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Original Research Article
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A B S T R A C T

Introduction: Cancer incidence is expected to increase in Europe by 18% in eighteen years. To account for the 
increasing patient numbers, the workload per patient needs to be reduced. One step towards future-proof 
radiotherapy is automated MR-only radiotherapy as it could eliminate the need for (i) a planning CT and (ii) 
for manual organ at risk (OAR) delineations. The aim of this study was to evaluate the feasibility of an automated 
MR-only workflow for head-and-neck radiotherapy.
Method: Automated MR-only radiotherapy consisted of a Zero-Echo-Time-based synthetic CT for dose calcula
tions and automated T2w-based OAR delineations. Automated MR-Only RT was compared to the clinical 
workflow consisting of CT-based dose calculation and CT-based OAR delineations. Both approaches were 
benchmarked to a gold standard consisting of the planning CT for dose calculations and manual delineations on 
the T2w MR scan. Dice similarity coefficients (DSC), 95% Hausdorff distances and absolute DVH metrics were 
compared between the clinical and MR-only workflow using a linear mixed-effect model. A p-value < 0.05 was 
deemed significant.
Results: Seventeen head-and-neck cancer patients were included. The automated MR-only delineations were more 
accurate compared to the clinical CT delineations (DSC of 0.79 vs. 0.67; 95% Hausdorff distance 4.0 vs 5.8 mm 
(p-values < 0.001)). The average dose calculation errors of the automated MR only RT were smaller than the 
clinical workflow (+0.34 Gy vs. − 1.39 (p-value < 0.01)).
Discussion: The automated MR-only head-and-neck radiotherapy workflow was more accurate than the standard 
CT based clinical workflow, demonstrating the feasibility of automated MR-only RT to decrease the workload for 
head-and-neck RT treatment preparation.

Introduction

The number of cancer patients is expected to increase with 18.4% 
worldwide between 2022 and 2040 [1]. Meanwhile, the medical 
workforce has to increase by 66% between 2013 and 2030 to keep up 
with the increasing health demand, according to the World Health 

Organization [2]. However, the workforce in healthcare is not expected 
to match such rapid growth [2]. This means there is an enormous need 
to reduce the hands-on time per patient to be able to keep on treating all 
patients and ensuring the wellbeing of both patients and medical 
personnel.

One strategy to reduce hands-on time per patient is MR-only 
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radiotherapy (RT) for treatment sites that require acquisition of both a 
computed tomography (CT) and magnetic resonance (MR) scan. With 
MR-only radiotherapy the need for a planning CT scan is eliminated by 
replacing it with an MR-derived synthetic CT (synCT) scan. Therefore, 
MR-only RT decreases the treatment preparation workload and cost. 
Other anticipated advantages of MR-only RT could include: improved 
accuracy by eliminating the registration uncertainty between the MR 
and CT images, as it may negatively impact target delineation accuracy; 
accelerating the start of treatment; eliminating the concomitant dose 
caused by the planning CT; decreasing the burden on the patient as the 
patients do not need a planning CT scan; and benefiting adaptive real- 
time MR-guided radiotherapy treatment, such as using in MRI-linac 
system (when using low-field-MR-based synCT [3,4]) [5–11].

To introduce MR-only RT into the clinic, both target and organs at 
risk (OARs) contours should be delineated on the MR images. This 
presents another opportunity to improve patient care and to reduce the 
workload. Due to the increased soft tissue contrast of the T2 compared to 
the CT, the visibility of most OARs is comparable or better on an MR 
image compared to CT [12]. Therefore, the MR-based delineation could 
potentially enable completely automated OAR delineations without 
requiring adaptations from the radiotherapy staff, thus decreasing the 
workload and potentially improving the OAR delineations. In this study, 
we refer to the combination of a synCT for dose planning and automated 
OAR delineation based on the MR as automated MR-only RT. A recent 
advancement facilitating the automated MR-only RT has been the 
development of MR contouring guidelines based on the DAHANCA and 
RTOG CT guidelines and adapted for MR in a consensus-based manner 
[12].

To the best of our knowledge, the feasibility of the fully automated 
MR-only radiotherapy workflow for the head-and-neck region has never 
been investigated. An automated MR-only workflow feasible for clinical 
implementation and workload reduction, should meet the following 
requirements: i) the scanning sequences used for the synCT generation 
should not vastly increase the clinical MR scanning time; ii) the auto
mated MR-based OAR delineations (without manual adaption) should 
have at least a similar accuracy compared to the clinical OARs, which 
are in many centers delineated on the planning CT; iii) the dose accuracy 
of the complete automated MR-only workflow should be at least equal to 
the accuracy of the current clinical workflow.

Recent advances in synCT generation for the head-and-neck region 
show synCTs based on various MR sequences have clinically acceptable 
dose calculation accuracy when assessed on the CT-based clinical con
tours (e.g. [13–18]). When selecting an MR sequences for synCT gen
eration, it is important to minimize the increase in scanning times, as 
scanning times are proportional to the number of patients that can be 
imaged during a shift, intra-scan motion, and the experienced discom
fort of the head-and-neck immobilization masks [6]. An MRI sequence 
that fulfils requirement (i) is the Zero Echo Time (ZTE) scan proposed by 
Lauwers et al, of which the scanning time can be as low to 0:56 min for 
the head-and-neck region.

Currently, multiple MR-based automated OAR delineations models 
are described in the literature that compare similarity metrics between 
the automated and manual MR delineations [19–26]. Moreover, the 
study of Dinkla et al assessed automatic CT delineation on synCT images 
[27]. To the best of our knowledge, MRI-based automated OAR delin
eation for the head-and-neck region has not yet been compared to 
clinical OAR delineation, requirement (ii).

To this date, only few studies evaluated the dosimetric impact of 
automated delineation methods [23,28]; however, no comparison with 
the clinical workflow was made. Moreover, requirement (iii), the com
bination of automated MR-based OAR delineations with synCT yielding 
accurate dose calculations, has never been demonstrated for head-and- 
neck RT. Note that the performance of the combination of two 
methods, one for OAR delineation and the other for synCT generation, 
cannot be assessed thoroughly by their individual performance in 
isolation. For instance, similarity metrics alone are not directly 

translatable to the effect on treatment accuracy, as a small delineation 
error near a high dose gradient may have a large dosimetric impact. 
Therefore, the aim of this study was to determine the feasibility of 
automated MR-only RT for head-and-neck cancer based on the three 
requirements defined above, with the goal of reducing the radiotherapy 
treatment preparation workload.

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] [29]. The in
clusion criteria consisted of head-and-neck cancer patients who under
went a planning MRI for primary or post-operative RT and were at least 
eighteen years old. The exclusion criteria included any physical or 
mental health condition that interfered with the informed consent pro
cess or any contraindications for MRI, such as claustrophobia or metal 
implants. N = 19 head-and-neck patients treated were consecutively 
included between January 2022 and July 2024 to test the feasibility and 
accuracy of automated MR-only radiotherapy pipeline. Patients were 
treated using Volumetric-Modulated Arc Therapy (VMAT) according to 
standard clinical practice with the isocenter located in the center of the 
high dose PTV. Treatment planning was performed on the planning CT 
using Monaco 6.00.01 (Elekta AB, Stockholm, Sweden) using our 
automated treatment planning approach as described by Breedveld et al. 
[30]. The prescribed dose varied between 59 and 70 Gy and was 
delivered in 20–35 fractions.

CT and MRI scanning

Before the start of treatment, planning CT scans were acquired in 
treatment position with a radiotherapy immobilization mask according 
to the clinical practice on a Siemens SOMATOM Confidence (Siemens 
Healthineers, Erlangen, Germany). Next, patients were scanned in the 
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). A 2D T2 weighted (T2w) fast spin-echo (FSE) scan and a 
proton-density weighted (PDw) 3D Zero TE (ZTE) scan were acquired as 
described by Lauwers et al [14].

Automated MR-only workflow, clinical workflow, and the gold standard

The automated MR-only workflow consisted of a synCT for dose 
calculations and automated delineations based on the T2w FSE. The 
clinical workflow consisted of the CT for dose calculations and clinical 
OARs were generated by a manual correction of automated OAR de
lineations on the planning CT. The MR could be used to check the de
lineations if desired. Note that the clinical OAR delineations were 
influenced by uncertainty caused by the inferior soft tissue contrast 
compared to MRI. Therefore, the clinical workflow should not be 
considered as the most suitable benchmark to evaluate the performance 
of the automated MR-only workflow. Instead, we considered as gold 
standard: the planning CT in combination with manual delineations on 
the T2, as the planning CT represent the electron density better than the 
synCT, and completely manual T2 delineations are believed to be more 
accurate than both the automated T2 delineations and the clinical 
(mostly CT-based) delineations [12]. Both the clinical and MR-only 
workflow were compared to the gold standard.

Synthetic CT generation

The method to convert the ZTE MR scan to synCT scan was described 
by Kaushik et al and Lauwers et al [14,31]. The ZTE MR scan was 
selected as it can be acquired with a minimal addition in scanning time 
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and it provides measurable bone signal [31–34]. In short, a multi-task 
2D U-net with weighted losses was used to convert the ZTE images to 
synCT images. The model was trained on 127 patients from different 
institutions and tested on the Erasmus MC patients used in this study. 
The mean absolute error and mean error on these synCTs were 94 ± 11 
HU and +29 ± 11 HU respectively in the adapted total body contour on 
the test set. This is comparable to other state of the art synCT models. 
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, thus 
outperforming most other synCT models [14].

Three sets of OAR delineations

For the automated MR-only workflow, T2-based automated OAR 
delineations were performed as described and trained by Czipczer et al. 
[35,36]. This method used a 2D U-net to localize structures and a 3D U- 
Net for the segmentation. A method based on the T2 scan was selected as 

it is part of the clinical workflow and the OAR are better visible on the T2 
compared to the T1 [12].

Clinical delineations were made according to the standard clinical 
workflow in Erasmus MC. First, the automated delineation algorithm of 
MIM was used for auto contouring of OARs on the planning CT. This was 
followed by manual checking and editing by a radiotherapy technologist 
and an experienced radiation oncologist according to the guidelines 
[37].

For the gold standard, manual OAR delineations of the T2 scan were 
delineated by a clinician according to the previously established 
guidelines based on the RTOG and DAHANCA guidelines and adapted 
MR-guided contouring in a consensus-based manner and checked by an 
experienced radiation oncologist [12].

CT space MR space

Co
nt

ou
rin

g 
co

m
pa

ris
on

Do
se

co
m

pa
ris

on

a.

b.

ZTE scansynCT scan

ZTE
to

synCT

OARs auto 
delineated 

on T2

OARs 
manually

delineated 
on T2

Clinical
OARs on CT

OARs auto 
delineated 

on T2

OARs 
manually

delineated 
on T2

synCT and OARs auto 
delineated on T2

Planning CT and 
clinical OARs

Planning CT and OARs 
manually delineated on

T2

Registration

Registration

Registration

Clinical

Automated 
MR-only

Gold standard

Legend

ComparisonComparison

Comparison Comparison

Fig. 1. A schematic overview of the comparison methods of the clinical (purple edge), automated MR-only (green edge) and gold standard (orange edge) workflows. 
The solid thin lines signify the deep learning model to convert the Zero Echo Time to a synthetic CT; the solid thick lines the comparisons that were made and the 
dotted arrows registration from the MR space (right) to the CT space (left). a) OAR contouring: the planning CT in the CT space was used for the clinical organ at risk 
delineations. The automated MR-only and gold standard organ at risk delineation were performed on the T2 in the MR space and registered to the CT space. Af
terwards, the gold standard delineations were compared to the clinical and automated MR-only delineations. b) Dose comparison: the dose calculation for the clinical 
workflow and the gold standard were both based on the CT in the CT space. For the automated MR-only pipeline, the Zero Echo Time MRI was used to create a 
synthetic CT in the MR space. The synthetic CT was registered to the CT space and subsequently the dose was calculated on the synthetic CT. The calculated dose and 
the organ at risk delineations per workflows were combined in the CT space. Subsequently, the dose in the organs at risk of the gold standard was compared with the 
clinical and automated MR-only workflows. (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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Comparing the automated MR-only and the clinical workflow with the gold 
standard

The comparisons are schematically described in Fig. 1. To be able to 
compare all delineations and doses in the same frame of reference, the 
manual T2, the automated OAR delineations, and the synCT were con
verted to the planning CT by non-rigid deformation of the T2w image to 
the planning CT. This means that there was a registration error between 
the clinical OAR and the gold standard. The influence of the registration 
error on the synthetic CT is deemed acceptable as the study of Lauwers 
et al. showed that the dose difference between in the OARs between the 
CT and the registered synthetic CT are small (on average 0.13 Gy) [14]. 
Moreover, the registered clinical OAR were checked by an experienced 
radiation oncologist and also deemed acceptable. The effect of the 
registration on the OAR was further investigated by comparing the error 
in centre of mass between the clinical and the manual T2 delineations 
(with registration) and between the automatic T2 and manual T2 de
lineations (no registration). If the registration error would be substan
tial, the error in centre of mass between the clinical and T2-based 
manual delineations would also be substantial.

OAR delineation comparison

Both the clinical and automated delineations were compared to the 
T2 manual gold standard delineation using the volumetric Dice simi
larity coefficient (DSC) (Equation (1)) and the 95% Hausdorff distance 
(requirement ii). To enable comparison, the T2w images were non- 
rigidly deformed to the planning CT to project the manual T2 OAR 
delineation on the frame of reference of the planning CT. 

DSC =
2|alternative OAR ∩ gold standard OAR|
|alternative OAR| + |gold standard OAR|

=
2TP

2TP + FN + FP
(1) 

where TP, FN and FP represent the true positive, false negative and false 
positive voxels respectively.

Dosimetric comparison

Next, the combined effect of synCT and automated OAR contouring 
was assessed (requirement (iii)). For that purpose, the performance of a 
combination of two methods, one for OAR delineation and the other for 
synCT generation, cannot be assessed thoroughly by their individual 
performance in isolation. The clinical plan was recalculated on the 
planning CT and on the synCT using the Monte Carlo dose algorithm of 
Scimoca 1.5.0.2821 (ScientificRT GmbH, Munich Germany) with a 
2x2x2 mm grid spacing and a computational uncertainty of 0.5% (“extra 
fine”). Scimoca was used as it allows recalculation of the clinical plans 
with high accuracy in batch processing mode on both the planning CT 
and synCT. The dose distributions of the automated MR-only workflow 
and clinical workflow were compared to the gold standard using the 
following DVH dose metrics: Dmean for the parallel OARs and near 
maximum dose (D2%) for the serial OARs.

Statistics

The following statistical analyses were performed to assess the per
formance of the clinical workflow and the automated MR-only workflow 
compared to the gold standard. For the OAR delineations comparison, 
the volumetric DSC and the 95% Hausdorff distance of the clinical and 
automated MR-only workflow workflows were compared. For the dose 
comparison, the absolute dose errors of the two workflows were 
compared. These comparisons were performed using the linear mixed- 
effect model as this model can handle testing with repeating measure
ments (multiple patients with multiple OARs). Analysis was performed 
in R (version 4.5.0, https://www.r-project.org/) using the lme4 (version 
1.1.37) and lmerTest (version 3.1.3) packages. Supplementary 

information A provides more information about the application of the 
linear mixed-effect model. A p-value < 0.05 was deemed significant.

The correlation was assessed between the geometric metrics and the 
dose differences compared to the gold standard for both the clinical and 
automatic MR-only, using a Spearman Rank Correlation.

Results

Nineteen patients were enrolled in this study. Two patients had to be 
excluded due to a coil defect for one patient and raw imaging data that 
could not be retrieved for the other. The remaining seventeen patients 
were used to compare the automated MR-only workflow with the clin
ical workflow. Table 1 shows the results of the OAR delineation com
parison (requirement ii). The automated MR-only workflow performed 
better than the clinical workflows as demonstrated by a higher average 
DSC (0.791 ± 0.126 versus 0.673 ± 0.181, p < 0.001) and a lower 
Hausfdorff distance (4.0 ± 1.8 mm versus 5.8 ± 1.5 mm, p < 0.001). 
Several OARs are less well visible on the CT. Especially, the constrictor 
muscles, brain stem and spinal cord are poorly visible CT, while their 
visibility on the MR is excellent [12]. In CT-based clinical contours, 
these OARs had an average DSC of 0.380, 0.775 and 0.687 respectively. 
In the automatic MR-based contours, these OARs had an average DSC of 
0.581, 0.905 and 0.856 respectively.

The registration error was assessed by assessing the error in centre of 
mass between the clinical (registration) and T2-based manual de
lineations (no registration) compared to the gold standard. The average 
absolute centre of mass error was merely 1 mm higher for the clinical 
OAR (registration) compared to the MR-only OAR (no registration) (see 
Table 2).

The average of the mean DVH error per organ at risk of the clinical 
and MR-only workflow were − 1.31 ± 2.48 Gy (average ± standard 
deviation) and +0.41 ± 1.96 Gy respectively (Table 3 and Fig. 2). The 
absolute DVH error (mean dose and near maximum dose) was signifi
cantly smaller for the MR-only workflow compared to the clinical 
workflow (p < 0.01).

Fig. 2 presents boxplots of the DVH metrics for the clinical and 
automated MR-only workflow (requirement iii). For the clinical work
flow he average deviation of the mean dose from the ground truth was 
− 1.47 ± 2.49 Gy for parallel organs. For the organs with near maximum 
dose constraints, the D2% deviated by − 0.82 ± 2.44 Gy from the ground 
truth. For the MR-only workflow, the average deviation of the mean 
dose was 0.43 ± 2.18 Gy and 0.35 ± 1.30 Gy for the D2%.

In Fig. 3, shows the relation between the OAR similarity metrics and 
the absolute dose differences. A clear inverse correlation was seen for 

Table 1 
Comparison between the clinical contours and automated T2 contours with the 
manual gold standard contours. The Dice coefficient and 95% Hausdorff Dis
tance are given for the difference organs at risk and the average of all organs of 
risks.

Dice Coefficient [-] 95% Hausdorff Distance 
[mm]

Clinical 
RT

Automated 
MR-only RT

Clinical 
RT

Automated 
MR-only RT

Brainstem 0.775 0.905 6.1 2.6
Glnd_submand_L 0.768 0.842 5.0 3.9
Glnd_submand_R 0.789 0.840 3.8 3.7
Larynx 0.690 0.855 5.3 1.0
Mandible 0.781 0.890 3.7 1.9
Musc_constrict_I 0.259 0.532 8.3 6.5
Musc_constrict_M 0.481 0.630 6.1 5.0
Musc_constrict_S 0.399 0.582 8.4 5.7
Oral_cavity 0.864 0.922 6.7 4.0
Parotid_L 0.791 0.820 6.4 5.8
Parotid_R 0.793 0.816 5.4 6.3
Spinalcord 0.687 0.856 4.1 1.8
Average ± standard 

deviation
0.673 ± 
0.181

0.791 ± 
0.126

5.8 ± 
1.5

4.0 ± 1.8
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the DSC (R = 0.721; p < 0.0001)and a clear positive correlation for the 
95% Hausdorff distance (R = 0.802; p < 0.0001) For most OARs, both 
the OAR similarity metrics and dose differences are better with the 
automated MR-only compared to the clinical ones. This is especially 
noticeable for the constrictor muscles contours (i.e. the three OARs on 
the most left-hand-side in Fig. 3a and the two OAR on the most right- 
hand-side in Fig. 3b).

Discussion

Due to the increasing cancer incidence in combination with 
increasing workforce shortages there is an enormous need to reduce the 
hands-on time per patient to be able to keep treating patients where 
radiotherapy is indicated. For sites that require both an MR and CT scan 
for treatment preparation, automated MR-only RT could be an effective 
strategy to reduce hands-on time per patient. This strategy omits the 
need for a separate planning CT and exploits the superior soft tissue 
contrast of MRI, compared to CT, allowing accurate auto-delineations 
without manual adaptations. Here, we present an automated MR-only 

Table 2 
The absolute difference in centre of for the clinical organ at risk (OAR) de
lineations and MR-only OAR delineations compared to the manual T2 OAR 
delineations.

Center of Mass Difference [mm]
Clinical MR-only

Brainstem 2.911 1.485
Glnd_submand_L 2.754 1.687
Glnd_submand_R 2.130 1.704
Mandible 2.323 1.574
Musc_constrict_I 4.548 4.072
Musc_constrict_M 4.260 3.873
Musc_constrict_S 5.489 3.884
Oral_cavity 3.266 1.531
Parotid_L 3.006 2.327
Parotid_R 2.711 3.015
Spinal_cord 4.735 2.746
Larynx 4.537 2.167
Average 3.556 2.506

Table 3 
The average and standard deviation of the errors in dose in organ at risk DVH metrics (Dmean for the parallel organs at risk; D2% for the serial organs at risk) are given 
for the clinical and MR-only workflows compared to the gold standard.

Clinical pipeline Automated MR-only pipeline

Organ at risks Metric Average [Gy] Standard deviation [Gy] Average [Gy] Standard deviation [Gy]

Brainstem D(2%) − 2.18 4.33 0.35 1.65
Glnd_Submand_L Dmean − 0.08 1.82 0.55 0.71
Glnd_Submand_R Dmean − 0.26 1.67 0.11 1.30
Larynx Dmean − 0.59 3.29 − 0.64 1.78
Mandible D(2%) 0.32 1.31 0.54 1.42
Musc_Constrict_I Dmean − 3.42 4.34 − 1.25 2.60
Musc_Constrict_M Dmean − 0.84 3.16 1.03 3.36
Musc_Constrict_S Dmean − 3.57 2.99 0.69 4.01
Oral_Cavity_Ext Dmean − 1.38 1.29 0.49 1.07
Parotid_L Dmean − 2.43 1.98 0.95 2.12
Parotid_R Dmean − 0.65 1.90 1.96 2.67
SpinalCord D(2%) − 0.59 1.67 0.16 0.84
Average ​ ​ ¡1.31 2.48 þ0.41 1.96

Dmean D(2%)

Fig. 2. Boxplot of the dose volume histogram (DVH) metrics (Dmean for the parallel organs at risk; D2% for the serial organs at risk). In grey, the dose errors between 
the DVH metrics of the clinical workflow and the gold standard. In white, the dose errors between the DVH metrics of the automated MR-only workflow and the gold 
standard. 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. (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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workflow that uses a fast ZTE scan (scanning time can be as low as 56 s 
per scan) for the synCT generation (requirement i); automated T2-based 
OAR delineations (without manual correction) that were more accurate 
than the clinical delineations (requirement ii); and for the first time we 
demonstrated that the automated MR-only workflow (synCT and T2- 
based automated delineations) led to increased dosimetric accuracy 
compared to the current clinical CT-based workflows (requirement iii). 
Therefore, this automated MR-only workflow can be introduced in the 
clinic and is not only expected to reduce the hands-on-time, but it could 
also improve the treatment accuracy.

By omitting the need for a separate planning CT scan and manual 
modification of OAR contours, it was estimated that per patient auto
mated MR-only radiotherapy could save approximately 90 min (two 
radiation technicians (RTTs) x 30 min per CT scan + 30 min manual 
OAR modification). Assuming the following additional tasks for RTTs 
per patient: 4 h per patient for treatment planning, 35 treatment frac
tions of 15 min with two RTT, the time saving of automated MR-only 
was approximately 7%. By itself 7% is not sufficient to solve the esti
mated workforce shortages, though it does contribute. Other measures 
to reduce RT workload include for instance hypofractionation for 
palliative and curative treatment where possible [38–41].

In most previous studies the automated MR-only OAR delineation is 
merely checked by comparing OAR similarity metrics; however the 
correlation between the OAR similarity metrics and the dose differences 
show that merely a part of the dose difference can be explained by the 
delineations. Other factors that influence the dose DVHs are the dose 
gradients and the difference in HU between the synthetic and planning 
CT. McDonald et al and Koteva et al performed a dosimetric comparison 
between the MR-only pipeline and the gold standard (manual T2 based 
OAR contours), for five and thirteen head-and-neck patients using T2 
and a combination of T1 and T2 images respectively. Both studies gave 
more or less comparable results to ours [23,28]. However, no compar
ison was made with the current clinical workflow or in combination with 
a synCT. To the best of our knowledge the current study was the first to 
demonstrate that automated MR-only RT can even outperform the 
standard clinical workflow.

A previous study by Lauwers et al. showed that the dose errors 
caused by the ZTE-based synCT were merely 0.13 Gy on average, over all 
the OAR in the same patient cohort as utilized in this study [14]. 
Therefore, the dose errors found in the current study were largely caused 
by the differences in OAR delineations. This observation is backed by the 
strong correlations between DSC, Hausdorff Distance and dose errors. 
The larger dose errors for the clinical delineations can likely be 
explained, primarily by the worse visibility of the OARs on the CT scan. 
If the available MR scan was used and laid over the CT scan while 

delineating the OAR, the information from both scans could be used and 
the accuracy is expected to be similar to the gold standard.

Most OAR delineations were significantly improved by the MR-only 
workflow (average DSC 0.778) compared to the clinical workflow 
(average DSC 0.670). All average DSC scores of the automated OAR 
delineations were above 0.8, except for the pharyngeal constrictor 
muscles. Even though forthe constrictor muscles, the improvement was 
most apparent between the clinical and T2 automated delineations 
respectively, the DSC remained low. This might be explained by the 
small size of the structures and the high noise-to-signal ratio in those 
areas of the scan on the T2. All in all, the automated MR-only OAR 
delineations were more accurate than the clinical workflow; therefore, 
no structural manual OAR modification would be required with MR-only 
to reach at least similar performance compared to the clinical workflow. 
This improvement of automated MR compared to the clinical OAR 
contours could be explained by the improved soft tissue contrast on the 
MR. Note, that the current clinical OAR contours could be improved if 
the MR would be used in the contouring process.

The automated T2-based delineation algorithm used in the current 
study was previously developed, trained and tested by Czipczer et al 
[35]. This method was selected as it was extensively compared to the 
existing models. The geometrical accuracy was found to be similar or 
better than those found in literature [19,21,22,24–26,42,43]. Our 
geometrical accuracy was similar to that described by Czipczer et al 
when compared to manual T2 delineations, showing that the model 
could be used properly on our data.

This study has some limitations. First, the MRI was registered to the 
CT. This can cause a registration error between the gold standard and 
the clinical and MR-only workflow. In Supplementary Information A, 
this was analysed and deemed acceptable.

A second limitation is the gold standard delineation of the mandible. 
The gold standard delineations were made on the T2 as almost all OAR 
were clearly visible on this scan. However, the mandible is more clearly 
visible on the CT. Therefore, caution should be taking when interpreting 
the mandible results. However, a DSC of ~ 0.8 on the clinical mandible 
delineation shows a relatively high agreement between the delineation 
on the CT and T2. Moreover, comparing CT-based delineations with T2- 
based delineations might seem unjust as both the automated and gold 
standard delineations were made on the T2; however, this represents the 
comparison with the clinical workflow and is, therefore, very relevant.

It should also be noted that the automatic MR-only RT pipeline can 
currently not be used yet in a clinical setting. Although, at the time of 
writing, the automatic T2-based OAR delineation model has been 
approved by the American Food and Drug Administration (FDA) and can 
be used clinically in parts of the world, the synthetic CT algorithm has 

Fig. 3. The absolute dose differences as function of the OAR similarity metric for the clinical workflow in white and the automated MR-only workflow in grey 
compared to the ground truth. The lines between two points indicate that these points belong to the same organ at risk. a) the absolute dose difference as function of 
the Dice similarity coefficient. b) the absolute dose difference as function of the 95% Hausdorff distance.
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not gone through the approval process yet.
Another notion to take into account is that the MR-based OAR 

delineation are in general different from CT-based OAR delineation 
[44]. As most OARs are better visual on the MR [12], it is stated here that 
the OAR delineations are more accurate on the T2 compared to the CT. 
By using MRI as the reference, the comparison is biased in favor of the 
MR-based workflow, and that the observed accuracy differences are 
partly due to modality differences rather than purely the effect of 
automation. It should be noted that most currently available toxicity 
models are based on CT delineations. A consequence of systematically 
using MRI based delineations may imply that such models may need to 
be revisited to account for more accurate delineations on the T2 MRI.

Finally, the workflow is called an automated MR-only workflow; 
however, it is not completely automated as the tumor could not be 
automatically delineated. This is a research topic with a lot of interest, in 
which the increased soft tissue contrast of the T2 could prove to be 
useful.

Conclusion

Due to the increasing cancer incidence in combination with 
increasing workforce shortages there is an enormous need to reduce the 
hands-on time per patient to be able to keep on treating all RT patients. 
This automated MR-only workflow utilizes a quick ZTE sequences for 
synCT generation for the head-and-neck region, thus barely prolonging 
the MR scanning time. Moreover, it can both improve the OAR delin
eation and dose accuracy and reduce the hands-on-time up to ~ 7% for 
the RTTs in the treatment preparation process. Therefore, it could 
contribute considerably to hands-on-time reduction for head-and-neck 
RT.
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