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Abstract
Purpose—To develop and validate a set of atlases for auto-contouring cardiac substructures.

Methods—Eight radiation oncologists manually and independently delineated 15 cardiac
substructures from noncontrast CT images of 6 patients by referring to their respective fused
contrast CT images. Individual contours were fused together for each structure, edited by 2
physicians, and became atlases to delineate other 6 patients. The auto-delineated contours of the 6
additional patients became templates for manual contouring. These 12 patients with well-defined
contours composed the final atlases for multi-atlas segmentation.

Results—The average time for manually contouring the 15 cardiac substructures was about 40
minutes. Inter-observer variability was small for the heart, the chambers, and the aorta compared
with that for other structures that were not clearly distinguishable in CT images. The mean Dice
similarity coefficient and mean surface distance of auto-segmented contours were within one
standard deviation of expert contouring variability. Good agreement between auto-segmented and
manual contours was observed for the heart, the chambers, and the great vessels. Independent
validation on other 19 patients showed reasonable agreement for the heart chambers.
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Conclusions—A set of cardiac atlases was created for auto-contouring from noncontrast CT
images. The accuracy of auto-contouring for the heart, chambers, and great vessels was validated
for potential clinical use.
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Introduction

Radiotherapy has improved the overall survival of cancer patients; however, radiation-
induced cardiac side effects, which often manifest years after treatment, have been shown to
offset this improvement [1-4]. Cardiac toxicity has been seen in patients treated for
lymphoma, breast cancer, and lung cancer [5-9]. Cardiac exposure was shown a negative
prognostic factor for patients with lung cancer after concurrent chemotherapy and
radiotherapy. In the most recent report of a phase 11 trial, the volume of the heart received as
low as 5 Gy negatively impacted on the overall survival [10]. Cardiac injury is not limited to
the myocardium. Radiation may also damage the vascular endothelium and capillary vessels
resulting in peripheral, coronary, and carotid artery disease [11]. Most previous reports used
the whole heart as a single region of interest; however, the relationship between dose to
cardiac substructures and subsequent toxicity is of great interest and has not been well
defined, mainly due to the inconsistency and demanding of time in cardiac substructure
delineation from computed tomography (CT) images [2].

Manual contouring of cardiac substructures from CT images requires clinical knowledge,
time, and effort. Cardiac substructures are not clearly distinguishable in the noncontrast CT
normally used for treatment planning. Although cardiac substructures are more visible on
magnetic resonance images and contrast CT images, these image modalities are usually
unavailable for treatment planning. In addition, cardiac and respiratory motions and
anatomical variations also present a great challenge to defining cardiac substructures.
Furthermore, manual contouring of structures with inadequate image contrast, like cardiac
substructures, can be unreliable because of substantial inter-observer variability [12,13].

In this study, we developed a set of cardiac atlases with well-defined cardiac substructure
contours for multi-atlas segmentation. We validated the auto-contouring using these cardiac
atlases by comparing auto-segmentation with manual delineation and inter-observer
variability. We demonstrated that accurate and consistent cardiac contours could be
generated with this development.

Methods and Materials

Patient data

This study was approved by our institutional review board. First, 6 patients with
malignancies located in the thorax were retrospectively identified as the first group of
patients for this study. The selection criteria was that they all had both contrast and
noncontrast diagnostic chest CT scans acquired in the same imaging session and the
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noncontrast CT images could be reconstructed the same display field of view similar to
those used for thoracic radiation treatment planning. These 6 patients were used as the
development dataset to generate gold standard cardiac atlas. As a regular procedure, the
images were acquired while the patients held their breath and had their arms above their
heads. A pre-contrast CT image was acquired first, and with the patient still on the table, a
post-contrast CT image was acquired about 3 minutes later. For post-contrast CT image
acquisition, systolic- and diastolic-phase images were scanned and averaged. Next, 25
patients with non-small cell lung cancer (NSCLC) treated with definitive chemoradiation
were retrospectively identified for this study. They were selected randomly without special
restrictions on gender, heart anatomy, or body anatomy. Patients with significant lung
necrosis or lung collapse were excluded though. Treatment simulation was performed with
the patients’ arms above their heads in the supine position and immaobilization with custom
Vac-Lok cradles (Civco Medical Solutions, Kalona, 1A). All 25 patients underwent four-
dimensional CT (4DCT) for treatment planning, and the averaged 4DCT image was used for
planning CT, on which the cardiac contours were delineated. All CT images in two groups
had an in-slice resolution of 1.0 mm and slice spacing of 2.5 mm. The CT image quality is
normal in our current clinical practice.

Cardiac atlas development

Combined previous studies [14,15] and our own experience, we found that a total of 12
atlases can be sufficient for obtaining robust multi-atlas segmentation for thoracic CT
images. Because of the limitation of available contrast CT images, here we developed 12
cardiac atlases in two phases. First, contours were drawn manually on the first group of 6
patients with both contrast and noncontrast CT images. Because cardiac substructures are
almost indistinguishable in noncontrast CT images, contrast CT is considered gold standard
for delineation of the heart substructures and can help reduce ambiguity in manual
contouring. Second, the set of atlases was expanded to include a second group of 6
additional patients. Overall atlas development process was described in Figure 1.

Phase I: manual contouring—The diagnostic images of first group of 6 patients were
imported into the Pinnacle treatment planning system (Philips Medical Systems, Fitchburg,
WI) for manual contouring. The contrast CT image was fused with the noncontrast CT
image using rigid-registration in Pinnacle. Manual contouring was performed by 8 radiation
oncologists: 2 specialists in thoracic cancer radiotherapy, 2 specialists in lymphoma
radiotherapy, and 4 radiation oncologists trained outside the United States with various
levels of experience. Before manual delineation, the 8 radiation oncologists reviewed the
RTOG (Radiation Therapy Oncology Group) 1106 organ-at-risk contouring guideline [16]
and a published cardiac atlas consensus contouring guideline [17] as a group. Each of the 8
oncologists manually and independently delineated 15 cardiac structures on noncontrast CT
images by referring to the fused contrast CT image and Netter’s Atlas of Human Anatomy
[18] and by following the aforementioned contouring guidelines. The 15 delineated
structures were the whole heart, the 4 heart chambers (left atrium, right atrium, left ventricle,
and right ventricle), 4 coronary arteries (left main coronary artery, left anterior descending
artery, left circumflex artery, and right coronary artery), and 6 great vessels (superior vena
cava, inferior vena cava, pulmonary artery, pulmonary vein, ascending aorta with the aortic
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arch, and descending aorta). The contours of each structure delineated by the 8 radiation
oncologists were fused to one using the simultaneous truth and performance level estimation
(STAPLE) algorithm for each patient [19]. The fused contours were further reviewed and
edited by 2 radiation oncologists to ensure consistency across patients.

Phase II: atlas expansion—The noncontrast CT images of the first group of 6 patients
and the modified contours were used in conjunction with the in-house Multi-Atlas
Contouring Service (MACS) software (detailed in the next section) to automatically
delineate the cardiac structures of 6 patients that were randomly selected from the 25
NSCLC patients. The auto-segmented contours for the second group of 6 patients were used
as templates for manual contouring, and 2 radiation oncologists jointly contoured these 6
patients on the basis of the templates. Thus, a total of 12 patients, including the noncontrast
CT images with well-defined contours, served as the final atlases for multi-atlas
segmentation.

Multi-atlas segmentation

The in-house MACS software was used to perform multi-atlas segmentation. MACS has a
user interface in the Pinnacle treatment planning system. For a new image to be segmented,
users can submit the request in Pinnacle. MACS processes segmentation on a central server.
First, each atlas was separately registered to the new image using dual-force Demons
deformable registration [20]. The resultant deformation vector fields that characterized the
individual deformable registration were used to deform the contours in each atlas to obtain
individual segmentations [21]. Finally, we used the STAPLE algorithm with a built-in tissue
appearance model [22] to combine the individual segmentations, generating a fusion contour
that approximated the true segmentation. The contour fusion process allowed us to minimize
variations among segmentations obtained from different atlases and random errors in
deformable image registration. The MACS server sends the final fusion contour back to
Pinnacle to complete the auto-segmentation. The auto-segmentation in MACS is
independent to treatment planning systems.

Evaluation metrics

Let Rand 7 represent two binary volumes and JdR and J7 represent the surface of these two
volumes, respectively. The surface was generated from the binary volume using the
marching cube algorithm from Insight Toolkit software [23] and represented by a triangular
mesh with vertices resampled to be approximately 3 within 1 mm?3 space. We calculated the
Dice similarity coefficient (DSC) for volumes Rand 7T as:

2|IRNT

The DSC has a value between 0 and 1, with 1 indicating perfect agreement and 0 indicating
no overlap. We also calculated the symmetric mean surface distance (MSD) between the two
surfaces JRand J7[24,25]:
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where o:,-) stands for the Euclidian distance of two points and || denotes the number of
points on a surface.

Atlas validation

Inter-observer variability—Inter-observer variability was evaluated by comparing
individual expert contours with the STAPLE fused contours for the first group of 6 patients.
For each structure in each patient, the 8 expert contours were compared with the fused
contours individually using DSC and MSD metrics. For each structure, the mean and
standard deviation of 48 DSC and 48 MSD values were calculated to measure inter-observer
variability. At the same time, we performed leave-one-out auto-segmentation using the fused
contours without any modification for the 6 patients and evaluated the auto-segmented
contours against the fused contours using DSC and MSD metrics. The mean and standard
deviation of DSC and MSD were calculated for the 6 tests. Auto-segmentation was
compared with inter-observer variability to evaluate the performance of auto-contouring
using the atlases.

Independent validation—The remaining 19 of the 25 NSCLC patients were used for
independent validation. Another radiation oncologist, who did not participate in the manual
contouring for the atlases, independently delineated the 4 heart chambers on the averaged
4DCT image without any reference. She also followed the published cardiac contouring
guideline [17]. In parallel, we used the 12 atlases for multi-atlas segmentation to
automatically delineate the 4 chambers for the 19 patients. The auto-segmented contours
were compared with the manual contours using DSC and MSD to evaluate the agreement. In
addition, the volume of auto-segmented contours was compared to that of the manual
contours and the difference between them was tested for statistical significance using the
Wilcoxon signed ranks test in SPSS version 23.0 (SPSS, Chicago, IL, USA), which allows
for non-normally distributed volumes without the assumption of normality.

Results

Cardiac atlases

The final cardiac atlases were composed of 12 patients: the first group of 6 patients with
diagnostic CT scans and the second group of 6 NSCLC patients. The first group included the
noncontrast CT image and the edited fused contours, while the second group included the
averaged 4DCT image and the edited auto-segmented contours. The atlases were used
together with MACS to automatically delineate cardiac substructures in the Pinnacle
treatment planning system. Figure 2 shows one atlas with contours overlaid on the contrast
and noncontrast CT images. The average time for manually contouring the 15 cardiac
substructures was about 40 minutes (range: 35 to 50 minutes), with the contrast CT available
for reference. The average time for the MACS to automatically delineate the 15 cardiac
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substructures was about 10 minutes per patient, with the MACS running on a Microsoft
Windows PC with an eight-core CPU (2 Intel Xeon X5472 quad-core processors at 3GHz)
and 8GB of memory.

Inter-observer variability

Figure 3 shows a comparison of inter-observer variability in manual contouring with auto-
segmentation for the first group of 6 patients. Inter-observer variability was smaller for the
heart, the 4 chambers, and the aorta than for other structures that were not clearly
distinguishable on the CT image, such as the pulmonary vein and coronary arteries. The
mean DSCs for individual expert contours relative to the fused contours were less than 0.5
for coronary arteries and the pulmonary vein, and the mean MSDs were greater than 4.0
mm, indicating a very large inter-observer variability. The largest MSD for deviation of
expert contours from the fused contours was 5.4 cm for the pulmonary vein (Supplementary
Tables 1 and 2). This disagreement is mostly due to the complex shape of these structures
and their low contrast on the CT images. The interface of pulmonary vein to heart chambers
has the most disagreement among experts. The mean DSCs and mean MSDs of auto-
segmented contours were within one standard deviation of the mean DSCs and mean MSDs
of expert contouring variability except for the right coronary artery (Supplementary Table 3).
These findings demonstrated that auto-segmentation of most cardiac structures was at least
comparable to manual delineation. Supplementary figure A1 shows examples of inter-
observer variability for the heart and the 4 chambers. Contouring variability can be clearly
seen for different structures. For example, the most variable heart contours were in the
superior region.

Independent validation

For the 19 independent-validation patients, the DSCs between the manual and auto-
segmented contours (mean + standard deviation) for the left atrium, right atrium, left
ventricle, and right ventricle were 0.77+0.07, 0.72+0.14, 0.79+0.13, and 0.70%0.15,
respectively; MSDs were 3.8 + 1.4, 4.9 £ 3.3, 4.5+ 3.2, and 5.4 + 3.7 mm, respectively.
Supplementary figure A2 shows some comparisons between the manual and auto-segmented
contours. Reasonable agreement was observed, if considering the inter-observer variability
because the manual contours were drawn by an independent radiation oncologist without
reference to contrast CT images. Detailed results are listed in Supplementary Table 4. The
volume of auto-segmented contours (VV2) were compared with that of manual contours (V1)
in the Supplementary Table 5. The average volume ratio (V2/V1) was 0.87, 0.97, 1.06, and
1.27 for the left atrium, right atrium, left ventricle, and right ventricle, respectively. The
volume of the right atrium and the left ventricle did not show statistically significant
difference between the auto-segmented and manual contours (P=0.469 and P=0. 334,
respectively); however, it showed statistically significant difference for the left atrium and
the right ventricle (P=0.003 and ~=0.000, respectively).

Discussion

In this study we developed a set of cardiac atlases to be used with multi-atlas segmentation
for auto-contouring cardiac substructures. We showed that manual contouring has high inter-
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observer variability and validated auto-contouring using the atlases by comparing auto-
segmentation with manual delineation and inter-observer variability. We have demonstrated
that accurate and consistent contours can be automatically delineated for cardiac
substructures except for coronary arteries.

Our results have clinically significant implications. First, the cardiac atlases can aid
treatment planning in radiotherapy and potentially save time for clinicians in cardiac
delineation. Our results have shown that auto-segmentation of most cardiac substructures
was at least comparable to manual delineation. Accurate and consistent contours can also
improve heart dose sparing in treatment planning and thereby improve treatment outcomes.
Second, accurate and consistent cardiac substructure contouring can facilitate volume dose
analysis, allowing assessment of radiation doses to specific cardiac structures for toxicity
analysis to achieve cardiac risk control [2]. Recent efforts have shown that with the advances
of radiation therapy planning avoiding heart structures is possible and desirable, especially
for young patients with a high cure rate and long-term survival like lymphoma patients [8].
A standard and consistent heart contour is also important to reporting and comparison of the
heart dose volume histogram and heart toxicities [10].

Validation of auto-segmentation is frequently subject to the impact of inter-observer
variability when manual contours are used as the ground truth [26-28]. The relatively low
agreement shown in Supplementary Table 4 mostly owes to the large inter-observer
variability, particularly when the manual contours were drawn without referring to
corresponding contrast CT. In this study, we performed an inter-observer variability analysis,
used consensus contours as the ground truth to evaluate auto-segmented contours, and
compared auto-segmentation with inter-observer variability to evaluate auto-segmentation.
We thereby essentially minimized the impact of human factors in manual contouring and
evaluated auto-segmentation for practical clinical use as an alternative to traditional manual
contouring.

Our study had some limitations. The large inter-observer variability indicates that the
manual contours were far from perfect. The major cause of the uncertainty in manual
contouring may be cardiac motion. The contrast CT used in this study had both systolic- and
diastolic-phase images, but the noncontrast CT did not. In general, cardiac-phase images are
not available for treatment planning. Due to cardiac motion, fusion of contrast and
noncontrast CT images may not be perfect. This imperfect fusion may have a considerable
effect on contouring of small structures such as coronary arteries because a small deviation
in fusion may cause a large discrepancy in contouring. On the other hand, even with contrast
CT, the boundaries of some structures, such as coronary arteries, were still not clearly
discernible. Contouring those structures still relied a lot on individual judgment, thereby
resulting in large inter-observer variability in manual contouring. Accurate anatomical
identification of coronary arteries therefore remains challenging and will be a major barrier
for auto-contouring.

Image resolution may limit the capability of auto-contouring the small structures as well.
Coronary arteries may not be discernible in older planning CT scans with a large voxel size.
Auto-contouring is also subject to the effects of inter-patient variation. A tumor close to the
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heart can significantly change the shape and appearance of a cardiac structure in CT images.
Our auto-segmentation relies on accurate matching of the anatomy between atlas images and
the new image for segmentation. If a large difference exists, the matching is not accurate.
We indeed found that when a large tumor was near the heart, the accuracy of auto-
contouring was low.

The choice of metrics can also affect evaluation results. DSC-based evaluations are known to
be favorable for large volumes. It is not surprising to see larger DSCs for the heart,
chambers, or great vessels than for coronary arteries. Therefore, distance-based metrics
should also be used. However, distance-based metrics are subject to the effect of voxel size.
Images with higher resolution (or smaller voxel size) tend to produce better distance-based
evaluation for auto-segmentation. In our study, all images had slice spacing of 2.5 mm,
which may limit distance-based assessment. By considering the limitation of image
resolution, our auto-segmentation approach is comparable to state-of-the-art cardiac
segmentation methods [29-31], which were applied to contrast CT images with sub-
millimeter resolution for diagnosis of cardiovascular diseases. On the other hand, this
showed that the atlases we developed are useful for auto-contouring the cardiac
substructures.

Geometric evaluation measured by the DSC or MSD serves directly for the purpose to
validate the accuracy of auto-segmentation. On the other hand, dosimetric evaluation by
comparing the dose volume difference between the manual and auto-segmented contours
may be able to evaluate the effect of contour disagreement to the treatment plan, but it is not
able to validate the accuracy of auto-segmentation. A large geometric discrepancy without
any absorbed dose in the region may show no difference in dosimetric evaluation. In general,
dosimetric evaluation depends on the treatment location and is treatment specific, while
auto-segmentation is not. Dosimetric evaluation normally needs a large patient cohort to
reach a definitive conclusion. Evaluation of the dosimetric impact of auto-segmentation will
be our future study.

To conclude, it is possible to automatically delineate the heart, the heart chambers, and the
great vessels from noncontrast CT images for radiation oncology applications, especially on
clinical trials to evaluate the radiation-induced cardiac toxicities. We have validated the
accuracy and consistency of auto-contouring for potential clinical use. However, accurate
identification of coronary arteries in CT images is difficult and their auto-contouring needs
further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Phase I: Manual contouring
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Phase II: Atlas expansion
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Figure 1.

A set of 12 atlases for multi-atlas

segmentation

The overall framework of the atlas development. Please refer to the text for details.
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Figure 2.
Atlas contours overlaid on noncontrast (panels A) and contrast (panels B) CT images from

one patient. LA = left atrium; RA = right atrium; LV = left ventricle; RV = right ventricle;
LMCA = left main coronary artery; LADA = left anterior descending artery; LCX = left
circumflex artery; RCA = right coronary artery; SVC = superior vena cava; I\VC = inferior
vena cava; PA = pulmonary artery; PV = pulmonary vein; AA = ascending aorta and aortic
arch; DA = descending aorta.
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Figure 3.

Comparison of inter-observer variability with auto-segmentation using (a) Dice similarity
coefficient (DSC) and (b) mean surface distance (MSD) metrics. The error bars indicate one
standard deviation. For abbreviations, see the legend to Figure 2.
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