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ABSTRACT
Background: This study aimed to develop and validate an automatic multi-atlas segmentation
method for delineating the heart and substructures in breast cancer radiation therapy (RT).
Material and methods: The atlas database consisted of non-contrast-enhanced planning CT scans
from 42 breast cancer patients, each with one manual delineation of the heart and 22 cardiac sub-
structures. Half of the patients were scanned during free-breathing, the rest were scanned during a
deep inspiration breath-hold. The auto-segmentation was developed in the MIM software system and
validated geometrically and dosimetrically in two steps: The first validation in a small dataset to ensure
consistency of the atlas. This was succeeded by a final test where multiple manual delineations in CT
scans of 12 breast cancer patients were compared to the auto-segmentation. For geometric evaluation,
the dice similarity coefficient (DSC) and the mean surface distance (MSD) were used. For dosimetric
evaluation, the RT doses to each substructure in the manual and the automatic delineations
were compared.
Results: In the first validation, a high geometric and dosimetric performance between the automatic
and manual delineations was observed for all substructures. The final test confirmed a high agreement
between the automatic and manual delineations for the heart (DSC ¼ 0.94) and the cardiac chambers
(DSC: 0.75–0.86). The difference in MSD between the automatic and manual delineations was low
(<4mm) in all structures. Finally, a high correlation between mean RT doses for the automatic and
the manual delineations was observed for the heart and substructures.
Conclusions: An automatic segmentation tool for delineation of the heart and substructures in breast
cancer RT was developed and validated with a high correlation between the automatic and manual
delineations. The atlas is pivotal for large-scale evaluations of radiation-associated heart disease.
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Introduction

Radiation therapy (RT) is widely used in the adjuvant treat-
ment of early breast cancer to reduce the risk of recurrence
and breast cancer death [1,2]. In recent years, the awareness
of radiation-associated cardiac toxicity, particularly coronary
artery disease, has increased [3,4]. A linear dose-response
relationship between mean heart dose and the risk of coron-
ary artery disease has been demonstrated [4–6].
Optimizations of RT regimens and implementation of deep
inspiration breath-hold (DIBH) during treatment have
resulted in a reduction in mean heart dose [7–9]. However,
when using the most prevalent technique of tangential
fields, the dose distribution in the heart is heterogeneous
and small parts of the heart may receive a high dose where
the dose deposition is highly dependent on patient anatomy,
the target, and laterality of irradiation [10–12]. Recently, stud-
ies have shown conflicting results regarding mean heart

dose as a predictor for cardiac toxicity [10,13]. Thus, more
knowledge regarding clinical effects from RT doses to the
heart and substructures during modern CT-based RT is
important to support further epidemiological studies and
clinical trials investigating radiation-associated cardiac tox-
icity. A cardiac contouring atlas for delineation of the heart
and substructures is available, however, manual delineation
is time-consuming, not a routine task and subject to uncer-
tainty [14,15]. Among experts, the mean surface distance
(MSD) ranged between 1 and 3 mm for the heart and the
cardiac chambers and 2–10 mm for the coronary artery seg-
ments [15].

Auto-segmentation has the capacity to increase the effi-
cacy and reproducibility of cardiac contouring. In recent
years, several auto-segmentation algorithms have been
developed [16–25]. Some algorithms focus on delineation of
the left anterior descending coronary artery (LADCA) from
anatomical landmarks or by adding a planning organ at risk
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volume [16–18]. Other algorithms include several structures
as the cardiac chambers, the coronary arteries, the substruc-
tures of the left ventricle wall, and/or the heart valves
[19–25]. All auto-segmentation models are evaluated geo-
metrically and some also dosimetrically [19,23,24]. The most
exposed substructures after left-sided tangential breast can-
cer RT are the anterior/apical part of the left ventricle wall
and the middle/distal part of LADCA and after right-sided RT,
the proximal part of the right coronary artery (RCA) is most
exposed [11]. One study reports a geometric validation of
auto-segmentation of the left ventricle wall and the coronary
arteries segmented in ten substructures [21]. However, the
most important feature in auto-segmentation is the accuracy
of the reported RT dose. Thus, the aim of this study was to
develop an automatic multi-atlas-segmentation method for
delineating the heart and cardiac substructures including the
cardiac chambers, left ventricle wall, segmentation of the
coronary arteries, and the large vessels in non-contrast-
enhanced planning CT scans of breast cancer patients.
Furthermore, the aim was to evaluate the auto-segmentation,
both geometrically and dosimetrically, compared to multiple
manual delineations.

Material and methods

Selection of CT scans for generating an atlas database

The atlas database consisted of planning CT scans from 42
early breast cancer patients irradiated during 2019 and 2020
at two centers. The CT scans were selected randomly, irre-
spective of tumor laterality and type of surgery. Seventeen
patients were treated at Odense University hospital (OUH)
whilst 25 were treated at Aarhus University Hospital (AUH).
All CT scans were non-contrast-enhanced and acquired with
3mm slice separation in supine position with both arms

(OUH) or the ipsilateral arm (AUH) elevated. DIBH was used
when indicated (RT of left-sided breast only or loco-regional
RT regardless of laterality, n¼ 21). Patients with thorax
deformities such as pectus excavatum and scoliosis were also
included in the atlas database.

Manual delineation for atlas generation

The heart and 22 substructures, including 18 cardiac sub-
structures (the four cardiac chambers, four segments of the
left ventricle wall, and ten coronary artery segments) and 4
large vessels (ascending aorta, pulmonary trunk, superior and
inferior vena cava) were manually delineated in the 42 plan-
ning CT scans by one of 14 clinical oncologists or two radi-
ation physicists. All represented one of the four Danish
Multidisciplinary Cancer Groups (the Danish Breast Cancer
Group, the Danish Lung Cancer Group, the Danish
Lymphoma Group and the Danish Esophageal,
Gastroesophageal and Ventricle Cancer Group) and they all
treated cancer patients where incidental RT to the heart may
be of concern. The delineations of the heart and substruc-
tures were performed according to Danish national guide-
lines and were subsequently audited by one oncologist
(MLHM) to ensure accuracy and consistency according to the
guidelines [15].

Auto-segmentation methods

The atlas and post-processing workflows for auto-segmenta-
tion were developed in MIM version 7.0.4 (MIM Software,
Cleveland, OH, USA) (Figure 1). The CT scan of a patient with
typical thoracic anatomy was selected as the main template
for initial rigid registration. All other CT scans were aligned
to this template using the left ventricle as the region of

Figure 1. The process of auto-segmentation consists of three steps. (1) A rigid registration between the CT scans in the atlas database and the CT scan to be auto-
segmented aiming to obtain the five CT scans with the highest anatomical match. However, for auto-segmentation of the left ventricle wall, only three subjects
were used as this resulted in a higher delineation consistency than when using five subjects. (2) The selected CT scans were submitted to the deformable image
registration (DIR) algorithm where the suggestion for each structure for the selected patients were transferred to the new CT scan. (3) Finally, the simultaneous
truth and performance level estimation (STAPLE) algorithm was used to collapse the multiple delineations into one delineation.
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interest. To ensure an optimal segmentation of the coronary
arteries, automatically generated isotropic margins of 5mm
were saved to the atlas instead of the anatomical structures.
The atlas was run using the multi-modality free-form deform-
able image registration (DIR) algorithm VoxAlignVR in MIM,
the precision of which has been documented by Piper et al.
[26]. Multiple atlas subjects (five for the heart, chambers, cor-
onary artery segments and large vessels, three for the left
ventricle wall) were deformably registered for each auto-seg-
mentation. The multiple suggestions for each anatomical
structure were combined and finalized using the
Simultaneous Truth and Performance Level Estimation
(STAPLE) expectation-maximization algorithm [27]. Following
auto-segmentation, several automatic post-processing steps
were carried out: all contours were smoothed by expanding
and then contracting by 5–10 mm. The ten coronary artery
segment margins were additionally contracted by 4mm to
represent the anatomical structures. Individual cranial or cau-
dal slices of the whole heart contour were removed automat-
ically if they were smaller than 9 mm2 (cranial) or 4 mm2

(caudal) and the structures were then smoothed and possible
holes filled in. Finally, all volumes except the inferior vena
cava were cropped so as not to protrude outside the whole
heart structure.

Validation of the atlas-based auto-segmentation

The atlas was built by iteratively adding CT scans and struc-
ture delineations while testing the outcome. Two consecu-
tive tests of the atlas were performed (Supplementary Figure
1): The first step of validation in six breast cancer patients
treated at AUH (three patients were scanned under free-
breathing and three during DIBH) with the heart and sub-
structures delineated both manually (MLHM) and automatic-
ally. The aim of the first validation was to investigate if
further adjustments in the auto-segmentation workflow were
needed to achieve acceptable results in line with the inter-
observer variability previously observed [15]. A second step
for final testing of the auto-segmentation was performed in
a dataset of 12 CT scans where four patients were scanned
under free-breathing and eight during DIBH. Each CT scan
had five independent manual delineations of the heart and
substructures contoured by 14 clinical oncologists and two
radiation physicists during a two-day workshop aiming to
obtain and validate cardiac contouring guidelines. Detailed
information regarding the dataset was presented previ-
ously [15].

All the patients were retrospectively treated with tangen-
tial fields in addition to an anterior and/or posterior field if
the regional lymph nodes were included in the target. The
dose prescription was 40Gy in 15 fractions for breast only
and 50Gy in 25 fractions for loco-regional irradiation. The
heart and LADCA were routinely delineated as organs at risk
and according to the Danish Breast Cancer Group guidelines,
the dose constraints were: V20Gy < 10%, V40Gy < 5% and
maximum dose to LADCA < 17Gy.

Statistical evaluation

Before analyses were performed, the automatic delineations
were visually assessed by one oncologist (MLHM). Two met-
rics were used for geometric evaluation: the Sørensen-Dice
similarity coefficient (DSC) and the MSD. The DSC describes
the overlap between two delineations and the value ranges
between zero (no overlap) and one (perfect overlap). The
MSD describes the mean of the shortest distance from any
surface point of one delineation to the surface of the other
delineation. For the final test, the automatic delineation for
each patient and each substructure was compared to each
of the five corresponding manual delineations. The manual
delineations were each compared to the remaining four
manual delineations. The DSC and the MSD were reported as
the median value and the p-values, testing for no difference
in metrics between the automatic and manual delineations
were calculated by using Wilcoxon signed-rank test.

In the first validation, the dosimetric evaluations were per-
formed by comparing the RT doses as delivered to the auto-
matic and manual delineations. In the final test, the mean RT
doses to the heart and each substructure were compared
between the dose delivered to the automatic delineation
and the RT dose determined in each of the five manual
delineations (Supplementary Figure 2). The correlation
between RT doses derived from the automatic and manual
contours was tested according to the x¼ y line (line of iden-
tity) and assessed with the Root Mean Squared Error (RMSE).
Lower RMSE indicates a better fit. The second step of final
testing was done by an external expert (ELL) who was not
involved in the development of the atlas and the first valid-
ation. The study was designed in harmony with the agree-
reporting checklist 2016 [28].

Results

In the first step of validation, some inconsistencies between
the substructures were observed in the auto-segmentation.
At the cranial and caudal boundaries, some overlap between
substructures was seen. For the coronary arteries, the delin-
eation could be missing in one CT slice in the transition
between two substructures. The overlap between the auto-
segmentation and the manual delineation was highest for
the heart (mean DSC ¼ 0.94) and the four cardiac chambers
with mean DSC ranging between 0.81 and 0.89
(Supplementary Figure 3). No systematic difference was
observed for patients scanned during free breathing (patient
1–3) versus DIBH (patient 4–6). A linear correlation between
RT doses in the automatic and the manual delineations was
observed for the heart and substructures, with an RMSE <

0.5 Gy (Supplementary Figure 4).
In the second step of final testing, the visual performance

of the atlas was acceptable, however, the automatic segmen-
tation failed for the posterior descending artery in five of the
12 patients and for the distal part of the RCA in one of the
12 patients. For all the remaining structures, the automatic
delineations performed well. The DSC between the auto-seg-
mentation and the manual delineations was 0.94 for the
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heart and ranged between 0.75 and 0.86 for the cardiac
chambers. In comparison, the DSC between the manual
delineations was 0.94 for the heart and ranged between 0.80
and 0.88 for the cardiac chambers. In general, the DSC
decreased with smaller structures (Figure 2). The MSD
between the automatic and manual delineations was slightly

higher than the MSD between the manual delineations
(Figure 3). For the heart, the difference in MSD between the
automatic and manual delineations was 0.4mm and for the
chambers the difference ranged between 0.4mm for the left
ventricle and 0.9mm for the left atrium and the right ven-
tricle. In general, the difference in MSD between the

Figure 2. Boxplot of the DSC between the 60 manual delineations (blue dots) performed by 16 observers in CT scans of 12 breast cancer patients and between
the automatic and manual delineations (red dots) for the heart and substructures in the final test. Median values for manual and automatic delineations are given
at the top, with corresponding p-values for the difference. Abbreviations: Heart: Whole heart; Vent: Ventricle; L: Left; R: Right; Ant: Anterior; Lat: Lateral; Inf: Inferior;
Sep: Septal; LMCA: Left Main Coronary Artery; LAD: Left Anterior Descending coronary artery; Cx: Circumflex coronary artery; RCA: Right Coronary Artery; PDA:
Posterior Descending Artery; Prox: Proximal; Mid: Middle; Dist: Distal; PT: Pulmonary Trunk; SVC: Superior Vena Cava; IVC: Inferior Vena Cava.

Figure 3. Boxplot of the MSD between the 60 manual delineations, (blue dots) performed by 16 observers in CT scans of 12 breast cancer patients and between
the automatic and manual delineations (red dots) for the heart and substructures in the final test. Median values for manual and automatic delineations are given
at the top, with corresponding p-values for the difference. Abbreviations: Heart: Whole heart; Vent: Ventricle; L: Left; R: Right; Ant: Anterior; Lat: Lateral; Inf: Inferior;
Sep: Septal; LMCA: Left Main Coronary Artery; LAD: Left Anterior Descending coronary artery; Cx: Circumflex coronary artery; RCA: Right Coronary Artery; PDA:
Posterior Descending Artery; Prox: Proximal; Mid: Middle; Dist: Distal; PT: Pulmonary Trunk; SVC: Superior Vena Cava; IVC: Inferior Vena Cava.
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automatic and manual delineations was low with a median
difference in MSD <2 mm for all substructures except the
proximal and distal part of the RCA (<4 mm).

The best correlation between mean RT doses for the auto-
matic and the mean RT doses for the manual delineations
was observed for the heart (RMSE ¼ 0.18 Gy) and the four
cardiac chambers (RMSE ranged between 0.037Gy and
0.30Gy). For the vast majority of the structures, the correl-
ation was high, with RMSE <1 Gy, except for the anterior
segment of the left ventricle and the middle and distal part
of the LADCA (Figure 4).

Discussion

In this study, an automatic CT-based atlas for delineation of
the heart and 22 substructures was developed and validated.
The validation consisted of two steps, both including a geo-
metric and dosimetric comparison between automatic and
manual delineations. The delineation uncertainty between
the automatic and manual delineations was in the same
range as the uncertainty observed between the manual
delineations performed by experts. The dosimetric compari-
son showed high agreement between doses obtained for the
automatic and the manual delineations including the small
structures, suggesting that the auto-segmentation method
could be a feasible tool in studies aiming to evaluate doses

to the heart and substructures after RT for early breast can-
cer. The highest difference in RT doses between the auto-
matic and manual delineations was observed for the middle
and distal part of the LADCA and the anterior segment of
the left ventricle. For left-sided tangential field-based RT,
these three substructures are located near the RT field, thus,
even small changes in the position may cause substantial dif-
ferences in the RT dose.

In both validation sets used in this study, some patients
were scanned during free breathing and others during DIBH
which shifts the heart in a caudal and dorsal direction away
from the treatment field, and this may change the anatomy
of the heart [8]. However, the CT scan to be auto-segmented
was registered to the five best-fitting CT scans from the data-
base, which included patients treated with either free breath-
ing or DIBH, by matching on the left ventricle to minimize
the patient-to-patient variation. This increases the applicabil-
ity of auto-segmentation in large cohorts where information
on DIBH may be missing.

The variation between the automatic and manual delinea-
tions of the heart and substructures observed in our study is
in agreement with the variation reported in other studies
(Table 1) [19–25]. In these studies, as in our, an increasing
variation between the automatic and manual delineations
was observed with smaller structures [20–23]. This is
expected, as the main differences occur at the boundary,

Figure 4. The correlation between RT doses in the automatic delineations (x-axis) and the five manual delineations (y-axis) for the heart and substructures in the
final test. The line is x¼ y (line of identity) where the light gray dots located vertically indicates the variation in the manual delineations. Abbreviations: Heart:
Whole heart; Vent: Ventricle; L: Left; R: Right; Ant: Anterior; Lat: Lateral; Inf: Inferior; Sep: Septal; LMCA: Left Main Coronary Artery; LAD: Left Anterior Descending
coronary artery; Cx: Circumflex coronary artery; RCA: Right Coronary Artery; PDA: Posterior Descending Artery; Prox: Proximal; Mid: Middle; Dist: Distal; PT:
Pulmonary Trunk; SVC: Superior Vena Cava; IVC: Inferior Vena Cava.
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however, several other explanations may also be in play:
First, non-contrast-enhanced CT scans are routinely used in
RT planning for breast cancer making it difficult to identify
the coronary arteries both in manual and automatic delinea-
tions. Some studies used contrast-enhanced CT scans result-
ing in better geometric results for the heart but for the
coronary arteries, the DSC was still <0.4, thus the variation
was in the same magnitude as in our study [25]. Second, the
cardiac and respiratory motion will cause displacement of
the heart and coronary arteries. A planning organ at risk vol-
ume has been suggested to overcome this motion artifact
[17]. For optimizing of the segmentation, we used a 5mm
isotopic margin in the delineation of the coronary arteries,
however, it was followed by a contraction of 4mm to repre-
sent the anatomical structures. Third, an atlas-based auto-
segmentation model is not able to adjust for normal varia-
tions of the coronary artery anatomy. Most commonly, the
posterior descending artery is generated from the RCA
(70–80% of the population) but can also derivate from an
anastomosis between the RCA and the circumflex artery
(10–20% of the population) or the circumflex artery alone
(5–10% of the population) [29]. This atlas is designed to
delineate the posterior descending artery from the RCA. In
our study, the coronary arteries were divided into 10 seg-
ments in accordance with the Danish guidelines [15].
Segmentation of the coronary arteries, especially the separ-
ation between the middle and distal parts of the RCA and
LADCA, is difficult due to weak anatomical landmarks.
Several studies report auto-segmentation of the three main
coronary arteries, [20,21,23–25] however, the dose difference
in the segments of one coronary artery may differ substan-
tially. To our knowledge, only one auto-segmentation algo-
rithm managed to delineate sub-segments of the coronary
arteries which may be important in investigating cardiac tox-
icity [21]. That study reported geometric validation by DSC in
accordance with our results, however, a dosimetric validation
was not performed. In a study by Kadeka et al., a dosimetric
evaluation of the entire LADCA showed a linear correlation
between the automatic and manual delineations, as
observed for the segments in our study [19].

The atlas database established for this study, contained
female breast cancer patients only and moreover, the auto-
segmentation was validated in breast cancer patients.
However, for other cancer subtypes as lymphoma, lung and
esophageal cancer, incidental RT dose to the heart may also
be of concern. The performance of the atlas may decrease
substantially in CT scans of patients with these cancer types
and in males due to differences in RT regimens and anat-
omy. The reported variation in RT dose is highly dependent
on the dose distribution, thus further studies are needed
before extrapolating to other cancer sites.

There are several strengths in this study. The iterative
evaluation of the subjective performance of the atlas during
the phase of atlas-building ensured a sufficient number of
CT scans in the database to secure a high quality, with a
total of 42 patients. It has been shown that a high number
of CT scans in the database improves segmentation results
[21]. Also, the auto-segmentation was tested against multiple

manual delineations performed by experts and considered as
the “gold standard”. Furthermore, the RT planning CT scans
used in the atlas database represented a random variation of
anatomy among early breast cancer patients and differences
in the positioning (one or two arms elevated) which may
influence the position of the heart. Additionally, the CT scans
were without IV-contrast, non-ECG gated and, for half of the
patients, obtained under free breathing. Thus, the database
constitutes a heterogeneous and representative group of
breast cancer patients. Finally, the results of the second step
of final testing were analyzed by an external expert (ELL) not
involved in the development of the atlas. A limitation in this
study was the failure to auto-segment some of the smaller
structures (the posterior descending artery in five patients
and the distal part of RCA in one patient). These structures
are present in only a few CT slices which may give rise to
failure in the segmentation. Generally, the atlas was success-
ful in segmenting the small structures when replacing them
with 5mm isotropic expansions. Furthermore, the manual
delineation of these structures also suffered from high inter-
observer variation [15].

In conclusion, we developed a method for auto-segmen-
tation of the cardiac chambers, substructures of the left ven-
tricle, the coronary arteries, and the large vessels in breast
cancer RT. The differences in median MSD between the auto-
matic and manual delineations were <2 mm, except for the
proximal and distal parts of RCA. The correlation between RT
doses to the automatic and manual delineations was high
with an RMSE <1 Gy for all cardiac substructures, except
LADCA. The atlas will be used for large-scale evaluations of
radiation-associated heart disease (work in progress).
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