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Background and purpose: Auto-segmentation represents an efficient tool to segment organs on CT imag-
ing. Primarily used in clinical setting, auto-segmentation plays an increasing role in research, particularly
when analyzing thousands of images in the “big data” era. In this study we evaluate the accuracy of car-
diac dosimetric endpoints derived from atlas based auto-segmentation compared to gold standard man-
ual segmentation.

Material and methods: Heart and cardiac substructures were manually delineated on 54 breast cancer
patients. Twenty-seven patients were used to build the auto-segmentation atlas, the other 27 to validate
performance. We evaluated accuracy of the auto-segmented contours with standard geometric indices
and assessed dosimetric endpoints.

Results: Auto-segmented contours overlapped geometrically with manual contours of the heart and
chambers with Dice-similarity coefficients of 0.93 + 0.02 (mean + standard deviation) and 0.79 + 0.07
respectively. Similarly, there was a strong link between dosimetric parameters derived from auto-
segmented and manual contours (R? =0.955-1.000). On the other hand, the left anterior descending
artery had little geometric overlap (Dice-similarity coefficient 0.09 + 0.07), though acceptable represen-
tation of dosimetric parameters (R* = 0.646-0.992).

Conclusions: The atlas based auto-segmentation approach delineates heart structures with sufficient
accuracy for research purposes. Our results indicate that quality of auto-segmented contours cannot be
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determined by geometric values only.
© 2018 Published by Elsevier B.V. Radiotherapy and Oncology 131 (2019) 215-220

Auto-segmentation in radiation oncology has the capacity to
reduce variation, improve accuracy, and increase efficiency com-
pared to manual segmentation. The digital age in radiation oncol-
ogy has produced vast quantities of imaging data which has helped
to transform radiation oncology research. In particular, studies
evaluating the link between radiation dose and toxicity could
potentially involve hundreds or thousands of images - making
auto-segmentation critical to allow for accurate, consistent, and
reproducible contouring of normal organs.

Auto-segmentation routines, which have permeated radiation
oncology for several years, have been evaluated with a focus on
clinical application and accuracy [1-4]. The accuracy of auto-
segmentation techniques in these studies was evaluated by the
geometric overlap between auto-segmented contours compared
to some gold standard manual set of contours. Multiple geometric
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indices exist though more commonly used metrics include the
Dice-similarity coefficient, average and max Hausdorff’s distance,
or concordance index. Geometric indices represent useful metrics
when assessing accuracy of auto-contouring in the clinical setting,
though in the research setting when retrospectively evaluating
images of treated patients the dosimetric data derived from auto-
segmented contours represents a much more meaningful endpoint
that has not been thoroughly investigated yet. Classic radiation
epidemiology studies depend on the accuracy of these dosimetric
endpoints (such as mean radiation dose) [5-7], though the ques-
tion of whether using auto-segmentation in this context can pro-
duce accurate dosimetric endpoints remains unclear.

The purpose of this study was to define the utility of using atlas
based auto-segmentation (ABAS) to delineate cardiac substruc-
tures among breast cancer patients treated with radiation. We
focus on the question of whether auto-segmentation can produce
accurate dosimetric endpoints compared to gold standard manual
contours in a real-world retrospective cohort of breast cancer
patients. Lastly, we tested whether a Pearson-correlation exists
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between geometric indices and the accuracy of dosimetric end-
points for auto-segmentation compared to manual contours.

Methods and materials

Patients

This study consisted of 54 breast cancer patients who received
radiotherapy at the University of California, San Diego between
2014 and 2016. We sought to evaluate a diverse real-life group
of patients, and our study cohort included those treated with radi-
ation after breast conservation surgery, as well as those that
received post-mastectomy radiation, including a subset with
breast tissue expanders. We included patients with left- and
right-sided breast cancer as well as those in different setup posi-
tions (supine and prone). For left-sided breast cancer patients,
standard cardiac avoidance techniques included deep inspiration
breath hold or treatment in prone position.

Patients were treated to the whole breast or chest wall with
either hypofractionated radiation (40.05Gy in 15 fractions) or
standard fractionation (50.4 Gy in 28 fractions or 50 Gy in 25 frac-
tions) using 3D conformal radiotherapy. Most patients received
boost radiation via en face electrons, or mini-tangents, or a combi-
nation of both for an additional 10-14 Gy in 5-7 fractions. For sim-
plicity this study focused on the whole breast or chest wall
radiation dose, and did not include dose from regional irradiation.

Target delineation

A single expert contoured the whole heart, left anterior
descending artery (LAD) as well as left and right atria and ventri-
cles in all patients according to the guidelines published by Feng
et al. [8]. Most notably, the whole heart was contoured superiorly
to the last slice before the right pulmonary artery appears, and
inferiorly to the apex of the heart including pericardial sac.

Atlas based auto-segmentation

CT simulation included a slice thickness of 2.5 mm. We used
MIM 6.8.2 (MIMvista Corp., Cleveland, OH, USA) for the atlas based
auto-segmentation, described in detail in [2]. For patients imaged
in supine position, a multi-atlas approach with three matches
was employed for the whole heart and its chambers. The matching
was followed by intensity-based free-form deformable image reg-
istration and the finalization of contours was performed with STA-
PLE [9]. For the left anterior descending artery and for patients
imaged in prone position, a single-atlas approach was employed,
where the best rigid match was deformed with the image registra-
tion described above. Examples of the auto-segmentation are illus-
trated in Fig. 1. The auto-contouring time took between one to two
minutes per patient.

We divided our patient cohort into two groups: the first group
(n=27) was used to create the atlas based auto-segmentation
model, and the second group (n=27) was used to validate the
accuracy of the auto-segmented contours. To improve the perfor-
mance of the auto-segmentation, we ensured a diverse population
of patients in the atlas group with 18 left-sided breast cancer
patients, 9 right-sided breast cancer patients, 23 patients imaged
in supine position, 4 in prone position and 3 patients with breast
expanders.

Analysis

In the validation dataset we measured geometrical indices
commonly used in contouring studies such as Dice-similarity
coefficient, average and max Hausdorff's distance [2,10] between

auto-segmented contours and gold-standard manual contours.
Dice-similarity coefficients are a measure of contour overlap
scored from O to 1, with 1 indicating a perfect overlap [11]. Average
and max Hausdorff's distances are a measure of the distance
between two contours, where a perfect overlap would achieve a
distance of 0 cm [10,12].

We generated dose-volume histograms (representative patient
shown in Fig. 2) and extracted a variety of dosimetric parameters
for each patient from the auto-segmented contours and the gold-
standard contours. Examples of these dosimetric endpoints include
Dnean (Mmean dose), V1Gy (the volume of a structure receiving 1 Gy
or more) and D5% (the minimum dose to the hottest 5% of a struc-
ture). The full list of parameters investigated in this study is given
in Table 1. Correlation between dosimetric endpoints derived from
auto-segmented and manual contours was assessed with R? of the
linear regression.

Lastly, we tested whether geometric indices correlated with the
dose differences between manual and auto-segmented contours,
where the dose difference was defined as ADmean = |(Dmeancs —
Dmean,ABAS)/(Dmean,GS)lv with Dmean,GS eqUﬂl to the mean gOId stan-
dard dose, and Dpean apas €qual to the mean ABAS dose. The corre-
lation between geometric indices and dose difference was
evaluated with a Pearson correlation coefficient r.

Results

We found a range of geometric overlap that depended on car-
diac substructure (Table 1). The whole heart had the highest
degree of geometric overlap as demonstrated by the highest aver-
age Dice-similarity coefficient (0.93 + 0.02), and the lowest average
Hausdorff’s distance (0.18 + 0.06 cm). On the other hand the left-
anterior descending artery had the lowest degree of geometric
overlap with the lowest Dice-similarity coefficient (0.09 + 0.07).

When considering the dosimetric parameters generated with
auto-segmentation, we found a high degree of agreement between
the auto-segmented contours and the manually generated con-
tours for most of the cardiac substructures with most of the dosi-
metric endpoints (Table 1, and Fig. 4). The R® values were
uniformly above 0.955 for the whole heart and the individual
chambers for all dosimetric endpoints studied. The auto-
segmented left anterior descending artery had a slightly lower
degree of agreement, with a R? value of 0.65 (with V10Gy). Fig. 3
gives a qualitative representation of a scenario commonly
observed in our cohort, where the left anterior descending artery
had low geometric overlap, yet the doses received by auto-
segmented and the manual contours were very similar.

Geometrical measures did not predict the accuracy of dosimet-
ric parameters determined by auto-segmentation. Table 2 shows
the correlation coefficient r of geometrical and dosimetric indices
for the whole heart, with r ranging from -0.49 to 0.53. Among all
organs and indices, we found no |r| > 0.53.

Discussion

This study highlights an atlas based auto-segmentation
approach to contour the heart and cardiac substructures. These
auto-segmentation methods will prove vital in next generation
large scale radiation epidemiology research, and other applications
that require segmentation of normal anatomy where manual con-
touring is not feasible due to time constraints coupled to the mas-
sive number of available images. With cardiac toxicity specifically,
the landmark case-control study by Darby et al. [5] found that the
mean heart dose correlated with the risk of ischemic heart disease.
An important limitation of the Darby study was that the investiga-
tors lacked imaging data from their patients, i.e. the heart doses
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Fig. 1. CT images showing the overlay of manual and atlas based auto-segmented contours. Left side shows a patient imaged in supine position with an average Dice-
similarity coefficient for the whole heart (0.93). Right side shows the patient with the lowest whole heart Dice-similarity coefficient (0.86). The right patient was imaged in
prone position, which was rare in the atlas. LAD denotes the left anterior descending artery.
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Fig. 2. Dose-volume histogram obtained with gold standard contours (solid lines)
and auto-segmented contours (dashed lines) for the left patient in Fig. 1. LAD
denotes the left anterior descending artery.

were estimated through different techniques [13,14], which intro-
duces the possibility of biased results [15]. The next generation of
radiation epidemiology research will have access to patient images
and radiation dose-distributions. Processing these imaging data
will require efficient validated auto-segmentation algorithms such
as the one presented in this project.

Other studies have investigated atlas based auto-segmentation
approaches with cardiac contouring [2-4,16,17], though to our
knowledge this work represents the first investigation of the
impact of an automated contouring model on estimates of radia-
tion dose to the heart and cardiac substructures in breast cancer
patients. This study demonstrates that auto-contouring could be
used to extract dosimetric information from large numbers of CT
images where manual contouring is not feasible. We found that
conventional geometric parameters such as Dice-similarity coeffi-
cient - which is heavily influenced by the volume of a structure
- may not consistently reflect whether an auto-segmented contour
accurately represents actual radiation dose. Naturally, in situations
with a perfect Dice-similarity coefficient one would expect to have
perfect accuracy with dosimetric endpoints. However, the left
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Table 1

Geometric and dosimetric comparison of atlas based auto-segmentation and manually drawn contours. Dosimetric endpoints denote the R? in the linear regression of metrics

determined by manual and auto-segmented contours.

Agreement of manual and auto-segmented contours

Whole heart LAD Left atrium Right atrium Left ventricle Right ventricle
Geometric indices
Dice-similarity coefficient 0.93 +0.02 0.09 + 0.07 0.76 + 0.06 0.76 + 0.06 0.85+0.04 0.79 + 0.06
Average Hausdorff's Distance (cm) 0.18 £ 0.06 0.73 £0.61 0.26 £ 0.09 0.26 + 0.09 0.26 £ 0.07 0.26 £ 0.08
Dosimetric endpoints (R?)
Dmean(GY) 0.996 0.947 0.996 0.997 0.994 0.988
D5%(Gy) 0.998 0.846 0.986 0.994 0.995 0.998
D95%(Gy) 0.999 0.646 0.995 0.992 0.991 0.975
V1Gy(%) 0.999 0.992 0.959 0.994 0.995 0.988
V10Gy(%) 0.988 0.698 - - 0.955 1.000

mmmmm manual contours

ABAS contours

Fig. 3. Example of discordance between geometric overlap and dosimetric values in
the left anterior descending artery. The image shows a patient with a low Dice-
similarity coefficient for the left anterior descending artery, though the dosimetric
impact was negligible, because of the proximity and low dose gradient.

anterior descending artery in this study provides a prime example
of a structure with a very low Dice-similarity coefficient (likely due
to its small size and lack of intravenous contrast), but still a high
degree of dosimetric concordance between auto-segmented con-
tours and manual contours. On the other hand, one could hypoth-
esize a scenario where dosimetric concordance is low for a critical
structure, despite a high Dice-similarity coefficient. For researchers
seeking to use auto-segmentation algorithms in epidemiology
studies, we recommend using a prudent validation approach
involving both geometric measures and the dosimetric endpoints
considered for a particular epidemiological question.

This study focused on an atlas based auto-segmentation
approach in the context of research, though this method could
have clinical implications as well. Current guidelines by the
National Comprehensive Cancer Network recommend delineating
the heart and employing cardiac avoidance techniques such as res-
piratory control in breast cancer radiation planning [18]. A UK Con-
sensus Statement further specifies using mean heart dose to guide
cardiac sparing efforts [19]. A recent retrospective review of US
patients showed a decrease in the mean heart dose in routine

practice compared to prior studies [20]. However, increasing evi-
dence points toward the importance of individual cardiac sub-
structures. Research has implicated the left anterior descending
artery [21,22], as well as the left ventricle [7] as important compo-
nents of the heart associated with radiation heart disease. Auto-
segmentation could help to standardize contouring for these struc-
tures. A study by Feng et al. found that radiation oncologists with-
out explicit contouring guidelines have a high degree of variability
in contouring the heart with a concordance index of 0.79 + 0.11 [8].
The variability is reduced when using guidelines with a concor-
dance index of 0.89 +0.03. Our auto-segmentation approach
yielded a comparable concordance index of 0.87 + 0.03 compared
to a single expert’s contours, indicating the potential of using this
method for contouring the whole heart in a clinical environment.
For the left anterior descending artery, the dosimetric concordance
achieved by auto-segmentation is deemed acceptable for epidemi-
ology research, but auto-contouring routines for clinical purposes
will require further development or improved image quality by
adding contrast agents during CT image acquisition. Efficient stan-
dardization of contouring in the clinical setting remains a key focus
to ensure delivery of high quality radiation - auto-segmentation
could help move closer to this goal.

This study has several limitations to consider. Our algorithm
focused on breast cancer patients, and did not include other cancer
subtypes that involve radiation to the heart. Given the differences
in radiation dose distribution to the heart in other diseases (lung
cancer, esophageal cancer, or lymphoma) one might find that the
accuracy of cardiac auto-segmentation from a dosimetric perspec-
tive varies by disease site. Further studies in other cancer subtypes
would be necessary before extrapolating this to other sites.

Another limitation relates to the accuracy of gold standard con-
tours on the planning CT. Scans for breast cancer patients usually
do not include intravenous contrast, have variable amounts of res-
piratory motion and naturally include cardiac motion. These tech-
nical factors could influence the reproducibility or accuracy of our
gold-standard manual contours, and could also impact the auto-
segmentation registration process. Despite these potential sources
of variation we found that our auto-segmentation algorithm per-
formed relatively well in our patient cohort. Furthermore, this
study included gold standard contours delineated by a single
expert. Given the time required for contouring the heart and sub-
structures employing multiple experts was not feasible in our
study. This study represents a proof of principle, and a gold stan-
dard atlas for research or clinical purposes would include contours
drawn by multiple experts.

In summary, we present a method to automatically contour the
heart and cardiac substructures in breast cancer patients which
represents an efficient tool to estimate radiation dose and dosimet-
ric endpoints. With sufficient validation this atlas-based approach
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Fig. 4. Comparison of dose parameters for manually entered and atlas based auto-segmentation contours. Plots show the Dpean, (top), V1Gy (middle) and D5% (bottom) of the
heart, left anterior descending artery, and left ventricle for all patients. Solid line represents the linear regression.

Table 2

Pearson’s correlation r for geometric measures and normalized dose differences between gold standard and auto-segmented contours. Dose parameters denote the absolute value
of the difference between gold standard and auto-segmented contours normalized to gold standard dose values.

Pearson’s correlation coefficient r of geometric and dosimetric indices

Dice-similarity coefficient

Average Hausdorff’s distance Max Hausdorff’s Distance

Dice-similarity coefficient NA

Average Hausdorff's distance —0.959
Max Hausdorff’s Distance -0.201
ADpean —0.080
AD5% —0.025
AD95% -0.494
AV1Gy -0.394

—0.959 —-0.201
NA 0.275
0.275 NA
0.129 0.069
0.056 0.111
0.525 0.182
0.356 -0.123

has the capacity for use in radiation epidemiology research to auto-
matically estimate radiation dose to large numbers of patients.
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