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Abstract
Purpose 123I-labelled radioligands are commonly used for
single-photon emission computed tomography (SPECT)
imaging of the dopaminergic system to study the dopamine
transporter binding. The aim of this work was to compare
the quantitative capabilities of two different SPECT systems
through Monte Carlo (MC) simulation.
Methods The SimSET MC code was employed to generate
simulated projections of a numerical phantom for two
gamma cameras equipped with a parallel and a fan-beam
collimator, respectively. A fully 3D iterative reconstruction
algorithm was used to compensate for attenuation, the
spatially variant point spread function (PSF) and scatter. A

post-reconstruction partial volume effect (PVE) compensa-
tion was also developed.
Results For both systems, the correction for all degradations
and PVE compensation resulted in recovery factors of the
theoretical specific uptake ratio (SUR) close to 100%. For a
SUR value of 4, the recovered SUR for the parallel imaging
system was 33% for a reconstruction without corrections
(OSEM), 45% for a reconstruction with attenuation correction
(OSEM-A), 56% for a 3D reconstruction with attenuation and
PSF corrections (OSEM-AP), 68% for OSEM-AP with
scatter correction (OSEM-APS) and 97% for OSEM-APS
plus PVE compensation (OSEM-APSV). For the fan-beam
imaging system, the recovered SUR was 41% without
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corrections, 55% for OSEM-A, 65% for OSEM-AP, 75% for
OSEM-APS and 102% for OSEM-APSV.
Conclusion Our findings indicate that the correction for
degradations increases the quantification accuracy, with
PVE compensation playing a major role in the SUR
quantification. The proposed methodology allows us to
reach similar SUR values for different SPECT systems,
thereby allowing a reliable standardisation in multicentric
studies.

Keywords Brain SPECT. Receptor imaging . SPECT
instrumentation and algorithms .Monte Carlo methods .

Reconstruction quantification

Introduction

Parkinson’s disease is a neurological disorder associated
with the loss of dopaminergic neurons from the substancia
nigra and with an important dopamine depletion in the
striatum [1]. A number of 123I agents have been developed
for single-photon emission computed tomography (SPECT)
imaging of the dopaminergic system to study the presyn-
aptic dopamine transporter (DAT) binding. Commercially
available pharmaceuticals labelled with 123I, such as β-2-
carbomethoxy-3-(4′-iodophenyl)tropane (β-CIT) and fluo-
ropropyl-CIT [2], have shown a high affinity for the DAT.
Quantification of DAT SPECT imaging is suitable for
discriminating Parkinsonian syndromes from other move-
ment disorders, facilitating an early diagnosis of the disease
[3], following up the progression of the disease [4–6] and
for assessing the effects of treatment strategies [7].

To objectively assess striatal DAT binding, quantifica-
tion is mandatory [8]. Nevertheless, the different degrada-
tions that are involved in the reconstruction process affect
the quantification output. Thus, image-degrading effects
such as attenuation, the spatially variant point spread
function (PSF), scatter and the partial volume effect
(PVE) have to be compensated to achieve an accurate
quantification [9–13].

As regards to scatter, correction methods that model the
three-dimensional (3D) scatter distribution through Monte
Carlo (MC) simulation have been shown to perform an
accurate quantification [14, 15]. We previously developed
an absolute quantification method (AQM) for neurotrans-
mission studies, which included a 3D iterative reconstruc-
tion algorithm with MC-based scatter compensation [12].
This method yielded good results in studies using 99mTc-
labelled radioisotopes. However, in the 123I decay scheme,
there are a few high-energy photons that have a non-
negligible contribution to the final image [13, 16]. The
effect of this high-energy contamination has to be compen-
sated to improve the image quality and quantification.

Generally, PVE causes an underestimation of activity
[17]. This effect is especially severe in small structures such
as the basal ganglia. Given its significance, PVE correction
methods have been developed in parallel by a number of
research groups [18–23].

Brain neurotransmission SPECT imaging with 123I is often
performed with low energy high resolution (LEHR) parallel
and fan-beam collimators [8]. In this work, a quantitative
comparison of two imaging systems equipped with a parallel
and a fan-beam collimator that employ different data
acquisition protocols is made. To this end, an extension of
the previous AQM was developed to include a MC-based
scatter compensation for the high-energy contamination.
This updated reconstruction algorithm uses a modelling of
the high-energy PSF (hPSF) to accelerate the MC simulation.
A handy post-reconstruction PVE compensation was also
performed. The AQM with post-reconstruction PVE correc-
tion was used to assess the differences in the quantitative
estimates between brain SPECT studies. As the quantifica-
tion results had to be evaluated to test their reliability and
accuracy, MC simulations with numerical phantoms were
employed. Ideally, this quantification method should result in
similar quantification values for both imaging configurations
after correcting for all the degradations.

Materials and methods

The quantification method designed was evaluated through
MC projections simulated for the following two camera/
collimator combinations: Siemens E.CAM with LEHR
parallel-hole collimator and Elscint HELIX with LEHR
fan-beam collimator.

Numerical Phantom

Simulated projections were generated by using a numerical
phantom obtained from a CT scan of the anthropomorphic
striatal brain phantom (Radiological Support Devices, Long
Beach, CA). The CT scan image consisted of 256×256×
196 cubic voxels with a voxel size of 0.89×0.89×
0.89 mm3. Brain tissue and bone were automatically
segmented by thresholding the CT image, while the striatal
cavities were manually drawn over the corresponding
slices.

The non-uniform attenuation map was obtained by
setting the appropriate attenuation coefficients to brain and
bone depending on the energy of the simulated photons.
Thirty different activity distributions were considered. For
all these distributions, a constant value of 14 kBq/mL was
assigned to the brain tissue. The striatal nuclei had a variety
of values ranging from 15 to 98 kBq/mL to simulate 30
random values of the specific uptake ratio (SUR), which
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modelled normal and pathological distributions. SUR was
defined as:

SUR ¼ As � Ao

Ao
ð1Þ

where As is the mean activity concentration in the striatal
region and Ao is the mean activity concentration in a
reference region located in the occipital area. Figure 1
shows one section of the activity distribution and the
attenuation map used in the simulations.

SimSET simulation

The SimSET MC code [24] was employed to simulate the
SPECT projections. 123I photons with 159 keV (low-
energy) and gamma-rays with higher energies (high-energy)
were simulated separately and, finally, added together to
obtain the total projections. For each camera/collimator
system, the PSFs for the low-energy photons were
calculated using the Gaussian function derived in [25],
while the high-energy contamination effect was modelled
using the hPSFs as described in [26]. These PSFs and
hPSFs were included in SimSET to adapt the code to the
123I-labelled radioligands simulation case. Table 1 summa-
rises the simulation parameters used for both imaging
systems. The differences in the setting that can be observed
in Table 1 are due to the different acquisition protocols used
for each gamma camera. Energy windows were selected
according to the values proposed by the manufacturers.

A total of 30 noisy projections for each SPECT gamma
camera were generated by employing the randomly
distributed values of SUR ranging from 0.1 to 6. All the
simulated studies were considered to have approximately 3
million counts, thus mimicking real studies obtained with
these two imaging systems.

Reconstruction algorithm

The AQM consists of a 3D iterative reconstruction
algorithm based on the ordered subsets expectation max-
imisation (OSEM) algorithm [27], which includes a MC-
based simulator as a forward projector for modelling the
scatter component. The voxel values 1i are updated in each
step of the reconstruction process using the expression [12–
14, 28]:

lkþ1
i ¼ lki

Pnbin

j¼1
tji

Xnbin

j¼1

tjipj
Pnvox

m¼1
tjmlkm þ sj

ð2Þ

where pj are the original projections, k is the iteration
number, tji is the transition matrix and sj is the scatter
contribution estimated in bin j. The attenuation and the PSF
are incorporated into the transition matrix, while the scatter
contribution is calculated as:

sj ¼ sLEj þ sHEj ð3Þ
where sLEj and sHEj are the low- and high-energy photons,
which have mostly suffered scattering and have been finally
detected. The scatter estimate sj is calculated using the
reconstructed image of the original projections without any
scatter compensation. This image is the input activity
distribution of the SimSET simulator weighted by the
corresponding emission yields of each ray. Once the scatter
distribution is estimated, it is replaced in Eq. 2 to generate
the reconstructed image. One remarkable fact is that in the
AQM, the scatter fraction is included in the forward
projector, which means that the scatter correction does not
remove counts from the original projections. As a conse-
quence, noise is not increased after the scatter correction,
which it is an advantage of the AQM over other scatter
correction methods used in clinical routine.

Fig. 1 A central slice of the activity distribution (left) and the
attenuation map (right) of the striatal phantom. The striatal nuclei can
be observed in the activity distribution

Table 1 Simulation parameters used for both SPECT systems

System

E.CAM HELIX

Collimator LEHR parallel-hole LEHR fan-beam
Focal length (mm) NA 355
Hole shape Hexagonal Hexagonal
Hole radius (mm) 0.641 0.866
Septal thickness (mm) 0.16 0.20
Length (mm) 24.05 40.00
Number of projections 128 120
Matrix size 128×128 128×128
Bin size (mm) 3.900 4.424
Energy window (%) 15 20
Radius (mm) 150 150
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As a result, the AQM provides an image that is corrected
by attenuation, PSF and scatter. Table 2 summarises the
reconstruction parameters used for each camera.

Given that the convergence of the reconstruction process is
not the same for the two collimators, the number of iterations
needed for each camera is different. As an objective criterion,
an additional iteration was calculated whenever the recovered
SUR values increased at least by 1%.

Projections had to be filtered with masks before
reconstruction because of high-energy contamination. Thus,
the values located outside the field of view of the phantom
were discarded to prevent them from interfering in the
reconstruction process. Masking was performed by apply-
ing a geometric projector to the attenuation map and giving
a value of 1 inside the resulting projections and 0 outside
their limits.

Quantification of striatal uptake ratio with PVE correction

The size of the volumes of interest, particularly for small
volumes such as the caudate and putamen, has a direct impact
on the measurement of the activity concentration. Thus,
correction for PVE should be performed to obtain the accurate
quantification of the striatal nuclei. An approach to correcting
the PVE in neuroreceptor imaging has been described by
Fleming et al. [29, 30]. In the present work, we extend their
approach by using 3D regions of interest (ROIs). Thus, our
methodology is essentially based on the measurement of the
total activity in the striatum and on the calculation of the
exact volume of interest for each region and study. In clinical
studies, the striatal ROIs could be obtained by segmenting
MRI images registered with the SPECT images. In this high-
resolution space, the total activity in the striatum is
calculated by using automatically expanded ROIs. These
are large enough to ensure the inclusion of all the activity
that has spread outside the physical volume of the structures
because of PVE. The advantage of using an automatic
expansion of these ROIs is a reduced operator-introduced
variability in their positioning.

In this work, striatal and occipital ROIs were defined by
using a CT image of the anthropomorphic striatal brain
phantom. To perform the quantification of the studies, all
reconstructed images were re-sampled to the high-resolu-
tion space where the ROIs were defined. The exact volumes
of the ROIs were calculated using the 3D ROI map.
Compensation for the PVE was carried out by expanding
the original striatal ROI and calculating the mean activity
concentration inside the expanded ROI. The total activity,
As, inside the original striatal ROI was calculated by
removing the non-specific uptake from the total activity in
the expanded ROI:

As ¼ As'Vs' � Ao Vs' � Vs

� � ð4Þ

where As' and Ao are, respectively, the mean activity
concentrations inside the expanded striatal ROI and the
occipital region and Vs and Vs' are the volumes of the
original and the expanded striatal ROI, respectively.

Taking into account that the mean activity concentration
inside the original striatal ROI is defined as As ¼ As=Vs and
substituting Eq. 4 in Eq. 1, the SUR value after PVE
correction can be calculated as:

SUR ¼ As' � Ao

� �
Vs'

AoVs
ð5Þ

Note that this methodology assumes that the activity
concentration of the background region is a good estimate
of the non-specific uptake in the striatal ROI.

The expansion of the striatal ROI was established by
calculating the resolution of the reconstruction method.
This value was obtained by using SimSET to project a
linear source in air with only low-energy photon emission
and reconstructing the projections with PSF correction. The
simulation and reconstruction were performed using the
same parameters as those selected for the striatal phantom.
The reconstructed image was fitted to a Gaussian function,
and the standard deviation σ was calculated. Then, the
striatal ROI was enlarged by 1σ. For the E.CAM parallel
system, σ had a value of 1.90 mm (which leads to
Vs' ¼ 43:2mL), and for the HELIX fan-beam system, σ
had a value of 1.75 mm (which leads to Vs' ¼ 38:8mL).

Figure 2 shows one central section of the numerical
phantom where the ROIs corresponding to the original
striatum, the reference occipital region and the expanded
striatum have been drawn.

Absolute quantification

The AQM was designed to provide an absolute volumetric
activity at each voxel of the image. However, the values at
each voxel of the reconstructed image (λi) obtained from
Eq. 2 cannot be considered as real activity values. It is

Table 2 Reconstruction parameters used for both SPECT systems

Parameter System

E.CAM HELIX

Pixel size (mm) 2.296 2.296
Slice thickness (mm) 3.900 4.424
Image size 128×128 128×128
Number of slices 45 40
Number of subsets 32 30
Transition matrix size per subset (MB) 481 493
Number of iterations 8 6
3D reconstruction time per SPECT
study (h)

2 2
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therefore necessary to find a factor that transforms these
calculated values into real activity. To calculate this factor,
the reconstructed image at the first iteration is selected as
the input activity distribution of the SimSET simulator. The
number of detected counts obtained in this simulation is
compared with the total counts of the original projections.
The factor that matches the counts of the simulated and the
original projections is finally applied to the reconstructed
image.

Results

The high-energy contamination contribution

Figure 3 represents for each of the cameras studied the
contribution of the primary, low-energy scattered photons

and high-energy scattered photons to the total projections.
The images correspond to a noisy simulation of the striatal
numerical phantom with a SUR value of 6. The numerical
values of these contributions are also shown to emphasise the
different contributions of the high-energy contamination when
using two imaging systems equipped with a parallel and a
fan-beam collimator and employing different acquisition
protocols.

Relative quantification

To assess the effect of the corrections for the degrading
phenomena in the quantification, results will be shown for
different cases: (a) reconstruction without corrections
(OSEM), (b) reconstruction with attenuation correction
(OSEM-A), (c) 3D-reconstruction with attenuation and
PSF corrections (OSEM-AP), (d) 3D-reconstruction with

Fig. 2 A central slice of the phantom showing: a the considered ROIs for the striatal nuclei (red) and the occipital region (light blue), b the
expanded striatal ROI (green) and c the overlay of a and b

Fig. 3 A simulated projection of the striatal phantom with SUR of 6
for a the E.CAM system and b the HELIX system. From top to
bottom: primary, low-energy scattered photons, high-energy scattered

photons and total photons detected. The numerical values of each
contribution are also shown. Each image has been normalised to its
maximum to improve its contrast
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attenuation, PSF and scatter corrections (OSEM-APS) and
(e) OSEM-APS plus PVE compensation (OSEM-APSV).

Figure 4 shows the calculated SURs against the nominal
SURs for the 30 simulated studies and after reconstruction
with different corrections. These values correspond to the
eighth iteration for the E.CAM camera and to the sixth
iteration for the HELIX camera. Fitting these plots to a straight
line, we find correlation coefficients ranging from 0.997 to
0.998 for all the corrections applied, which demonstrates that
there is a linear correlation between calculated and true values.
This linear correlation may be described as:

SURcalculated ¼ aSURtheoretical þ b ð6Þ
where α is the slope of the regression line and β stands for the
intercept at the origin. The dark solid line in Figure 4
corresponds to the identity line, whereas the light solid lines
correspond to the linear fits calculated for each correction. The
PVE compensation was applied by expanding the original
striatum volume from Vs=21.5 to a volume of Vs' ¼ 43:2mL
(ΔV=21.7 mL) for the E.CAM system and from Vs=21.5 to
Vs' ¼ 38:8mL (ΔV=17.3 mL) for the HELIX system.

Table 3 shows the mean and standard deviations for α and
β, and the correlation coefficients of the linear fits for each
acquisition system and for all the corrections implemented.

In Figure 5, we can observe the reconstructed image of a
central slice at the first iteration of the reconstruction
algorithm for two cases: OSEM-AP and OSEM-APS. The
improvement in the image quality can be clearly noted
when the scatter correction is included. The first iteration is
the most suitable for visual assessment, although the most
accurate quantification results are achieved at a higher
number of iterations.

Absolute quantification

Figure 6 shows the bias between calculated and nominal
mean activity concentration values as a function of nominal
SUR. Quantification of the radiotracer uptake is less
sensitive to PVE in the occipital region than in the striatum
because of its size [31]. Therefore, PVE compensation is
omitted for the occipital region and only the bias in the
striatum after PVE compensation is reported.

Table 3 Mean and standard deviations for α and β and correlation coefficients of the linear fits

Correction level α β r2 Correction level α β r2

E.CAM system HELIX system
OSEM 0.36±0.00 −0.13±0.01 0.997 OSEM 0.42±0.00 −0.03±0.01 0.998
OSEM-A 0.44±0.00 0.05±0.02 0.997 OSEM-A 0.50±0.01 0.19±0.02 0.997
OSEM-AP 0.55±0.01 0.02±0.02 0.997 OSEM-AP 0.60±0.01 0.20±0.02 0.997
OSEM-APS 0.69±0.01 −0.03±0.02 0.997 OSEM-APS 0.75±0.01 −0.00±0.03 0.997
OSEM-APSV 0.97±0.01 −0.00±0.03 0.997 OSEM-APSV 1.00±0.01 0.06±0.03 0.997

Fig. 4 Calculated SURs obtained with different corrections for a the E.CAM system and b the HELIX system: without corrections (OSEM)
(empty squares), OSEM-A (filled circles), OSEM-AP (empty circles), OSEM-APS (filled triangles) and OSEM-APSV (empty triangles)
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The bias in the striatum is shown when OSEM-APS and
OSEM-APSV are used and in the occipital region when the
OSEM-APS is applied. The bias from the true values was
calculated as:

Abias %ð Þ ¼ Acalculated � Anominal

Anominal
� 100 ð7Þ

As can be observed in Fig. 6, for the HELIX system and
for low values of SUR (approximately between 0.5 and 1),
there is a slight positive bias in the striatum when PVE is
compensated and a slight negative bias in the occipital
region. This causes an overestimation of the calculated
SUR in patients with severe reduction in the DAT density.

Discussion

Figure 3 highlights the importance of the high-energy
contamination when pharmaceuticals labelled with 123I are
used in brain SPECT imaging. This contribution is strongly
dependent on the acquisition system employed. When a
LEHR parallel collimator is employed using the parameters
shown in Table 1, more than 50% of the total photons is
due to scattered photons. Indeed, high-energy photons
account for 40%, which agrees with previous reported
results [13] for the same imaging system. The high-energy
photons degrade the image quality as they reduce the
signal-to-noise ratio and the resolution in the projections.
For the LEHR fan-beam collimator studied, the scattered

photons contribute up to 43%, whereas high-energy
contamination contribution is about 27%.

The results in Fig. 4 and Table 3 demonstrate that the
recovered SUR values have a linear correlation with the true
specific ratios for both cameras and for each correction
applied. It should be pointed out that the relationship between
measured and true SUR values is mainly linear with a non-
zero intercept at the origin. For high nominal SURs, the slope
(α) of the linear regression determines the SUR recovery
factor. Nevertheless, for low nominal SURs, the value of the
intercept at the origin β becomes a determinant parameter as
it induces a bias in the recovery factor.

The values of α shown in Table 3 indicate that although
both imaging systems achieve different recovery factors
with the same corrections, there is a continuous improve-
ment as the corrections are progressively included. For both
cameras, the results in Table 3 show that the successive
corrections raise the value of α from 36 to 97% for the E.
CAM system (total increase of 61%) and from 42 to 100%
(total increase of 58%) for the HELIX system. For the E.
CAM camera, the total increase of 61% corresponded to
8% for the attenuation correction, 11% for the PSF
correction, 14% for the scatter correction and 28% for the
PVE compensation. For the HELIX camera, the total
increase of 58% corresponded to 8% for attenuation, 10%
for PSF, 15% for scatter and 25% for PVE. These values
demonstrate that PVE compensation plays a major role in
the recovery of the true specific ratios as it may induce an
improvement of approximately 25–30% in α values
depending on the imaging system used. The scatter
correction also plays an important part as it increases α
values by 15%. PSF and attenuation corrections are the
least significant corrections with improvements of around
10 and 8%, respectively.

For all the cases with the exception of OSEM-APSV, the
HELIX camera shows a value of α that is, on average, 6%
higher than that of the E.CAM camera. On the other hand,
the two systems differed in the behaviour of the β values
depending on the correction applied. One important fact is
that scatter correction causes β to fall close to 0. The
addition of the PVE compensation induces a slight increase
in β, which has no relevance in the recovery factor of both
cameras. Furthermore, the PVE compensation minimises
the differences in α, so that both imaging systems attain a
recovery factor of around 100%. Our study suggests that
recoveries close to 100% may be obtained by expanding the
original striatal ROI in 1σ of the spatial resolution of the
reconstruction. Thus, the enlargement of the original ROI
by 1σ may be established as a general criterion for PVE
correction in dopaminergic SPECT studies.

Overall, all these results indicate that although the
correction for attenuation is considered to be mandatory in
the clinical routine [8], it is necessary to correct all the

Fig. 5 Reconstructed central slice of the striatal brain phantom for the
E.CAM system (top) and the HELIX system (bottom). For each
camera, the images correspond to a nominal SUR of 4.7 and to a
reconstruction using OSEM-AP (left) and OSEM-APS (right)
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image-degrading effects to achieve the nominal SURs.
Thus, for a SUR of 4, the recovered SUR for the E.CAM
system is 33% without corrections, 45% for OSEM-A, 56%
for OSEM-AP, 68% for OSEM-APS and 97% for OSEM-
APSV. For the HELIX system, the recovered SUR is 41%
without corrections, 55% for OSEM-A, 65% for OSEM-
AP, 75% for OSEM-APS and 102% for OSEM-APSV.

As the two gamma cameras equipped with completely
distinct collimators and using different data acquisition
protocols lead to similar SUR values when the AQM plus
PVE compensation is employed, the proposed method may
therefore be suitable for comparative studies using different
gamma cameras or multicentric studies.

Furthermore, our results also highlight the importance of
correcting for degradations to improve absolute quantifica-
tion in neurotransmission SPECT studies with 123I-labelled
radioligands. In this regard, Fig. 6 shows that when the 3D
reconstruction includes attenuation, PSF and scatter correc-
tion, the calculated mean activity concentration in the
striatum is underestimated by about 35% for the E.CAM
system and about 20% for the HELIX system, whereas the
maximum percent bias in the occipital region is about 5%

for both cameras. PVE compensation proved to be effective
in minimising the bias in the calculated mean activity
concentration in the striatum, reducing errors to about 5%
for both systems. These results indicate that PVE compen-
sation in the striatum is necessary for absolute quantifica-
tion. PVE compensation in the occipital region is not
necessary as this area is large enough to influence the
measurement of its mean activity concentration.

Conclusions

Our findings corroborate that quantitative results are
dependent on the imaging system used in the acquisition
when the reconstruction method does not include all the
corrections for all the degrading phenomena [32, 33]. When
all the corrections were incorporated into the quantification
method, the differences practically disappeared, and both
imaging systems reached approximately nominal values.
The methodology presented in this paper establishes the
corrections and the criteria to follow to compensate for all
the image-degrading phenomena that affect neurotransmis-
sion 123I SPECT imaging, including a PVE compensation.

Fig. 6 The activity concentration bias (%) between calculated and
nominal mean activity concentration values vs nominal SURs for (top)
the striatum when OSEM-APS (empty squares) and OSEM-APSV
(empty triangles) are used, and (bottom) the occipital region when

OSEM-APS is used (empty squares). Biases are shown for: a the E.
CAM system and b HELIX system. Horizontal lines represent a
percent bias equal to 0
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We have sought to show that our quantification method
leads to the theoretical quantitative values for two imaging
devices equipped with different collimator systems and
using different acquisition protocols.
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