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Purpose: Multiparametric positron emission tomography (PET)/magnetic resonance imaging (MRI) as a one-stop shop for
radiation therapy (RT) planning has great potential but is technically challenging. We studied the feasibility of performing
multiparametric PET/MRI of patients with head and neck cancer (HNC) in RT treatment position. As a step toward planning
RT based solely on PET/MRI, a deep learning approach was employed to generate synthetic computed tomography (sCT)
from MRI. This was subsequently evaluated for dose calculation and PET attenuation correction (AC).
Methods and Materials: Eleven patients, including 3 pilot patients referred for RT of HNC, underwent PET/MRI in treatment
position after a routine fluorodeoxyglucose-PET/CT planning scan. The PET/MRI scan protocol included multiparametric
imaging. A convolutional neural network was trained in a leave-one-out process to predict sCT from the Dixon MRI. The
clinical CT-based dose plans were recalculated on sCT, and the plans were compared in terms of relative differences in mean,
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maximum, near-maximum, and near-minimum absorbed doses for different volumes of interest. Comparisons between PET

with sCT-based AC and PET with CT-based AC were assessed based on the relative differences in mean and maximum stan-
dardized uptake values (SUVmean and SUVmax) from the PET-positive volumes.
Results: All 11 patients underwent PET/MRI in RT treatment position. Apart from the 3 pilots, full multiparametric imaging
was completed in 45 minutes for 7 out of 8 patients. One patient terminated the examination after 30 minutes. With the excep-
tion of 1 patient with an inserted tracheostomy tube, all dosimetric parameters of the sCT-based dose plans were within �1%
of the CT-based dose plans. For PET, the mean difference was 0.4 � 1.2% for SUVmean and e0.5 � 1.0% for SUVmax.
Conclusions: Performing multiparametric PET/MRI of patients with HNC in RT treatment position was clinically feasible. The
sCTgeneration resulted inACofPETanddose calculations sufficiently accurate for clinical use. These results are an important step
toward usingmultiparametric PET/MRI as a one-stop shop for personalizedRT planning.� 2020TheAuthors. Published by Else-
vier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Technological advances in radiation therapy (RT), such as
intensity modulated RT, allow delivery of highly conformal
dose distributions with steep gradients. This facilitates
increased dose delivery to the target area while sparing the
surrounding healthy tissue and organs at risk (OARs). Ac-
curate delineations of tumors and OARs are needed to fully
use this technology. Efforts have, therefore, been made to
acquire images that better serve this purpose.1-3

The imaging modalities used for RT planning depend on
both the body site and institutional guidelines. For head and
neck cancer (HNC), radiation dose planning relies on
computed tomography (CT) for dose calculation, as it is a
mapping of tissue electron density. However, large target
definition uncertainties have been observed,4,5 which makes
the use of supplementary imaging for RT planning highly
relevant. Positron emission tomography (PET) imaging
improves both the identification of lymph node involve-
ment and the target delineation.6,7 At our institution, we
perform PET/CT (with CT in diagnotic quality and using
contrast enhancement) for RT planning of patients with
HNC, whereas other centers may acquire PET and the
planning CT from separate scan sessions. Many centers
also perform an additional magnetic resonance imaging
(MRI), as the high contrast in soft tissue reduces the
interobserver variability of delineations.8-10 However, there
is a systematic registration error of 2 to 5 mm when
transferring MRI delineated structures to the CT.11,12 It
would, therefore, be desirable to completely replace CT
with MRI, making combined PET/MRI the optimal one-
stop shop imaging technique for RT planning.13 If both
PET and MRI are required, PET/MRI for RT planning re-
duces the number of scans, the total examination time,
patient discomfort, and intermodality registration errors. In
addition, both MRI and PET can gain functional informa-
tion that enables characterization of tumor heterogeneity,
which is potentially useful both in response assessment and
as a target for dose painting strategies.14,15

However, unlike CT, MRI is not related to electron
density, which is a concern for dose calculations, positional
verification with bone matching in image-guided RT, and
attenuation correction (AC) of PET photons. Prediction of
synthetic CT (sCT) from MRI has been studied intensively
over the last decade.16 Recently, deep learning algorithms,
such as convolutional neural networks (CNNs), have pro-
duced excellent results.17-21 Previous studies for developing
sCT have primarily focused on the brain, and many were
evaluated for PET AC.22 Methods for other anatomic sites
have also been studied, including the pelvic region21,23-26

and more recently the head and neck region.20,26-28

Although methods for generating sCT of the head and
neck region exist and have been evaluated against CT for
dose calculation, only a limited number of studies have
evaluated the effect of sCT on PET AC for head and neck
tumors.

A few solutions have been proposed for adapting PET/
MRI scanners to meet RT requirements.29,30 For patients
with HNC, Paulus et al13 proposed an alternative patient
setup and coil arrangement that, unlike standard head and
neck coil usage, allows proper patient positioning with
fixation masks. Winter et al31 further studied the feasibility
and image quality of this setup and concluded that the re-
quirements for RT treatment planning were met. However,
they did not perform extensive multiparametric MRI or
generate sCT for dose calculation and PET AC.

In this study, we investigated the feasibility of per-
forming PET/MRI for patients with HNC for RT planning
in treatment position using dedicated patient-fixation
equipment. Specifically, we sought to establish a PET/
MRI scan protocol that enables the use of PET/MRI as a
one-stop shop by fulfilling the requirements for RT and
obtaining information from multiparametric MRI. We
further provided a deep learning based method for deriving
sCT, which was evaluated for both RT dose calculations
and AC of PET.

Methods and Materials

Study design

Eight patients referred for RT of HNC were included in this
feasibility phase of a prospective clinical trial approved by
the local ethics committee (H-7023133). Three additional

http://creativecommons.org/licenses/by-nc-nd/4.0/
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pilot patients scanned before the start of the project were
used solely to quality-assure the methodology, and as such
did not require ethical approval according to the ethics
committee. All 11 patients gave their written informed
consent and underwent PET/MRI immediately after routine
fluorodeoxyglucose (FDG)-PET/CT planning scan. Both
scans were acquired in the RT treatment position using
dedicated fixation devices (see the following sections). All
patients were treated with external beam RT, in accordance
with the institutional guidelines.32 To address MRI system-
related geometric distortions, a phantom study was also
performed.

PET/CT

As part of the clinical routine, all patients underwent a
whole-body examination in treatment position on the same
PET/CT system (Siemens Biograph mCT; Siemens
Healthineers, Erlangen, Germany). The PET/CT scan used
a flat table overlay (Qfix, Avondale, PA) in combination
with a chest board (XRT-Series 6000; Candor, Gislev,
Denmark) that allows for the attachment of thermoplastic
masks (EasyFrame; Candor). The CT scan was performed
with intravenous contrast at 100 kVp tube voltage. CT
images were reconstructed using the iterative algorithm for
metal artifact reduction on 512 � 512 matrices with pixel
spacing 1.52 � 1.52 mm2 and a slice thickness of 2 mm.
Patients fasted for a minimum of 4 hours before undergoing
a multibed PET scan (2 min/bed), 60 minutes after an in-
jection of FDG (4 MBq/kg). PET images were recon-
structed with 3-dimensional ordinary Poisson-ordered
subset expectation maximization (3D-OP-OSEM),
including point spread function modeling.

PET/MRI

All patients were scanned on the same integrated PET/MRI
(Siemens Biograph mMR with software version VB20;
Siemens Healthineers). Imaging was performed in the RT
treatment position. This was achieved by an adaption of the
initial RT setup consisting of a flat table overlay and 2 flex-
coils, each in their own coil holder,13 with an additional low
photon attenuating MR-compatible replica of the chest board
used for PET/CT (Candor). Earplugs were used as hearing
protection.A third flex coilwas placed over the patient’s chest.

The 3 pilot patients scanned before project start were
used to develop a suitable scan protocol that had to fulfill
the demands relating to RT planning and obtain multi-
parametric images while ensuring patient comfort and
compliance. Subsequently, the scan protocol was applied to
the 8 project patients. Table 1 provides a detailed descrip-
tion of the scan protocol.

PET emission data were acquired 100 to 120 min after
injection of FDG in list mode over 1 bed position for 30
min, during which simultaneous MRI was performed. PET
reconstructions were performed offline (E7Tools; Siemens
Healthineers, Knoxville, TN) with 3D-OP-OSEM (4 itera-
tions, 21 subsets, 3 mm gaussian postfiltering) on 344 �
344 matrices with pixel size 2.1 � 2.1 mm2 and a slice
thickness of 2 mm. PETAC was performed using a patient-
specific attenuation map (CT or sCT images, further
described in following sections) in combination with a
hardware attenuation map. With the exception of the flex
coil over the chest, all of the hardware items introduced in
the scanner bore were rigid and stationary. This means that
AC of these hardware components was achieved using a
CT-template based hardware attenuation map. The creation
of a hardware attenuation map of the flat table overlay and
the coils in the coil holders is described in reference 13. A
similar approach was used to create an attenuation map of
the chest board.33 A CT scan of the chest board was per-
formed and the CT Hounsfield units (HU) were converted
into linear attenuation coefficients (LAC) at 511 keV34

before being added to the correct location in the existing
hardware attenuation map.
Deep learning sCT generation

A deep CNN network for sCT generation from Dixon in-
phase and opposed-phase MRI was developed, in which the
planning CT served as a reference. CT voxels outside of the
patient’s body contour were set to air and the CT HU were
converted into LAC at 511 keV.34 After an initial rigid
registration, a nonrigid alignment (reg_f3d, NiftyReg)35 of
the CT to the Dixon in-phase MRI was performed. All image
volumeswere resampled into 240� 192� 158matrices with
an isotropic voxel size (2.1 mm). Each MRI volume was
normalized to zero mean and unit standard deviation.

The CNN has an U-net architecture36 and is a slightly
modified version of the DeepDixon network.37 The network
presented here differs in that it accepts a rectangular input (240
pixels� 192 pixels� 16 slices� 2 channels) to accommodate
imaging of the shoulders. During training, 3D data augmen-
tation was performed at random and included cropping/
dimension-independent scaling/translation/rotation/axis
flipping/in-plane shearing. We also used transfer learning,
where the network was initialized by a similar pretrained
model from a study of 811 brain scanned patients.37

The network was implemented in Keras,38 using Ten-
sorFlow39 as backend, and the computations were per-
formed on a Titan V GPU (NVIDIA Corporation, Santa
Clara, CA). The model training was performed using mean
squared error as loss function, a batch size of 2, and the
Adam optimizer40 with a learning rate of 10�5.

A leave-one-out procedure was performed to generate
independent sCT predictions for evaluation. Thus, for each
patient a separate model was trained by using all the
remaining patients as training data. A full sCT volume was
generated by predicting outputs from MR volumes (240 �
192 � 16[�2]) extracted slice-by-slice from the full Dixon
MR image volumes. These outputs were combined into 1
full volume by averaging overlapping slices. The predicted



Table 1 Overview of the sequences included in the final scan protocol

Sequence Orientation Matrix size Pixel size (mm2)
Thickness/Gap

(mm)
TR/TE(/TI)

(ms) Flip angle (�)

Anatomical MRI (pre contrast)
T2 BLADE* Sagittal 320 � 320 � 35 0.72 � 0.72 5.0/0.0 4200/117 90
T2 TIRM Coronal 320 � 320 � 38 0.75 � 0.75 3.0/0.3 4400/37(/220) 150
T2 BLADE* Axial 320 � 320 � 30 0.72 � 0.72 5.0/0.0 7000/117 90

MRI for sCT generation
Dixon Coronal 192 � 126 � 128 2.60 � 2.60 3.1/0.0 3.85/1.23 & 3.85/2.46 10
UTE Axial 160 � 160 � 160 2.50 � 2.50 2.5/0.0 2.95/0.05 & 2.95/1.82 10

Multiparametric MRI
RESOLVEy Axial 192 � 192 � 25 1.15 � 1.15 4.0/1.2 5600/61 180
T1 VIBEz Axial 192 � 192 � 25 1.15 � 1.15 4.0/1.2 266/4.92 & 266/7.38 60
T2 TIRMx Axial 192 � 192 � 25 1.15 � 1.15 4.0/1.2 3300/37(/220) 136
T1 VIBEk Axial 192 � 192 � 20 1.35 � 1.35 3.6/0.0 5.18/1.78 2, 6, 10 & 15
T1 VIBE{ Axial 192 � 192 � 20 1.35 � 1.35 3.6/0.0 5.18/1.78 15

Anatomical MRI (post contrast)
MPRAGE Sagittal 512 � 512 � 192 0.50 � 0.50 1.0/0.0 1900/2.44 9
T1 TSE Axial 320 � 320 � 38 0.75 � 0.75 5.0/0.8 946/9.4 160
T1 TSE Coronal 320 � 320 � 38 0.75 � 0.75 5.0/0.8 946/9.4 160

Abbreviations: MPRAGE Z magnetization-prepared rapid gradient echo; MRI Z magnetic resonance imaging; RESOLVE Z readout-segmented,

multishot echo-planar imaging; sCT Z synthetic CT; TE Z echo time; TI Z inversion time; TIRM Z true inversion recovery magnitude; TR Z
repetition time; TSE Z turbo spin echo; UTE Z ultrashort echo time; VIBE Z volume interpolated breath hold examination.

The total scan time was 45 min. Proper preparation of the hardware setup before positioning the patient is important to optimize patient comfort. PET

acquisition begins at the start of the Dixon sequence and ends after 30 minutes (approximately at the end of the protocol).

* BLADEZ Siemens Healthineers’ proprietary name for periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER).
y DW-MRI sequence with 9 shots and b-values of 0 and 800 s/mm2.
z Sequences for deriving B0 mapping used for DW-MRI distortion correction.
x Anatomical reference image for DW-MRI.
k Sequences for deriving T1 mapping used for DCE-MRI analysis.
{ DCE-MRI sequence with 35 frames (7.8 s/frame). Gadovist contrast (0.1 mL/kg, max: 7.5 mL) given at frame 5.
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sCT in LAC was used for PETAC. However, for evaluation
in RT settings, the sCT in LAC was converted back to HU
and the inverted nonrigid transformation was applied.
sCT evaluation

The sCT generation was evaluated by direct, voxel-wise
comparisons of HU with the CT for all 8 project patients.
For each patient, the mean error and mean absolute error
were calculated for the following compartments, as defined
by the HU values of the CT: air (below e200 HU), bone
(above 250 HU), and soft tissue (between e200 and 250
HU). One patient had an inserted tracheostomy tube, which
was manually extracted from the CT in this analysis as it
was not visible on the sCT.

Dose distributions calculated using CT and sCT were
compared for 7 of the 8 patients (omitting the 1 patient with
a tracheostomy). For each patient, a volumetrically modu-
lated arc therapy treatment plan was created in the Eclipse
treatment planning system (Varian Medical Systems Inc,
Palo Alto, CA) in accordance with the national DAHANCA
(The Danish Head and Neck Cancer Group) guidelines.32

Following these guidelines, manual delineations of the
OARs and the planning target volume (PTV1; primary
tumor and involved nodes) were generated using the FDG-
PET/CT images. The prescribed dose to the PTV1 was
either 66 Gy or 68 Gy in 34 fractions, depending on the
dimensions of the primary tumor (less than or greater than 4
cm). Treatment plans were optimized on the CT and dose
calculations were carried out by the anisotropic analytical
algorithm to yield a 3D dose distribution within the patient
volume. The optimized volumetrically modulated arc
therapy plans, together with all delineated volumes, were
copied onto the sCT. The 3D dose distribution was recal-
culated within the body contour of the sCT, using the same
algorithm and with all planning parameters unchanged
(photon fluence, beam energies, angles, multileaf colli-
mator control points, monitor units). Cumulative dose
volume histograms were obtained for each of the 2 dose
distributions. The relative difference in mean (DDmean),
maximum (DDmax), near-maximum (DD2%), and near-
minimum (DD98%) absorbed doses for different OARs
(spinal cord and left/right parotid) and PTV1 were calcu-
lated. Finally, the mean voxel-wise relative dose difference
(DDosevox) was calculated for each of the different
volumes.

As part of routine RT treatment workflow, image-guided
positional verification is performed at the treatment unit
where a semiautomatic rigid registration between the
planning CT and cone beam CT (CBCT) determines the
couch movement. Differences in couch movements when
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using sCT for planning instead of CT were simulated by
comparing their respective registrations to the patient’s first
CBCT. The registrations were limited to translations in x, y,
and z, and performed with the automatch tool in Eclipse
using bone as volume of interest.

The effect of using sCT relative to CT for AC was
evaluated by comparing PET images reconstructed with the
same PET emission data using either the sCT or the CT as
the patient-specific attenuation map. These reconstructions
are denoted PETsCT and PETCT, respectively. One of the 7
patients had to be excluded as the raw PET emission data
were missing. The analysis was therefore performed on 6
patients with a total of 10 lesions. An experienced nuclear
medicine physician delineated both the primary tumor and
involved lymph nodes on the PETCT. Each delineation was
projected onto the corresponding PETsCT without modifi-
cation of the contours. Next, mean and maximum stan-
dardized uptake values (SUVmean and SUVmax) were
assessed, and the relative differences between the measured
SUVs were calculated. To evaluate how potential differ-
ences in AC, together with intraobserver variability, affect
delineated volumes, the same board-certified nuclear
medicine physician also performed delineations based on
PETsCT subsequent to the first delineation. For each lesion,
the agreement between volumes delineated on PETsCT and
PETCT was assessed using the Dice coefficient and the
maximum distance between the 2 surfaces (Hausdorff dis-
tance) for each lesion. All delineations were created using
the SUV-isocontouring tool in Mirada XD (Mirada Medi-
cal, Oxford, UK) with a threshold starting at 40% of
SUVmax. Where deemed appropriate by the physician,
thresholds were adjusted to obtain the steepest gradient
between tumor and background, along with any manual
alterations considered necessary to exclude adjacent phys-
iological uptake.
Phantom analysis of system-related distortion

In addition to the patient study, system-related geometric
distortions of the Dixon sequence (specified in Table 1)
used for sCT generation were estimated by scanning a 300 �
300 mm2 phantom containing a grid of cylinders (Spatial
Integrity 2D; Fluke Biomedical, Everett, WA), as described
by Ginn et al.41 Three scans were performed with the
phantom placed in transaxial, sagittal, and coronal orienta-
tions. The offsets between the locations of cylinders in the
image and the corresponding ground-truth locations were
calculated for each direction x (left-right), y (anterior-pos-
terior), and z (feet-head). The results from the 3 scans were
then pooled. Furthermore, the Euclidean distances between
the locations were calculated. The ground-truth locations
were obtained using the software Spatial Integrity Analysis
2D, version 2.0 (ViewRay, Inc, Mountain View, CA). The
locations of the cylinders on the Dixon in-phase image were
automatically detected as intensity peaks after blurring by a
4 mm Gaussian filter and then manually adjusted where
necessary.
Results

Feasibility of multiparametric PET/MRI in RT
position

PET/MRI was performed for all patients (nZ 11) in the RT
treatment position using dedicated fixation devices
(Fig. 1A). This setup was feasible in all patients, including
1 with a tracheostomy.

Table 1 shows the final scan protocol, which was applied
to the project patients (n Z 8). The total scan time was 45
min. Depending on the patient’s condition, a total room
time of 1.5e2 hours was needed when also including
preparation and disassembly of the setup. In general, pa-
tients expressed discomfort with the examination, espe-
cially because of the mask. However, 7 out of 8 patients
completed the entire examination. One patient terminated
after 30 minutes due to discomfort.

The CT-based attenuation map of hardware components,
including the chest board, was generated and used for AC,
as described previously and shown in Figure 1B. Figure E1
shows representative examples of the acquired multi-
parametric PET/MR images.
sCT evaluation

Figure 2 depicts, for a representative patient, sagittal and
axial slices of the Dixon in-phase and opposed-phase MRI
(model input), the CT, the predicted sCT, and the difference
image between the sCT and the CT. The sCT is visually
similar to the CT but appears slightly more blurred. The
and mean absolute error of the sCT for the different tissue
classes (Table 2) show an unbiased estimation of HU in the
entire body and soft tissue, but also underestimation and
overestimation of bone and air compartments, respectively.

Figure 3A illustrates how the CT-based and sCT-based
dose distributions are similar both when comparing the
dose volume histograms curves and the slices visually. The
voxel-wise analysis demonstrates that the dose difference is
most pronounced along the body contour. Figure 3B pre-
sents a systematic evaluation of the dosimetric performance
of the sCT. It shows the relative differences of the various
dosimetric measures evaluated for the different volumes of
interest of the 7 patients. All dosimetric measures were
within �1% on an individual level, and for all metrics but
DD98% differences are within �0.5%.

Themean (�standard deviation) difference in registrations
of sCT and CT to CBCTwere 0.04 � 0.23 mm, 0.13 � 0.23
mm, and 0.03 � 0.19 mm for x, y, and z, respectively. The
maximum differencewas 0.6 mm across all patients and in all
3 directions. The maximum Euclidean distancewas 0.64 mm.



Fig. 1. (A) Setup for positron emission tomography (PET)/magnetic resonance imaging (MRI) scan of a patient with head
and neck cancer (HNC) in the radiation therapy (RT) position with a flat table overlay, a chest board, patient mask, and flex
coils in dedicated coil holders (used instead of a standard head/neck coil). (B) Left: a 3-dimensional (3D) representation of
the hardware attenuation map. Right: axial slice of the hardware attenuation map including all hardware except the flex coil
over the chest.
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The effect of using sCT relative to CT for AC of PET
showed a mean relative difference of �0.4 � 1.2% for
SUVmean and a mean relative difference of �0.5 � 1.0% for
SUVmax. Figure 4 shows PETsCT and PETCT re-
constructions of a representative patient along with their
individual delineations. The comparison of volumes
delineated on PETsCT and PETCT across the 10 lesions from
6 patients resulted in a mean Dice coefficient of 0.95 �
0.04 (range, 0.87 to 0.99). Across all 10 lesions the
maximum Hausdorff distance was 3 mm.
Phantom analysis of system-related distortion

The system-related distortions of the Dixon sequence,
estimated as Euclidean distances, were less than 1 mm
within 100 mm of the isocenter, and less than 2 mm for the
entire phantom (within w205 mm of the isocenter). The
Euclidean distances were mainly influenced by the offset in
the x (lefteright) direction (see Figure E2).
Discussion

This study explored and confirmed the feasibility of per-
forming PET/MRI scans of patients with HNC in RT
treatment position, with all of the mandatory fixation de-
vices in place. We succeeded in developing a deep learning
method for sCT generation that was demonstrated to be
clinically suitable for both PET attenuation correction and
RT dose calculations. These are important steps toward
multiparametric PET/MRI as a one-stop shop for RT
planning.

Whether PET/MRI for RT is used as supplementary
information to the standard planning CT, or as the sole
examination for planning purposes, as suggested here, it is
highly important to simulate treatment position using fix-
ation devices. The basis of this RT setup in PET/MRI13 was
successfully used in combination with a chest board, which
is necessary for integrating the PET/MRI into RT at our
institution. We further implemented the chest board as part



Fig. 2. Patient sample exemplifying the quality of model input magnetic resonance imaging (MRI) and performance of
generated synthetic computed tomography (sCT) versus the reference CT image used for attenuation correction (AC) and
radiation therapy (RT) purposes. The upper row shows the images in axial orientation; the bottom row shows the images in
sagittal orientation.
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of the CT-based attenuation map of hardware components
for proper PET AC, which can be integrated directly on the
scanner.

The presented scan protocol was based on our current
clinical MRI protocol for patients with HNC, and as such
addressed the requirements for RT planning. It was also
extended with multiparametric imaging and sequences for
deriving sCT. The total scan time was 45 min during which
the patient was in an immobilized position ensured by a
thermoplastic mask. All but 1 patient completed the 45 min
examination, despite first undergoing a 30 min PET/CT
examination in the RT position, and being aware that the
PET/MRI examination was dispensable to their treatment.
It is important to ensure patient compliance as this will
result in an improved image quality. However, the patient
comfort levels were low, and it is therefore crucial to
Table 2 Mean � standard deviation and range of the ME and
MAE for sCT-CT for different tissue classes

ME [HU] MAE [HU]

Body 5 � 14 (e15; 32) 94 � 14 (76; 126)
Air 247 � 70 (171; 397) 300 � 69 (220; 415)
Soft tissue 3 � 8 (e9; 18) 41 � 4 (38; 50)
Bone e194 � 61 (e330; e116) 258 � 51 (193; 381)

Abbreviations: CT Z computed tomography; HU Z Hounsfield

units; MAE Z mean absolute error; ME Z mean error; sCT Z syn-

thetic CT.
shorten the examination as much as possible. The limiting
factor is the length of the MRI scan protocol, as the PET
acquisition time can be adjusted accordingly. We found that
the ultrashort echo time sequence (initially acquired for
sCT generation) can be omitted, as the simpler and more
patient-compliant Dixon MRI sequence is sufficient for
sCT generation. Future studies investigating the value of
multiparametric MRI should, together with a meticulous
review of the requirements for anatomic imaging, be used
to guide the choice and duration of the scan protocol. The
multiparametric imaging performed here took approxi-
mately 20 min. Taking this into consideration along with
more practical experience with the setup, we believe that
the total scanning time for a single bed-position PET/MRI
can be reduced to 20 to 25 minutes, with total room time
approaching that of PET/CT.

With both PET/CT and PET/MRI in RT treatment po-
sition, we acquired a unique dataset of voxel-to-voxel
matched scans of the head and neck region, which are
optimal for training the deep learning network and highly
important for reliable validation of the output. We gener-
ated promising sCT images for an anatomically complex
body region having tissue densities close to the reference
CT (Table 2) and comparable to the literature.20,26-28

However, similar to previous studies, our sCT bone HU
values were generally underestimated, and the sCT images
were slightly blurred. Possible explanations could be the
low resolution and partial volume effect of the MRI input
(Fig. 2), an incorrect voxel-to-voxel match of the MRI and
CT, the choice of network parameters such as the loss
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function, the lack of full convergence of the training pro-
cess, or the limited amount of data. The dose distribution
calculations obtained with sCT were very close to those of
the reference CT (e0.1% to 0.3%; Fig. 3) when omitting
the patient with a tracheostomy. These results are compa-
rable to a recent study by Dinkla et al,20 who reported a
mean voxel-wise relative difference in dose inside the PTV
of 0.1 � 0.4%. All of our dosimetric parameters had a
clinically acceptable difference within �1% on an indi-
vidual level. Further, the slightly blurred appearance of the
sCT did not seem to limit the accuracy of alignment to
CBCT, which is essential for image-guided RT.

This study is among the first to evaluate the usage of
sCT relative to CT for AC on PET quantification in the
head and neck region. Quantitatively, only minor effects
were observed when evaluating commonly used SUV
metrics on a lesion level. We further reported a high level of
agreement between the delineated volumes, which is
important for RT purposes.
Despite the promising results of the deep CNN network
for generating sCT, there were some limitations. The sCT
evaluation was performed in a leave-one-out process, which
means that several models were created and evaluated.
Although we expect that a final model trained using all
patients will have a similar performance, this needs to be
confirmed via an independent test data set. Transfer
learning is a great strength in this study and should provide
robustness to the model as shown by Lagdefoged et al.37

This could be further evaluated, especially in regard to
outliers, given a larger data set. Furthermore, a relatively
small number of patients were available for training and the
method therefore struggled to predict something that was
not represented in the training data, for example, a patient
with a tracheostomy. Similarly, the method might struggle
when RT devices (eg, mouth pieces) are introduced.
Nonetheless, it is expected that a larger and more diverse
training data set will improve the sCT network and make it
more robust.



Fig. 4. Patient sample exemplifying positron emission
tomography (PET) images reconstructed with either
computed tomography (CT) or synthetic CT (sCT) for
attenuation correction, creating PETCT and PETsCT,
respectively. Both PET images show the tumor and lymph
node delineations, which were created independently of
each other. The right-hand side shows enlarged views of
both tumor contours for visual comparison. The Dice co-
efficients for the primary tumor and the involved lymph
node are 0.97 and 0.91, respectively.
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We estimated low system-related geometric distortions
for the Dixon sequence using a dedicated distortion
phantom. The main source of distortion came from the x-
offset (left-right), which was expected, as this was the
read-out direction of the 3D Dixon sequence. Imprecision
in determining cylinder location in the image contributed
to the estimated offset. These offsets were much smaller
than the voxel size (2.6 � 3.1 � 2.6 mm3), which is why
the y-offset was noisier than the z-offset. It is therefore
reasonable to suspect that the dosimetric effect of system-
related geometric distortions for this sequence must be
very limited.

Patient-specific distortions caused by differences in
magnetic tissue susceptibilities has been addressed by
Adjeiwaah et al.42 They simulated MRI distortions on CT
scans from patients with HNC, and found only a minimal
effect on RT planning, especially for high bandwidth se-
quences such as the Dixon sequence. However, the poten-
tial patient-specific distortions in our setup have yet to be
investigated. Other sequences, such as those for diffusion
weighted MRI, are more prone to geometric distortions, but
these can potentially also be corrected for.43

One benefit of the presented deep learning network is
that its input relies solely on the fast (19-second) Dixon
sequence, which is acquired as a standard in all routine
PET/MRI examinations, regardless of the anatomic site.
Thus, due to the widespread and standardized use of the
Dixon sequence and the small number of patients needed to
fine tune the network, there is a great potential for applying
the method at other imaging centers and extending it to
other anatomic sites.

Conclusions

Performing PET/MRI examinations of patients with HNC
in RT position proved clinically feasible. The proposed
deep learning method for sCT generation was used for AC
of PET, which shows high agreement with CT-based AC.
The sCT was also used for dose calculations, which were
within �1% of the reference on an individual level, which
suggests that it is appropriate for clinical use.
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