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INTRODUCTION

Bone metastasis is a common type of

ABSTRACT

Background: Single photon emission computed tomography (SPECT)-alone
imaging using the Tc-99m radiopharmaceutical labeled with methylene
diphosphonate or similar analogs is usually employed to diagnose metastatic
bone and is typically followed by complementary magnetic resonance (MR)
imaging for support in clinical decision-making. In this study, two attenuation
map generation approaches from MR and SPECT non-attenuation corrected
(SPECT-nonAC) images were evaluated in the context of quantitative SPECT
imaging. Materials and Methods: The 2class-MR attenuation map was
generated via segmenting an MR image into air and soft tissue. Likewise,
SPECT-nonAC was segmented into background air and soft tissue to generate
a 2class-SPECT attenuation map. The reference attenuation map was
generated through manual bone segmentation from an MR image to develop
a 3class-bone attenuation map. Standard uptake value (SUV) bias was
calculated using the different attenuation maps on 50 vertebrae from normal
patients and 16 vertebrae from metastatic patients. Results: The 2class-MR
approach resulted in -16% and -8% SUV bias in normal and metastatic groups,
respectively, while 2class-SPECT led to 33% and 26% SUV underestimation for
the normal and metastatic patient groups, respectively. Conclusion: The
2class-SPECT approach led to a significant underestimation of SUV due to the
uncertainty of body contour delineation. However, the 2class-MR approach
resulted in less than -9% SUV bias in metastatic patients, demonstrating its
potential to support quantitative SPECT imaging.

Keywords: SPECT, attenuation correction, quantitative imaging, MR.

related to bone metastases, owing to its
capability to determine the precise location of
bone lesions and to determine the status of

metastasis that usually located on the spine (1-4).
Due to varying bone reactions to metastases,
different techniques have been developed to
accurately detect and monitor metastasis .5.6),
Single-photon emission computed tomography
(SPECT) is an effective diagnostic method

metastases (17). Nevertheless, the interpretation
of SPECT images, particularly for bone
metastases, is usually performed via visual
inspections by nuclear medicine specialists,
wherein the quantitative aspect of the SPECT
imaging plays a minor role (810, This has been
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considered one of SPECT’s limitations when
compared to positron emission tomography
(PET) imaging (. This limitation is mostly due to
the fact that quantitative SPECT imaging
requires correction for some degrading physical
factors such as photon attenuation and
scattering (11.12),

The standard uptake value (SUV) indicator
has been widely used to quantify normal tissue
and tumor functional activities in quantitative
PET imaging. However, recently, this
semi-quantitative metric has also been used in
SPECT imaging, especially for bone scan studies
such as knee osteoarthritis (13), normal vertebrae
(149 and differentiating bone metastases caused
by degenerative changes in patients with
prostate cancer (15,

Correction for attenuated photons, which
may cause image artifacts and skew the visual
interpretation of SPECT images, plays a key role
in quantitative SPECT imaging (16.17), In hybrid
SPECT-CT scanners, an accurate attenuation
map is readily provided by anatomical CT
imaging. However, due to the additional dose of
ionizing radiation and the poor soft-tissue
contrast of CT imaging, alternative anatomical
magnetic resonance (MR) imaging has been uti-
lized in hybrid scanners (18). Though MR imaging
does not impose additional radiation and
enables high-contrast imaging of soft-tissues,
MR signals do not directly provide electron
density information. Thus, it is still very
challenging to generate an attenuation map from
MR when using SPECT-MR or PET-MR hybrid
systems (1819, Previously proposed techniques
for estimating attenuation maps from MR
images can be categorized into three general
types (29): a) tissue segmentation (which involves
the bulk segmentation of MRI into a number of
tissue classes) (1), b) the template-based method
(which employs a number of atlas images to
predict the attenuation map for the target MRI
through image registration) (22-24) and c)
machine learning (which utilizes artificial
intelligence to train an algorithm to directly
produce an attenuation map from MR images)
(25,26),

99mTc  methylene diphosphonate (MDP)
SPECT imaging is one of the standard methods
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for the initial assessment of bone tumors;
however, its anatomical detail, sensitivity, and
specificity are limited (?7). Complementary MR
imaging allows for visualization of the bone
marrow and abnormalities with high anatomic
resolution (27). In our medical imaging center,
(Yazd, Iran), SPECT-alone imaging, using a
dual-head system (SPECT-dual head Philips
ADAC, forte, Netherlands), is routinely used to
perform 99mTc MDP scan for assessment of
bone metastasis. Very often, patients are
referred to a T2-weighted MR imaging in the
lumbar vertebrae region. Nevertheless, the
evaluation of the bone metastasis is potentially
hindered by non-quantitative SPECT data due to
a lack of attenuation correction. To overcome
this barrier, we set out to assess the accuracy of
the two 2-tissue class attenuation maps in
99mTc MDP SPECT imaging in terms of SUV bias
for patients with and without metastases. This is
of particular interest for the molecular imaging
centers, where SPECT-only scans are performed
for diagnosis of the metastatic bone followed by
a complementary MR imaging. This study
investigates the benefits of employing the
complementary MR images for the task of
attenuation correction in order to perform
quantitative SPECT imaging (quantitative
parameters extracted from 99mTc SPECT
images) for both normal patients and patients
with bone metastasis. Although there are
numerous studies in the literature concerning
the MR-guided attenuation correction in PET
imaging (20.28,29) less attention has been paid to
the quantitative SPECT imaging, particularly the
impact of the MR-guided attenuation correction.

MATERIALS AND METHODS

Patient population

The clinical dataset of this study is derived
from 16 patients (seven women and nine men,
mean age: 57.2+16.3, age range: 28-82) who
were referred to 99mTc MDP bone scintigraphy
of the lumbar region. This study was conducted
with the approval of the Ethics Committee of
Shahid Sadoughi University of Medical Sciences
under the Ethics code IR.SSU.MEDICINE.REC.
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1396.158, with a registration date of
1396/07/12 or 04/10/17.

The injected activity of 99mTc ranged from
740 to 1110 MBq (mean797+97 MBq), with a
mean injected activity of 12.9+1.8 MBq/kg. The
planar scanning and SPECT images of each
patient were obtained within 3.5%1 hours after
the intravenous injection (39, The patient data
employed in this study were divided into normal
(10 patients) and metastatic (6 patients) groups.
Patients in the metastatic group had at least one
metastatic lesion in one of their lumbar
vertebrae.

Clinical data acquisition

The SPECT images were acquired with a
dual-head SPECT system using low-energy
high-resolution collimation, 32 projections over
360°, 20 seconds acquisition at each projection,
an energy window of +10% for scattered photon
removal and image matrix of 128x128 with 4.72
mm pixel size.

The T2-weighted images of the patients were
acquired using a MAGNETOM MRI scanner
(Siemens MAGNETOM Avanto 1.5T, Germany),
with a repetition time (TR) of 3080 ms, echo
time (TE) of 103 ms, a flip angle (FA) of 150
degrees and a matrix size of 320x290.

Attenuation map generation

In this study, three different attenuation
maps were generated; two using the T2 MR
Image and one from SPECT non-attenuation
corrected (SPECT-nonAC). Since the MR and
SPECT scanning was performed sequentially, in
the first step, the MR images were non-rigidly
aligned to the SPECT images. The image
alignment was carried out using Medical Image
Processing, Analysis and Visualization (MIPAV)
software (version 8.0.1-USA) based on thin-plate
spline algorithm (1 for the non-rigid
registration. Since SPECT images do not contain
sufficient anatomical information, a number of
anatomical landmarks were manually defined on
both SPECT and MR images to assist the
registration process.

3class-bone attenuation map: an MR-derived
attenuation map with a separate class for bony
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tissues was created, wherein the MR images
were segmented into three tissue classes; air,
soft-tissue, and bone. The air class involves the
back-ground air as well as the stomach air
pockets. To take bone into account, the ribs and
vertebral bodies were manually segmented and
classified as bone tissue class. The rest of the
body inside the body contour was considered as
soft-tissue  (figure 1.c). The predefined
attenuation coefficients of 0, 0.15, and 0.26 cm!
were assigned to air, soft-tissue, and bone,
respectively.

2class attenuation map from MR (2class-MR):
Manual bone delineation from MR images is a
tedious and prohibitively time-consuming task
(32, 33),  Alternatively, MR images can be
segmented into a 2class attenuation map
representing air and soft-tissue. To this end, the
body contour was segmented from the MR
image and the voxels inside the body contour
were assigned to the soft-tissue. Similarly, the
voxels outside the body contour were
considered as air (figure 1.d).

Figure 1. Representative axial slices of a) MR image, b) SPECT
-nonAC, c) 3class-bone, d) 2class-MR, and e) 2class-SPECT of a
single patient.

2class attenuation map from SPECT (2class-
SPECT): A 2-class attenuation map could also be
generated from the SPECT-nonAC image when
MR image does not exist or when there is a
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massive truncation in the MR image. Similar to
the 2class-MR approach, the body contour in
each slice was delineated from SPECT image
followed by the assignment of air and soft-tissue
attenuation value to the voxels outside and
inside the body contour, respectively (figure
1.e).

The attenuation coefficients of the tissues
were obtained as follows: first, the elemental
composition of each tissue together with its
mass percentage and tissue density were
obtained from the International Commission on
Radiation Units and Measurements (ICRU)
report 44 G4, Then, based on their elements, the
mass percentage, and the energy range of the
employed radionuclide (0.14 MeV), a value was
extracted from XCOM photon -cross-section
library 35). This value was then multiplied with
the mass density of each tissue to calculate the
linear attenuation coefficient of the tissue.

SPECT reconstruction

Reconstruction of SPECT images were
performed wusing the Ordered Subset
Expectation Maximum (OSEM); the one step late
algorithm was implemented in the open-source
STIR libraries (Software for Tomographic Image
Reconstruction, Version 3) 39). In this study, the
reconstruction was repeated four times
using 3class-bone (as reference), 2class-MR,
2class-SPECT  and  without  attenuation
correction (SPECT-nonAC). The reconstructions
were carried out using 20 iterations and 8
subsets.

Evaluation strategy

Fifty normal vertebrae from the normal
patient group were manually segmented to
estimate the SUV within each vertebra. In six
metastatic patients, only 13 out of 30 lumbar
vertebrae with the increased uptake were
observed and were classified as metastatic. The
SUV and activity concentration (ACC) in kBq/mL
unit were calculated for volumes of interest
(VOIs) drawn on the metastatic and normal
vertebrae, separately.

Elliptical VOIs with a fixed volume of 14.3 mL
were manually defined on the vertebrae of
normal and metastatic patients, in a way to
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include a large part of the spongy bone tissue
while avoiding adjacent vertebral disc.
Moreover, a VOI of 0.946 mL was drawn on a
single slice of each vertebral body, which
contained the highest mean count for the SUV
peak calculation.

In order to extract quantitative information
from the SPECT images (SUV estimation), it is
necessary to calculate the calibration factor
(conversion factor) to estimate absolute activity
concentration from raw counts data. The count
rate correction factors were calculated by
acquiring the image of a point source ?°mTc with
the fixed activity of 37 MBq in the air 37, Then,
the SUVsw (body weight) and SUVigm (lean body
mass) values were calculated based on body
weight for SUVmean, SUVpeak, SUVmax and lean body
mass for SUVmean, respectively 38). The following
equations were used for the calculation of SUVpw
(Eq. 1) and SUV.sm (Eq. 2).

ACC xWeight
SWVWpyw=—"""——"7""7-
BW ™ Injected Activity (1)
ACC XLEM
SUV, =
LBM ™ |niacted Activity (2)

For males: LBM = 1.10 x weight(kg) - 128 x
weight(kg)? / height(cm)?) (38)

For females: LBM = 1.07 x weight(kg) - 148 x
weight(kg)? / height(cm)?) (38)

The 3class-bone attenuation map was
considered as a reference, against which the
2class-MR and 2class-SPECT methods were
evaluated. Eq. 3 was used to calculate the
relative errors for SUV and ACC values.

Relative error(%) =

ACC or SUVT( 2clags MRI or 2class SPECT J—-ACCor SUV( 3class bone)
ACC or SUV(3class bone)

x 100

(3)

The correlation between SUVs and ACC values
estimated on the SPECT images corrected using
2class-MRI and 2class-SPECT attenuation maps
versus the reference 3class-bone attenuation
map were examined for normal and metastatic
patients.

Int. J. Radiat. Res., Vol. 19 No. 2, April 2021
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Statistical analysis

The estimated SUV and ACC associated with
each vertebra was considered as a single data
point to create the scatter plot, it was also used
for linear regression analysis. The distribution of
these values was analyzed using Shapiro-Wilk
and Kolmogorov-Smirnov normalization tests.
The independent samples T-test and
Mann-Whitney U-test were also used to assess
the difference between ACC values and SUVmean
of the normal and metastatic groups employing
SPSS ver. 16.0 (IBM Corp.) software. The
p-values less than 0.05 were considered as
statistically significant.

RESULTS

In this study, the 3class-bone AC map was
considered as a reference based on the
quantitative accuracy of the Z2class-MRI and
2class-SPECT AC maps, which were investigated
for SPECT attenuation correction. To this end,
the accuracy of the SUVs obtained by applying
these two AC maps was compared against the
3class-bone for normal patients and patients
with bone metastases in MDP SPECT imaging.

Figure 1 shows representative slices of the
2class-MRI, 2class-SPECT, and 3class-bone
attenuation maps, as well as the original MR and
SPECT-nonAC images of a patient with bone
metastasis. Figure 2 presents the planar
scintigraphy of the same patient depicted in
figure 1, as well as the corresponding axial views
of the SPECT images after they were corrected
for attenuation using 2class-MRI, 2class-SPECT,
and 3class-bone attenuation maps.

Table 1 presents a statistical summary of the
quantitative evaluation of SPECT images
corrected for photon attenuation using the three
different attenuation maps for normal and
metastatic patient groups. For the normal group,
the SUVmean measured on the vertebra bodies in
the SPECT images decreased moderately from
3.64 (when using 3class-bone) to 3.05 (when
using 2class-MR). The same measurement on
SPECT images corrected by 2class-SPECT
exhibited a significant under-estimation of
activity concentration, leading to a SUVmean of

Int. J. Radiat. Res., Vol. 19 No. 2, April 2021

2.42. A similar trend was observed in metastatic
patients, as the SUVmean (measured on the
metastatic vertebrae) decreased from 10.42 to
9.41 when using the 3class-bone and 2class-MR
AC  maps, respectively. However, the
2class-SPECT approach produced a significant
SUV under-estimation, resulting in a SUVmean of
7.52. This difference is more noticeable when
considering the SUVmax of the metastatic
patients, as an SUVmax of 15.25 was observed in
3class-bone SPECT images (versus 13.63 and
10.65 obtained from the 2class-MR and
2class-SPECT approaches, respectively).

Figure 3 illustrates the mean and standard
deviation of SUV and ACC values estimated on
the SPECT images for 50 vertebrae (including
ten samples for each of 1st lumbar vertebra
(L1), 2nd lumbar vertebra (L2), 3rd lumbar
vertebra (L3), 4th lumbar vertebra (L4), and 5th
lumbar vertebra (L5)) in the normal patient
group. Similarly, for metastatic patients, the
measurements were performed on 13 vertebrae
(including two L1 samples, two L2 samples, four
L3 samples, one L4 sample, and four L5
samples).

Figure 4 displays the results of the linear
regression analysis and the correlation between
the SUV and ACC measured on the SPECT images
corrected for attenuation by Z2class-MR and
2class-SPECT AC maps and compares them to
the reference 3class-bone approach in the
normal patient group. Similarly, Figure 5
presents the results of the same analysis for the
metastatic patient group. The regression plots
exhibited a good correlation (RZ =0.93 for
SUViean, 0.87 for ACC) between the 3class-bone
and 2class-MR AC techniques. However, a weak
correlation (R2=0.65 for SUVmean, 0.54 for ACC)
was observed between 2class-SPECT and
3class-bone AC techniques for the normal group.
On the other hand, the regression plots for the
metastatic group demonstrated a good
correlation (R2=0.93 for SUVmean, 0.95 for ACC)
between the 3class-bone and 2class-MR AC
techniques. However, in contrast to the normal
patient group, the 2class-SPECT approach
resulted in a relatively good correlation (R2
=0.83 for SUVmean, 0.90 for ACC) with the
3class-bone approach.
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The 2class-MR and 2class-SPECT AC maps led
to SUVmean underestimations of 16.21% and
33.52%, respectively. The 2class-SPECT and
2class-MR AC  maps led to

SUVmean

19 SUV

io SUV

Figure 2. a) Planar image of a patient with bone metastasis
(the arrow indicates a metastatic lesion). Axial views of the
fifth lumbar vertebral in b) SPECT-nonAC and the SPECT
images attenuation corrected using; c) 3class-bone, d)
2class-MR and e) 2class-SPECT attenuation maps.
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Figure 4. The linear regression plots of correlation between
the SPECT images attenuation corrected using the 2class-MR
and 2class-SPECT versus the reference 3class-bone
attenuation maps. A) 2class-MR vs. 3class-bone (SUVmean).
B) 2class-SPECT vs. 3class-bone (ACC). C) 2class-SPECT vs.
3class-bone (SUVmean). D) 2class-SPECT vs. 3class-bone
(ACC). Fifty data points represent SUVmean and ACC of 5
lumbar vertebrae in normal patient group.
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underestimations of 26.56% and 8.11%,
respectively. The underestimation of SUV was
reduced in the metastatic group when compared
to the normal group.
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Figure 3. A) SUVmean, B) ACC values for the 5 vertebrae (L1

to L5) calculated across 10 normal patients, C) SUVmean and

D) ACC values for the 5 vertebrae (L1 to L5) calculated across
6 metastatic patients.
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Figure 5. The linear regression plots of correlation between
the SPECT images attenuation corrected using the 2class-MR
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lumbar vertebrae in metastatic patient group.
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Table 1. Statistical summary of SUV and activity measurement for 50 vertebral bodies (normal patient group) and 13 vertebral
bodies (metastatic patient group) in the SPECT images attenuation corrected using different methods.

3class-bone 2class-MRI 2class-SPECT SPECT-non AC
Variable (MeanzSD) (MeanzSD) (Mean1SD) (MeanzSD)
normal metastatic | normal | metastatic | normal | metastatic | normal | metastatic
SUVpeak 4,56+1.59 14.05£5.31 | 3.80+£1.36 | 12.45%#5.29 | 3.06%0.93 9.7945.40 |0.40+0.14 | 1.36%+0.84
SUVimax 5.03+1.80 15.25+5.75 |4.18+1.56 | 13.63+5.71 | 3.344+1.05 | 10.65%#5.68 | 0.41+0.15| 1.39+0.86
SUVmean
3.64+1.18 10.24+4.05 |3.05%£1.01 9.41+4.24 2.42+0.73 7.52+4.38 0.31+£0.08 | 0.98+0.64
SUVmean v 2.621+0.73 8.05+3.48 |[2.19+0.63 | 7.40+3.64 1.76+0.53 5.98+3.79 |0.23+0.08 | 0.79+0.55
ACC (kBg/ml) 45.82+10.82|137.15+63.13 (38.1449.24| 126.474+66.24 | 30.79+7.73 | 102.65+68.63 | 4.09+1.36 |13.55+10.03
. . Administered activity Activity per 1 kg BW
Age(year Weight(k; Height(cm
ge(year) ght(kg) ght(cm) (MBg) (MBaq/kg)
normal |metastatic/ normal metastatic normal metastatic normal metastatic normal | metastatic
55+15.34 |164.15+17.9|64.10+£15.68 | 58.77+10.89 (161.704£8.1| 159.69+8.19 (814+119.58|762.78+32.18 (13.05+1.92| 13.28%£1.76
DISCUSSION compared to the MR image and 2class-MR

The quantification of the SPECT images
(either from SPECT-alone or SPECT-MR
imaging) is hindered by physical deterioration
factors such as photon attenuation and
scattering. In recent years, some researchers
have studied the quantification of SPECT images
by measuring the SUV in SPECT-CT bone scans.
Cachovan et al. 12 determined the ACC and SUV
of the concentration of **mTc-DPD (diphosphono
-propanedicarboxylic acid) obtained from
SPECT-CT images of healthy lumbar vertebrae.
In 2016, Kaneta et al (4 performed a
quantitative analysis based on the SUV of the
uptake of 9mTc -MDP in normal vertebrae using
a SPECT-CT scanner. Also, in 2019, Mohd Rohani
etal. (39 evaluated the SUV of a 9°mTc -MDP
radionuclide tracer in the normal vertebrae of
breast cancer patients using a SPECT-CT
scanner.

In the present study, the quantitative
accuracy of the SPECT imaging using two
2-tissue class attenuation maps obtained from
MR (for SPECT/MR imaging) and SPECT-nonAC
(for SPECT-alone imaging) images was
evaluated against a 3-tissue class attenuation
map involving bone tissue in terms of SUV and
ACC. The larger bias observed in 2class-SPECT
AC is due to the underestimated body contour
(smaller than the actual size) obtained from the
SPECT-nonAC images. The underestimation of
the body contour is visible in figure 1 when

Int. J. Radiat. Res., Vol. 19 No. 2, April 2021

attenuation map. The detection of body borders
is very challenging in SPECT images due to the
very weak signals and low activity
concentration, particularly when 9°mTc labeled
with MDP is administered. The fat tissue in MDP
SPECT has very low SNR, as the radiotracer is
mostly absorbed by the bony tissue.

2class-MR  and 2class-SPECT AC maps
resulted in 16.21% and 33.52%
underestimations of SUVmean, respectively. These
underestimations primarily stem from a lack of
bony tissue in these 2-class attenuation maps,
particularly for VOIs drawn within bony tissues.
A similar negative SUV bias was observed in
PET/MR imaging when attenuation maps with
no separate class for bone were used (?1). Kim et
al. “0) showed that for malignant lesions in the
spine, the SUVs measured from PET images
corrected for attenuation without considering
bony tissue were underestimated by 16.4 *
8.5%. Despite the noticeable negative bias of the
2class-MR  approach, the mean SUVmean
difference between 2class-MR and 3class-bone
AC is less than 0.6, while the 2class-SPECT
produced a mean SUVmean difference of more
than 1.2.

The absolute SUVs measured from SPECT
images corrected using the 3class-bone
approach for normal patients are in agreement
with the values estimated from the SPECT-CT
images in the literature (e.g., an SUVmean of
3.92+0.27 was reported by Mohd Rohani etal,
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an SUVmean of 4.4+0.5 was estimated by Kaneta
etal (4, and an ACC of 48.15+13.66 was
produced by Cachovan et al. (12) for a number of
VOIs defined in the spongy region of the
vertebrae and the entire vertebra volume).
Despite the agreement between the SUVs
estimated from CT and 3class-bone AC
approaches, a major limitation of the current
study is the lack of ground-truth CT attenuation
maps.

The linear attenuation coefficients used in
this study are considered narrow beam
attenuation coefficients since the attenuation
correction was applied without any scatter
correction. However, in order to minimize the
impact of scattering, an energy window of £10%
was applied during the SPECT acquisition. Using
the narrow beam attenuation coefficients would
result in an overestimation of the activity
concentration 1), However, this condition was
the same for the entire set of reconstructed
SPECT images using different attenuation maps.

Attenuation maps generated from MR images
and acquired non-concurrently with SPECT
acquisition are subject to imperfect image
alignment. Automatic inter-modality image
registration is challenged by a lack of sufficient
anatomical landmarks. Moreover, discrepancies
in patient positioning and respiration phases
between the two modalities add to the
complexity of this issue. Attenuation maps
generated directly from SPECT images can
eliminate the need for inter-modality image
registration. However, a quantitative analysis of
this study demonstrated that under-estimations
of the body contour obtained from
SPECT-nonAC (when  99mTc MDP is
administrated) can lead to significant relative
bias (up to 33%). In cases when an MR image
does not exist, or when there is a gross
truncation in MR images, special attention
should be paid to body contouring from the
SPECT images to determine the entire body
volume.

CONCLUSION

The MR images obtained sequentially after Tc
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-99m MDP-SPECT imaging could be used to
generate an attenuation map for the task of
quantitative SPECT imaging. The MR-derived AC
map resulted in less than -9% SUV bias in
quantitative lesion analysis performed on the
SPECT images. Therefore, MR-derived AC maps
could support quantitative SPECT imaging in the
absence of the gold-standard of CT-based
attenuation correction.
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