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Background and purpose: Developing NTCP-models for cardiac complications after breast cancer (BC)
radiotherapy requires cardiac dose-volume parameters for many patients. These can be obtained by using
multi-atlas based automatic segmentation (MABAS) of cardiac structures in planning CT scans. We inves-
tigated the relevance of separate multi-atlases for deep inspiration breath hold (DIBH) and free breathing
(FB) CT scans.
Materials and methods: BC patients scanned in DIBH (n = 10) and in FB (n = 20) were selected to create
separate multi-atlases consisting of expert panel delineations of the whole heart, atria and ventricles.
The accuracy of atlas-generated contours was validated with expert delineations in independent datasets
(n = 10 for DIBH and FB) and reported as Dice coefficients, contour distances and dose-volume differences
in relation to interobserver variability of manual contours. Dependency of MABAS contouring accuracy on
breathing technique was assessed by validation of a FB atlas in DIBH patients and vice versa (cross-
validation).
Results: For all structures the FB and DIBH atlases resulted in Dice coefficients with their respective ref-
erence contours � 0.8 and average contour distances � 2 mm smaller than slice thickness of (CTs). No
significant differences were found for dose-volume parameters in volumes receiving relevant dose levels
(WH, LV and RV). Accuracy of the DIBH atlas was at least similar to, and for the ventricles better than, the
interobserver variation in manual delineation. Cross-validation between breathing techniques showed a
reduced MABAS performance.
Conclusion: Multi-atlas accuracy was at least similar to interobserver delineation variation. Separate
atlases for scans made in DIBH and FB could benefit atlas performance because accuracy depends on
breathing technique.

� 2021 Published by Elsevier B.V. Radiotherapy and Oncology 163 (2021) 46–54
Radiotherapy (RT) for both early and locally advanced breast
cancer improves local and locoregional control and survival [1].
However, incidental radiation exposure to the heart increases the
risk of ischemic heart disease (IHD) [2–4]. Darby et al. found that
the rate of acute coronary events (ACE) increased proportionally
with the mean dose to the heart (7.4% per Gy) [5], which was con-
firmed by a cohort study by van den Bogaard et al. [6]. These stud-
ies emphasize the need to reduce the dose received by the heart.
For most left-sided breast cancer (BC) patients this can be achieved
by the use of deep-inspiration breath hold (DIBH), which separates
the heart from the breast during irradiation [7,8].

The relationship between cardiac dose and toxicity has been
described by Normal Tissue Complication Probability (NTCP) mod-
els with the planned mean heart dose (MHD) as a prognostic vari-
able [5,6]. Treatment factors like laterality, fractionation and DIBH
result in different radiation exposure patterns for cardiac substruc-
tures, such as the atria and ventricles, which may result in different
toxic events [9]. Therefore, investigating the dose to cardiac
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substructuresmay be relevant to improve current NTCP-models.
For example, van den Bogaard et al [6] and Spoor et al [10] showed
that the LV-V5Gy may be a better predictor for ACE after breast can-
cer radiotherapy than the MHD.

Cardiac dose-volume parameters can be obtained after the con-
touring of cardiac substructures. Manual contouring is time con-
suming and prone to interobserver variability, which may result
in variation in individual dose-volume parameters, even when
delineation guidelines are used [11,12]. An alternative method is
multi-atlas based automatic segmentation (MABAS), which is an
efficient and accurate method to generate dose-volume parameters
of the heart and its substructures in breast cancer patients [13–15].
It is faster than manual contouring, even if manual corrections are
required [16,17].

The ability of MABAS to deal with anatomical variation is opti-
mal when the atlases are a representative sample of the population
[18]. Because the heart is a flexible structure, its shape can be
changed by the intrathoracic pressure that accompanies respira-
tion in deep inspiration breath hold [19]. Therefore, the breathing
technique used for the planning scan can affect MABAS
performance.

The aim of this study was to investigate the relevance of using
separate multi-atlases for automatic contouring of the whole heart,
atria and ventricles in breast cancer patients treated in DIBH or free
breathing (FB). Geometric and dosimetric variations caused by
MABAS inaccuracies were compared to interobserver variability
of manual contours.
Material and methods

Patient selection and treatment data

Fig. 1 provides an overview of the method used in the current
study to generate and validate DIBH and FB atlases. In total, plan-
ning CT scans of 50 breast cancer patients were selected for this
study (i.e. 20 DIBH scans and 30 FB scans). Scans were either used
for atlas generation (atlas group) or atlas validation (validation
group).

Jung et al. [20] showed that the performance of their multi-atlas
(based on contrast-enhanced FB scanned patients) for contouring
Fig. 1. Flowchart of atlas generation and (cross-)validation. Colours are used to distinguis
DIBH = deep inspiration breath hold.
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of cardiac structures plateaued for libraries containing more than
10 atlases. First, an FB multi-atlas with consensus contours of 10
patients from the FB atlas group (i.e. FB10) was created. To com-
pensate for the absence of contrast-enhancement in our study
cohort, we also created a second FB atlas by adding 10 extra
patients from the FB atlas group (FB20) to include more anatomical
variation. Anticipating less inter-patient anatomical variation
resulting from the intrathoracic pressure that accompanies respi-
ration only a DIBHmulti-atlas with 10 consensus contour sets from
the DIBH atlas group (i.e. DIBH10) was created. For both categories
(i.e. DIBH and FB) 10 CT scans were selected for validation
purposes.

Only planning CT scans of patients without clinically relevant
anatomical abnormalities were selected. All patients were treated
at the University Medical Center Groningen with 3D conformal
RT using CT-based planning, as described elsewhere [21].

DIBH patients included in this study were treated in 2013 and
2014. We selected FB patients treated between 2005 and 2008,
before the introduction of DIBH in our clinic. The quality of the
scans and reference delineations between both datasets is compa-
rable. Additional information on both patient cohorts can be found
in Table 1 in the supplementary materials.

CT examinations were performed on a Siemens Somatom Sen-
sation Open (Siemens Medical, Erlangen, Germany), without iodine
contrast agent, slice thickness of 3 or 5 mm, field of view of
500 mm and image size of 512 � 512 pixels per slice. The scanned
region extended from the tragus to 5 cm below the contralateral
breast. DIBH scans were made using the Active Breathing Coordi-
nator (ELEKTA Active Breathing CoordinatorTM device, Crawley,
UK) to guarantee reproducible breath volumes for every breath
hold. The breath volumes were set at 70% of the maximum inspira-
tion volumes and CT scans were acquired in a supine position on a
breast board (C-QualTM breast board, CIVCO, IOWA).
Atlas generation

Manual delineations were based on the atlas by Feng et al. [11]
and included the whole heart (WH), left and right ventricle (LV, RV)
and the left and right atrium (LA, RA). All manual delineations were
performed in Mirada RTx (v1.6 Mirada Medical Ltd., Oxford, UK).
h between different (sources of) contouring sets. Abbreviations: FB = free breathing,



Separate contouring atlases for cardiac substructures in breath hold and free breathing
Multi-atlases were generated by including consensus contours of
patients in the atlas group into atlas files. Multi-atlases were gen-
erated using the Mirada Workflow Box (v2.0), which used a multi-
atlas segmentation approach [22].

A robust optical flow-based registration algorithm automati-
cally aligned each of the supplied atlases to the patient case. Regis-
tration was initialized by a rigid 6 degrees of freedom registration
algorithm and a mutual information based criterion was maxi-
mized (using a greedy iterative hill climbing optimization tech-
nique) when solving for the rigid transformation. Using the
resulting deformation field each of the contours was mapped onto
the patient image. A consensus of the contours from each atlas was
found using a proprietary form of majority voting which works to
sub-voxel precision.

All CT scans were delineated with the common agreement of an
expert panel consisting of an experienced cardiac radiologist (RV)
and a breast cancer dedicated physician assistant (FP) to create
consensus contours.
Atlas validation

Atlases were validated by comparing atlas-generated contours
to reference contours (because a golden standard is lacking, con-
sensus contours were used as references) for patients in the valida-
tion group. To evaluate the impact of atlas expansion on atlas
performance, the results of FB10 and FB20 validation will both be
presented.

The interobserver variation in manual contouring was assessed
in the DIBH validation group from a comparison of the contours
from four independent observers with the reference contours. This
observer group consisted of two radiation oncologists (JM, AC), a
radiation oncologist resident (BT) and a breast cancer dedicated
researcher (HP).

Finally, cross-validation was performed to investigate the
dependency of MABAS performance on the breathing technique
used in multi-atlas libraries (i.e. FB or DIBH). DIBH10 was used
to generate contours in the FB validation group and FB10 generated
contours in the DIBH validation group. To obtain a fair analysis of
the impact of breathing technique we used the atlases based on
contour sets of 10 patients (i.e. DIBH10 and FB10). Atlas-
generated contours were compared to the reference contours in
the corresponding validation group.
Evaluation of atlas accuracy

Atlas performance was evaluated by comparing atlas and refer-
ence contours in the validation groups. Interobserver delineation
errors were evaluated by averaging the comparison between indi-
vidual observers and the reference contours. Performance was
evaluated by following metrics:

1) Clinical usefulness evaluated by four independent observers.
Observers were unaware of the contour source (DIBH10 or
another observer) and rated contours as ‘no editing
required’, ‘minor editing required’ or ‘major editing required
and not useful in clinical practice’ according to Hardcastle
et al. [23].

2) Geometry.
a) Dice similarity coefficients (DSC) [24]. Index for spatial over-

lap ranging between 0 (no overlap) and 1 (complete over-
lap). For all cardiac structures (i.e. whole heart, atria and
ventricles), we aimed at a minimal Dice Similarity Coeffi-
cient between atlas-generated contours and reference con-
tours of 0.8.

b) ComGrad distances [25], which finds corresponding points
between two contours by traversing a vector field based
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on the combined gradient of the distance transforms. Evalu-
ations were done with an in-house developed implementa-
tion of the ComGrad method in Matlab (Version 2018a) as
described by van der Put et al [25]. Average and absolute
ComGrad distances were analysed.

c) Volumes of matching contours.
3) Dosimetry. Comparison of relevant dose-volume parameters

(Dmean, D2, D98, V1Gy, V5Gy) resulting from different contour
sets (calculated with an in-house developed tool using the
clinical 3D dose distribution and contours of cardiac
substructures).

4) NTCP. Comparison of individual ACE risks for the FB valida-
tion group (clinical parameters of the DIBH validation group
were incomplete) based on cardiac dose parameters result-
ing from MABAS or reference contours ACE risks in the first
9 years after radiotherapy were calculated using the model
of van den Bogaard et al. [6], (LV� V5Gy as a predictor),
and the model of Darby et al. [5], (WH� Dmean as predictor).
Variables used for this analysis can be found in Supplemen-
tary Materials Table 2.

Significance was assessed by non-parametric Wilcoxon signed
rank tests performed in SPSS version 23.0. Spearman’s rank-order
correlations were used to assess the relationship between pre-
dicted ACE risks resulting from dose parameters based on different
contouring methods.
Results

Despite a difference in treatment periods for FB and DIBH
scanned patients, no relevant differences in the quality of the scans
and reference delineations were observed. The MABAS algorithm
generated contours for the major cardiac structures (WH, RV, RA,
LV, LA) in all cases. MABAS contours were generated within
5 min per patient compared to 70 min (range: 60–80min) for man-
ual contouring by the observers. According to the observers, 41.0%
of the DIBH10 generated contours did not require editing, 54.5%
required minor editing and 4.5% major editing. 48.5% of the manual
delineations made by the observers were scored as ‘no editing
required’, also 48.5% as ‘minor editing required’ and 3.0% as ‘major
editing required’. Fig. 2 shows an example of good alignment
between DIBH10-generated contours and reference contours for
a DIBH CT- scan. A visual inspection of most common atlas delin-
eation errors for the whole heart, occurring near the apex or at
the anterior region, is illustrated in Supplementary material Fig. 1

Fig. 3 shows the geometric evaluation of different contouring
sets. Comparison of DIBH10 generated contours with their refer-
ence contours resulted in DSCs > 0.8 for all (Fig. 3B). Validation
of FB10 resulted in a DSC < 0.8 for the LA and RV, but for FB20
the DSCs were >0.8 for all structures (Fig. 3A).

Atlas-generated contours were of equal size, or smaller (LA, LV
and RV for FB20; RV for DIBH10), than reference contours (Supple-
mentary material Fig. 2). The average distance between surfaces of
FB20 or DIBH10 contours towards their respective reference con-
tours was �2 mm for all structures (Fig. 3C and D), while on aver-
age the absolute distance between atlas and reference contours
was �4 mm or less (Fig. 3E and F).

Observer contours of the ventricles were less consistent with
reference contours than the DIBH10 contours expressed by a
reduced DSC and increased absolute ComGrad distances (Fig. 3B
and F). For all structures, average ComGrad distances to the refer-
ence contours were < 2 mm and similar for DIBH10 contours and
observer contours (Fig. 3D).

Fig. 4 shows results of the cross-validation. In general, the per-
formance of FB10 on DIBH scans as well as DIBH10 on FB scans was



Fig. 2. Different views (a: transversal, b: coronal, c: sagittal) of the agreement of MABAS (DIBH10) generated contours and reference contours for a DIBH CT- scan.
Abbreviations: MABAS = multi-atlas based automatic segmentation.
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worse than the application of atlases created with the breathing
method corresponding to the scans (Fig. 4).

The impact of the contouring method on the resulting cardiac
dose-volume parameters was limited. Differences in dose parame-
ters were only seen in the RA for DIBH10 contours and in the LA for
observer contours with respect to the reference contours (Fig. 5).
Supplementary Fig. 3 shows similar results for the FB validation
set where differences were only found in the LA and the FB20
did not result in more accurate dose-volume parameters than the
FB10. Supplementary Figs. 4 and 5 also present the results per
treatment side, but differences were not statistically evaluated
given the limited sample sizes (i.e. 5 patients per treatment side).

No differences were observed between NTCP-values for ACE
risks calculated with the Darby model using FB10 atlas contours
and those based on FB reference contours (p = 0.594). Similarly,
no differences were found for NTCP-values calculated with the
van den Bogaard model (p = 0.465). As shown in Fig. 6, a Spear-
man’s rank-order correlation test showed a strong and positive
correlation between ACE risks calculated with dose parameters
based on FB10 contours versus reference contours (q = 1.000,
p < 0.01 in both prediction models).
Discussion

Our study showed that separate atlases for DIBH and FB
scanned BC patients are reliable and efficient tools for the contour-
ing of cardiac substructures and calculating cardiac dose parame-
ters or NTCP-values. The clinical usefulness of both DIBH10
generated contours and manual contours was similar. Using a
multi-atlas library consisting of consensus contours from 10 DIBH
patients resulted in good spatial overlap (DSC� 0.8) with reference
contours in all structures (i.e. heart, atria and ventricles). Such
agreement was also achieved for the FB atlas including 20 FB
scanned patients. Local differences between atlas and reference
contours, quantified by average and absolute ComGrad distances,
were comparable to the pixel size of the CT scans. The accuracy
of DIBH10 was at least similar to, and for the ventricles better than,
the interobserver variation in manual delineation. Cross-validation
showed reduced MABAS performance when a FB atlas was applied
to CT-scans acquired in DIBH and vice versa. No differences were
found for dose-volume parameters in the volumes receiving rele-
vant dose levels (WH, LV and RV), and no differences were found
in NTCP-values based on dose parameters obtained from atlas or
reference contours.

Further improvement of atlas accuracy might be achieved by
integration of an iterative atlas selection procedure or a genetic
selection strategy to identify the best subset of atlases within the
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multi-atlas library [26,27]. Atlas generated contours can also be
improved by correcting large errors [16,17]. Based on the results
of our study it would be advisable to perform a quick visual check
focusing on regions identified in Supplementary Materials Fig. 1.
Delineation errors near the apex of the heart are likely related to
low image contrast between the apex and the surrounding struc-
tures such as the diaphragm, liver and the bifurcation of the pul-
monary arteries. Furthermore, these structures show relatively
large variations in shape and position between patients, thereby
complicating atlas-based segmentation. Another region of com-
mon MABAS errors is the pericardial tissue (found on the anterior
surface of the heart [28]) which shows little image contrast with
surrounding tissue. Delineation errors in this area, which receives
the highest dose in breast cancer RT, could potentially affect the
dose-volume parameters. However, the atria were the only regions
where significant differences between dose parameters obtained
from MABAS or reference contours were found (see Fig. 5). In
breast cancer radiotherapy, the atria receive a relative low dose
(average D2, <3 Gy) and therefore these differences are less impor-
tant for development of NTCP models for cardiac toxicity.

DIBH10 generated contours of the ventricles had a higher spa-
tial overlap with reference contours (made by the expert panel)
compared to contours made by group of four independent obser-
vers. The ventricular septum has little contrast on planning scans
and apparently MABAS, based on consensus contours created by
an expert panel with great knowledge of the anatomy of the heart,
was more consistent in delineating the ventricular septum than
independent observers.

In general, expanding a multi-atlas library results in better
performance, although the optimal size depends on methods used
[29]. The optimal number of scans per atlas was not evaluated
because current performances already met our clinical goal. How-
ever, DSCs > 0.8 for all structures were only found for the FB atlas
consisting of 20 patients while for the DIBH atlas this goal was
met with 10 patients included. As mentioned earlier, the heart
is flexible and its shape can be changed by the intrathoracic pres-
sure that accompany respiration in deep inspiration breath hold
[19]. Most likely, the respiratory motion during FB scans
increased anatomical variations of the heart, thereby affecting
MABAS performance when insufficient patients are included. It
was also shown that applying FB10 to DIBH scanned patients
and vice versa reduced MABAS performance. Increased intratho-
racic pressure associated with DIBH may result in systematically
different anatomical variation in the heart and MABAS perfor-
mance would be affected when this specific variation is not rep-
resented in the multi-atlas library. This suggests that ideally
separate atlases are used for auto-contouring of cardiac structures
in FB and DIBH scanned patients.



Fig. 3. Geometric validation of contouring methods. Statistically significant differences are highlighted with an asterisk (Wilcoxon signed rank test, p < 0.05). Abbreviations:
DSC = dice similarity coefficient, FB = free breathing, DIBH = deep inspiration breath hold, WH = whole heart, LA = left atrium, RA = right atrium, LV = left ventricle and
RV = right ventricle.

Separate contouring atlases for cardiac substructures in breath hold and free breathing
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Fig. 4. Geometric cross-validation of different contouring methods. Statistically significant differences are highlighted with an asterisk (Wilcoxon signed rank test, p < 0.05).
Abbreviations: DSC = dice similarity coefficient, FB = free breathing, DIBH = deep inspiration breath hold, WH = whole heart, LA = left atrium, RA = right atrium, LV = left
ventricle and RV = right ventricle.
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Fig. 5. Dose parameters in major cardiac structures obtained from different contouring methods applied to DIBH planning scans (n = 10). Statistically significant differences of
dose parameters relative to reference contours are highlighted with an asterisk (Wilcoxon signed rank test, p < 0.05). Abbreviations, FB = free breathing, DIBH = deep
inspiration breath hold, WH = whole heart, LA = left atrium, RA = right atrium, LV = left ventricle and RV = right ventricle.

Fig. 6. Effect of contouring method (FB10 atlas vs. reference) on the individual ACE risk in 10 FB planned patients. Abbreviations: ACE = acute coronary event, FB = free
breathing.

Separate contouring atlases for cardiac substructures in breath hold and free breathing
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In general, the results of the current study are in line with other
studies that investigated atlas based auto-segmentation for con-
touring of the heart on CT scans [13–17,20,30–33]. Loap et al.
[22] were able to create an atlas with better accuracy for the whole
heart although delineations of the atria and ventricles were less
accurate. Kaderka et al [14] found similar performances compared
to our study but did not create separate atlases for FB and DIBH
and atlas accuracy was not compared to the interobserver delin-
eation errors.

As an extension to MABAS, the paper by Finnegan et al [34]
describes a method for automatic delineation of cardiac structures
which incorporates inter-observer variation in contour generation.
Anonther alternative to MABAS is deep learning [35,36]. We briefly
investigated an algorithm combining the Maastro DLC model for
the WH [36] and an in-house developed algorithm in Mirada RTx
for the atria and ventricles (training set with 109 contours sets
made with MABAS followed by manual corrections). However, lar-
ger and more consistent training sets were required to possibly
reach accuracies similar to our multi-atlases.

The usability of our multi-atlases could be improved by allow-
ing contouring of other cardiac areas like coronary arteries, cardiac
valves or conduction system structures [37]. Initially, the goal of
this study was to include coronary arteries in the MABAS but they
were only generated in 4% of the cases and were therefore left out
from further analysis. An alternative to contouring of the left ante-
rior descending (LAD) artery, which receives the highest dose of all
coronaries, is contouring of a high-risk cardiac zone [38]. Hence,
we developed and validated an alternative auto-segmentation tool
for the LAD based on anatomical landmarks obtained from con-
tours of the ventricles [39]. In future studies, the multi-atlases
developed in the current study, together with this LAD tool, can
be used to calculate cardiac dose-volume parameters on a large
scale for the development of NTCP models for cardiac toxicities.

Conclusion

This study showed that MABAS performance depends on the
breathing technique used in planning scans. To optimize atlas per-
formance, separate atlases for DIBH and FB scanned patients can be
used to include the most representative anatomical variation
within the multi-atlas library. Atlases developed and validated in
this study are reliable and efficient tools for contouring of cardiac
substructures and obtaining cardiac dose parameters with accura-
cies at least similar to interobserver delineation variation.
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