absolute efficiency calculated from the
experimental and simulated calibration sources. b The data points with the two fits as discussed in the text
and the superposition of the two functions which was used for the efficiency correction. The points show
the ratio of experimentally measured and simulated efficiency for the calibration sources with their standard
uncertainties. ¢ The residuals of the fit to the data. The error bars on the residuals are the standard uncertainty
of each data point and the dashed lines represent the uncertainty of the logarithmic fit

_ [ —0.0134 + 0.0067 E if E < 46 keV,
€cor —3.755 4+ 1.702 In(E) — 0.168 In>(E)  if E > 46 keV. (4)

This function was applied to the simulation output through Poisson sampling [29] on
an event-by-event basis to correct the efficiency of the simulation for all acquisitions.
The experimental background energy spectra were time-corrected and added to the
simulated energy spectra in ROOT. The manufacturer-provided software to extract the
experimental energy spectra resulted in a slightly different number of counts compared
to those from the projection images. The simulated energy spectra were therefore nor-
malised to the same total counts as the experimental energy spectra for each phantom.
This normalisation was applied only for the comparison of energy spectra and not in
other analyses, so did not affect the sensitivity comparison.

To create projection images, ROOT was used to split each simulation into 120 projec-
tions to replicate each static position of a detector head and set gates for the relevant
energy and scatter windows. An in-house code was then used to generate an interfile
image for each projection, applying the same matrix and pixel sizes as the experimen-
tal acquisitions. The background projections with the relevant energy window were
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time-corrected (with Poisson sampling) and added to the simulated projections on a
pixel-by-pixel basis.

Validation metrics

Several experimental observables were identified and used to validate the MC simula-
tion. These were the sensitivity, energy spectrum, spatial resolution, sinograms (counts
per time frame), and projection images.

The spatial resolution of the system was measured using the planar acquisitions of a
point source filled with ®™Tc in air. A linear profile with a 1-pixel width was defined
through the centre of each simulated and experimental image, and the counts along
that profile were recorded. The SciPy Orthogonal Distance Regression Python pack-
age [30] was used to apply Gaussian fits to each profile, accounting for uncertainty in
both dimensions. The Poisson statistical uncertainty was used as the uncertainty on the
counts for each pixel.

The other metrics were validated through tomographic phantom acquisitions of %™
Tc. Manufacturer-provided software was used to extract the energy spectrum from all
acquisitions for a direct comparison to the simulation. Sinograms were used to validate
that the movement of the SPECT heads was replicated in the simulation and that the
phantom and source had been defined appropriately. The peak signal-to-noise ratio was
used as quantification of the similarity of simulated and experimental images. Peak sig-
nal-to-noise ratio, PSNR, is defined for comparison of a simulated image g to an experi-
mental image f, both of size M x N, as

PSNR(f, g) = 20 log g 4 oS
,8) = 0810 MSE (5)

where the mean squared error (MSE),

1 M—-1N-1
MSE= - ; j;(f(z‘,j) —gG))? (6)

and MAX is the maximum possible pixel value of image f[31]; all images were unsigned
16-bit, so this value was 32768. The PSNR value tends to infinity as the mean square
error decreases, hence larger values of PSNR imply more-similar images. Since PSNR
is not an absolute quantity, a reference was created to provide a baseline against which
to compare the PSNR of the simulation and experiment. The reference PSNR was cal-
culated by comparing the experimental images to themselves shifted by 1 pixel in each
horizontal axis. The PSNR was calculated independently for each image slice, and the
weighting mean and standard deviation of all slices was computed.

The absolute sensitivity, S, was calculated for the *™Tc and '”’Lu phantom acquisi-
tions from the counts in each experimental and simulated image as

_ C
T AXT )

where c is the total counts in the image, A is the source activity, and 7 is the total acqui-
sition time. This sensitivity was specific to the isotope, not the single emission as both
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emission and scatter windows were considered. Therefore, the branching ratio of specific
photon emissions was not included in the absolute sensitivity calculation. Since the effi-
ciency correction was applied to the simulation, its uncertainty was incorporated into
the uncertainty of the sensitivity. The average uncertainty on the efficiency correction
within the relevant energy window, o, was used. The uncertainty on the sensitivity, oy,

was calculated through

- 2
o5\ 2 oc\ 2 oa\2 ot
()= () (20 (2 »
S Cc A E€EEW
where o, and o4 are the uncertainties on the counts and activity and the uncertainty on
T is assumed to be negligible. For the simulation, the uncertainty on the activity was

zero. The simulation uncertainty was dominated by the uncertainty on the efficiency-

. . P . (of
correction function; for the *™Tc and '”7Lu emission and scatter windows, g}f\;’/" ranged

from 2.0 to 4.4%. For the experimental images, the efficiency term was zero and the
uncertainty was dominated by the uncertainty in activity (which was below 1% for both
isotopes).

The uncertainties on experimental and simulated data were quantified in each step of
the validation process. Standard uncertainties (k=1) are quoted throughout this work

unless otherwise specified.

1200
CentreLeft Centre TopRight ~+ Experiment
1000 x -+ Simulation
_ (a)
¢ 800
a
3
2 600
2
=
3
S 400
200 j \
400 500

] 100 200 300
Distance along profile (mm)

+ Experiment
-+ Simulation

ﬂy (b)

1000

800

600

—————————
———

Counts per pixel

400

200

e
e

i i

225 250 275 300 325 225 250 275 300 325 225 25
Distance along profile (mm)

0
275 300 325 225 250 275 300 325

Fig.5 The counts in each pixel of a linear profile drawn through the centre of the simulated and
experimental point-source images. The counts data are shown as points with standard uncertainties and

the Gaussian fit applied to each data set is a solid line. a Varying lateral source position (maximum value
normalised to average of the three). b Varying detector radius (no normalisation), the detector radius is given

above each sub-plot

Page 12 of 25



Pells et al. EJINMMI Physics (2023) 10:60

Table 5 The full-width half maximum (FWHM) of the Gaussian fits to each profile of the spatial
resolution measurements

FWHM (mm)

Experiment Simulation
Position name
Centre 10.14 £ 0.22 11.15£0.15
Centreleft 9.64 +£0.20 10.64 +0.13
TopRight 10.50 £ 0.21 11.39£0.12
Detector radius (mm)
106.5 10.14 £0.22 11.15£0.15
150.0 1124 £0.23 1213 £0.13
250.0 14.50 + 0.29 15.05+0.12
350.0 1881 £ 0.51 1838 £0.14
Results

Spatial resolution

The simulated and experimental extrinsic spatial resolution for the LEHR collimators for
a ?”™Tc point source in air was compared for both the lateral and the vertical variations.
Figure 5 shows the counts in each pixel along the profiles of the experimental and simu-
lated data and the Gaussian fits to these data. The corresponding values of the full-width
half maximum (FWHM) for these Gaussian fits are given in Table 5.

Validation with 2°™Tc phantoms
The following subsections present the results for validation against the experimental
phantom measurements of *™Tc with LEHR collimators.
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Fig. 6 A comparison of the total simulated energy spectrum and the total spectrum extracted from the
SPECT images for the cylindrical phantom of °™Tc, plotted with 2 keV bins. The bottom plot shows the
percentage residuals with standard uncertainties and the 3o bounds of the uncertainty on the efficiency
correction shown as dashed lines. The emission (EM) and scatter (SC) windows are shaded
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Energy spectrum

The simulated and experimental energy spectra were plotted in units of total counts per
second per keV with 2 keV bins. Figure 6 shows the energy spectra for the cylindrical
phantom of *™Tc and the percentage residuals between the two spectra. The uncer-
tainty on each data point in the residual plot is statistical and is taken as the square root
of the total counts in that bin normalised to the scan time (which is assumed to have
a negligible uncertainty). The standard deviation, o, of the efficiency-correction func-
tion was calculated for each energy bin. To quantify the agreement for the emission and
scatter window energy ranges, a weighted mean of these residuals was calculated as
(0.6 £ 1.3)% and (—4.5 £ 1.6)% for EM and SC, respectively.

Sensitivity

The sensitivity was calculated according to Eq. 7 for the simulated and experimental data
for both ™ Tc acquisitions and is given in Table 6. A ratio of the simulated and experi-
mental sensitivity was calculated. The dominant source of uncertainty in the experi-
mental sensitivity is the activity uncertainty. The simulation uncertainty was greater and
dominated by the efficiency-correction function; this uncertainty was energy-dependent
so the average over each energy window was used.

Sinograms and images
The acquisition of the NEMA phantom was used to validate the sinograms due to the
greater variation in counts per projection compared to the cylindrical phantom.

The simulated images were normalised using the sensitivity ratio for the emis-
sion or scatter window given in Table 6, such that the sinograms and images could
be validated independently from any discrepancies in sensitivity. Figure 7 compares
the counts in each projection of the experimental and simulated emission and scat-
ter images of the NEMA phantom of ®™Tc. The ratio of simulation and experimental
projection counts is shown in the bottom plot, with a value of 1 showing an exact
agreement. The dashed lines show the +30 uncertainty of the sensitivity ratio used
to normalise the simulation. The weighted mean of the ratio over all slices was found
to be 1.0001 £ 0.0006 for EM and 0.999 & 0.001 for SC, both within one standard
deviation of one. A discontinuity can be seen around projection 60 in these plots,
particularly in the EM plot. This discontinuity is partly due to the decay of the phan-
tom activity during the scan time as the two heads acquire data simultaneously, so

Table 6 The sensitivity for the emission window (EM) and scatter window (SC) images of the *™Tc
phantoms with standard uncertainties

Isotope Phantom Window Sensitivity (counts/(sxMBq)) Sensitivity ratio
Simulation Experiment (Sim/Exp)
99T Cylinder EM 36.33+0.73 37394033 0.972 £ 0.021
SC 874 £0.19 7.865 + 0.071 1.111 £ 0.026
99T NEMA EM 24.77 £ 0.50 27.06 £ 0.24 0915+ 0.020
SC 4464 £ 0.095 4376 £0.039 1.020 £0.023

The last column gives the sensitivity ratio (simulation/experiment) which was used to normalise the simulation to validate
projection and profile data
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Table 7 The weighted mean of the peak signal to noise ratios (PSNRs) for each projection slice of
the simulated and experimental images of the NEMA phantom of **™c

Window Simulation versus experiment (dB) Reference- shifted
experiment (dB)

EM 69.98 &+ 0.34 67.13+£0.26
SC 88.00 + 0.44 88.37 £0.50

The experimental image was shifted by one pixel in x- and y- axes as a reference for comparison

projection 59 (head 1) is acquired around 30 min after projection 60 (head 2). The
radioactive decay was modelled in the simulation, so this discontinuity can also be
seen in the simulated data. However, the discontinuity is greater for the experimental
data. This suggests that there may be a difference in experimental sensitivity between
the two detector heads of the system. The sensitivity of the physical camera is nor-
malised across each detector head but not between different heads, so a small differ-
ence in sensitivity may be present.

The NEMA phantom was also used to verify whether the images themselves were
comparable. Figure 8 shows a representative slice of the simulated and experimental
images (projection 38 where the three largest spheres are visible). A square 80x80
pixel profile was applied to the images and the vertically averaged counts along that
profile are also compared in the figure. The peak signal-to-noise ratio was calculated
for each slice of the experimental and simulated images, as described in Eq. 5, and a
weighted mean was taken across all 120 slices. To put these numbers into context, the
PSNR was also calculated by comparing the experimental image with itself following
a shift of one pixel in each positive axis. The PSNR values are given in Table 7.

Extending the validation to '”’Lu phantoms

The same simulation model was used for the 17’Lu data, to determine if the validation
could be translated to another isotope and MLEGP collimators. The only change to
the simulation was the energy resolution for ”/Lu was set with an ‘energy blurring’
digitisation module of 8.7% at 208 keV (based on experimental measurements). Again
the default inverse square function was used to propagate this energy blurring. The
same efficiency-correction function which was measured with an **™Tc energy cor-
rection map was applied.

Energy spectrum

The simulated and experimental energy spectra were compared for the cylindrical
phantom of 77Lu; these are displayed in Fig. 9. The percentage residuals were cal-
culated and the weighted mean of these residuals was found to be (6.20 £ 0.26)%
and (—4.90 £ 0.22)% for EM1 and EM2, respectively. Scatter windows SC1 and SC2,
either side of EM1, had weighted means of (9.22 £ 0.53)% and (10.22 £ 0.50)%,
respectively. For the scatter windows adjacent to EM2, the weighted means were
(—0.81 £ 0.41)% for SC3 and (—19.97 £ 0.37)% for SC4.
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Sensitivity

The sensitivities of the simulated and experimental acquisitions of 17’Lu phantoms and
their ratios are given in Table 8. These data show that the simulation is consistently
under-estimating the sensitivity for 7"Lu, and this effect is worse for EM2 and its scatter

windows than EM1.

Table 8 The total counts normalised to acquisition time and phantom activity for the two emission

window images (EM1 and EM2) of the '”’Lu phantoms with standard uncertainties

Isotope Phantom Window Sensitivity (counts/(sxMBq)) Sensitivity ratio
Simulation Experiment (Sim/Exp)

77y Cylinder EM1 763 £0.16 8.632 +0.043 0.884 4+ 0.020
SC1 1.369 4+ 0.049 1.647 £ 0.008 0.831 +£0.030
SQ2 1.094 £ 0.042 1.160 £ 0.006 0.943 4+ 0.037
EM2 715+£017 8.664 £+ 0.043 0.825 4+ 0.020
SC3 0.925 £ 0.040 1.201 £ 0.006 0.770 £ 0.034
SC4 0.140 £ 0.006 0.226 4+ 0.001 0.622 +0.026

771y NEMA EM1 6.27 £0.14 6.889 £ 0.035 0.910 £ 0.020
SC1 1.385+£0.05 1.655 £ 0.009 0.837 £ 0.031
SQ2 0.999 + 0.039 1.077 £ 0.006 0.928 +0.036
EM2 536+0.13 6.275 £ 0.032 0.855 £ 0.021
SC3 0.975 £ 0.043 1.179 £ 0.006 0.827 +0.037
SC4 0.184 £ 0.008 0.197 £ 0.001 0.935 4+ 0.039

The last column gives the sensitivity ratio (simulation/experiment) which was used to normalise the simulation for the

sinogram and profile validation
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Sinograms and images

The six-sphere NEMA phantom was used to validate the !”/Lu sinograms. Figure 10
shows the counts per projection of the simulated and experimental data. A weighted
mean of the ratio for each projection slice was calculated for each data set. For the
first energy window, these were (1.0001 £ 0.0012) for EM1 and (0.9982 £ 0.0025)
and (0.9982 + 0.0030) for SC1 and SC2, respectively. For the second, these were
(0.9985 =+ 0.0012) for EM2 and (0.9966 + 0.0029) and (0.9795 + 0.0068) for SC3 and

SC4, respectively.

The PSNR was calculated for only the emission windows of the 177Lu NEMA images,
due to the high noise levels in the scatter images. A comparative slice of the experimen-
tal and simulated projection images is shown in Fig. 11, with the vertically averaged
counts along a square profile. Again, a test image was created by shifting the experimen-
tal image by one pixel in the positive x- and y- axis; Table 9 shows that the PSNR of the
simulated images compared to the experimental images is consistent with the PSNR of

the shifted test image for both emission windows.
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Fig. 10 A comparison of the number of counts per projection in the emission windows of the simulation
and the experimental SPECT images of the six-sphere NEMA phantom of '/“Lu. The simulation has been
normalised using the sensitivity ratio given in Table 8. Error bars show standard uncertainties. The bottom

plots show the ratio of the simulated and SPECT counts for each projection. The dashed lines show the +3c

uncertainty of the sensitivity ratio. A larger y-axis range is shown for the ratio of SC4
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residuals are shown with the 3o uncertainty of the sensitivity ratio shown as dashed lines

Table 9 The weighted mean of the peak signal to noise ratios (PSNRs) for each projection slice of
the simulated and experimental images of the NEMA phantom of 7/Lu

Window Simulation versus experiment (dB) Reference-
shifted
experiment (dB)

EM1 82.57 £049 81.07 £049

EM2 8240 £ 0.60 7943 £ 047

The experimental image was shifted by one pixel in x- and y- axes as a reference for comparison

Discussion

Spatial resolution

All experimental and simulated FWHM agree within three standard deviations
(Table 5). There is close agreement in the Gaussian fits on the experimental and
simulated profiles shown in Fig. 5. The simulation and experiment show an equiva-
lent increase in FHWM with increasing distance between the source and detector.
The Gaussian fits for the variation in lateral position also show agreement. The lat-
eral positions were not changed by an integer number of pixels, therefore, despite
the experimental images having an equivalent number of total counts, the maximum
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pixel value along the profile varied by 20% in the down-sampled images. The average
maximum pixel value of the three acquisitions was used to normalise the data and
fits. Here, the spatial resolution was only evaluated for °*”Tc; other work has investi-
gated the energy-dependence of the extrinsic spatial resolution in GATE [32].

Validation with ®™Tc phantoms

The simulated energy spectrum for the cylindrical phantom of **™Tc, shown in Fig. 6,
agrees well with experiment with weighted means of residuals consistent with zero for
both the EM and SC windows. The suggests that any deviation is within the simulation’s
uncertainty. Statistical agreement is lost below 76 keV. The measured efficiency correc-
tion had large uncertainty at low energy, mostly due to the low count rate from the 21°Pb
source. This energy range is below that typically considered in SPECT imaging, but fur-
ther low-energy calibration points could be acquired if a more accurate low-energy effi-
ciency correction was required, particularly below 46 keV where a linear extrapolation
was used.

Perfect replication of the experimental sensitivity is particularly challenging as the
electronic photon-detection chain is not modelled by the simulation. Furthermore, the
simulation will always model a perfect system and will not contain defects in the crystal,
collimators or other components which may be present in the experimental system. The
sensitivity of the simulation depends heavily on the applied intrinsic efficiency correc-
tion. The efficiency-correction function used in this work had a maximum value of =
0.5, showing that the simulation was overestimating the sensitivity by at least a factor of
two before the correction was applied. For ®™Tc, the agreement between simulated and
experimental sensitives is within 4o in all cases. The efficiency was measured intrinsi-
cally, so it is also possible that differences in sensitivity are due to collimator manufac-
turing defects or slight misalignment in geometry. The calibration sources did not have
sufficient activity to repeat the measurements with the collimators on the camera.

Figure 7 shows the agreement between the experimental and simulated sinograms.
Any deviation between the experimental and simulated data is within the 3¢ uncertainty
bounds on the sensitivity ratio, suggesting that any discrepancy is within the 3¢ uncer-
tainty of the sensitivity correction. The weighted means of the relative counts per projec-
tion are within 1o of one for EM and SC, showing that the experimental and simulated
sinograms are in close agreement.

The peak signal-to-noise ratios were comparable to or greater than those calculated
by shifting the experimental image by one pixel in each positive axis. This suggests that
the simulated and experimental images are at least as similar as the experimental images
were with themselves following the shift.

Extension to '’’Lu phantoms

The validation method was repeated for phantoms of }””Lu. This isotope has a more com-

plex emission spectrum than **™Tc, so agreement was expected to be more challenging.
The comparison of the simulated and experimental energy spectra for 7’ Lu is shown

in Fig. 9. There is some discrepancy, particularly below EM1, and the width of the
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EM1 peak appears to be wider in the simulation than experiment. (This is especially
clear in the shape of the residuals in this area.) Other work has shown similar effects,
where the intrinsic energy blurring in GATE does not produce agreement over the full
energy spectrum of isotopes with multiple emissions. The simulated '!In spectrum
was shown to agree better around the 171 keV peak than the 245 keV peak in [23],
where the difference was attributed to the ‘distorted response of the gamma camera’
over the large energy range of emissions. Similarly, the energy spectrum around the
208 keV peak agreed better than the 113 keV peak for !”Lu in [33]. A different model
for simulated energy spectra was proposed in [34]; this model may improve agreement
over a large energy range but would have to be applied as a post-simulation correction
outside GATE.

The sensitivity agreement for 1””Lu was poorer than that seen for *™Tc. The aver-
age sensitivity ratio for the two phantoms was (0.897 £ 0.014) for EM1 and (0.839
=+ 0.014) for EM2, similar to a sensitivity difference of 20.1% seen in other work on
GATE simulations of 7“Lu acquisitions [35]. The calibration source data that was
acquired to derive the efficiency correction (see Table 4) used the same *™Tc energy-
correction map as the phantom acquisitions. Subsequent 7’Lu acquisitions were
acquired using a different, 1”’Lu-specific, energy-correction map, which may alter the
camera’s sensitivity. This may account for the simulation consistently underestimat-
ing the sensitivity for ”’Lu. If other work required accurate simulated sensitivity for
multiple isotopes, an efficiency correction function, such as Eq. 4, could be calculated
for data acquired with each energy-correction map used in experimental work. In
addition, the simulation assumes that the collimator is a uniform block of lead with
a perfectly regular array of holes. This may not accurately reflect the physical colli-
mator which could contain slight misalignments or non-uniformity in density due to
manufacturing tolerances. Here, all simulated data were normalised by the simula-
tion-experiment sensitivity ratio to ensure that other observables could be validated
independently from any discrepancies in sensitivity.

Following the sensitivity normalisation, the simulated 1”’Lu images showed statisti-
cal agreement with experimental data. Figure 10 shows the sinograms agree closely,
with all deviation within uncertainty on the sensitivity ratio and the weighted means
all within 2 o of unity, with the exception of SC4 which is 3.0 o0 away from unity. The
sinograms verify that the simulation is able to generate tomographic data comparable
to the physical SPECT camera with both LEHR and MLEGP collimators. The peak-
signal-to-noise ratios for EM1 and EM2 for }”Lu are both in agreement with the test
image, further verifying that the simulation can generate images equivalent to those
from the physical camera.

This work was limited to studies using fixed detector radii. For simulation studies of
clinical protocols, it may be necessary to use non-circular orbits to mimic the auto-con-
touring setting of some clinical systems. A procedure for including non-circular orbits
in GATE has been shown in other work, where a 2.6% difference for profiles acquired
with circular and non-circular orbits was demonstrated for 17“Lu [36]. Additional sino-
gram validation with non-circular orbits should be performed if non-circular orbits are
required.
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Validation methodology and recommendations

The validation methodology presented in this work attempts to systematically iden-
tify experimental observables and acquire appropriate experimental data with uncer-
tainties. These measurements are then reproduced in the MC simulation, allowing
comparison with the experimental data. Where experimental data have been used
to determine characteristics of the system to apply corrections to the MC simu-
lation, for example, the intrinsic efficiency, then the uncertainties on these correc-
tions have been assessed and propagated to the simulation data. Although agreement
between the experimental data and simulation within uncertainties is desirable for all
observables, the emphasis of the validation should be on a realistic assessment of the
uncertainties, to allow the level of agreement to be understood. Understanding the
limitations of a simulation can help ensure that it is applied appropriately and give
confidence in the results.

This work demonstrated that the application of an energy-dependent efficiency cor-
rection led to agreement between the experimental and simulated sensitivity. Simu-
lations which require accurate sensitivities, or applications which use isotopes with
multiple emissions or large scatter windows will benefit from measuring an energy-
dependent sensitivity function and applying it on an event-by-event basis. Special
care should be taken for isotopes with low-energy emissions, where the experimen-
tal sensitivity is particularly sensitive. Here, the intrinsic efficiency measurement was
performed with a “™Tc energy map and was found to translate more poorly to exper-
imental sensitivity measurements of }”’Lu, suggesting that isotope-specific sensitivity
measurements may be required for precise sensitivity validation.

It should be further emphasised that any validation is only valid for a specific snap-
shot of the system and simulation code, and that this validation methodology should
be repeated when either change. In the specific case of MC simulation of a SPECT
system this is particularly important when considering different radionuclides for
which the precision of available nuclear data and interaction models can vary signifi-
cantly. Likewise, many of the experimental observables such as sensitivity and intrin-
sic efficiency are dependent on measurement electronics and software meaning they
may drift over time. Therefore, the validation method will need to be repeated if new
updates are applied to the system. Ultimately, the necessary precision of a validation
will depend on the specific applications for which the simulation is to be used, but
this methodology can provide insight into quantification of the simulation’s uncertai
nty.

Conclusion

It is essential to determine the validity of any simulation before it can be used to gener-
ate data. In this work, a Monte Carlo simulation of the Mediso AnyScan SCP system
was created in the GATE simulation package and used to assess a quantitative validation
methodology. The energy-dependent intrinsic efficiency was measured experimentally
and used to create an efficiency-correction function which was applied to the simula-
tion. The corrected simulation was then compared to several experimental observables
to validate the simulation and quantify its agreement with the physical camera. A simu-
lation will never perfectly replicate a physical system, particularly in nuclear medicine
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applications where full simulation of the photon-detection chain is generally too com-
putationally expensive. This study was performed to quantify the similarity between the
simulation and the physical camera. Energy spectra, planar and tomographic images
were compared. Statistical agreement was seen in simulated and experiential images of
both ®™Tc and 177Lu. A quantitative validation has now been established, so the simula-
tion can be used with confidence for other applications such as energy window optimisa-
tion, scatter estimation and acquisition parameter testing. Furthermore, this quantitative
validation methodology can be applied to other SPECT systems and MC packages.
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