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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: MRI-based synthetic CTs (synCTs) show promise to replace planning CT scans in various
MROnly anatomical regions. However, the head-and-neck region remains challenging because of patient-specific air, bone
;f;;;’ TE MRI and soft tissues interfaces and oropharynx cavities. Zero-Echo-Time (ZTE) MRI can be fast and silent, accurately

discriminate bone and air, and could potentially lead to high dose calculation accuracy, but is relatively unex-
plored for the head-and-neck region. Here, we prospectively evaluated the dosimetric accuracy of a novel, fast
ZTE sequence for synCT generation.

Materials and Methods: The method was developed based on 127 patients and validated in an independent test (n
= 17). synCTs were generated using a multi-task 2D U-net from ZTE MRIs (scanning time: 2:33 min (normal
scan) or 56 s (accelerated scan)). Clinical treatment plans were recalculated on the synCT. The Hounsfield Units
(HU) and dose-volume-histogram metrics were compared between the synCT and CT. Subsequently, synthetic
treatment plans were generated to systematically assess dosimetry accuracy in different anatomical regions using
dose-volume-histogram metrics.

Resuits: The mean absolute error between the synCT and CT was 94 + 11 HU inside the patient contour. For the
clinical plans, 98.8% of PTV metrics deviated less than 2% between synCT and CT and all OAR metrics deviated
less than 1 Gy. The synthetic plans showed larger dose differences depending on the location of the PTV.
Conclusions: Excellent dose agreement was found based on clinical plans between the CT and a ZTE-MR-based
synCT in the head-and-neck region. Synthetic plans are an important addition to clinical plans to evaluate the
dosimetric accuracy of synCT scans.

Synthetic CT
Head and neck

Introduction uncertainty; it might delay the start of treatment; it increases the overall

treatment preparation costs and workload; and acquiring a CT leads to

In head-and-neck (HN) radiotherapy, magnetic resonance imaging
(MRY) is often used to accurately delineate because of its superior soft
tissue contrast compared to computed tomography (CT). A CT scan is
required to provide the tissue electron density for dose calculations.
However, using two imaging modalities brings along several challenges:
MR and CT images have to be registered which induces a registration

more concomitant dose received by the patient [1-6]. Moreover, the
need for a CT limits the benefits of adaptive real-time MR-guided
radiotherapy treatment adaption e.g. using a MRI-linac system [2,7].
These challenges and limitations could be overcome by using an MR-
only radiotherapy workflow.

The HN region remains challenging for deep-learning-based
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synthetic CT-(synCT)-generation due to complex anatomical localiza-
tion and large anatomical heterogeneity with many bony structures.
These bony structures provide a similar MR signal as air due to their low
water content and short signal lifetimes, while the Hounsfield Units
(HU) of bone and water greatly differ [1,2,8,9]. Prior studies proposed
using multiple time-expensive MR sequences for synCT generation. For
instance, Qi et al. concluded that combining a T1 weighted, T2
weighted, T1 contrast, and T1 Dixon contrast scan improved the synCT
accuracy and Palmér et al. showed excellent dosimetric results based on
a T1 weighted Dixon Vibe MRI, which took ~10 min to acquire [10,11].
However, any additional time required for MR-only workflow based
sequences should be minimized, as patients are typically scanned in
immobilization masks that are considered uncomfortable and long
scanning times can introduce more intra scanning motion [2].

In recent years, Zero-echo-time (ZTE) MRI has been developed. This
sequence can be made silent, is relatively fast, might give a relevant
bone signal, and, unlike the often-used DIXON scans, it enables couch
segmentation that is needed for dose planning and optimalisation
[9,12]. ZTE MRI has been successfully used in synCT generation for
other sites, such as the pelvis and brain [13-15]; however, to the best of
our knowledge, it has not been extensively or exclusively explored for
the HN region. Although Bambach et al. included ZTE MRI for synCT
generation in the HN region, they did not perform dosimetric evalua-
tions. Moreover, they investigated bone MRI sequences in general
(gradient recalled-echo, ultrashort-TE, and ZTE sequences) and the ZTE
MRIs specific results were not separately reported on [16]. Therefore,
the potential of ZTE-based synCTs remains unclear.

The goal of the current prospective study was to investigate the HU
and dosimetric accuracy of radiotherapy dose calculations of synCT scan
of the HN region based on a multi-task 2D U-net and fast ZTE-sequences,
to be acquired in preferably less than one minute. In addition to the
clinical treatment plans, synthetic treatments plans were created to
systematically assess the dosimetric accuracy in extreme situations
across a range of anatomical locations within the HN region.

Materials and methods
Patients and treatment

This current research was part of the Deep learning based MR Only
Radiotherapy for head-and-neck cancer clinical study approved by the
Erasmus MC Institution Review Board [MEC-2019-0805] [17]. The in-
clusion criteria consisted of HN cancer patients who underwent a
planning MRI for radiotherapy and were at least eighteen years old. The
exclusion criteria included any physical or mental health condition that
interfered with the informed consent process or any contraindications
for MRI, such as claustrophobia or arterial clips in the central nervous
system. For MRI sequence optimization, training, and development of
the synCT method, 127 patient datasets (including N = 24 from Erasmus
MC) were used. A separate set (N = 19) HN patients that were treated
consecutively between January 2022 and July 2024 at Erasmus MC were
included as test set to investigate the HU accuracy of the synCT scans
and to evaluate the suitability for radiotherapy dose calculations.

CT and MRI scanning

Before start of treatment, planning CT (planCT) scans were acquired
in treatment position with a radiotherapy immobilization mask ac-
cording to clinical practice on locally available CT scanners. In case of
Erasmus MC, a Siemens SOMATOM Confidence (Siemens Healthineers,
Erlangen, Germany) was used. Next, patients were scanned in treatment
position with a radiotherapy immobilization mask on a 1.5 T GE
MR450w using the GEM RT Head & Neck coil suite (GE HealthCare,
Chicago, IL). In Erasmus MC, the 3D radial ZTE sequence was acquired
with a field of view = 50x50x37.5 cm?, resolution = 250 slices, spatial
resolution = 1.6x1.6x1.5 mm?, flip angle = 1 deg, imaging bandwidth
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=+100 kHz, number of averages (NEX) = 1.5, and scan time =
2min33sec [18,19]. For the training set ZTE images that were not ac-
quired at Erasmus MC, the MR ZTE protocol was kept identical regarding
main scan parameter (e.g. FOV, resolution, FA, and BW); however, some
aspects differed per site (e.g coil configuration and scan time).

For six out of the last seven patients, an accelerated version of the
original ZTE protocol was tested with a 56sec (res = 2.0x2.0x2.0 mm?®,

NEX = 1) scan time.
Training the model for synthetic CT generation

To convert ZTE MR scans to synCT scans, a method was applied that
was described in [13]. In short, the preprocessing involved N4 in-
homogeneity correction for the MR images, normalization to [-1000,
3000] for the CT, and Z-score normalization for the ZTE images. The
method consists of a multi-task 2D U-net with weighted losses. The loss
function was a combination of the mean absolute error (MAE) in the
patient, the MAE in the bone region, and the Dice in the bone region.
Thresholding was used to define the bone region. Before training the
planCT images were non-rigidly registered to ZTE images covering the
brain, head-neck, and shoulder anatomies, using the mutual information
metric and symmetric normalization implemented by ITK-ANTs libraries
for an improved alignment between the two images. More details about
the synCT generation can be found in [13].

Applying synthetic CT generation for the patients in the test set

The above-described deep-learning-based ZTE to synthetic CT image
translation was applied to the test set. To facilitate the dosimetric
comparison the synCT scans were non-rigidly deformed to the planCT
scans, to avoid the effect of any anatomical/positioning differences be-
tween the planCT and the synCT. The clinical HU to relative electron
density calibration curve was used for both the synCT and planCT
(Supplementary information A).

Hounsfield units comparison

For the HU analysis, the patient contour was reduced by 2 cm to
exclude the patient edges that were often influenced by registration
inaccuracies. The effect of the 2 mm reduction was assessed in Supple-
mentary Information table B1 and deemed neglectable compared to e.g.
1 cm. Moreover, the patient contour was cropped from the top of the
sternum to the middle of the brain for consistency over the patient
cohort. Or in cases where the scan did not reach from the sternum to the
middle of the brain, it was cropped to the highest and lowest slice with a
complete signal.

The HU were compared between the synCT and planCT in the test set
using the MAE and mean error (ME) within the adapted patient contour.
The accuracy of different tissue classes (i.e., air, soft tissue and bone) was
separately assessed using the MAE and Dice similarity coefficient. Air,
soft-tissue and bone regions were identified using the following
thresholding conditions HUyjr < -250 HU < HUgfttissue < 200 HU <
HUbpone-

Clinical treatment plans and dosimetric comparison

All patients were treated according to standard clinical practice
using Volumetric-Modulated Arc Therapy (VMAT). Treatment planning
was performed using Monaco 6.00.01 (Elekta AB, Stockholm, Sweden).
The prescribed dose varied between 59 and 70 Gy and was delivered in
20 to 35 fractions.

The clinical contours of organs and risk (OARs) and planning target
volume (PTV) were projected on the synCT, that was deformably
registered to the planCT, as described above. Next, the clinical treatment
plan was recalculated on the planCT and the synCT using the Monte
Carlo dose algorithm of Scimoca 1.5.0.2821 (ScientificRT GmbH,
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Fig. 1. An example of (from left to right) the 2:33 min Zero echo time (ZTE)
MR, the planning CT (planCT) and the synthetic CT (synCT) in the sagittal
(top) and coronal (bottom) view.
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Munich, Germany) with a 2x2x2 mm grid spacing and a computational
uncertainty of 0.5% (“extra fine”). Scimoca was used as it allows to
recalculate the clinical plans with high accuracy in batch processing
mode on both the planCT and synCT. The dose distributions on the
planCT and synCT were compared using the following dose metrics:
Dmean for the parallel OARs, near maximum dose (D2%) for the serial
OARs, and Dmean, near maximum dose (D2%), and near minimal dose
(D98%) for the PTVs. Also, population dose volume histograms (DVHs)
were calculated and global gamma (2%/2mm and 1%/1mm) calcula-
tions with a minimum cut-off value of 10% of the prescribed dose to the
high-dose PTV were calculated.

Synthetic treatment plans and dosimetric comparison

Using the clinical treatment plans for evaluation of dosimetric ac-
curacy is clinically meaningful. However, this dosimetric accuracy is
only evaluated for a limited part of the patient anatomy. Moreover,
VMAT plans that deliver radiation from a large number of directions
tend to be forgiving for small HU inaccuracies. Therefore, a second
dosimetric comparison was performed using synthetic plans.

Average population DVHs for synCT(-) and planCT (--)
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Fig. 2. The dose volume histogram (DVH) comparison between the planning CT (planCT) and the synthetic CT (synCT) based on clinical plans. a). The average
population DVH of the planning target volumes (PTVs) with the synCT doses as solid lines and the planCT doses as dotted lines. b). The population DVH of the organs
at risk (OAR) of the planning target volumes (PTVs) with the synCT doses as solid lines and the planCT doses as dotted lines. c). The difference in DVH metrics for the
PTVs from top to bottom: average dose (Dmean), near minimum dose (D(98%)), and near maximum dose (D(2%)) divided in the high dose PTV and low dose PTV. d).
The difference in DVH metrics for the OAR from top to bottom: average dose (Dmean) for parallel organs the and near maximum dose (D(2 %)) for serial organs. The
red lines represent the medians, the boxes the 25 % to 75 % range, the whiskers the 5% to 95% range, and the circles datapoint outside of the range of the whiskers.
The yellow plane marks the clinically acceptable range: 2% or 1 Gy. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Table 1

The mean and standard deviations of the DVH metric’ differences over the
clinical plans of all patients between the planning and synthetic CT scans for the
PTVs (top) and OARs (bottom). A positive difference indicates the DVH metric is
higher in the synthetic CT based dose distribution compared to the planning CT
based dose distribution.

PTV DVH metric

Structure Metric Mean dose Mean dose
difference [Gy] difference [%]
High dose PTV Dmean 0.41 + 0.14 0.59 + 0.20
D(98 0.35 +£ 0.24 0.54 £ 0.35
%)
D(2 %) 0.65 + 0.41 0.90 + 0.56
Low dose PTV Dmean 0.33 £ 0.09 0.56 £ 0.16
D(98 0.18 +0.18 0.37 + 0.35
%)
D(2 %) 0.47 £0.21 0.67 + 0.29
OAR DVH metric
Structure Metric Mean dose Mean dose
difference [Gy] difference [%]
Parotid (right) Dmean 0.06 £+ 0.12 0.07 £ 0.78
Parotid (left) Dmean 0.07 + 0.09 0.18 + 0.83
Submandibular gland Dmean 0.23 + 0.20 0.45 + 0.33
(right)
Submandibular gland Dmean 0.25 + 0.16 0.57 + 0.35
(left)
Musculus constrictor S Dmean 0.24 £ 0.25 0.28 +£1.44
Musculus constrictor M Dmean 0.15+ 0.38 0.00 £+ 1.20
Musculus constrictor I Dmean 0.06 = 0.27 0.50 +1.31
Oral cavity Dmean 0.10 £ 0.10 0.26 + 0.42
Larynx Dmean 0.10 £ 0.17 0.21 £+ 0.38
Spinal Cord D(2 %) 0.03 + 0.15 0.17 + 0.55
Brainstem D(2 %) 0.01 + 0.07 —0.02 £+ 0.57
Mandible D(2 %) 0.22 +£ 0.23 0.37 £0.38

PTV = planning target volume; DVH = dose volume histogram; OAR = organ at
risk.

Additional synthetic treatment plans were generated consisting of
thirty single beams with 3x3 cm? fields positioned at six beam angles
from 0° to 150° with steps of 30° at five different cranial-caudal levels:
the top of the sternum, the middle of the neck, the mandible, the nasal
cavity, and the brain (see Fig. 3). In case the synCT did not reach until
the brain or sternum level, these levels were removed. The isocenters
were positioned on a line in cranial-caudal position through the center of
mass of the patient contour. The number of monitor units of each beam
was set to an arbitrary 33.2 MU. Note that the number of monitor units
did not affect the results, as all dose comparisons for the synthetic plan
are presented in percentages (see below).

As surrogates for PTVs, synthetic PTVs were generated for each
beam. These were spherical volumes of interest (VOIs) with a diameter
of 3 cm and were placed at 1 cm intervals starting at 1.5 cm from the
entry point of the beam up to the exit point. For each VOI, the following
percentage dose metrics differences were compared between synCT and
planCT: Dmean, near maximum dose (D2%) and near minimal dose
(D98%).

Data analysis and statistics

The DVH metrics were compared between the planCT and synCT.
The PTV and VOI DVH metrics were deemed acceptable if for 95 % of the
PTVs the difference in metric value was less than 2 % [20]. The OAR
DVH metrics were deemed acceptable if for 95 % of the patients the
difference was within 1 Gy. Unless mentioned otherwise, the results are
presented for the normal ZTE acquisitions (2min33sec acquisition time),
and otherwise for the accelerated ZTE scans (56sec). The clinical DVH
metrics are compared between the synCT and planCT using a Wilcoxon
signed-rank test and a Bonferroni correction to correct for multiple
testing.
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Results

Nineteen patients were enrolled in the test set of this study. One
patient had to be excluded due to a coil defect and for one patient the
raw imaging data could not be retrieved. The remaining seventeen pa-
tients were used for the HU and dosimetric validation. An example of the
ZTE, synCT, and planCT is given in Fig. 1. For six patients also an
accelerated ZTE scan (56 sec) was acquired for synCT scan generation.
Supplementary Information C shows an example.

The mean MAE and ME and standard deviations between the synCT
and planCT were 94 + 11 HU and +29 + 11 HU respectively in the
adapted total body contour on the test set. In the different tissue types,
the MAE was 288 + 37 HU, 55 4+ 7 HU and 186 + 56 HU in bone tissue,
soft tissue, and air respectively. The Dice similarity indices were 0.63 +
0.06, 0.94 & 0.01, and 0.87 4 0.06 for the bone tissue, soft tissue, and
air respectively.

The gamma analysis of the clinical plans had an acceptance rate of
96.6 + 1.7% and 99.6 + 0.4% for the 1%1mm and 2%2mm respectively.
The corresponding population DVHs and the difference in DVH metrics
are shown in Fig. 2 and Table 1. For all PTVs, the difference in Dmean
and D98% was less than 2%. For 26 out of 27 PTVs (~96.3 %), the D2%
metric differed less than 2% between the planCT and synCT. For the
patient that did not reach the requirements the high dose was close to
the pharynx, whose shaped deviated between the synCT and planCT. For
all OARs, the difference in DVH metrics was less than 1 Gy (See Table 1
and Fig. 2). Even though 98.8% of the PTV and 100 % of the OAR
metrics reached our clinical constraints, there was a significant differ-
ence for all PTV metrics and five out of twelve OAR metrics between the
planCT and synCT.

For the last six patients, also accelerated ZTE scan (56 s) were ac-
quired. The average MAE for these six patients were 96.7 + 5.8 and
107.4 + 6.3 HU for the normal and accelerated ZTE-based synCT
respectively in the adapted total body contour. For the PTV and OAR
DVH metrics based on the accelerated ZTE-based synCT 97.2% and
98.6% differed less than 2% and 1 Gy compared to the planning CT
respectively (Supplementary information C).

Besides the clinical plans, we evaluated synthetic plans at five beam
level and six angles in on average 398 VOIs per patient (Figs. 3 and 4).
The minimum and maximum of the average metric differences at the
different levels were only 0.09 + 1.25% and 1.14 + 4.18%, respectively
(see Table 2). The dose based on the synCT was often higher than the
dose based on the planCT, causing over 5% of the VOI's DVH metrics to
differ more than 2% for each metric and each level, except for the brain
level.

Highest DVH deviations were found at top of the sternum level.
Manual assessment of the synCTs and planCTs gave possible explana-
tions for the dose differences, namely, registration errors (especially at
the lower levels), underestimation of the bone region, and over-
estimation of the fat layer (see Supplementary information D for an
example).

Discussion

The need for both a CT and an MRI for radiotherapy treatment
planning has multiple disadvantages, e.g. registration uncertainty,
higher workflow complexity and costs, and a delayed start of treatment.
In recent years, methods have been developed to create synCTs based on
MR images. For the HN region, the optimal MR sequence for synCT
generation should be acquired in less than one minute, be silent, accu-
rately distinct bone and air interfaces, and would lead to accurate dose
calculations. In this prospective study, we describe and evaluated silent
ZTE sequences for the HN region that can be acquired in only 2:33 min
and 0:56 min. Both scans could be converted to synCT scans leading to
excellent dosimetric accuracy.

The dose metrics for the PTVs and OARs of the clinical plans were in
excellent agreement between the synCT and planCT. For the PTVs,
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Fig. 3. An example of the dose based on the synthetic plans on the planning CT (left) and synthetic CT (right) with from top to bottom the sagittal and axial plane.

The synthetic plan contain six beam angles with the same MU at five levels (top of the sternum, middle of the neck, the mandible, the nasal cavity and middle of
the brain).

98.8% of PTV metrics deviated less than 2% between synCT and planCT
and all dose metrics for the OARs were accurate within 1 Gy. For the
accelerated ZTE-based synCTs, 97.2% of the PTV and 98.6% of the OAR
metrics were within 2% and 1 Gy respectively. This indicates that the
dosimetric results on the synCTs were clinically acceptable [20].
Averaged over the standard ZTE-based synCT of all patients, the
average dosimetric error of the synthetic plans was +0.7% on the DVH
metrics. For over 5% of the synthetic PTV dose metrics differenced more
than 2%, and a systematic error can be seen where the dose in the synCT
is slightly though systematically overestimated. This can to a lesser
extent also be seen for the clinical plans and is reflected in the positive
mean error in HU for all patients and the number of significant dose

differences between the synCT and planCT clinicals DVH metrics.
Possible causes for the dosimetric deviations are registration errors,
underestimation of HU of bone, and overestimation of the fat region.
Note that for the clinical VMAT plans, these HU inaccuracies did not lead
to clinically relevant errors in dose; but the experiments with the syn-
thetic plans indicate that caution is advised when using limited beam
angles. This finding demonstrates the importance of using, in addition to
clinical treatment plans, synthetic plans to evaluate the dosimetric ac-
curacy of synCT scans.

The dosimetric accuracy of the clinical results was similar to some of
the best performing MR-only methods described in literature (DVH
metrics and gamma analysis) [10,11,21-27]. For instance, Olin et al.’s
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Table 2

The mean and standard deviations of the DVH metric’ differences over all syn-
thetic planning target volumes of all patients between the planning and syn-
thetic CT at different beam levels.

Beam level Dmean [%)] D02% [%)] D98% [%]

Top sternum 1.09 + 1.78 1.15+1.74 0.97 £+ 2.39
Middle neck 1.08 + 1.55 0.90 + 1.41 1.14 + 4.18
Mandible 0.68 + 0.82 0.51 £ 0.97 0.66 + 1.10
Nasal cavity 0.78 + 0.81 0.68 + 0.90 0.89 +1.23
Brain 0.11 + 0.53 0.10 + 0.55 0.09 +1.25

vendor-provided Dixon-sequence-based synCTs also met our clinical
requirements although their gamma results are slightly lower than ours
[25]. Palmér et al. showed a better dose agreement in terms of DVH
metrics between the planCT and their T1-weighted Dixon-Vibe-based
synCT than our results. However, they did correct for registration
inaccuracies [10]. In our synthetic plans assessment, these registration
inaccuracies were identified as one of the main causes of dose dispar-
ities. Large differences between methodologies across studies, for
instance due to no separate testing sets, small testing sets, different post-
processing techniques, and the use of different DVH metrics and less
OAR [10,11,21,24,25,28], should be taken into account when
comparing different studies.

To the best of our knowledge, this is the first extensive evaluation of
ZTE MRI in the HN region for MR-only radiotherapy. This sequence has
several benefits. First, the patient comfort, because the sequence can be
made silent [19]. Second, the scan can be acquired within only 56 s, as
shown for the last six patients. In comparison, the T1 weighted Dixon
Vibe scan as acquired by Palmér et al. resulted in very good dose results,
but took 9 min 57sec to acquire [10]. The Dixon-based scans described
by Olin could also be acquired within a minute, though with different
resolution and using a 3 Tesla scanner [24,25]. A third benefit of the ZTE
is its ability to differentiate the short-lived MR bone signals from air due
to its zero echo time characteristic. This is further explored in Supple-
mentary Information B.

This study has some limitations. The HN region is prone to inter and
intra scan motion, even when patients are scanned with immobilization
mask on the planning CT and MRI. Inter and intra scan motion makes it
difficult to accurately register the synCT to the planCT. This can cause
HU and dose differences that are not caused by an inaccurate synCT, but

by residual misregistration and hence anatomical mismatch. Secondly,
although the synCT generation model is trained on patients from mul-
tiple centers, it is only tested on patients from one center. Thirdly, the
analysis of the accelerated scans was only performed on six scans. A
larger number of accelerated ZTE scans should be analyzed to confirm
our finding that the dose accuracy based on the 56 s ZTE-based synCT is
indeed clinically acceptable. Finally, it should be noted that in addition
to the ZTE scan a T1 and/or a T2 MRI is still needed for tumor and OAR
delineations.

To conclude, this prospective study showed an excellent dosimetric
accuracy for the clinical plans recalculated on ZTE-MR based synCT in
the HN region. The ZTE scan be acquired in down to 56 s and is con-
verted to a synCT using a multi-task 2D U-net. We also proposed a
method to systematically assess dosimetric accuracy of synCT scans
throughout the entire patient anatomy, using synthetic treatment plans
and PTVs. We applied it and identified specific situations in which
caution should be taken with very little beam angles, especially in more
caudally located tumors. These situations were not picked up by the
clinical plan comparison, which demonstrates the importance of using,
in addition to clinical plans, synthetic plans to draw conclusions on
dosimetric accuracy. This study is an important step towards clinical
implementation of MR-only radiotherapy for HN cancer, using the silent
and fast ZTE MRI.
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