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Purpose: This study introduces a new hybrid ZTE/Dixon MR-based attenuation correction (MRAC)
method including bone density estimation for PET/MRI and quantifies the effects of bone attenuation
on metastatic lesion uptake in the pelvis.
Methods: Six patients with pelvic lesions were scanned using fluorodeoxyglucose (18F-FDG) in an
integrated time-of-flight (TOF) PET/MRI system. For PET attenuation correction, MR imaging con-
sisted of two-point Dixon and zero echo-time (ZTE) pulse sequences. A continuous-value fat and
water pseudoCT was generated from a two-point Dixon MRI. Bone was segmented from the ZTE
images and converted to Hounsfield units (HU) using a continuous two-segment piecewise linear
model based on ZTE MRI intensity. The HU values were converted to linear attenuation coefficients
(LAC) using a bilinear model. The bone voxels of the Dixon-based pseudoCT were replaced by the
ZTE-derived bone to produce the hybrid ZTE/Dixon pseudoCT. The three different AC maps (Dixon,
hybrid ZTE/Dixon, CTAC) were used to reconstruct PET images using a TOF-ordered subset expec-
tation maximization algorithm with a point-spread function model. Metastatic lesions were separated
into two classes, bone lesions and soft tissue lesions, and analyzed. The MRAC methods were
compared using a root-mean-squared error (RMSE), where the registered CTAC was taken as ground
truth.
Results: The RMSE of the maximum standardized uptake values (SUVmax) is 11.02% and 7.79% for
bone (N = 6) and soft tissue lesions (N = 8), respectively, using Dixon MRAC. The RMSE of SUV-
max for these lesions is significantly reduced to 3.28% and 3.94% when using the new hybrid ZTE/
Dixon MRAC. Additionally, the RMSE for PET SUVs across the entire pelvis and all patients are
8.76% and 4.18%, for the Dixon and hybrid ZTE/Dixon MRAC methods, respectively.
Conclusion: A hybrid ZTE/Dixon MRAC method was developed and applied to pelvic regions in an
integrated TOF PET/MRI, demonstrating improved MRAC. This new method included bone density
estimation, through which PET quantification is improved. © 2017 American Association of Physi-
cists in Medicine [https://doi.org/10.1002/mp.12122]
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1. INTRODUCTION

Accurate PET standard uptake values (SUVs) estimation is
important for many applications such as tumor staging and
treatment response monitoring. This is especially important

for quantitative imaging studies, comparisons across sys-
tems (e.g. PET/CT, PET/MR, or different vendors), and
comparisons to other imaging parameters (e.g. diffusion-
weighted MRI). Accurate uptake quantification depends on
accurate attenuation correction, which is a major challenge
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faced by PET/MR systems. In PET/CT, 511 keV photon
attenuation coefficients can be readily estimated from CT
Hounsfield units using a bilinear model,1 whereas in PET/
MRI, MRI measures nuclear spin properties and lacks
photon attenuation information. Thus, it is difficult to infer
attenuation information from the MR images and inaccu-
rate attenuation correction induces errors in the PET
uptake estimates.

Currently, commercially available MRAC methods for
body PET imaging use a fat/water map derived from a
“Dixon” MRI sequence, where only attenuation of soft tissue
fat and water components are considered and bone is
neglected.2,3 This leads to errors of about 10% in and around
bony regions.4–6 Conventional MR imaging approaches do
not detect any signal from bone due to its very short-T2*
relaxation time (T2 � 0.4 ms7–9). Bone density estimation,
however, is important particularly in pelvis PET/MRI due to
the significant amount of bone, which has the largest photon
attenuation among all tissue types. Neglecting bone in the
attenuation coefficient (AC) map leads to a large underesti-
mation of PET uptake in and around bone.

Atlas-based methods are commonly used for MRAC in
the brain and include bone. AC maps are generated from reg-
istering an atlas generated from transmission10,11 or CT
scans.12–15 The challenge of atlas-based methods is that they
do not completely account for patient-specific variations in
bone structure and density.

To capture patient-specific bone information for MRAC,
methods based on ultrashort echo-time (UTE)16–20 and
zero echo-time (ZTE) pulse sequences have been proposed.
Transverse relaxation rate (R2*) maps have been measured
using UTE to estimate discrete17 or continuous-valued18,19

attenuation coefficients for bone. The R2* maps from
these methods, designed to detect the short-T2* of bone,
are also sensitive to short-T2* values resulting from off-
resonance particularly in regions of large magnetic suscep-
tibility differences such as the sinuses and other short-T2*
tissues such as tendons, all of which may be misclassified
as bone. ZTE MRI has also demonstrated excellent bone
depiction with proton-density-weighting.21–24 The water-
and fat-suppressed projection imaging (WASPI) method, a
ZTE sequence that includes fat and soft tissue suppression,
has been used to generate continuous-value bone attenua-
tion coefficients.25 The limitations of the WASPI method
are that the suppression pulses are sensitive to off-reso-
nance and will reduce the bone SNR, and this approach
may misclassify other short-T2* tissues as bone. Misclassi-
fication of other short-T2* soft tissues or short-T2* from
off-resonance as bone in current UTE and ZTE methods
will lead to errors in PET uptake quantification due to the
substantial bone photon attenuation coefficient assigned to
the misclassified tissues.

This paper introduces a new hybrid MRAC method
(“Hybrid ZTE/Dixon MRAC”) through the combination of
ZTE MRI (bone segmentation and density estimation) and
Dixon MRI (water, fat, and air). The bone density estimation
is based on recent work showing that, with proton-density-

weighted ZTE MRI, the bone density in the head is found to
be inversely proportional to the ZTE signal intensity, allow-
ing for continuous-valued attenuation coefficient estima-
tion.22 In this paper, we demonstrate this relationship also
applies in the pelvis, and implemented pelvis-specific contin-
uous-valued bone attenuation coefficients estimation. We
quantitatively analyzed the performance of this new purely
MR-derived AC method using 18F-FDG-PET uptake values
in metastatic lesions in the pelvis.

2. METHODOLOGY

2.A. MR attenuation coefficient map generation

Our hybrid ZTE/Dixon MRAC method uses ZTE and
Dixon MRI pulse sequences to generate a continuous-valued
MRAC map that can account for water, fat, bone, and air
attenuation coefficients. Figure 1 depicts the flowchart for
the proposed method, which includes bone segmentation,
continuous-value bone mapping, the combination of
Dixon-based pseudoCT and ZTE-based pseudoCT that
we call “hybridization”, PET image reconstruction, and
data analysis. Each of these steps are described in
greater detail below. Image processing was done using
MATLAB (The MathWorks, Inc., Natick, Massachusetts,
United States).

2.A.1. ZTE MR image preprocessing

The ZTE MR images were bias corrected using N4 bias
correction26 to eliminate intensity bias due to differing coil
sensitivities. The ZTE images are normalized to soft tissue
values using a histogram-based method22 to eliminate signal
intensity variability due to hardware- and software-scaling
factors. The ZTE-normalized signal is a proton-density signal
that has been scaled to have soft tissue values centered
around 1.

2.A.2. Bone segmentation

Proton-density-weighted ZTE MR images display soft tis-
sue, cortical bone, and air with high, moderate, and low sig-
nal intensity, respectively. Cortical bone in the shaft of the
femur is distinct while cortical bone around the femoral head
or in the lumbar is more difficult to distinguish from sur-
rounding tissues. To enhance bone, high-pass filtering, loga-
rithmic intensity rescaling,21,23 and top hat morphological
filtering27 was applied.

Cortical bone segmentation was done using global thresh-
olding to produce an initial bone mask. Morphological area
opening27 was applied to reduce noise, and the segmentation
map was corrected manually based on image features and
anatomical knowledge of bone locations. Spongious bone
inside cortical bone was added by applying morphological
closing27 to eliminate cortical bone discontinuities followed
by a 3-D filling operation. The bone segmentation process
and intermediate images are shown in Fig. 2.
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2.A.3. Continuous-value bone mapping

A continuous two-segment piecewise linear model was
used to convert the ZTE-normalized signal (ZTEnorm) to HU
values in segmented bone regions:

ZTEboneHU ¼
slope1 � ZTEnorm þ intercept1;ZTEnorm� threshold

slope2 � ZTEnorm þ intercept2;ZTEnorm[ threshold
:

�
(1)

Figure 3 shows the data used for generating this
model, which was done using seven (7) co-registered CT
and ZTE MRI patient datasets in the pelvis from our
study. The images are co-registered using the same
method discussed later in the paper. Multiple CT
protocols were used for calibration with some variable
parameter settings, but importantly the X-ray energy
was constant across protocols (120 kVp, 99–375 mA,
rotation time = 0.5 s, pitch = 0.6–0.98, 11.5–9.1 mm/rota-
tion, axial FOV = 500–700 mm, slice thickness =

FIG. 1. Flowchart summarizing the methodology of the paper. Registered CT images are used as ground truth. The CT and pseudoCT images are converted to
AC maps with a bilinear model. [Colour figure can be viewed at wileyonlinelibrary.com]
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3–5 mm, matrix size = 512 9 512). Voxels used in the
data were extracted by jointly segmenting bone from
the ZTE images as described in Figure 2; and from the
CT images using global thresholding (>�200HU). The
calibration CT images were converted to the assumed
energy of the Dixon pseudoCT, but yielding the same
attenuation coefficients. Iteratively reweighted least
squares was used to fit a two-segment piecewise linear
model to the calibration data using the Shape Language
Modeling toolkit.28 This model was used in bone
regions that were segmented using the process described
earlier.

2.A.4. Hybridization

The hybrid ZTE/Dixon pseudoCT was generated by com-
bining the Dixon continuous-valued fat and water pseudoCT3

and the ZTE-derived continuous-valued bone HU. Bone vox-
els that were identified by the segmentation mask (boneMask
(x
*
) = 1) were assigned the ZTE-derived continuous-value

bone HU, ZTEboneHU( x
*
), otherwise the Dixon-derived HU,

DixonHU( x
*
), value was used:

HybridHUð x*Þ ¼ ZTEboneHUð x*Þ; boneMaskð x*Þ ¼ 1
DixonHUð x*Þ; otherwise

(

The CT and pseudoCT images were converted to linear
attenuation coefficients (LAC) using a bilinear model.1

2.B. Patient studies

The study has been approved by the institutional review
board (IRB) and all patients signed an informed consent
form. Six patients with pelvic lesions (Table I) and one
patient without pelvic lesions were scanned using an inte-
grated 3 Tesla time-of-flight (TOF) PET/MRI system29

(SIGNA PET/MR, GE Healthcare, Waukesha, WI, USA).

2.B.1. PET/MR imaging

The PET images were acquired with 18F-Fluorodeoxyglu-
cose (18F-FDG). PET has 600 mm transaxial field-of-view
(FOV) and 25 cm axial FOV, with TOF timing resolution of
approximately 400 psec. The imaging protocol included a six

FIG. 2. Example images of each step of the bone segmentation process are shown in (a). 3-D rendering of the ZTE-segmented bone (c) shows strong visual simi-
larity to CT-segmented bone (b). [Colour figure can be viewed at wileyonlinelibrary.com]
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bed position whole-body PET/MRI as well as a dedicated
pelvic PET/MRI acquisition. The PET data were acquired for
15 min during the dedicated pelvis acquisition, during which
time clinical MRI sequences as well as the Dixon and ZTE
MR data were acquired.

A two-point Dixon pulse sequence was acquired for
classification of fat and water soft tissues (FOV =
500 9 500 9 312 mm, resolution = 1.95 9 1.95 mm, slice
thickness = 5.2 mm, slice spacing = 2.6 mm, BW
= � 166.67 kHz, TE = [1.15 ms, 2.3 ms], TR = 4.05 ms, par-
tial Fourier along slice phase encode direction, scan time =

(a) (b) (c)

(d)

(e) (f)

(g)

FIG. 3. Coregistered ZTE (a) and CT (b) images were used to produce a linear model to convert the normalized ZTE signal intensity to Hounsfield units. Only
bone voxels as defined by the bone mask (c) are used in the modeling. Iteratively reweighted least squares fitting was used to produce the continuous two-seg-
ment piecewise linear model (d). The hybridization step combines the Dixon pseudoCT (e) and ZTE-segmented continuous-valued bone (f) using the linear
model in (d) to produce the hybrid ZTE/Dixon pseudoCT (g). [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE I. Patient demographics and disease diagnoses.

Patient # Age Sex
Disease
Diagnosis

1 56 Male Lung cancer

2 59 Female Rectal cancer

3 61 Male Rectal cancer

4 56 Male Rectal cancer

5 59 Male Rectal cancer

6 58 Female Rectal cancer
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18 s, body transmit/receive coil). Proton density-weighted
ZTE MRI was acquired for bone density estimation (cubical
FOV = (340 mm)3, isotropic resolution = (2 mm)3, 28,900
radial views, BW = � 62.5 kHz, 1.36 ms readout duration,
FA = 0.6°, 4 ls hard RF pulse, scan time = 123 s) using auto-
matically selected receive coils within the pelvis FOV from a
whole-body receive array. Conventional gridding with sum-of-
squares coil combination was used for the ZTE images. PET
images were reconstructed with a TOF-ordered subset expecta-
tion maximization (OSEM) algorithm including a point-spread
function model30 (FOV = 600 mm, 2 iterations, 28 subsets,
matrix size = 192 9 192, 89 slices of 2.78 mm thickness).

2.B.2. CT imaging

Helical CT images of the patients were acquired separately
on different machines (Discovery STE PET/CT GE Health-
care, Biograph 16 PET/CT Siemens Healthcare, Philips Gem-
ini TF PET/CT, Revolution CT GE Healthcare, SOMATOM
Definition AS Siemens Healthcare, SOMATOM Force Sie-
mens Healthcare) and are coregistered to the MR images.
Multiple CT protocols were used with variable parameter set-
tings (90–120 kVp, 90–706 mA, rotation time = 0.5 s, pitch
= 0.6–1.2, 11.5–69.1 mm/rotation, axial FOV = 340–
700 mm, slice thickness = 1–5 mm, matrix size =
512 9 512). Anatomical matching was performed between
the CT and Dixon MRI using the methodology as described
in ref. 31. Following anatomical matching, rigid registration
was performed using affine transform and mutual information
metric and was applied to the CT data. The anatomical
matching and rigid registration pipeline was implemented
using ITK (v. 4.7.2).26 The rigidly aligned CT data were next
registered to Dixon MRI using a diffeomorphic dense non-
rigid registration (NRR). The NRR was done using the
ANTS registration package (v. 2.0.3).32

Because the CT images were obtained at a different time,
there were some differences in the distribution of intrabody
air. Therefore, air in CT images was filled in with the soft tis-
sue HU values from the Dixon-derived pseudoCT to elimi-
nate any difference due to the air distribution. Air on the CT
images was segmented using global thresholding
(<�200 HU). The HU value in each voxel defined by the air
mask was replaced by the HU value from the Dixon pseu-
doCT, which corresponds to soft tissue HU values inside the
body and air HU values outside the body. Additionally, the
CT scan was acquired with arms up while the PET/MR scan
was acquired with arms down. To eliminate arms as a vari-
able, the arms were manually segmented on the Dixon pseu-
doCT and copied over to the CT images: the corresponding
arm’s voxels in the CT images were assigned the HU values
of the Dixon pseudoCT.

2.B.3. ZTE and dixon MR coregistration

Even though ZTE and Dixon MRI data were acquired for
same pelvis station, there was subject motion in between

acquisitions resulting in some differences in femur and hip
positioning in one patient. For this patient, the ZTE data were
aligned to Dixon MRI using affine transform followed by
NRR with ANTS.

2.C. Data analysis

2.C.1. Image analysis

Attenuation coefficient maps and resulting PET recon-
structions were compared across the entire pelvic PET FOV,
with CTAC taken as ground truth. Images of the percentage
difference from CTAC were computed to account for local
and patient differences in tissue density, radiotracer activity,
and uptake. The average (l) and standard deviation (r) of the
percent error were computed across the PET FOVover voxels
that met a minimum signal-to-noise (SNR) criteria. The root-
mean-squared error (RMSE) was also computed

(RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ r2

p
, (eq. 2)) as in Ouyang et al.4 to summa-

rize the errors.

2.C.2. Lesion-based analysis

Metastatic lesions were analyzed to specifically assess the
impact of the MRAC methods on clinically relevant features.
Lesions were identified on the PET images by a board-
certified radiologist. The lesions were classified into two cat-
egories: bone lesions, which are within 10 mm or surrounded
by bone, and soft tissue lesions, which are at least 10 mm
away from bony structures in all directions.

Maximum standardized uptake values (SUVmax) were
measured for each lesion for analysis. The average (l), stan-
dard deviation (r), and RMSE of the SUVmax percent error
between the MRAC methods and CTAC were computed to
compare the methods. AWilcoxon signed-rank test was used
to compare the SUVmax biases to CTAC between MRAC
methods.

3. RESULTS

The linear model used to map normalized ZTE MRI
signal intensity to HU is shown in Fig. 3. In this model,
voxels containing only bone will have the lowest ZTE sig-
nal and are assigned the highest HU values, whereas vox-
els with larger soft tissue fractions will have higher ZTE
signal and lower HU values. Fits to the training datasets
resulted in slopes of �1836 and �691 and intercepts of
1782 and 857 HU and a threshold of 0.8 for the model
shown in Eq. 1. The model is weighted significantly by
spongious bone below 400 HU suggesting that spongious
bone attenuation is more significant than cortical bone due
to its abundance.

Representative attenuation coefficient maps are shown in
Fig. 4. The Dixon MRAC is able to closely approximate soft
tissue HU values, however, it is missing the bone information.
With the addition of ZTE bone, the hybrid ZTE/Dixon
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MRAC appears similar to CTAC, capturing both the varia-
tions in bone density and soft tissue attenuation.

3.A. Image analysis

Difference images of the generated MRAC maps of the
Dixon and Hybrid methods with the CTAC map are shown in
Fig. 5. Dixon attenuation coefficients are constrained to values
around 0.087 and 0.1 cm�1 due to the assignment of AC val-
ues based on the fractional fat and water maps. The addition of
bone in the hybrid ZTE/Dixon MRAC extends the coverage of
AC values above 0.1 cm�1 and gives a more linear relationship
with CTAC. The RMSE for the difference between the MRAC
methods and CTAC across the entire volume averaged across
all patients within CTAC-segmented regions (>0.08 cm�1) are
7.20% (Dixon, l = �2.99%, r = 6.55%) and 4.64%
(Hybrid, l = �1.22%, r = 4.48%). The mean differences
(l) show that the Dixon MRAC has an underestimation bias,
which is reduced by over a factor of 2 in the hybrid ZTE/
Dixon MRAC. The standard deviations of the differences (r)
show that the hybrid ZTE/Dixon MRAC more consistently
matches ground truth.

Sample CTAC 18F-FDG-PET and difference images when
using the different MRAC methods are shown in Fig. 6.
(Additional PET images from all AC methods are shown in
Supplementary Figure S1.) The whole-volume RMSE
between the PET reconstructed with the different MRAC
methods and CTAC across all patients within CTAC
PET-segmented regions (>0.5 SUV) are 8.76% (Dixon,
l = �6.14%, r = 6.25%) and 4.18% (Hybrid, l = �2.57%,
r = 3.31%). The underestimation bias observed in the Dixon
MRAC results in an underestimation bias in the PET results
as well; in comparison the mean is reduced by over a factor
of 2 when using the hybrid ZTE/Dixon MRAC. As with the
MRAC maps, the hybrid ZTE/Dixon PET also more consis-
tently matches the ground truth.

3.B. Lesion analysis

Figure 7 shows results for metastatic lesions (six bone
lesions and eight soft tissue lesions) in the pelvis. For bone
lesions, the RMSE of the SUVmax between the MRAC meth-
ods and CTAC is 11.02% for Dixon MRAC
l ¼ �10:80%; r ¼ 2:17%ð Þ and 3.28% for hybrid ZTE/

FIG. 4. Dixon pseudoCT (a, top row) and MRAC (b, top row) and hybrid ZTE/Dixon pseudoCT (a, middle row) and MRAC (b, middle row), vs CT (a, bottom
row) and CTAC (c, bottom row) for patient #1. The ZTE-derived bone from Fig. 2 is added to the Dixon pseudoCT using the model proposed in Fig. 3. The
bowel air and arms from the Dixon pseudoCT are copied to CT images to account for differences in air distribution and arm positioning.
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Dixon MRAC (l = �3.17%, r = 0.85%). There is substan-
tial underestimation bias with the Dixon MRAC that was sig-
nificantly reduced (P = 0.0312) by the hybrid ZTE/Dixon
MRAC method. The bone lesion errors with Dixon MRAC
are much larger than whole-volume errors because they are
most affected by the exclusion of accurate bone attenuation
coefficients.

For soft tissue lesions, the RMSE is 7.79% for Dixon
MRAC (l = �7.67%, r = 1.36%) and 3.94% for hybrid
ZTE/Dixon MRAC (l = �3.54%, r = 1.71%). These lesi-
ons also showed a substantial underestimation bias with the
Dixon MRAC that was significantly reduced (P = 0.0078)
by the hybrid ZTE/Dixon MRAC method. Soft tissue lesion
RMSE is reduced by a factor of 2, similar to the result with
the whole-volume RMSE.

4. DISCUSSION

This paper presents a novel hybrid ZTE/Dixon attenuation
correction method for PET/MRI and analyzes its performance
in pelvic lesions. To our knowledge, this is the first method
to incorporate bone attenuation for quantification of uptake
in pelvic lesions using purely MR-derived data. The
hybrid ZTE/Dixon MRAC demonstrated improved

quantitative uptake for pelvic lesions (RMSEbone = 3.28%,
RMSEsoft tissue = 3.94%) compared to the typically used fat/
water Dixon MRAC (RMSEbone = 11.02%, RMSEsoft tissue =
7.79%). When neglecting bone attenuation, the underestima-
tion of uptake for bone lesions was greater than 10%. The
underestimation in soft tissue lesions was not as marked
(7.79%) due to their separation from bony structures but was
still notable.

Prior research investigating the effect of bone attenuation
in uptake quantification in bone and bone lesions reported
underestimation values of 11.2 � 5.4% (bone lesions),5

9.0 � 9.2% (bone uptake),4 and 15.3 � 2.3% (bone
lesions)6 when bone attenuation is neglected. These studies
simulated MRAC maps using PET/CT data. Concordant with
their research, we report an underestimation of
10.80 � 2.17% for bone lesions using purely MR-based
attenuation correction. This growing body of work strongly
suggests that accurate uptake estimation requires bone attenu-
ation information in the pelvis.

Accurate uptake estimation is important for tumor staging
and treatment response monitoring, and is especially so for
quantitative imaging studies. This accuracy is important clini-
cally when comparing across PET/CT and PET/MR systems
or between vendors. For PET/MRI, spatial accuracy will be

FIG. 5. Difference images between MR-based attenuation coefficient maps using Dixon MRAC (a, top row) and hybrid MRAC (a, middle row) and (b) joint his-
tograms comparing to CTAC for patient #1. The underestimation of bone is seen in the difference images and the joint histogram for Dixon MRAC. This underes-
timation is largely eliminated by the addition of bone information in hybrid ZTE/Dixon MRAC. [Colour figure can be viewed at wileyonlinelibrary.com]
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very important to compare MRI parameters, for example,
from diffusion-weighted imaging, with PET parameters. Pel-
vis PET/MR oncology studies, such as prostate cancer, cervi-
cal cancer, or rectal cancer studies, are directly impacted by
our findings. Studies in other anatomic regions where a large
amount of bone is present, such as the spine or the knee, will
also likely benefit from the presented hybrid ZTE/Dixon
MRAC method.

Our results demonstrate a significant reduction in
uptake estimation errors when adding MR-derived bone
attenuation, however, some bias still remains. This differ-
ence could be due to errors in soft tissue attenuation
coefficients estimation Shown in Figure S2 are the 2D
histograms comparing Dixon MRAC and CTAC, and
Hybrid MRAC and CTAC for all patients. The soft tissue
attenuation coefficients that dominate the histogram are

underestimated by the Dixon-based MRAC, possibly com-
ing from differences in calibration of this method. The
Dixon MRAC was calibrated with whole-body images,3

so there could be differences in distribution of soft tissue
attenuation coefficients in the pelvis. There may also be
physiological differences that were not accounted for,
such as bladder volume, between the MR images and
reference CT data since the scans were not acquired in
succession.

One challenge and limitation in our study was registration
of CT and PET/MR images – a challenge with any multiscan-
ner study. As the CT and MR were not acquired consecutively
as in a trimodality system,33 there were some noticeable reg-
istration errors, with largest errors due to femur alignment.
However, we expect this does not substantially affect our
results and conclusions because the registration errors are

FIG. 6. Difference images comparing Dixon PET (a, middle row), hybrid PET (a, bottom row) with CTAC PET (a, top row), and joint histograms (b) with CTAC
PET for patient #1. PET images from all AC methods are shown in Supplementary Figure S1. Uptake estimation in and around bone is underestimated in Dixon
PET and is minimized by the addition of ZTE bone. The joint histograms indicate that Dixon PET is underestimating uptake over the whole image and is largely
corrected by the addition of ZTE bone. Uptake in certain regions in the hybrid PET image is overestimated suggesting that bone is overestimated around those
regions. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIG. 7. (a) Representative 18F-FDG-PET images overlaid on the registered CT images used for reconstruction, where arrows denote the metastatic lesions. (b)
Scatter plots of pelvic lesion voxels in all patients between Dixon PET (left) and hybrid ZTE/Dixon PET (right) vs CTAC PET. The slope of the least-squares line
in the scatter plots shows strong agreement of lesion uptake between the hybrid ZTE/Dixon MRAC and CTAC reconstructions. (c) Box plots of the SUVmax for
bone (left) and soft tissue lesions (right). With the addition of bone in the hybrid ZTE/Dixon PET, the uptake of malignant lesions is better approximated as can
be seen in (b) and (c). [Colour figure can be viewed at wileyonlinelibrary.com]
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located sufficiently far away from the pelvic lesions such that
there are no lesion lines-of-response that can be traced
between them.

Another limitation of these results is that we analyzed a
relatively small number of patients and lesion data. Within
this constraint, calibration of the mapping of the ZTE signal
to Hounsfield units included the six patients it was later
applied to, which likely improved correlation between CT
and the hybrid pseudoCT. However, this may not be a sub-
stantial improvement since a single mapping function was
applied across all patients. This is an initial study to demon-
strate that the concept, methodology, and feasibility of using
proton-density-weighted ZTE to obtain continuous-valued
LAC for bone in the pelvis. We will expand to a larger cohort
for validation in future work.

In our comparison, air in CT images was filled in with
the soft tissue HU values from the Dixon-derived pseu-
doCT to eliminate any difference due to the air distribu-
tion. Thus far, there have been no studies to explore the
effect of bowel air in uptake estimation. The typically
used Dixon MRAC replaces bowel air with soft tissue
attenuation coefficients, which potentially compensates for
the missing bone attenuation. However, the use of Dixon
MRAC could possibly lead to more variance in uptake
quantification, especially in lesions beside bowel air such
as rectal lesions. Bowel air is also challenging because it
may move during the PET scan. CT only provides a snap-
shot in time, while MRI requires longer scans but may
also be able to provide time-averaged or -resolved air
imaging. With our proposed method, an additional seg-
mentation step can be performed to include bowel air in
the hybrid ZTE/Dixon MRAC to potentially further
improve uptake estimation. Due to our limitation of having
CT and PET/MR scans acquired in different days, we
could not sufficiently explore these ideas.

Finally, the presented bone segmentation process relies on
a manual correction step and was based on anatomical knowl-
edge of bone locations. As illustrated in Fig. 2, this is primar-
ily done to remove segmentation errors at the edge of the
body due to partial voluming and incorrectly segmented soft
tissue due to noise. In order to be able to use the hybrid ZTE/
Dixon MRAC in a clinical environment, this step would need
to be automated. Since our manual correction was based on
the operator’s knowledge of where bones are located in the
pelvis, we believe this step could readily be automated by
incorporating anatomical prior information of bone structure
through an imaging atlas34–36 for a clinically suitable, fully
automated bone segmentation.

5. CONCLUSION

We have presented a new hybrid ZTE/Dixon MRAC
method that results in significantly improved uptake quantifi-
cation for pelvic lesions. Studies in other anatomical regions
where a large amount of bone is present, such as the spine or
the knee, will also likely benefit from the presented hybrid
ZTE/Dixon MRAC method.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in
the supporting information tab for this article.

Figure S1. Reconstructed PET images using CTAC (top
row), Dixon MRAC (middle row), and Hybrid ZTE/Dixon
MRAC (bottom row) for patient #1.
Figure S2. 2D histograms comparing Dixon MRAC vs.
CTAC and Hybrid MRAC vs. CTAC in linear scale (top row)
and log scale (bottom row) containing data from all patients.
Bone attenuation coefficients in the Hybrid MRAC are invisi-
ble when viewed in linear scale indicating that soft tissue
attenuation coefficients dominate the histogram. This sug-
gests that soft tissue attenuation coefficients cause the
remaining error.
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