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Abstract
Purpose: Positron emission tomography (PET) attenuation correction (AC) in
positron emission tomography-magnetic resonance (PET/MR) scanners con-
stitutes a critical and barely explored issue in spinal cord investigation, mainly
due to the limitations in accounting for highly attenuating bone structures which
surround the spinal canal. Our study aims at evaluating the clinical suitability of
MR-driven AC (MRAC) for 18-fluorodeoxy-glucose positron emission tomogra-
phy (18F-FDG-PET) in spinal cord.
Methods: Thirty-six patients, undergoing positron emission tomography-
computed tomography (PET/CT) and PET/MR in the same session for onco-
logical examination, were retrospectively analyzed.
For each patient, raw PET data from PET/MR scanner were reconstructed
with 4- and 5-class MRAC maps, generated by hybrid PET/MR system
(PET_MRAC4 and PET_MRAC5, respectively, where PET_MRAC is PET
images reconstructed using MR-based attenuation correction map), and an AC
map derived from CT data after a custom co-registration pipeline (PET_rCTAC,
where PET_rCTAC is PET images reconstructed using CT-based attenuation
correction map), which served as reference. Mean PET standardized uptake
values (SUVm) were extracted from the three reconstructed PET images by
regions of interest (ROIs) identified on T2-weighted MRI, in the spinal cord,
lumbar cerebrospinal fluid (CSF), and vertebral marrow at five levels (C2, C5,
T6, T12, and L3). SUVm values from PET_MRAC4 and PET_MRAC5 were
compared with each other and with the reference by means of paired t-test, and
correlated using Pearson’s correlation (r) to assess their consistency. Cohen’s
d was calculated to assess the magnitude of differences between PET images.
Results: SUVm values from PET_MRAC4 were lower than those from
PET_MRAC5 in almost all analyzed ROIs, with a mean difference ranging
from 0.03 to 0.26 (statistically significant in the vertebral marrow at C2 and
C5, spinal cord at T6 and T2, and CSF at L3). This was also confirmed by
the effect size, with highest values at low spinal levels (d = 0.45 at T12 in
spinal cord, d = 0.95 at L3 in CSF). SUVm values from PET_MRAC4 and
PET_MRAC5 showed a very good correlation (0.81 < r < 0.97, p < 0.05) in all
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spinal ROIs.Underestimation of SUVm between PET_MRAC4 and PET_rCTAC
was observed at each level, with a mean difference ranging from 0.02 to 0.32
(statistically significant in the vertebral marrow at C2 and T6, and CSF at L3).
Although PET_MRAC5 underestimates PET_rCTAC (mean difference rang-
ing from 0.02 to 0.3), an overall decrease in effect size could be observed
for PET_MRAC5, mainly at lower spinal levels (T12, L3). SUVm from both
PET_MRAC4 and PET_MRAC5 methods showed r value from good to very
good with respect to PET_rCTAC (0.67 < r < 0.9 and 0.73 < r < 0.94, p < 0.05,
respectively).
Conclusions: Our results showed that neglecting bones in AC can underesti-
mate the FDG uptake measurement of the spinal cord. The inclusion of bones
in MRAC is far from negligible and improves the AC in spinal cord, mainly at low
spinal levels. Therefore, care must be taken in the spinal canal region, and the
use of AC map reconstruction methods accounting for bone structures could
be beneficial.
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1 INTRODUCTION

The integrated positron emission tomography-magnetic
resonance (PET/MR) scanner is a powerful diagnostic
tool which allows to achieve, in one shot, both metabolic
information provided by PET imaging and functional
and morphological information with excellent soft tis-
sue contrast provided by magnetic resonance imaging
(MRI), together with the substantial reduction in terms
of radiation dose received by patients in comparison
with positron emission tomography-computed tomogra-
phy (PET/CT).

PET/MR offers intrinsic alignment of anatomical or
functional MRI data with molecular PET information.The
well-known high soft tissue contrast obtained with MRI
provides more precise information on tumor localiza-
tion and spread thus increasing the delineation accu-
racy of target volumes, also in radiotherapy planning.1,2

The number of studies evaluating clinical applications
of hybrid PET/MR is rapidly increasing also in the field
of neurological applications, including neuro-oncology,
epilepsy, dementia, cerebrovascular disease, and psy-
chiatric and neurological research.3,4 In this context,due
to the frequent involvement of the spinal cord in neu-
rological diseases,5–7 addition of spinal cord metabolic
information to brain imaging might improve the informa-
tive potential of PET on the specific pathophysiological
mechanisms.7

Despite the progress made during the last decade,
some relevant issues remain in PET attenuation correc-
tion (AC) procedures for integrated PET/MR scanners,
especially in whole-body imaging.8,9 This is due to the
lack of a direct relationship between MRI signal inten-
sities (based on proton density and relaxation times)
and the 511 keV linear AC coefficients (LACs), which
are associated with photon attenuation properties of

biological tissues. Conversely, it is well-known that, in
PET/CT applications, the conversion of Hounsfield units
to 511 keV LACs can be performed through a piece-wise
linear transformation suitable for clinical purposes.10

This is the reason why CT-based AC (CTAC) is currently
accepted as reference for AC of PET data. However,
given the potential of PET/MR for clinical and research
purposes, efforts are being made to reduce inaccura-
cies of AC methods derived from PET/MR aiming at
demonstrating the benefits of this technology in whole-
body applications. The clinical suitability of the current
implemented AC techniques on commercial PET/MR
scanners, especially for whole-body applications, con-
tinues to be a matter of intense debate, as evidenced
by Catana et al.9 Indeed, as reported in the previously
cited work,9 although the aforementioned technical
issues can be viewed as the main obstacle for the clin-
ical suitability of PET/MR, on the other hand opposite
statements highlight on the increased performance
of current commercially available AC techniques for
PET/MR scanners thus considering them substantially
acceptable for clinical purposes.

Among the variety of proposed MR-based AC
(MRAC) methods for whole-body applications, the most
commonly used is the so-called baseline segmenta-
tion method, which is implemented on the Siemens Bio-
graph mMR (Erlangen). With the latter method, the AC
is performed using the MR data acquired with a two-
point Dixon volume interpolated breath-hold examina-
tion MR sequence.8 In-phase, out-of -phase, water, and
fat images are generated at each bed position and
combined to generate the corresponding whole-body
images. First, thresholds are placed on in-phase images
in order to separate the voxels corresponding to the
subject from the background air. An atlas-based
approach is next used to segment the lungs. Then, the
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voxels corresponding to fat and soft tissue are obtained
from the fat and water images, and an additional post-
processing is performed to remove the skin voxels and
noise. Finally, four classes (background air, lung, fat, and
soft tissue) are segmented, and predefined LACs (0,
0.022,0.085,and 0.100 cm−1,respectively) are assigned
to generate the attenuation map (MRAC4). Notably, the
bone tissue is misclassified as soft tissue.11

The limitation in accounting for high attenuation
structures such as bones has been shown to produce
large PET image bias,8,12 and this poses a considerable
challenge for PET/MR investigations of the spinal cord,
which is surrounded by dense bony structures.Recently,
PET/MR scanners implemented a five-compartment
segmentation model based on Dixon, introduced by
Paulus et al.13 According to this model, continuous
bone LACs (ranging from 0.1 to 0.2485 cm−1) were
superimposed on MRAC map by co-registration of the
Dixon series to an atlas of MR and CT pairs of the major
bones (skull, spine, pelvis, and proximal femurs) in the
body, resulting in a five-tissues MRAC (MRAC5) map.

Extensive literature exists on the impact of MRAC
approaches on brain applications,14–17 while a lim-
ited number of studies were performed on whole-
body MRAC probably reflecting the greater inter-subject
anatomical variability,physiological (respiratory and car-
diac) and nonphysiological subject’s movement.12 In
addition, the difficulty to image bone structures should
be considered due to the short T2* relaxation time
of bone tissue, which makes it hardly differentiable in
MR images.18,19 The lower percentage of bone tissue
in body than in the head makes the “missing bone”
MRAC4 methods reliable for many whole-body clini-
cal applications.11,12,20,21 In this context, several studies
compared the “missing-bone”PET/MR AC with the most
commonly used piece-wise linear AC method imple-
mented in PET/CT scanners for whole-body applica-
tions by evaluating the uptake in different body tissues
including bony structures and regions surrounding
them,11,22–26 and the impact of bone tissue on stan-
dardized uptake values (SUV) quantification in other
tissues.27,28 In particular, considerable underestimation
in SUVs was found when using MRAC4 with respect to
CTAC, particularly in bone lesions or regions surround-
ing bones.11,12,22,23,29,30 Few recent studies13,31–33

investigated the impact of MRAC5 in whole-body
PET/MR evaluation, and none of them was specific
for spinal zone. Given the substantial amount of bone
surrounding spinal zone, PET/MR studies specifically
addressing spine and spinal cord MRAC are desirable.

To our knowledge,the impact of MRAC on whole-body
PET images, focusing on bone marrow and spinal cord,
has been poorly investigated.

Keereman et al.34 investigated the influence of the
MRAC4 in whole-body PET acquisition of phantom data
by analyzing different regions, including the spine. In the
study proposed by Samarin et al.,30 the impact of a sim-

ulated MRAC4 map on SUV values was evaluated with
respect to results obtained with the reference CTAC map
within spine lesions.With a similar approach,Kim et al.35

also started from a simulated MRAC4 map by applying
different segmentation techniques to the CT image in
order to compare the obtained SUV values in spine
lesions with respect to SUV values from CTAC map.

Due to the need for accurate bone segmentation in
MRAC for whole-body PET/MR imaging, the aim of the
present work was to compare 18-fluorodeoxy-glucose
positron emission tomography (18F-FDG-PET) data
corrected with PET MRAC map (both with MRAC4 and
MRAC5) provided by the hybrid PET/MR system with
respect to those corrected with AC maps derived from
CT image (rCTAC, CT-based attenuation correction
map), for spine and spinal cord studies. In particular,
given the intention of investigating PET/MR imaging
for neurological studies of spinal cord, our investigation
was on oncologic patients without evidence of lesions
within the spine and the spinal cord. The rCTAC map
is adopted in the study since it can be considered as
the reference for bone LAC values due to accuracy
of CT in imaging compact bone structures. Moreover,
we also aimed at investigating the effect of including
bone in Dixon-based AC for PET/MRI of spinal area by
comparing both MRAC segmentation models.

2 MATERIALS AND METHODS

2.1 Patient characteristics

Data were retrospectively selected from subjects who
underwent PET/MR for oncological staging and showed
normal spine and spinal cord.

Thirty-six patients who underwent PET/CT and
PET/MR in the same session were retrospectively
selected. Patient population included 18 men and 18
women, with a mean age of 48.2 ± 18.3 years.

2.2 PET/CT acquisition

Data were acquired after 6 h of fasting prior to scan;
body weight, height, and glucose levels were measured.
After the intravenous injection of FDG (350-370 MBq),
patients took a rest for 45 min. During the acquisition,
patients lied down supine in the PET/CT scanner, with
their arms up and eyes closed. The head was placed
naturally so that the patient was comfortable,and motion
could be minimized during the acquisition. Low-dose
CT was acquired with Discovery IQ hybrid PET/CT
scanner36 (GE Healthcare) with the following param-
eters: 140 kVp; pitch, 0.94; collimation, 20× 1.25 mm;
reconstructed slice thickness, 3.75 mm; and increment,
3.26 mm. Emission data were corrected for randoms,
dead time, scatter, and attenuation.
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F IGURE 1 Overview of the workflow for reconstruction of PET images using CT-based attenuation correction (AC) map (PET_rCTAC),
four-tissues MR-based AC maps, (PET_MRAC4), and five-tissues MR-based AC (PET_MRAC5). rCT images are the result of registration of CT
on MR. rCT_AC represents rCT image converted to linear attenuation coefficients (LAC) values. MRAC4 and MRAC5 are the four-tissues and
five-tissues MR-based AC maps, respectively. rCTAC is the resulting image after morphological operations

2.3 PET/MR acquisition

Data were acquired on a 3T Siemens Biograph mMR
hybrid PET/MR system37 (Erlangen,version VE11) after
the PET/CT scan. PET images were acquired simulta-
neously with a whole-body MRI T2 HASTE sequence
(TR, 1400; TE, 87; slice thickness, 6 mm; and field of
view, 380 × 380) and a Dixon MRI sequence (first TE,
1.23 ms; second TE, 2.46 ms; TR, 3.96 ms; voxel size,
4.1 × 2.6 × 3.1 mm; field of view, 500 × 312; and zoom
factor 1.0). PET required 5 min per bed position, for a
total time of 25 min of PET acquisition. Matrix size of
PET was 172 × 172 × 515, resulting in a voxel size of
4.1 × 4.1 × 2.0.

2.3.1 MRAC maps generation

MRAC4 and MRAC5 maps were generated from the
Dixon MR sequence using the dedicated tool for offline
generation of attenuation maps available on the soft-

ware platform (syngo MR E11P; Siemens Healthcare
GmbH) of the scanner. MRAC4 map was generated
with the baseline segmentation method implemented
on Biograph mMR.11 For the MRAC5 map, the method
described by Paulus et al.13 was used.

2.3.2 rCTAC map generation

CT data from PET/CT scanner was used to derive
a CT-based AC map (registered CTAC, denoted as
rCTAC) following the procedure described in Figure 1
and detailed below.

Firstly, CT image was aligned to MR T2-weighted
image by means of two-steps registration procedure
both performed by using Elastix software (v. 4.9.0, http://
elastix.isi.uu.nl/). Taking into account the multimodal
strategy proposed by Leibfarth et al.38 for the registra-
tion procedure, as first step a rigid registration was per-
formed to achieve a rough alignment of the fixed and
moving images. A four-level multiresolution approach

http://elastix.isi.uu.nl/
http://elastix.isi.uu.nl/
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using a Gaussian smoothing without downsampling was
applied. A localized version of mutual information was
considered as similarity measure, consisting in evaluat-
ing mutual information on multiple subregions. Specif-
ically, the localization is obtained by constraining the
sampling procedure to a cubic subregion of the image,
randomly chosen in every iteration step from the fixed
image domain.38,39 The standard gradient descent was
applied for metric optimization.40 The resulting trans-
formation matrix was used to initialize the following
deformable registration step. In particular, a three-level
multiresolution approach using 3D Gaussian smoothing
(sigma = 8.0, 4.0, and 1.0 in in-plane acquisition and
sigma = 2.0,1.0,and 1.0 in the third direction to take into
account voxel anisotropy) without downsampling was
used together with a bending energy penalty term calcu-
lated to regularize the transformation.Finally, the similar-
ity metric consisted in a combination of localized mutual
information and bending energy penalty (with 60 bins,
10 000 samples, and a maximum of 5000 iterations for
each resolution) and the adaptive stochastic gradient
descent optimizer was adopted for its minimization.40 B-
spline was used as interpolation method for the regis-
tration procedure.

After the registration step, the resulted image (rCT)
was visually checked to confirm the consistency of
structural alignment with MR image. Moreover, to sup-
port the qualitative evaluation of the registration per-
formance, we generated mosaic images of MRAC and
rCTAC for the entire patient population and performed
quantitative comparison of rCTAC with both MRAC4 and
MRAC5 by using the Dice similarity coefficient (DSC). In
particular, the masks related to each tissue class were
obtained as follows: for rCTAC, voxels in the range of
0.005–0.05 cm−1 were assigned to the lungs, voxels
in the range of 0.05–0.093 cm−1 were assigned to fat,
voxels over 0.093 cm−1 were all assigned to soft tis-
sue for rCTAC-MRAC4 DSC analysis, while those over
0.105 cm−1 were assigned to bone tissue for rCTAC-
MRAC5 DSC analysis.11 For MRAC 4, lungs, fat and
soft tissue corresponded to values equal to 0.022 cm−1,
0.085 cm−1, and 0.1 cm−1. The same goes for MRAC5,
with the difference that voxels greater than 0.100 were
assigned to bone tissues.13 Then, rCT was converted to
LAC values by means of a piece-wise linear equation
transformation,10 thus resulting in rCT_AC map.

Since the obtained rCT_AC image anatomically dif-
fered from MRAC map for both arm positions (arms up
in PET/CT acquisition, arms down in PET/MR acquisi-
tion) and table contribution in the attenuation values, an
approach to make the attenuation maps comparable
was adopted. In particular, the rCT_AC voxels from the
relative complement of the foreground rCT_AC mask
and the foreground MRAC mask (e.g., the ensemble
of foreground voxels in rCTAC but not in MRAC) were
automatically replaced with the corresponding voxel
values from MRAC. The MRAC foreground binary

mask was evaluated by selecting voxels with LAC
greater than zero (LAC assigned to the outer air class)
whereas the rCT_AC foreground mask was obtained by
means of the Otsu thresholding method.41 In addition
to arms and table replacement, the latter approach
automatically replaced missing LAC values in rCT_AC
map arising from the different field of view (FOV)
between MR and CT images after the registration
procedure.

2.4 PET data reconstruction

PET data acquired from PET/MR were corrected for
random coincidences, dead time and scatter, as imple-
mented on the PET/MR system. A 3D attenuation
weighted ordered-subsets expectation maximization
iterative reconstruction algorithm (AW OSEM 3D) with
three iterations and 21 subsets, Gaussian smoothing
4 mm full width at half maximum, was used. PET
data were corrected for attenuation using MRAC4,
MRAC5, and rCTAC, resulting in PET_MRAC4 (where
PET_MRAC is PET images reconstructed using MR-
based attenuation correction map), PET_MRAC5,
and PET_rCTAC (PET images reconstructed using
CT-based attenuation correction map), respectively
(Figure 1).

2.5 Data analysis

SUVs were calculated on the basis of body weight42,43:

SUV =
Activity Concentration in ROI × body weight

Injected dose

Regions of interest (ROIs) were drawn in spinal cord
(SC), lumbar cerebrospinal fluid (CSF), and vertebral
body marrow on a T2-weighted image at five levels (C2,
C5, T6, T12, and L3).

For each level, two fiducial points were manually
drawn respectively on the spinal cord and the corre-
sponding vertebral body bone marrow (lumbar CSF in
case of L3 level), by selecting the best representative
slice in axial orientation. Next, 3D ROIs were automat-
ically generated, with a custom MATLAB routine, by
centering a spherical ROI with diameter of 9 mm to
each fiducial point. An example of the distribution of the
10 ROIs for one of the included patients is shown in
Figure 2.

The generated ROIs were copied to PET_MRAC4,
PET_MRAC5 and PET_rCTAC images and the average
SUV (SUVm) across all voxels, within each ROI, was
computed from each reconstructed PET.

Then, the SUVm across all voxels within each ROI
was computed from PET_MRAC4, PET_MRAC5, and
PET_rCTAC images.
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F IGURE 2 Distribution of the 10 3D regions of interest (ROIs)
for one of the included patients. On the left, the sagittal view of a
central slice overlapped by the sagittal MIP of segmentation mask.
On the right, the five axial slices, each containing two ROIs (the
central slice of each 3D ROI was shown). 3D ROIs were centered on
the spinal cord and the corresponding vertebral body bone marrow
(lumbar CSF in case of L3 level)

2.6 Statistical analysis

Statistical analysis was performed using MATLAB
R2020a.

For each ROI, two-tailed paired t-test was performed
with a twofold aim:to compare SUVm values arising from
PET corrected for the two MRAC maps (respectively,
SUVm_MRAC4 and SUVm_MRAC5) and then to assess dif-
ferences across the two MRAC methods and SUVm
from PET_rCTAC (SUVm_rCTAC), the latter assumed as
reference. The statistical significance level was set at
p < 0.05. Then, Bonferroni correction was applied for
minimizing type-I error (p < 0.05/3 → p < 0.0167). In
order to investigate the magnitude of the difference in
SUVs between the two MRAC models, as well as that
between each MRAC model and rCTAC, the effect size
(ES) was calculated by means of Cohen’s d, defined as
follows44:

d =

SUVm1_avg − SUVm2_avg

SDpool
,

where SUVm1_avg and SUVm2_avg are the average SUVm
from the PET images reconstructed with two differ-
ent AC methods (the methods compared against each
other being MRAC4, MRAC5, and rCTAC), while SDpool
is the pooled standard deviation for SUVm1_avg and

F IGURE 3 PET data reconstructed from MRAC4 (left), MRAC5
(center), and rCTAC (right) maps

SUVm2_avg. ES was categorized as very small (<0.2),
small (0.21–0.5), medium (0.51–0.8), large (0.81–1.2),
very large (1.21–2), and huge (> 2).45 In order to
assess the consistency between AC models, the asso-
ciation between the MRAC4 and MRAC5, as well as
that between each MRAC model and rCTAC was evalu-
ated by Pearson’s correlation (r) and interpreted as fol-
lows: poor correlation (0.00≤ r ≤0.20), fair correlation
(0.20 < r ≤0.40), moderate correlation (0.40 < r ≤0.60),
good correlation (0.60 < r ≤0.80), and very good corre-
lation (r > 0.80). Comparison of correlation coefficients
of MRAC models with rCTAC was performed for each
spinal zone using Meng’s z-test.46

3 RESULTS

The visual inspection supported by mosaic images
showed a consistent alignment between the MR and
CT modalities (Figure S1). Results of DSC analysis are
reported in Table S1.

In Figure 3, PET data reconstructed from both MRAC
and rCTAC maps are shown.

For each ROI, the values of SUVm_MRAC5,
SUVm_MRAC4, mean differences between the two,
effect sizes, and r values are summarized in Table 1.
SUVm_MRAC5 values were significantly higher than
SUVm_MRAC4 in C2, C5, T6 SC, T12 SC, and L3 CSF.
There is no proof of statistically significant differences
in the remaining vertebral levels analyzed. These
considerations could also be confirmed by observ-
ing values of effect size, which showed higher values
(0.24 < d < 0.95) in the five abovementioned statistically
significant zones with respect to the remaining ones
(0.08 < d < 0.14). Interestingly, in L3 CSF, the compari-
son among the two MRAC methods yielded a very large
effect size (d = 0.95). SUVm_MRAC4 and SUVm_MRAC5
showed very good correlation (0.81 < r < 0.97) in all
spinal ROIs.
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TABLE 1 Comparison between average standardized uptake value (SUV) arising from PET corrected from four-tissues MRAC
(SUVm_MRAC4) and average SUV arising from PET corrected from five-tissues MRAC (SUVm_MRAC5)

Level
SUVm_MRAC5 mean
(range)

SUVm_MRAC4 mean
(range) MD (SD) ES r

C2 1.72 (0.76–3.61) 1.59 (0.67–3.21) 0.13 (0.13)* 0.24 0.93**

C2 SC 1.38 (0.9–2.18) 1.4 (0.89–2.11) −0.02 (0.07) 0.08 0.94**

C5 1.96 (0.94–3.53) 1.78 (0.64–3.14) 0.17 (0.12)* 0.35 0.97**

C5 SC 1.55 (0.86–2.2) 1.52 (0.66–2.13) 0.03 (0.07) 0.1 0.95**

T6 2.31 (0.74–5.12) 2.28 (0.83–4.68) 0.03 (0.2) 0.03 0.93**

T6 SC 1.37 (0.56–2.29) 1.27 (0.61–2.16) 0.1 (0.08)* 0.28 0.86**

T12 2.21 (0.86–5.36) 2.16 (0.71–5.14) 0.05 (0.2) 0.06 0.96**

T12 SC 1.51 (0.95–2.79) 1.33 (0.82–2.63) 0.17 (0.09)* 0.45 0.85**

L3 2.19 (1.05–4.23) 2.31 (0.83–3.98) −0.12 (0.19) 0.14 0.88**

L3 CSF 1.13 (0.68–1.95) 0.87 (0.47–1.58) 0.26 (0.06)* 0.95 0.81**

Abbreviations: ES, effect size; MD, mean difference.
*Statistically significant to paired t-test.
**r significantly different from zero.

TABLE 2 Comparison between average standardized uptake value (SUV) arising from PET corrected from four- and vie-tissues MRAC
(SUVm_MRAC4 and SUVm_MRAC5), and SUV arising from PET corrected from CT-based attenuation correction (AC) map (SUVm_rCTAC)

MD (SD) ES r

Level
SUVm_rCTAC mean
(range) SUVmMRAC4 SUVm_MRAC5 SUVm_MRAC4 SUVm_MRAC5 SUVm_MRAC4 SUVm_MRAC5

C2 1.66 (0.44–3.41) 0.07 (0.15) 0.07 (0.14) 0.12 0.11 0.81** 0.77**

C2 SC 1.32 (0.73–2.08) 0.06 (0.07)* 0.08 (0.07) 0.26 0.19 0.9** 0.88**

C5 1.88 (0.88–3.34) 0.07 (0.12) 0.1 (0.12) 0.19 0.14 0.87** 0.89**

C5 SC 1.48 (0.73–2.22) 0.07 (0.07) 0.04 (0.07)* 0.13 0.23 0.89** 0.93**

T6 1.98 (0.6–4.85) 0.32 (0.2)* 0.3 (0.18)* 0.38 0.39 0.88** 0.94**

T6 SC 1.25 (0.45–2.08) 0.12 (0.09) 0.02 (0.08)* 0.06 0.32 0.84** 0.83**

T12 2.23 (0.87–4.89) 0.02 (0.21) 0.07 (0.21) 0.08 0.02 0.87** 0.83**

T12 SC 1.53 (0.83–3.08) 0.03 (0.11) 0.2 (0.11) 0.42 0.06 0.67** 0.8**

L3 2.17 (0.66–4.43) 0.02 (0.21) 0.14 (0.2) 0.16 0.02 0.78** 0.73**

L3 CSF 1.17 (0.62–2.83) 0.04 (0.09)* 0.3 (0.08) 0.83 0.11 0.67** 0.78**

Abbreviations: ES, effect size; MD, mean difference.
*Statistically significant to paired t-test performed against SUVm_rCTAC.
**r significantly different from zero.

Concerning the comparison between MRAC mod-
els and CTAC model (Table 2), SUVm_MRAC4 and
SUVm_MRAC5 were both lower than SUVm_rCTAC in all 10
ROIs. However, paired t-test revealed statistical signifi-
cance only in C2 SC and L3 CSF for MRAC4, T6 SC
and C5 SC for MRAC5,and T6 for both MRAC methods.
Except for C5 SC, T6 SC and T6, the MRAC5 method
yielded a lower effect size than MRAC4. As reported in
Table 2, both SUVm_MRAC4 and SUVm_MRAC5 showed
a good or very good correlation with SUVm_rCTAC at
each ROI level. SUVm_MRAC5 showed an overall higher
correlation with SUVm_rCTAC, although comparison of
the latter with r between SUVm_MRAC4 and SUVm_rCTAC
was not significant in any of the 10 investigated zones
according to Meng’s z-test.

4 DISCUSSION

In this study, we evaluated the influence of the MRAC
methods implemented on the integrated PET/MR scan-
ner (MRAC4 and MRAC5) on FDG uptake estimation in
spine and spinal cord imaging.Specifically,we compared
PET data corrected with MRAC methods with respect to
those corrected with rCTAC and investigated the effect
of including bone in MRAC4. rCTAC map was assumed
as reference standard for the AC and used to retrospec-
tively reconstruct PET/MR emission data. In fact,a direct
comparison between PET/MR and PET/CT would not be
properly suitable since the SUV comparison between
different timepoints and scanners could be influenced
by several factors related to technical and biological



MR-BASED PET AC IN SPINAL CORD 5931

issues due to different uptake time among PET/MR and
PET/CT sessions.47

Since bone structures cause the highest attenuation
in the body, we expected to find a significant underesti-
mation of SUV from PET/MRI corrected with MRAC4 in
regions surrounded by a high occurrence of bony struc-
tures such as the spine, with respect to PET_rCTAC.
This SUV underestimation was expected to be less sub-
stantial when PET/MRI is corrected with MRAC5.

In fact, our findings show that the comparison among
MRAC methods indicated that the absence of bone
in MRAC4 map cannot be neglected since SUVs
from PET_MRAC4 are overall lower than those from
PET_MRAC5 and their differences were statistically sig-
nificant at five levels (C2, C5, T6 SC, T12 SC, L3 CSF).
Interestingly, adding bone at lower spinal levels yielded
a higher effect size (d = 0.45 at T12 SC, d = 0.95
at L3 CSF), and this could be attributed to the higher
bone presence at these levels, in particular in the pelvis
region.31

The expected SUVs underestimations between
PET_MRAC4 and PET_rCTAC were confirmed by
results obtained, showing SUVs underestimation at
all 10 investigated levels, with statistically significant
differences at C2, T6, and L3 CSF. Although SUVs
underestimation and statistically significant differ-
ences persisted even when considering PET correction
for MRAC5 with respect to the reference, an overall
decrease in effect size could be observed, mainly at
lower spinal levels (T12, L3).

In summary, our results indicate that the differences
between investigated AC methods are also sensitive to
the ROI localization, in particular to both the structure
(bone marrow or spinal cord) and the related spinal level.

While similar studies focused on the comparison
between MRAC with CTAC by analyzing PET images
acquired with different scanners10,22–28 (e.g., PET/CT
scanner and PET/MR scanner), to our knowledge, this
is the first study evaluating the impact of the MRAC on
the spinal cord PET/MR imaging, investigating also the
effect of including bones with five-compartment attenu-
ation maps and assuming a CT-driven map as reference
for the AC.

Two previous studies compared CT-driven and four-
tissues MR-driven AC on the FDG-PET data acquired
on a PET/MR scanner48,49 on different anatomical dis-
tricts. In both studies, variable percentage differences
between CT-driven and MR-driven mean SUV values,
depending on examined body regions,were found.Seith
et al.48 quantified SUV mean in different body regions
considering normal and injured soft tissues, as well
as normal bone and bone lesions, and confirmed the
expected higher underestimation of mean SUV in bones
assessed with MR-driven AC methods not accounting
for bones. This was also confirmed in the study of Arabi
et al.50 who compared three- and four-tissues MRAC
with AC derived from CT images in terms of accuracy

of SUV quantification and found highest underestima-
tions of MRAC models in bony regions.

In a recent study, Liu et al.49 also used a CT-derived
approach analogous to that developed in the present
study, finding underestimations in SUV mean between
MRAC4 and CT-driven methods for normal and injured
soft tissues. Underestimations increased for normal
bone and bone lesions. Similar to our results, they
also found a very high Pearson’s correlation between
the two AC methods, either in soft or bone tissues
(0.93 < r < 0.99).

Overall, underestimation of mean SUV values using
MRAC4 with respect to CT-driven AC method also
appeared in our findings, mainly at pelvis level.

Few recent studies investigated the impact
of five-tissues MRAC in whole-body PET/MR
evaluation.13,31–33 Paulus et al.,13 using CTAC from
PET/CT as reference standard, found that five-tissues
MRAC improves SUV quantification in whole-body
hybrid PET/MR imaging, especially in bony tissue
and nearby soft tissue. Similarly, Domacevsky et al.31

evaluated the impact of using five-tissues MRAC in
68Ga-PSMA-11 PET/MR of prostate cancer patients
with respect to four-tissues MRAC and using CTAC
from PET/CT as reference standard, finding that the
addition of bones to the four-tissue MRAC model has
an impact on SUV measurements. We also noticed
a non-negligible impact on SUV measurements aris-
ing from the addition of bone in MRAC4, although
a direct comparison with mentioned studies cannot
be performed due to different methods, investigated
zones, and reference standard. Oehmigen et al.33 also
found significant differences between SUV measure-
ments based on MRAC4 and MRAC5 methods in bone
lesions, but no CT-based reference standard was used.

In the present study, the analyzed population con-
sisted in patients with oncological complications,
selected based on the absence of lesions within
the spine and the spinal cord.Our choice was motivated
by the intention of investigating the role of PET/MR
imaging for the study of neurological diseases involv-
ing spinal cord. Among these we might mention the
evaluation of inflammatory myelopathies (e.g., multiple
sclerosis), neurosarcoidosis, amyotrophic lateral sclero-
sis (ALS), trauma, post radiation myelopathy, and some
neurodegenerative diseases affecting the SC.23,51–56

The evaluation of the reliability of FDG-PET/MR imag-
ing therefore becomes fundamental for this type of
pathologies for which small variations of the radiotracer
in the spinal cord must be appreciable. For example,
spinal onset of ALS was associated with a slight sig-
nificant increase in SC uptake of FDG, thus reflecting
an increased metabolism of SC structures.55 Previous
studies30,35 investigated the influence of MRAC in spine
lesions finding a substantial underestimation of SUV
values with respect to CTAC. However, their findings are
not based on the data obtained from the acquired MR
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images since the AC map was derived by simulating the
attenuation values from the CT image. Further studies
are required to specifically investigate the influence of
AC map calculated from the PET/MR system also in
lesions located both in spine and spinal cord.

Our study has several limitations. First of all, the
assumption of rCTAC method as reference implies
sensitivity to registration errors that may have occurred
in registration of CT to MR images57 and may have
affected SUV measurements. However, the alignment
between registered modalities has been carefully
checked by visual examination, and residual misalign-
ments were not considered to be a relevant source of
bias. In addition, the reported DSC between rCTAC and
both MRAC4 and MRAC5 tissue classes was overall
high, except for bone tissue. However, this could be
justified by another source of bias related to the miss-
ing bone information in the MRAC5 bone model with
respect to rCTAC (e.g., ribs, bones at shoulder level).13

Moreover, according to the issue recently raised by
Bogdanovic et al.,58 our reported results, concerning
the comparison of SUV between MRAC4 and MRAC5,
could be affected by possible bone misregistration
with bone-atlas template.13 Then, it should be consid-
ered that the patients’ arms in rCTAC were replaced
by the corresponding MRAC segmented arms, which
did not contain bone structures. This can lead to a
potential slight misinterpretation of PET in the shoulder
zone.48 However, due to the existing distance between
shoulders and spine, the spinal regions should not be
affected by such biases. Moreover, the different arm
position between the two modalities could also have
led to biased registration results. However, since the
registration procedure was based on the localized
version of MI (which allows calculating a coregistra-
tion matrix with a greater local weight) the different
arm position between MR and CT poorly influenced
the coregistration result. Finally, it is worth noting that
atlas-based methods for MRAC map generation may
produce different results in studies with a narrower FOV
(chest, cardiac imaging).59–62 In this case, it would be
advisable to develop specific studies for assessing the
extensibility of our results to these applications.

5 CONCLUSION

Our results show that neglecting bones in AC, as for
the case of MRAC4, can produce an underestimation
of the actual FDG uptake of the spinal cord. The inclu-
sion of bone in MRAC5 improves the AC in spinal cord,
although further investigations are needed to validate its
use in clinical practice. Therefore, particular care must
be taken in the spinal canal region and the use of AC
maps that include the contribution of bone structures
to the attenuation could be beneficial. In this context,
the suitability of PET/MR imaging of spinal cord and

bone marrow requires particular attention if quantitative
estimations are required.
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