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Background and purpose: Accurate segmentation of organs-at-risk (OARs) is crucial but tedious and time-
consuming in adaptive radiotherapy (ART). The purpose of this work was to automate head and neck
OAR-segmentation on repeat CT (rCT) by an optimal combination of human and auto-segmentation for
accurate prediction of Normal Tissue Complication Probability (NTCP).
Materials and methods: Human segmentation (HS) of 3 observers, deformable image registration (DIR)
based contour propagation and deep learning contouring (DLC) were carried out to segment 15 OARs
on 15 rCTs. The original treatment plan was re-calculated on rCT to obtain mean dose (Dmean) and con-
sequent NTCP-predictions. The average Dmean and NTCP-predictions of the three observers were referred
to as the gold standard to calculate the absolute difference of Dmean and NTCP-predictions (|DDmean| and |
DNTCP|).
Results: The average |DDmean| of parotid glands in HS was 1.40 Gy, lower than that obtained with DIR and
DLC (3.64 Gy, p < 0.001 and 3.72 Gy, p < 0.001, respectively). DLC showed the highest |DDmean| in middle
Pharyngeal Constrictor Muscle (PCM) (5.13 Gy, p = 0.01). DIR showed second highest |DDmean| in the
cricopharyngeal inlet (2.85 Gy, p = 0.01). The semi auto-segmentation (SAS) adopted HS, DIR and DLC
for segmentation of parotid glands, PCM and all other OARs, respectively. The 90th percentile |DNTCP|
was 2.19%, 2.24%, 1.10% and 1.50% for DIR, DLC, HS and SAS respectively.
Conclusions: Human segmentation of the parotid glands remains necessary for accurate interpretation of
mean dose and NTCP during ART. Proposed semi auto-segmentation allows NTCP-predictions within 1.5%
accuracy for 90% of the cases.
� 2021 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 164 (2021) 167–174 This is

an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Previous studies have demonstrated that anatomical deforma-
tion and geometric changes of organs at risk (OARs) as well as tar-
get volume shrinkage during radiotherapy may incur changes in
dose distributions of head and neck cancer patients [1–3]. Adaptive
radiotherapy (ART) aims to address this issue but requires repeat
CT-scans (rCT) and re-segmentation of OARs, which impedes clin-
ical application [4]. To relieve the workload of re-segmentation,
various auto-segmentation methods, varying from atlas-based to
deep learning methods, have been developed trying to replace
human segmentation (HS) [5].

Atlas-based auto-segmentation (ABAS) is available in several
commercial implementations. Previous studies have shown the
significant potential of ABAS as a timesaving and variability-
decreasing tool in segmenting target volumes and OARs in head
and neck, but it cannot be used independently without human
intervention [6].

Deep learning contouring (DLC) applies deep learning, a sub-
field of machine learning, for image detection and segmentation
[7]. Deep learning consists of multiple layers of data processing
making it possible to learn by representing these data through sev-
eral levels of abstraction [8]. Previous studies have demonstrated
that DLC outperforms ABAS and performs sufficiently well for seg-
mentation of most head and neck OARs, although it is still inferior
to HS [9,10].

Deformable image registration (DIR) is commonly applied for
contour propagation but controversial for dose propagation mainly
due to the mass change of organs or tumours [11–14]. A compar-
ison of re-segmentation on rCT between DIR and DLC has not yet
been made. Previous papers have mostly focused on geometry or
dose variability and rarely investigated the consequent deviations
of normal tissue complication probability (NTCP) values compared
to the nominal plans.
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Inaccuracies of auto-segmentation results are often related to
the magnitude of the inter-observer variability seen in HS. In most
studies on auto-segmentation, only one single HS was referred to
as the gold standard [5,15,16]. During head and neck ART, clinically
relevant changes need to be detected as quickly and accurately as
possible. Actual anatomical changes can be small [17] while inter-
observer variability of manual segmentation of lesions and OARs is
sometimes large [16], so to select and identify patients who will
benefit from ART requires an accurate segmentation method and
clear thresholds.

Based on the comparison of mean dose (Dmean) and consequent
NTCP-predictions, the current study aimed to define a fast and
accurate semi auto-segmentation (SAS) method for OAR re-
segmentation in head and neck cancer patients for evaluation of
Dmean and NTCP-prediction during ART.
Materials and methods

Patients and selection of rCT

The population of this study was composed of 15 patients from
our prospective data registration program that had a full set of
weekly rCTs obtained according to the standard care of our depart-
ment during the course of treatment. For each enrolled patient, the
rCT with the largest geometric changes compared to the planning
CT (visual evaluation) was selected for re-segmentation of OARs.
Patients’ age ranged from 53 to 72 years, primary tumour locations
included oropharynx (n = 11), hypopharynx (n = 2), oral cavity
(n = 1) and larynx (n = 1). All patients underwent radiotherapy with
IMRT or VMAT, using 35 fractions of 2 Gy to a total dose of 70 Gy in
7 weeks. Segmentation of OARs on planning CT was done by the
specialized segmentation team according to the international con-
sensus guidelines [18]. Patients were excluded if they had previ-
ously received surgery or radiotherapy to the head and neck area
and/or in case of metal artefacts on head and neck CT-scans.
CT scan

All patients received CT-scans (Somatom Sensation Open,
Somatom Definition AS or Biograph64, Siemens, Forchheim, Ger-
many) 2 weeks before radiotherapy and weekly during the course
of radiotherapy with an average voxel size 0.98 � 0.98 � 2 mm
(range: ‘0.62 � 0.62–1.37 � 1.37’ � ‘2–4’ mm); B30f or I40s\3;
80, 100–120 kV.
Human segmentation (HS)

Three observers with more than 3 years’ experience in OAR seg-
mentation (designated as HS1, HS2 and HS3 respectively) carried
out HS independently on rCT according to the international con-
sensus guidelines [18]. Segmentation on planning CT was done
according to clinical practice, while auto-segmentation (multi-
atlas segmentation, Mirada Medical) was corrected by the special-
ized head and neck OAR segmentation team.
Deformable image registration (DIR)

The hybrid deformable registration algorithm (pre-setting: no
controlling ROIs, default deformation strategy, resolution of
0.25 cm in three dimensions) was used for DIR in RayStation
Research Version 8.99 (RaySearch Laboratories, Stockholm, Swe-
den). The produced deformation vector field was then used to
map OAR contours from planning-CT to rCT.
168
Deep learning contouring (DLC)

All rCTs were exported to Mirada for DLC and post-processing
(Workflow Box 2.0, DLCExpertTM, MiradaMedical Ltd., UK). Details
of DLC can be found in the 2017 AAPM Challenge [19]. After com-
pletion of DLC in Mirada, the segmented structures were imported
to RayStation Research.
Organs at risk (OARs)

A total of 15 OARs were segmented, including: Brain, Brainstem,
Mandible, Oral Cavity,

Cricopharyngeal inlet (Crico), Glottic area, Supraglottic larynx,
PCM_Superior (Superior pharyngeal constrictor muscles),
PCM_Middle (Middle pharyngeal constrictor muscles), PCM_Infe-
rior (Inferior pharyngeal constrictor muscles), PCM (combination
of PCM_Superior, PCM_Middle and PCM_Inferior), Buccal mucosa
(combination of bilateral Buccal mucosa), Submandibular glands
(combination of bilateral submandibular glands), Arytenoids (com-
bination of bilateral arytenoids), Parotid glands (combination of
bilateral parotid glands).

Dosimetric parameters and NTCP models

� The most common dosimetric predictors adopted in NTCP mod-
els were Dmean. For all OARs, only Dmean was evaluated.

� 135 NTCP models describing multidimensional toxicity of head
and neck radiotherapy were applied to translate the dosimetric
parameters into potential clinical relevance. For more details of
the NTCP models please refer to [20]

Absolute difference of Dmean and NTCP-predictions

The average Dmean and consequent NTCP-predictions of the
three observers (HS1, HS2, HS3) was considered gold standard
(HS*). The absolute difference of Dmean and consequent NTCP-
prediction (|DDmean| and |DNTCP|) between HS* and each segmen-
tation set were calculated. For HS, the maximum |DDmean| and |
DNTCP| of 3 observers was defined as absolute difference of human
segmentation. After discussion with radiation oncologists, major |
DNTCP| was defined as percentage point difference more than 3%.
Semi auto-segmentation (SAS)

For each OAR in SAS, the optimal segmentation from HS, DIR
and DLC was manually selected based on the |DDmean| of 15
patients. One previous study showed the |DDmean| induced by
inter-observer variability in segmenting OARs of head and neck
could be up to 0.8 Gy on average [9]. To balance efficiency and
accuracy of SAS, we preferentially selected segmentation from
DIR or DLC for each OAR of which the |DDmean| fulfilled at least
one of the following criteria: 1, less than HS; 2, less than 0.8 Gy;
3, no statistically significant difference compared to HS, otherwise
HS was selected.

In addition, we selected segmentation from the same method as
many as possible to reduce the overlap of segmentation. Once the
selection of segmentation for each OAR was determined, the com-
bination of segmentation for all OARs was fixed and defined as SAS.
Statistical analysis and plotting

A paired sample t-test (normally distributed data) or related-
samples Wilcoxon Signed Rank Test (non-normally distributed
data) were utilized to test for statistically significant difference |
DDmean| between HS and each auto-segmentation. Because there
are two comparisons within 3 groups of data, a Bonferroni correc-
tion was adopted with significant p-value of 0.05/2 (0.025). Graph-
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Pad Prism 8.2.1 software (GraphPad Software Inc., San Diego, CA,
USA) was used for statistical analysis and graphing.
Results

For each segmentation set, 15 OARs in 15 rCTs produced 225
Dmean parameters, 135 NTCP-models in 15 patients produced
2025 NTCP-predictions.

Except supraglottic larynx segmentations of DLC, all OAR seg-
mentations by DIR and DLC showed larger average |DDmean| than
HS. Both DIR and DLC segmentations showed statistically signifi-
cant larger values of |DDmean| in parotid glands. DIR showed signif-
icantly larger |DDmean| of brain and cricopharyngeal inlet than HS.
Using DLC, PCM_Middle showed the largest and significantly larger
|DDmean| as compared to HS (Table 1).

For the parotid glands, both DIR and DLC showed significantly
larger |DDmean| than HS (3.64 Gy, p-value < 0.001, and 3.72 Gy,
p-value < 0.001 compared to 1.40 Gy, respectively). For PCM_Mid-
dle, the average |DDmean| was 5.13 Gy (DLC), 1.82 Gy (DIR) and
1.19 Gy (HS). The Crico showed the second highest |DDmean|
(2.85 Gy, p-value = 0.01) in DIR, higher than DLC (1.70 Gy, p-
value = 0.08) and HS (1.05 Gy). Brain by DIR, mandible by DLC
showed significant differences of |DDmean| compared to by HS,
but was only 0.17 Gy and 0.30 Gy on average respectively. For
the other OARs, the |DDmean| obtained with DLC were more
approximated to HS than with DIR except for the submandibular
glands (DIR: 0.86 Gy, p-value = 0.17; DLC: 0.98 Gy, p-
value = 0.17). The |DDmean| in 15 OARs of each patient were pre-
sented with a colour gradient in Fig. 1. For the difference of Dmean
between the three human observers and gold standard please refer
to supplementary data 1 and 2.

Based on the |DDmean| and according to the pre-defined criteria
of selecting segmentation, DLC was selected for segmentation of all
OARs in SAS except for parotid glands and PCM, which were seg-
mented by human and DIR respectively. For the Dmean of parotid
glands, the one with the maximum |DDmean| among 3 observers
was used to calculate NTCP-prediction in SAS.

The 2025 NTCP predictions of each segmentation set were pre-
sented with median plus percentile value due to skewed distribu-
tions. The median |DNTCP| of HS, DIR and DLC were all less than
0.5%, the 90th percentile of DIR and DLC were 2.19% and 2.24%
respectively, which is around two times of HS (1.10%). All the seg-
Table 1
Absolute difference of Dmean compared to gold standard in 15 OARs of 15 patients (Mean

OAR HS DIR
|DDmean| (Gy) |DD

Brain 0.10 ± 0.06 0.17
Mandible 0.16 ± 0.10 0.36
Oral cavity 0.29 ± 0.16 0.92
Submandibular glands 0.64 ± 0.48 0.86
PCM_Superior 0.97 ± 0.91 1.45
Arytenoids 1.04 ± 0.97 2.66
Cricopharyngeal inlet 1.05 ± 1.37 2.85
PCM_Middle 1.19 ± 1.45 1.82
Glottic area 1.23 ± 1.98 2.18
Buccal mucosa 1.27 ± 0.98 1.79
Supraglottic larynx 1.31 ± 2.05 2.03
PCM_Inferior 1.31 ± 1.69 2.04
Parotid glands 1.40 ± 0.75 3.64
PCM 1.48 ± 0.71 1.47
Brainstem 1.54 ± 0.85 1.33
Overall 1.00 ± 1.20 1.71

HS = human segmentation; DIR = deformable image registration; DLC = deep learning c
SAS = semi auto-segmentation; PCM = pharyngeal constrictor muscle.
|DDmean| = absolute difference of Dmean compared to HS.
*p-value < 0.025 with Related-Samples Wilcoxon Signed Rank Test compared to HS.
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mentation sets showed very large maximum |DNTCP|, with rates of
9.94%, 11.89% and 13.86% for HS, DIR and DLC respectively. The |
DNTCP| for each segmentation set were presented with categorical
colour code in Fig. 2. Histogram of |DNTCP| for HS, DIR, DLC and
SAS are shown in Fig. 3.

In total, 131 (6.5%) and 122 (6.0%) of the 2025 NTCP-predictions
showed major |DNTCP | with DIR and DLC respectively, the fre-
quencies of OARs involved in these NTCP models were counted
and shown in Fig. 4.

The parotid glands showed the highest frequency in models of
major |DNTCP| in both DIR (53) and DLC (54). Frequency of major
|DNTCP| for PCM was equivalent in DIR and DLC, but for its subre-
gions, this frequency was higher with DLC than with DIR
(PCM_Superior: 42 vs. 13; PCM_Middle: 34 vs. 13; PCM_Inferior:
26 vs. 13). Buccal mucosa, brain, mandible and brainstem were
not involved in NTCP models of major |DNTCP|. Frequency of sub-
mandibular glands in models of major |DNTCP| in DLC was higher
than in DIR (18 vs.14). The frequencies of other OARs were all less
in DLC than in DIR. Fig. 5 showed larger |DNTCP| in models includ-
ing only parotid glands than other models.

Compared to DIR and DLC, the median and 90% percentile of |
DNTCP| in SAS decreased to 0.33% and 1.50%, which were very
close to HS (0.30% and 1.10%), the maximum |DNTCP| in SAS was
even smaller than HS (7.01% vs. 9.94%) (Fig. 2).

By using HS as the reference, DLC showed higher dice similarity
coefficient and lower 95th percentile Hausdorff distance than DIR
for Crico but in the contrary way for PCM_Middle. For more
geometry results please refer to supplementary material
(Supplementary Data 3–6). Figure Supplementary figure 2Figure
Supplementary figure 3, Supplementary figure 4 and Supplementary
figure 5
Discussion

This study showed discrepant |DDmean| and |DNTCP| based on
segmentation of humans, DIR and DLC on rCT in a comprehensive
set of OARs in head and neck cancer patients. For the segmentation
of parotid glands, human segmentation performed better than DIR
and DLC (|DDmean|: 1.40, 3.64 and 3.72 Gy, respectively). For the
segmentation of sub-regions of PCM, DIR performed much better
than DLC. However, in most other OARs, segmentation of DLC
was superior to DIR and showed very close |DDmean| to that
± SD).

DLC SAS
mean|(Gy) |DDmean|(Gy) |DDmean| (Gy)

± 0.09* 0.12 ± 0.18 0.12 ± 0.18
± 0.29 0.30 ± 0.23* 0.30 ± 0.23
± 0.98 0.61 ± 0.51 0.61 ± 0.51
± 0.71 0.98 ± 0.85 0.98 ± 0.85
± 1.73 2.22 ± 2.43 1.45 ± 1.73
± 3.20 1.67 ± 1.51 1.67 ± 1.51
± 2.51* 1.70 ± 1.09 1.70 ± 1.09
± 1.88 5.13 ± 4.61* 1.82 ± 1.88
± 2.28 1.61 ± 1.12 1.61 ± 1.12
± 1.46 1.57 ± 2.05 1.57 ± 2.05
± 2.28 1.10 ± 1.18 1.10 ± 1.18
± 2.08 1.92 ± 1.17 2.04 ± 2.08
± 2.55* 3.72 ± 2.74* 1.40 ± 0.75
± 1.12 1.59 ± 0.83 1.47 ± 1.12
± 1.88 1.01 ± 0.93 1.01 ± 0.93
± 2.03* 1.68 ± 2.15* 1.17 ± 1.38

ontouring.



Fig. 1. Heatmap of absolute difference of Dmean in 15 OARs of 15 patients for HS, DIR, DLC.
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observed with HS. For NTCP-predictions, parotid glands are
the most common OARs involved in the NTCP-models of major
|DNTCP|.

Previous studies indicated the limited impact of geometric
similarity on dose in comparisons between different segmentation
methods [21]. From this point of view, it is important to evaluate
both changes in dose and NTCP-predictions when comparing
auto-segmentation and HS. This study evaluated the absolute
difference of HS, DIR and DLC regarding Dmean and consequent
NTCP-predictions. In addition, we developed a semi auto-
segmentation method by combining HS (parotid glands), DIR
(PCM) and DLC (all other OARs) for fast and accurate
re-segmentation of OARs and NTCP-prediction in ART.

Many studies have shown favourable geometric performance of
DLC for the parotid glands [15,22,23]. Van Dijk et al. [15] observed
a |DDmean| of 0.9 ± 1.3 Gy between DLC and HS for the parotid
glands. However, the |DDmean| of DLC in the current study was 3.
72 ± 2.74 Gy. This could be explained in two ways: First, previous
studies revealed that the dosimetry of the parotid glands was sus-
ceptible to the variability in the segmentation of the deep lobe and
geometric overlap between parotid glands and target volume
[24,25], which means that even small geometric difference in the
parotid glands could result in significant dosimetric difference.
Second, the inter-observer variability between different HS which
was referred to as the gold standard has been defined in various
ways and this could also have caused different results. In current
study, parotid glands showed large |DDmean| in DIR and DLC
170
(Table1) and most often involved in NTCP models of major |DNTCP|
(Fig. 4), which also induced large |DNTCP|(Fig. 5), suggested that
parotid glands should be segmented by human regarding accurate
Dmean evaluation and NTCP-prediction.

In a previous study [15], the dice similarity coefficient of PCM
and Crico between DLC and HS was 0.68 and 0.66 respectively,
while the corresponding |DDmean| was 1.3 Gy and 2.5 Gy. The med-
ian dice similarity coefficient in current study were both less than
0.6 (Supplementary data3) Figure Supplementary figure 2, but the
corresponding |DDmean| were 1.59 Gy for the PCM and 1.70 Gy for
Crico, which were similar to that study.

DLC showed poor geometric performance in subregions of PCM
(Supplementary data 3, 4) Figure Supplementary figure 2 and Sup-
plementary figure 3and the largest |DDmean| in PCM_Middle. These
results were not completely consistent with others. Van Rooij et al.
also observed poorer geometric performance for the esophagus,
brainstem, PCM and Crico, but only found a significantly higher |
DDmean| compared to HS in the PCM_Inferior (1.4 Gy) and esopha-
gus (2.2 Gy) [10]. This was different with the current study and
could be explained partly by the variability of HS and DLC.

PCM and Crico are morphologically similar organs but show dis-
parate performance between DIR and DLC. The mechanism of DIR
and DLC may be accountable for this disparity. The indispensable
rigid image registration before DIR makes structures propagation
more adherent to the bony borders but more vulnerable to
organ motion. In addition, the DLC in the current study firstly
segment PCM and then divided it evenly into three sections: the



Fig. 2. Heatmap of absolute difference of 2025 NTCP-predictions for HS, DIR, DLC and SAS.

Fig. 3. Histogram of absolute difference of NTCP-predictions for HS, DIR, DLC and SAS.
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Fig. 4. Frequency of OARs involved in NTCP models showing absolute difference of NTCP-prediction more than 3%.

Fig. 5. Boxplot of absolute difference of NTCP-prediction for models including OARs of only parotid glands, parotid glands and others.
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PCM_Superior, PCM_Middle and PCM_Inferior, regardless of the
border definition within subregions of PCM. This also explained
why PCM of DLC, as an aggregation, did not show such a larger |
DDmean|. Results suggested this post-processing method for subre-
gions of PCM in DLC is not fit for accurate Dmean evaluation and
consequent NTCP-prediction. The figure in supplementary data 7
Figure Supplementary figure 6illustrates the difference between
DIR and DLC in segmentation of the PCM and Crico.
172
Previous studies demonstrated better geometric performance of
DIR in large OARs than in small OARs [11,26]. In the current study,
the small volume OARs, such as the arytenoids, glottic area and
supraglottic larynx showed higher |DDmean| compared to other
OARs in DIR. It has to be noted that small OARs are more suscepti-
ble to geometry change than large OARs due to the nature of Dmean

which is also related to volume. For DLC, the |DDmean| of other
OARs was all less than 2 Gy, similar to another study [15]. Regard-
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ing dosimetry, DLC performed better than DIR in all the other OARs
except for the submandibular glands. Although DLC showed statis-
tically significant |DDmean| in the mandible, the values were very
low (average |DDmean| of DLC, DIR and HS: 0.30 Gy, 0.36 Gy and
0.16 Gy), which were only larger than the Brain.

In the current study, SAS produced comparable NTCP-
predictions as HS. Fig. 2 showed the majority of major |DNTCP|
in SAS were less than 5%, which was even better than HS.

The higher |DDmean| values in Fig. 1 were not always present in
the same horizontal position, indicating the differentiated perfor-
mance of DIR and DLC on different OAR segmentations or different
patients. In Fig. 2, major |DNTCP| were likely to present in the same
horizontal position (NTCP model), indicating that the |DNTCP| was
model- or patient-specific, or OAR- or disease-specific. Therefore,
further studies are needed to develop individualized SASs for
patients of different features.

Several shortcomings of the current study should be mentioned.
First, the proposed SAS was evaluated based on the NTCP-models
including only Dmean from the planning technique of swallowing
sparing IMRT and VMAT, which means it may be inapplicable for
other treatment planning techniques and NTCP models with non-
Dmean parameters. Second, the small sample size might reduce
the representativeness of conclusions, however this is a trade off
against having multiple human segmentations. Third, the selected
rCTs of large geometry change could weaken the performance of
DIR while having no impact on DLC, but the result could be more
beneficial for ART. It should be noted the gold standard applied
in this study was defined as the average value of 3 observers’,
therefore the calculated |DDmean| of HS was actually smaller than
the real inter-observer difference (more information on inter-
observer difference in Supplementary data 8, 9) Figure Supplemen-
tary figure 7. Figure Supplementary figure 1

For application of SAS in ART in clinical practice, it remains nec-
essary to identify outliers in SAS by human or automated anomaly
detection for a robust and high-quality result.

Conclusions

On repeat CT-scans of head and neck cancer patients presenting
large geometry changes compared to the planning CT-scan, DLC
outperformed DIR segmentation for evaluation of mean dose for
the majority of OARs. Human segmentation of parotid glands
remains necessary for accurate interpretation of mean dose and
NTCP-prediction during ART. The proposed semi auto-
segmentation allows NTCP-prediction within 1.5% accuracy for at
least 90% of the cases.
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