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There are currently no accurate rules for manually delineating the subregions of the heart (cavities, vessels,
aortic/mitral valves, Planning organ at Risk Volumes for coronary arteries) with the perspective of deep-learning
based modeling. Our objective was to present a practical pictorial view for radiation oncologists, based on the
RTOG atlas and anatomical complementary considerations for the cases where the RTOG guidelines are missing.

1. Introduction

Better managing the heart and related events following thoracic
radiotherapy (RT), is a milestone for next-generation radiation oncolo-
gists [1]. Major technical progress in both radiation techniques and in
computational approaches have made such ambitions realistic in the
near future.

Examining the dose of radiation to the heart in conjunction with the
occurrence of cardiovascular events (CVE) is clearly relevant [2,3].
Radio-induced toxicities several years after thoracic RT — mainly coro-
nary artery disease, valvular disease, conduction abnormalities, ar-
rhythmias or interstitial myocardial fibrosis [1] — were mainly shown in
breast cancer and Hodgkin lymphoma patients, with the risk depending
on the average heart dose [4,5]. More recently, the desire to go beyond
the vision of the heart as a single homogenous organ has grown, and
tremendous effort has been put into identifying potential relationships
between specific CVE and the doses administered to heart subregions
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[6,7]. Recent clinical data even reveal that subregions beyond well-
identified anatomic structures could be implied in the further toxicity.
For example, for lung cancer patients, the radiation dose to the base of
the heart (including the left main coronary artery, left anterior
descending coronary artery, auriculoventricular node etc.) was shown to
be associated with major cardiac events or non-cancer death [8-11],
while the risk of further atrial fibrillation could be more specifically
attributed to doses to a region including the sino-atrial node [12]. Most
of these associations are however known from retrospective analyses
[1]. Anatomic structures still remain the bricks, and robust definitions
are thus required.

A first important step in delineating the heart was reached when the
atlases making homogeneization possible e.g. contouring of the whole
heart and large cavities, were published [13-15]. Atlases and deep
learning-based models have since been elaborated, while manual
delineation commonly remains the first step, followed by training of the
model on several cases. The results were encouraging for cardiac
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chambers and large vessels for example, but delineating the coronary
arteries still remains the hardest task [16-18]. The heart’s motion, the
size and displacement of small structures such as the coronary arteries,
and the lack of contrast enhancement between cardiac cavities, are some
of the difficulties. In particular, the heart’s motion can significantly
affect all parts of the heart, and especially the coronary arteries [19,20].
It is furthermore critical that it is considered during RT as the duration of
one fraction (typically a few minutes) leads to an average of over a
hundred heart pulses. However, neither current atlases nor guidelines
propose any practical clues in this regard. Attempts to define high-risk
zones for the coronary arteries have already been developed but more
specifically in the cases of breast cancer patients with volumes derived
from non-contrast enhanced computed tomography [21,22]. Compari-
sons between atlases and observers reveal the difficulties in getting
reproducible contours in the cases of coronary arteries, sino-atrial or
auriculoventricular nodes [18]. The absence of “step-by-step” guidelines
thus generates inter- and intra-observer variabilities in the manual
delineation procedure, causing potential noise that remains one of the
main pitfalls for effective automatic segmentation.

Our objective was thus to develop a set of accurate “step-by-step”
manual segmentation rules for heart subregions to prepare the further
construction of deep learning-based automatic modeling.

2. Materials and methods

Chest contrast-enhanced computed tomography (CE-CT) scans (su-
pine with both arms above the head) from the Institut de Cancérologie
de I’Ouest, Saint Herblain, France, were extracted for a first set of 10
patients who also had coronary CT scans with cardiac gating. CE-CT scan
slice thickness was 3 mm, and they were registered with the coronary CT
scan for all 10 patients. All the CTs were reviewed by both radiation
oncologists and cardiologists to establish appropriate rules for seg-
menting the heart and subregions, based on the RTOG’s heart atlas [14]
and anatomical considerations for the cases where guidelines were
missing [23]. Volumes were contoured using the treatment planning
system RayStation (version 10B; RaySearch Laboratories, Stockholm,
Sweden). For the coronary arteries, the coronary CTs gave a first view of
the arteries’ position. Motion was then taken into account by including
the coronary artery volume defined on the CE-CT, in all the contrast
enhancements seen in the vicinity of the frozen picture obtained from
the coronary CT - thus generating a probabilistic Planning organ at Risk
Volume (PRV) for the coronary arteries. Once the appropriate segmen-
tation rules were defined, a second set of 10 chest CE-CTs was reviewed
to test the feasibility and reproducibility of the segmentation rules. Once
the definitions converged after reviewing the 20 patients, they were all
approved by a commitee of radiologists and radiation oncologists from
various French health care centers.

Our institution has an approved and standardized informed consent
process that includes research and access to data. All patients were
informed to ensure their non-opposition to the use of their data for
research purposes and informed consent was obtained from all partici-
pants. The entire study was performed in accordance with the relevant
guidelines and regulations.

3. Results

Heart cavities, large vessels, aortic and mitral valves (Table 1), and
PRV for the coronary arteries (Table 2), can be delineated separately in a
first round, but an adjustment between all the structures is then needed
to obtain coherent overall segmentation (Fig. 5). A priority order of
segmentation is proposed in Table 3 to make the entire delineation
process easier.

3.1. Heart

At the upper level, heart volume starts where the pulmonary trunk
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Table 1
Subregion definitions: whole heart, large vessels (in gray), heart cavities and
mitral valve, left ventricle wall and interventricular septum (in gray).

Substructure Window Cranial Caudal Other limits
(HU)
Heart 50-500 Pulmonary Last slice
artery trunk in the
crossing coronal
midline (one view
slice below)
Pulmonary 50-150 1st slice with RV
Arteries (PA) the PA in the
axial view
Superior Vena 50-150 Top of the PA  Top of
Cava (SVQC) the LV
Inferior Vena 50-150 Ist slice of the  Top of
Cava (IVC) vena outside the liver
the heart
Ascending Aorta 50-150 Top of the PA'  Top of Priority over PA

(AA) the AR

Aortic Root (AR) 50-150 Top of the Last slice Priority over LV,
coronary in the RV and PA
arteries in the coronal
coronal view view

Pulmonary Veins  50-150 1stslicein the  Top of

(PV) axial view the LA
Left Ventricle 50-500 Istslicein the  Last slice Priority over RV
(LV) coronal view in the and LA
coronal
view
Right Ventricle 50-500 Top of the LV Last slice  Lateral border in
(RV) in the the alignement
coronal with LV border.
view Priority with the
RA

Left Atrium (LA) 50-500 Top of the Last slice  Priority over RA
middle-distal in the
CXCA coronal

view
Right Atrium 50-500 Istslicein the  Last slice
(RA) coronal view in the
coronal
view

Mitral valve 50-500 5 mm automatic

expansion
between the LV
and LA junction,
excluded from
the AR

Interventricular 50-500 Automatic

Septum intersection

between the LV
wall and RV
expansion (1 cm
patient’s left
sideand 1 cm
posteriorly)

and the right pulmonary artery are seen as separate structures, as also
suggested in the recent collaborative group of Radiation Therapy
Quality Assurance [24]. In practice, one slice of 3 mm below the pul-
monary artery trunk crosses the middle line (Fig. 1).

3.2. Large vessels

Large vessels include the pulmonary arteries, ascending aorta, su-
perior and inferior vena cava, and the pulmonary veins. The proximal
part of the aorta is included in the aortic root comprising the aortic
valve. The aortic root includes the emergence of the coronary arteries
and starts at the top of the coronary arteries in the coronal view (Fig. 1).
The superior vena cava ends with the first slice of the left ventricle. The
pulmonary veins end at the inferior level at the top of the left atrium.
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Table 2
Planning organ at Risk Volume (PRV) for the coronary arteries. CE = contrast
enhancement.
Substructure Window Cranial Caudal Other limits
(HU)
Left Main 50-500 st slice in Last slice in the Space around
Coronary the coronal  coronal view the CE
Artery view; at the excluded from
(LMCA) top of the the AR, PA, PV,
AR LV. Laterally
ends at the
bifurcation
with the
LADCA and
CXCA
Left Anterior 50-500 st slice in Last slice in the Space around
Descending the coronal  axial view the CE witha 5
Coronary view; at the mm brush,
Artery top of the excluded from
(LADCA) AR the LMCA, PA,
PV, LV, RV
Proximal 50-500 Top of the End of the PA/
LADCA LADCA RV and PV/LV
channel
Middle-distal 50-500 End of the Last slice of the
LADCA proximal LADCA
LADCA
Circumflex 50-500 At the top Last slice in the Space around
Coronary of the AR axial view the CE with a 4
Artery mm brush
(CXCA) excluded from
the LMCA,
LADCA, PV,
LA, LV; mitral
valve
posteriorly
Proximal 50-500 Top of the 1st slice in the
CXCA CXCA coronal view
with the
descending
CXCA at the
periphery of the
heart
Middle-distal 50-500 End of Last slice of
CXCA CXCA CXCA
proximal
Right 50-500 1st slice in Last slice in the ~ Space around
Coronary the coronal  axial view the CE witha 5
Artery (RCA) view mm brush,
sometimes
included in the
RA or RV,
excluded from
the AR.
Proximal RCA 50-500 Top of the Intersection
RCA between RA, RV
and AR
Middle-distal 50-500 Top of the Last slice of the
RCA proximal RCA
RCA

3.3. Heart cavities

We have arbitrarily chosen to give delineation priority for the left
cavities over the right cavities and for the ventricles over the atrium.
This choice was motivated by the description in the literature of a larger
incidence of radio-induced adverse effects arising from the left cavities
[1]. The aortic root has priority over the left ventricle to prioritize the
coronary arteries. The right ventricle and atrium frontier must be
aligned with the left ventricle and atrium frontier (Fig. 2) in the slices
where it is difficult to distinguish right ventricle from right atrium. The
left atrium starts in the continuity of the pulmonary veins. The upper
limit coincides with the upper limit of the middle-distal circumflex
coronary artery (Fig. 2). The left ventricle wall is defined by an auto-
matic 8 mm inward distance from the left ventricle structure. The
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Table 3
Proposed priority order for contouring the heart subregions.
Substructure Contouring order Impact
index
Heart 1 All
Left Ventricle (LV) 2 RV, SVC,
PA
Left Main Coronary Artery (LMCA) 3 AA, AR
Left Anterior Descending Coronary
Artery (LADCA)
Pulmonary Arteries (PA) 4
Superior Vena Cava (SVC)
Inferior Vena Cava (IVC)
Ascending Aorta (AA)
Aortic Root (AR)
Right Ventricle (RV)
Circumflex Coronary Artery (CXCA) 5 LA, PV
proximal
Left Atrium (LA) 6

Right Atrium (RA)
Pulmonary Veins (PV)
Right Coronary Arteries (RCA) 7
Mitral valve 8
Interventricular septum

interventricular septum is defined by an automatic intersection between
the left ventricle wall and the right ventricle expansion (1 cm posteriorly
and on the patient’s left side).

3.4. Aortic and mitral valves

The aortic valve is included in the aortic root volume as described in
the large vessels section. The mitral valve is defined by the intersection
of a 5 mm automatic expansion of both the left ventricle and the left
atrium, with the exclusion of the aortic root (Fig. 3).

3.5. Coronary arteries

The PRV were defined using a 4 mm brush according to Duane et al.
[14] (Table 2). For the patient’s left side coronary arteries (Fig. 2 and
Appendix Fig. S1): the left main coronary artery (LMCA) starts at the
aortic root and stands between the pulmonary arteries, pulmonary veins,
and right and left ventricles. Laterally, the LMCA extends as far as the
bifurcation with the PRV of the left anterior descending coronary artery
(LADCA) and the circumflex coronary artery (CXCA). LADCA and CXCA
are split into proximal and middle-distal parts. Middle and distal parts
are grouped together for the convenience of delineation, while isolating
the proximal part is easier. Regarding the LADCA: the proximal part
ends with the last slice where there is a channel between the pulmonary
arteries and the pulmonary veins, or between the right and left ventricles
(top of Fig. 2 and Appendix Fig. S2). Regarding the CXCA: the middle-
distal part begins with the first slice, where the CXCA descends, reach-
ing the periphery of the heart as better seen in the coronal view (bottom
of Fig. 2 and Appendix Fig. S2). Posteriorly, the PRV for the CXCA does
not exceed the mitral valve.

For the patient’s right side coronary arteries (Fig. 4): the PRV for the
right coronary arteries (RCA) starts at the aortic root and goes as far as
the periphery of the heart, to the crux of the heart. The PRV may include
part of the right ventricle and atrium, depending on motion and where
the contrast enhancement stands. The caudal limit of the proximal part
of the RCA is defined by the end of the intersection between the right
atrium, right ventricle, and aortic root.

3.6. Sinoatrial and auriculoventricular nodes

Identifying sinoatrial (SAN) and atrioventricular (AVN) nodes on CT
(a fortiori without cardiac gating) is highly challenging. Several ap-
proaches have already been proposed in the literature [12,25,26]
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Fig. 1. (color online) Left part: Defining the upper limit of the heart volume (magenta) as the first slice 3 mm below the pulmonary artery trunk crosses the middle
line (blue dashed). Middle and right part: Aortic root (proximal part of the aorta and aortic valve). The aortic root starts at the upper level at the top of the coronary
arteries’ limit in the coronal view. PA = pulmonary arteries (yellow); SVC = superior vena cava (green); AA = ascending aorta (brown); AR = aortic root (yellow);
PV = pulmonary veins (red); LV = left ventricle (pink); LA = left atrium (blue); LMCA = left main coronary artery (dark red); planning organ at risk volume (PRV);
LADCA = left anterior descending coronary artery (brown); PAV, CXCA = circumflex coronary artery (dark pink) PRV. Levels of 50 HU and a window of 500 HU. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

LADCA LADCA
proximal . s, middle-distal

CXCA
proximal

CXCA §
proximal

Fig. 2. (color online) Heart cavities and planning organ at risk volumes (PRV) of the left side coronary arteries. Left cavities have priority over right cavities, and
ventricle over atrium. The aortic root has priority over the left ventricle. The upper part of the left atrium starts at the top of the middle-distal circumflex coronary
artery (with the descending circumflex coronary artery at the periphery of the heart in the coronal view). AR = aortic root (yellow); PA = pulmonary arteries
(yellow); PV = pulmonary veins (red); SVC = superior vena cava (green); LV = left ventricle (pink); RV = right ventricle (blue); LA = left atrium (dark blue); RA =
right atrium (dark red); LMCA = left main coronary artery (dark red) PRV; LADCA = left-anterior descending coronary artery (proximal: brown, middle-distal:
yellow) PRV; CXCA = circumflex coronary artery (proximal: pink, middle-distal: magenta) PRV. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

consisting in deriving SAN and AVN from the contours of the large 4. Discussion

cavities and vessels. These procedures could be thus applied once the

large cavities and vessels have been segmented based on the definitions Detailed manual segmentation rules for the heart’s subregions (heart
exposed previously. cavities, large vessels, valves, coronary arteries) with incorporation of
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LADCA
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RCA
proximal

LV wall

0 » < Mitral valve

Fig. 3. (color online) Mitral valve, left ventricle wall and interventricular
septum. AR = aortic root (yellow); LV = left ventricle (pink); RV = right
ventricle (blue); LA = left atrium (dark blue); RA = right atrium (dark red);
LADCA = left-anterior descending coronary artery (proximal: brown, middle-
distal: yellow); RCA = right coronary artery (orange). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

heart motion, are proposed. Such rules will be the bricks for further
construction of deep-learning based modeling of the heart. Sinoatrial
and atrioventricular nodes could be further defined according to already
published approaches, based on appropriate contours for large cavities
and vessels. Most of the definitions we have used are coherent with the
definitions provided by the RTOG and the Danish Multidisciplinary
Cancer Groups. We have added complementary definitions to set i)
priority rules for the borders between the cavities or between the cav-
ities and the vessels; ii) a practical order of delineation between the
various subregions to make the process easier; iii) a practical approach
we referred to as PRV for the segmentation of the coronary arteries,
considering their mobility with the motion of the heart and their size.
Using CE-CT appeared to be the first requirement in our approach to
i) better identify the borders of the heart and its cavities; ii) better
register with the coronary CT; iii) better delineate the volume occupied
by the coronary arteries and their motion, leading to the PRV; iv) help in
the learning curve process. However, most of the CT used for radio-
therapy planning are non-contrast enhanced. Once the automatic

RCA
proximal

LADCA
middle-distal

A

proxd'mal

[~
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segmentation model based on CE-CT becomes effective, the next step
will consist in propagating the model of the heart’s subregions on both
CE- and non CE-CT but for the same patient anatomy.

The resulting motion of the beating heart and breathing lungs is a
complex issue in the delineation process of heart subregions. This mo-
tion may affect all the subregions, e.g. with displacements observed in
the heart cavities from 0.7 to 1 cm and the most significant effects in the
case of coronary arteries and valves (from 1.2 to 1.5 cm) according to 4-
dimensional CT (4D-CT) analyses [19,20,27]. Approaches based on
identifying high-risk zones that play the role of surrogate for e.g. LADCA
have been developed in order to get around such issues, but mostly in
the perspective of an avoidance zone for dosimetric optimization for
breast cancer patients [21]. In our work, we started from coronary CT
registered with CE-CT with deep inspiratory apnea first, in order to build
PRV similarly to previous studies [22,28] while the heart beats. Such
approximation for the coronary arteries could improve the results of
further deep learning-based modeling, as it may overcome the sensi-
tivity with the manual contours used for the training. 4D-CT will be
considered in the next step in order to deal with the heart motion arising
from the breathing lungs.

Our work has obvious limitations. Some of our definitions may
appear arbitrary but were all approved by a consensus of expert radia-
tion therapists, radiologists, and cardiologists, and are necessary if the
aim is to lay the foundations for future automatic modeling. Using other
imaging modalities, such as CT with systematic cardiac gating, would
provide better spatial and temporal resolution. Cardiac magnetic reso-
nance imaging (MRI) could also be interesting [29] but this leads to
other difficulties, such as CT/MRI registration or access to imaging
technology, while the MRI spatial resolution is still lower compared to
CT with cardiac gating. Other alternative strategies have investigated
heart toxicity without systematic contouring of the heart subregions but
by using representative anatomies instead and voxel-wise analysis [7,8].
The authors were able to identify specific subregions beyond an
anatomic substrate and encompassing e.g. the base of the heart. A
further corresponding anatomic rationale is still necessary to address
appropriate follow-up or therapeutic strategy.

5. Conclusion

Reproducible and detailed segmentation rules for the heart’s sub-
regions (heart cavities, large vessels, valves, coronary arteries) with
incorporation of heart motion, are proposed to build future automatic
modeling of the heart.

RCA
middle-di

LADCA
“Qmiddle-distal

Fig. 4. (color online) Planning organ at risk volume (PRV) of the right-side coronary arteries (RCA). The proximal RCA (orange) ends at the end of the channel
between the right ventricle and atrium. The middle-distal RCA (red) follows at the border of the heart and can be inside the right atrium and ventricle, depending on
motion. AR = aortic root (yellow); PV = pulmonary veins (red); LV = left ventricle (pink); RV = right ventricle (blue); LA = left atrium (dark blue); RA = right atrium
(dark red); LADCA = left-anterior descending coronary artery (yellow) PRV; CXCA = circumflex coronary artery (pink) PRV. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (From A to P, color online) Heart cavities, large vessels, and planning organ at risk volumes (PRV) of the coronary arteries. AA = ascending aorta (brown); AR
= aortic root (yellow); PA = pulmonary arteries (yellow); PV = pulmonary veins (red); SVC = superior vena cava (green); LV = left ventricle (pink); RV = right
ventricle (blue); LA = left atrium (dark blue); RA = right atrium (dark red); IVC = inferior vena cava (cyan); LMCA = left main coronary artery (dark red); LADCA =
left-anterior descending coronary artery (proximal: brown, middle-distal: yellow); CXCA = circumflex coronary artery (proximal: pink, middle-distal: magenta); RCA
= right coronary artery (proximal: orange, middle-distal: red). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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