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of the LV. This study aims to determine doses to the 17 segments of the LV as per the American Heart
Association (AHA) and other cardiac subvolumes, and to correlate mean heart (MHD) dose with various
subvolume dosimetric indices. These results may direct focus to specific left ventricular segments in
studies of radiation-related heart disease incorporating surveillance imaging, help to determine more
precise dose response relationships, and potentially aid prediction of late radiation effects.

Breast cancer Methods and materials: The heart and cardiac subvolumes of 29 patients treated with tangential radio-
Cardiotoxicity therapy for left breast cancer were contoured. Delineation of cardiac subvolumes (cardiac chambers, car-
Deep inspiration breath hold diac valves and the 17 segments of the LV) was undertaken using a novel contouring method on planning
Radiotherapy CT data reformatted into the cardiac axis. Individual segments were then combined to determine doses to
the basal, mid and apical left ventricular regions, and the anterior, septal, inferior and lateral ventricular
walls. Radiotherapy doses (including maximum, mean, D1cc, V25) were determined. Correlation analyses
were performed between MHD and various substructure dosimetric indices.

Results: Twenty five patients received tangential breast free breathing radiotherapy alone, and four
patients received regional nodal irradiation including the internal mammary chain with deep inspiration
breath hold (DIBH). For patients receiving breast only radiation, the median mean heart radiation dose
was 2.62 Gy (range 1.52-3.90 Gy), and a heterogeneous dose distribution to the LV was noted, with
the apical region receiving the highest median mean dose (14.99 Gy) compared with the mid and basal
regions (3.10 Gy and 1.51 Gy respectively). The anterior LV wall received the highest median mean dose
(9.21 Gy) with the remaining walls receiving similar mean doses (range 1.79-3.05 Gy). The anterior LV
apical segment (segment 13) and apex (segment 17) received the highest individual median mean seg-
ment doses (26.73 Gy and 30.02 Gy respectively). Apical segments received the highest median mean
doses (segments 13, 14, 15, 16), followed by the mid anterior (segment 7) and anteroseptal (segment
8) segments. Segments receiving the highest doses remained unchanged between the DIBH cohort and
free breathing cohort. MHD showed a high correlation with the anterior wall r = 0.71, p < 0.05 and entire
left ventricle r = 0.82, p < 0.05, but correlations varied from weak to high when MHD was correlated with
segments receiving highest doses (range r = 0.43-0.76), p < 0.05.
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Conclusions: In the setting of breast cancer radiotherapy, there are substantial RT dose variations within
specific LV segments, with mid and apical anterior ventricular segments (segments 7, 13) and the apical
region of the LV (segments 13, 14, 15, 16, 17) being consistently exposed to the highest radiation doses.
Determining segmental and regional RT doses to the left ventricle may help guide focus in diagnostic car-
diology in the post radiotherapy setting.

Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.
Radiotherapy and Oncology 132 (2019) 257-265

An increased incidence of cardiovascular disease (CVD) follow-
ing radiotherapy [1,2], particularly in patients with left sided
breast cancer [3] has been reported. Darby et al. [4] demonstrated
a 7.4% increase in rate of major coronary events occurred with
every Gray increase in mean heart dose (MHD).

The heart is comprised of myocardium, connective, pericardial,
and vascular tissues, which are composed into chambers, arteries
and valves. The spectrum of late cardiovascular diseases including
congestive cardiac failure, valvular dysfunction, coronary artery
disease [5] and very rarely constrictive pericardial disease [6],
combined with animal studies suggesting differing radiosensitivity
of constituent cardiac tissues [7], suggests that a variety of dose
constraints might be required [8].

MHD has been the preferred radiotherapy dose-volume metric
against which cardiac outcomes have been measured. It is ubiqui-
tously reported allowing straightforward cross study comparisons
[9], has low inter-observer variability [10], and is a proven measure
in the development of dose-response relationships [4,11], despite
heterogeneous dose distributions to the heart [12], and differing
radiosensitivities of cardiac tissues [7]. Moreover the estimated
MHD remains constant throughout the cardiac cycle, unlike that
of the distal left anterior descending artery [13] hence making
MHD a more robust metric. Also, smaller cardiac subvolumes are
associated with greater inter-observer variability with low concor-
dance index and percent contour overlap values [14]. However,
MHD may not be the most sensitive metric to describe exposure
and predict for late RT effects. Hahn et al. [15] have demonstrated
superiority of coronary artery dose variables to mean heart dose
when modelling variables to late ischemic cardiac events. Van
den Bogaard et al. [16] have suggested the left ventricular V5 is a
more sensitive predictor than MHD for acute coronary events. Such
examples highlight the limitations of using MHD as the preferred
predictive index for future cardiovascular disease.

Cardiac imaging studies too have increasingly documented dis-
crete focal changes within the heart. A reduction in left ventricular
myocardial strain using advanced echocardiographic techniques
was detected following breast radiotherapy in left sided cancer
patients [11,17], with the greatest decrement seen in the apical
segments [18]. Perfusion studies [19,20] have displayed focal left
ventricular abnormalities following tangential breast radiotherapy.
Correa et al. [21] have documented discrete areas of coronary
artery stenosis present in left breast cancer patients.

It has been long recognised that an improved understanding of
radiation dose effect would require a more detailed assessment of
radiation dose to cardiac subvolumes [8]. To address this, a number
of cardiac atlases [14,22] have been published recommending the
delineation of cardiac subvolumes, including specific regions of
the left ventricular wall. Using these methods, one study has
demonstrated an association between left ventricular segmental
radiation dose and corresponding late cardiac left ventricular seg-
mental injury [2], consistent with previously reported findings cor-
relating left ventricular segmental radiation dose with reduction
segmental ventricular strain [18]. In addition, in a retrospective
spatial dosimetric analysis of 1101 lung cancer patients, McWili-
lam et al. [23] identified a region at the base of the heart, which

when higher doses were delivered to, were associated with higher
patient mortality. These studies in combination, are suggestive of a
dose response relationship occurring at the cardiac subvolume
level, and do not exclude the possibility of more critical or
radiosensitive cardiac subvolumes. Therefore an improved under-
standing of the dose-cardiotoxicity relationship is required in guid-
ing radiation therapy delivery especially in the era of intensity
modulated radiotherapy and image guidance, where dose sensitive
structures can be visualised and deliberately avoided.

The purpose of this study was to primarily demonstrate the
utility of a novel contouring technique which could be used to
determine radiation dose to discrete regions of the left ventricle
as defined by the American Heart Association (AHA) 17 segment
model [24]. This same technique was also used to delineate the
cardiac valves and chambers with more accuracy. Secondly correl-
ative analyses were performed, examining the relationship
between various dosimetric parameters within a single structure
(e.g. whole heart, coronary artery, or left ventricular segment), as
well has relating MHD to other structures’ dosimetric parameters
(e.g. left ventricular V5, left ventricular D50 etc.).

Materials and methods

Patient selection

Breast cancer patients undergoing tangential left breast radio-
therapy were prospectively recruited during the period from Octo-
ber 2015 to October 2016.

Computed tomography (CT) imaging acquisition process

All patients were simulated in a semi-recumbent supine posi-
tion, immobilised in a breast jig and vacuum bag. Routine planning
CTs undertaken on a Phillips Brilliance Big Bore 16 slice CT scanner
(Amsterdam, Netherlands) were used for cardiac delineation (non
contrast and non ECG gated) acquired at 2 mm slice thickness.
The imaging datasets were transferred to the Oncentra Brachyther-
apy software v4.5.2 (Elekta, Stockholm, Sweden), and reformatted
into the cardiac planes to generate the cardiac short axis, 2 cham-
ber and 4 chamber apical views (see Fig. 1). Rotation was applied to
only one plane at a time. The cardiac chambers, valves, and 17 seg-
ments of the left ventricle as per the AHA model [14] were then
contoured in these planes.

The whole heart and coronary arteries were contoured in the
standard orthogonal (axial) plane. The basal, mid and apical left
ventricular regions were formed by summing segments 1-7, 8-
12, and 13-17 respectively [24]. The anterior wall was generated
by combining the anterior segments (1, 7, 13), septal wall by com-
bining the anteroseptal (2, 8), inferoseptal (3, 9) and apical septal
(14) segments, the inferior wall by combining the inferior seg-
ments (4, 10, 15), and the lateral wall by combining the anterolat-
eral (6, 12), inferolateral (5, 11) and apical lateral (16) segments.

This RT structure dataset was then imported into Pinnacle v9.10
where dose was calculated (see Fig. 2). MIM software v6.77 (Mim
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The above panels represent a patient in standard orthogonal views. Panels A, B, and D are axial, sagittal, and coronal slices of the patient respectively.
Panel C will serve as a reference axial slice.
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The index slice is at the level of the mitral valve seen in axial plane (Panel A). The coronal plane (Panel D) is then rotated into a plane that passes through
the centre of the mitral valve and left ventricular apex seen in Panel A. Note during the entire process, only one plane is rotated at a time.

The sagittal plane (Panel B) is then rotated into a plane that is perpendicular to the left ventricle along its long axis as seen in Panel A and Panel D. This
generates the cardiac short axis seen in Panel B.
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Panel D is then rotated into a plane that is parallel to a line between the anterior and posterior interventricular sulcus in Panel B at the level of the mid
ventricle. This generates the 2 chamber view in Panel D.
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Panel A is then rotated in a plane at the mid level of the left ventricle in Panel B. A line from an imaginary point at the centre of the left ventricle is then
extended transecting the right ventricle at its greatest width. The right ventricle is highlighted in blue for clarity.

Fig. 1. Cardiac axis generation.
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Fig. 2. Interpolated segmental contours transferred into Pinnacle Treatment
Planning software. Left ventricular segments are numbered above. Tangential
breast radiation can be seen to predominantly affect the apical segments 13, 14, 15,
16 and 17.

Software Inc, Cleveland, Ohio) was used to read out dosimetric
data.

Cardiac structure delineation

The whole heart was contoured as per the RTOG consensus
guidelines [14]. The cardiac chambers were contoured in the short
axis' view. Anterior interventricular grooves allowed demarcation
between left and right ventricles. Atrioventricular grooves provided
demarcation between atria and ventricles. Mitral and tricuspid
valves were delineated as a 1 cm structure saddling their respective
atria and ventricle. The aortic valve was generally well visualised,
with the proximal 1 cm of the pulmonary trunk contoured as an
approximation of the pulmonary valve. The cardiac 2 chamber?
and 4 chamber” views were used to verify atrial and ventricular con-
tours (see Fig. 3).

When contouring the ventricular segments, the left ventricle
was divided into basal, mid and apical regions. The apical region
was defined as the summation of the apical cap (segment 17)
and segments 13-16. The apical cap was defined first as the apical
1 cm of the ventricle. The remaining left ventricle was then divided
into thirds, consisting of the basal, mid and remaining apical
regions. The basal and mid regions were carefully divided into
six segments, and the remaining apical region divided into four
segments, to best approximate those outlined in the AHA 17 seg-
ment model [24]. The interventricular septum provided an anchor-
ing point to ensure correct orientation of the segments when
contouring. Normal female ventricular wall thickness ranges
between 6-9 mm [25], and therefore a contoured ventricular wall
thickness of 9 mm for the basal and mid regions, and 6 mm for the
apical region was used, acknowledging the tapering myocardial
thickness along the ventricular axis. Contours were performed by
a single observer. The first 10 cases were audited and verified by
the study cardiologist (JO).

The position of the coronary vessels was inferred using anatom-
ical landmarks as described by Duane et al. [22]. The right and left

! The cardiac short axis view displays the cross section of the left and right
ventricle

2 The cardiac 2 chamber view displays the left atrium and left ventricle.

3 The cardiac 4 chamber view projects the right atrium, right ventricle, left atrium
and left ventricle simultaneously

atrioventricular grooves were used as a surrogate for the left cir-
cumflex and right coronary arteries respectively, and the interven-
tricular groove for the left anterior descending artery. The left
coronary artery was identified and contoured until it diverged into
the left atrioventricular and interventricular grooves. Angiographic
data have demonstrated that the average female proximal coro-
nary artery radial diameter is 3.2 mm [26], and given the tapering
nature of coronary vessels, a contouring circle of 3 mm was used to
delineate coronary vessels.

Radiotherapy technique

Patients undergoing breast only radiotherapy were treated with
free breathing medial and lateral tangents that adequately covered
the breast planning target volume (PTV). Medial and posterior tan-
gential field edges were generally the midline and mid axillary line
respectively, however field edges were modified based on PTV cov-
erage and disease risk. The posterior field borders were aligned. A
departmental mean heart dose constraint of <4 Gy was used to
plan all cases with no deliberate cardiac shielding. All patients
receiving breast/chest wall only radiation were treated free breath-
ing. A detailed description of the radiation therapy technique for
patients receiving nodal irradiation is provided in the Supplemen-
tary Material.

All patients were planned to 42.4 Gy in 16 fractions or 50 Gy in
25 fractions according to radiation oncologist preference. Electron
boost irradiation doses were not included in the final dosimetric
analysis as it contributes minimally, if at all, to the overall heart
dose (18), with the exception of one patient who received a simul-
taneous integrated photon boost.

Absolute doses were reported, as well as EQD2 (equivalent dose
in 2 Gy per fraction) conversions using the Linear Quadratic (LQ)
formulae. EQD2 conversion was performed in MiM 6.7.7 (MiM
Software, Cleveland, USA), with an o//g of 3 for late reacting tissues.
Given the exploratory nature of the analysis, reported values not
only include mean and maximum doses, but also V3 [27], V5 to
V50 in 5 Gy increments (including V25 and V30 [8]), D50, D90,
D95, D98 and D2cc values. Select correlations between the differ-
ent dose metrics were performed using the computing environ-
ment R (R Development Core Team, 2005) and provided as
Supplementary Material. Additional software packages (Corrplot)
were used.

All doses have been reported as median doses. The abbreviated
results published are in absolute dose. A more complete list and
EQD2 dose conversations have been provided as Supplementary
Material.

Statistical considerations

Pearson’s correlation between dose metrics was performed in
patients receiving free breathing tangential breast radiotherapy
alone. Correlations between dosimetric parameters for each sub-
volume, MHD and mean values for all subvolumes, and MHD and
all dosimetric parameters for selected subvolumes were per-
formed. A p value <0.05 was considered statistically significant.
Definitions of low, moderate, high and very high correlations are
defined as 0.3-0.5, 0.5-0.7, 0.7-0.9, and 0.9 to 1 respectively [28].

Results

Patient Population

A total of 29 patients were recruited. Twenty five patients
received tangential radiotherapy to the breast alone whilst free
breathing, three patients received tangential breast and regional
nodal irradiation using DIBH, and one patient received post
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Fig. 3. Left Ventricular Segments in 4 Chamber (A), Short Axis (B), standard axial plane (C), and 2 Chamber (D) views. This patient was contoured in Oncentra Brachytherapy
before being imported into Pinnacle Treatment Planning Software. Panels A, B, D display the cardiac 4 chamber, short axis, and 2 chamber views. Panel C displays the standard
axial slice for reference. Left ventricular segments were contoured in the cardiac short axis (Panel B), before being interpolated into standard axial planes. Panel B
demonstrates the cross section of the left ventricle at the mid-level. The circumferential extent of the left ventricle is visualised more clearly in the short axis (Panel B), with
the superior and apical aspect of the left ventricle being best visualised in the cardiac 4 chamber (Panel A) and 2 chamber views (Panel D). LA = left atrium, RA = right atrium,
RV =right ventricle. The numbers above represent the various left ventricular segments. 1, 2, 3, 4, 5 and 6 represent the basal anterior, basal anteroseptal, basal inferoseptal,
basal inferior, basal posterolateral, and basal anterolateral left ventricular wall. 7, 8, 9, 10, 11, and 12 represent the mid anterior, mid anteroseptal, mid inferoseptal, mid
inferior, mid inferolateral, and mid anterolateral left ventricular wall. Segments 13, 14, 15 and 16 represent the apical anterior, apical septal, apical inferior and apical lateral

left ventricular wall. Segment 17 represents the apical cap.

mastectomy radiotherapy as well as regional nodal irradiation
using DIBH. Regional nodal irradiation included the supraclavicular
fossa and internal mammary chain.

Dose to the whole heart

The median MHD was 2.62 Gy (range 1.52-3.90 Gy) in patients
who received free breathing tangential breast radiotherapy only.
The median MHD was 2.60Gy (range 2.00-2.87 Gy) for
patients who received additional nodal irradiation using a DIBH
technique.

Dose to the left ventricular walls, regions, and segments

Table 1 provides a detailed summary of dose to the cardiac seg-
ments and walls. For patients treated with free breathing tangen-
tial radiation, median maximum doses to the left ventricular
walls were greatest in the anterior, septal and lateral walls (range
39.20-41.68 Gy) when compared with the median maximum dose
delivered to the inferior wall (16.13 Gy). Median mean dose how-
ever was highest in the anterior wall (9.21 Gy) compared to the lat-
eral and septal walls (3.05Gy and 2.96 Gy respectively). The
inferior wall received a median mean dose of 1.79 Gy. Volumetric
indices indicate that the anterior wall consistently receives higher
doses at greater volumes (see Supplementary Index).

The three regions of the heart, (basal, mid and apical regions)
highlighted the spatial differences in ventricular radiotherapy
exposure. For patients receiving breast radiation only, the basal
region received a median mean and median maximum dose of
1.51 Gy and 4.05 Gy, the mid region 3.10 Gy and 31.41 Gy, and
the apical region 14.99 Gy and 42.10 Gy respectively. The segments
of the left ventricle mirrored the above findings, with the anterior
and apical segments receiving the highest doses (segments 7, 13,
14, 15, 16 and 17) (see Fig. 2).

Dose to cardiac chambers, valves and coronary arteries

Doses to the cardiac chambers and valves for both the breast
only and regional nodal radiotherapy groups are reported in the
Supplementary Material. Dose delivered to the left anterior
descending artery was highest with a median mean and median
maximum dose of 18.11 Gy and 41.09 Gy respectively for breast
irradiation alone patient, and 7.47 Gy and 21.39 Gy respectively
for those receiving nodal irradiation. The remaining arteries
received substantially less radiation doses. Further details of dose
delivered to the coronary arteries are summarised in Table 1.

Comparison of doses delivered in breast only and DIBH techniques.

The median MHD (2.62Gy vs 2.60Gy) was comparable
between the free breathing tangential breast radiotherapy group
(n=25) and DIBH cohort (n = 4), despite the use of modified wide
tangents to cover the IMC. Segments receiving the highest doses
remained unchanged between the DIBH cohort and free breathing
cohort, with apex (17), apical region (13, 14, 15, 16), anterior (7)
and anteroseptal (8) mid segments receiving the highest doses.

Correlation of dose metrics within MHD and other contours

MHD correlated (moderate to very highly) with dosimetric
(D1cc, D2cc, D50, D90, D95, D98), and volumetric measurements
(V5, V10, V15, V20, V25, V30, V35 and V40) (see Fig. 4). Maximum
dose correlated strongly only with V3 and V5. Minimum dose
correlated generally highly to very highly with D90, D95, D98.
Correlations within similar dosimetric descriptors (i.e. V5, V10,
V15, V20, and V30 correlated very highly with one another). This
trend was also seen in broadly for all cardiac substructures; for
example the apical mean dose correlated strongly with V10-V40,
and D1cc-D98, with maximum doses correlating strongly with
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Table 1

Selected Radiation Dose metrics delivered to the AHA 17 Segments, Regions, and Walls of the Left Ventricle.’

Structure

Mean (Gy)

Breast Only (Free Breathing)

Breast + Nodes (DIBH)

Maximum (Gy)

Breast Only (Free Breathing)

Breast + Nodes (DIBH)

Coronary Arteries
Right Coronary

Left Anterior Descending

Left Circumflex
Left Coronary Artery

Basal Segments

DU WN =

Mid Segments
7

0.96 (0.40-1.97)
18.11 (4.12-30.51)
0.98 (0.43-1.23)
1.04 (0.50-1.94)

2.15 (1.17-3.74)
1.87 (1.06-2.66)
1.21 (0.74-1.62)
0.97 (0.51-1.44)
1.12 (0.57-1.87)
1.60 (0.97-2.38)

5.10 (2.96-19.24)

8 3.45 (2.19-7.8)

9 2.19 (1.38-3.03)
10 1.71 (0.98-2.68)
11 1.94 (1.17-3.08)
12 2.98 (1.75-7.01)

Apical Segments
13

26.73 (12.23-38.04)

14 8.23 (2.49-20.88)
15 3.61 (2.09-9.54)
16 11.19 (3.91-23.99)
Apex

17 30.02 (3.68-41.83)

Ventricular Walls
Anterior

9.21 (4.63-18.25)

Septal 2.96 (1.55-6.03)
Inferior 1.79 (1.08-3.76)
Lateral 3.05(1.80-7.18)

Ventricular Regions
Basal

Mid

Apical

1.51 (0.90-2.07)
3.10 (2.17-6.66)
14.99 (3.81-24.21)

1.34 (1.00-1.85)
7.47 (4.07-20.01)
1.17 (1.01-2.63)
1.91 (1.11-2.35)

2.61 (2.17-3.01)
2.18 (1.98-2.23)
131 (1.18-1.56)
0.97 (0.86-1.39)
1.13 (0.92-1.50)
1.98 (1.46-2.11)

4.40 (2.82-5.83)
3.26 (2.56-3.77)
2.16 (1.56-2.31)
1.57 (1.16-1.80)
1.96 (1.34-2.3)

3.00 (2.04-3.87)

11.95 (3.83-21.68)
3.64 (2.48-4.87)
2.48 (1.82-3.08)
522 (2.62-7.85)

8.83 (3.07-23.23)

5.45 (3.00-7.97)
2.48 (1.96-2.81)
1.61 (1.31-1.74)
2.59 (1.71-3.19)

1.80 (1.46-1.91)
2.77 (1.98-3.39)
6.31 (2.88-11.32)

1.36 (0.50-2.40)
41.09 (18-44.12)
1.56 (0.68-2.20)
1.34 (0.63-2.35)

4.06 (1.96-18.81)
3.23 (1.83-15.08)
1.97 (1.25-2.72)
1.5 (0.88-2.51)
1.65 (0.91-3.27)
2.88 (1.71-6.97)

31.24 (5.84-40.37)
15.98 (3.66-39.59)
3.32 (2.20-6.24)
2.73 (1.90-4.65)
3.34 (2.13-17.47)
8.78 (3.05-36.75)

41.59 (35.82-48.00)
39.83 (4.01-42.58)
15.85 (3.17-38.72)
39.14 (22.44-46.51)

42.04 (20.2-47.44)

41.68 (35.59-48.00)
39.83 (4.05-42.58)
16.13 (3.17-38.90)
39.20 (23.85-46.58)

4.05 (1.92-20.65)
31.41 (6.01-40.61)
42.10 (35.59-48.00)

2.32 (1.99-3.18)
21.39 (8.80-47.65)
2.19 (1.81-7.78)
2.41 (1.82-2.61)

4.51 (3.32-7.78)
3.67 (3.03-4.75)
2.08 (1.80-2.35)
1.57 (1.26-1.95)
1.80 (1.51-1.96)
4.04 (2.80-4.69)

14.10 (4.26-30.03)
6.07 (3.81-9.37)
3.23 (2.13-3.34)
2.70 (1.76-2.87)
3.03 (2.02-4.35)
7.38 (3.5-11.59)

26.02 (6.52-45.65)
10.55 (3.86-26.99)
3.89 (2.63-7.02)

17.72 (4.82-37.45)

21.55 (5.81-47.62)

26.08 (6.81-46.31)
11.05 (3.86-27.94)
3.83 (2.63-7.44)

17.58 (4.82-38.65)

4.49 (3.30-8.10)
14.82 (4.26-30.07)
26.08 (6.81-47.62)

Segments, walls or regions with the highest doses have been bolded.
“ All doses reported are median values.

V3 and V5, and minimum doses correlating strongly with D90-
D98. Additional correlation plots have been provided in the Sup-
plementary Index.

This pattern of correlation between mean, maximum and min-
imum doses to various dosimetric and volumetric indices also
applied broadly individual ventricular segments.

Correlation of mean heart dose with specific cardiac substructures

MHD showed a generally moderate correlation with almost all
dosimetric indices for each of the structures, reinforcing the broad
applicability of the MHD metric (see Fig. 5). Correlation was stron-
ger for larger structures (including the left and right ventricle,
anterior and apical wall) that received higher radiation doses.
MHD however was only poorly correlating to structures that
received lower comparable doses (e.g. basal region), and for vol-
umes that experienced a steep dose gradient (lateral ventricular
wall, mid region). Correlation between MHD and selected individ-
ual segments (segments 7, 8, 13, 14, 15, 16 and 17) ranged from
low to strong.

Discussion

This study presents the dosimetric values of several cardiac
subvolumes in tangentially treated breast cancer patients, includ-
ing the individual segments of the left ventricle using a novel

contouring technique that seeks to report dose based on a well-
known established cardiac standard [24]. This study confirms that
doses within the left ventricle are heterogeneous, and are spatially
and most accurately described by employing the AHA 17 segment
model. It was found consistently that segments 7, 8, 13, 14, 15, 16
and 17 received the highest doses of radiation in both the free
breathing breast/ chest wall only cohort, as well as those receiving
nodal irradiation using DIBH, suggesting that there was minimal
twisting or deformation of cardiac structures during breath hold.
The reporting of radiation dosimetry in the AHA 17 segment model
will allow direct pairing between radiation dose and pathologically
affected segments of the left ventricle. One such imaging study has
described left ventricular changes at the left ventricular regional
level. Lo et al. [18] have confirmed apical left ventricular strain
reductions following tangential breast irradiation and found a pos-
itive correlation to apical left ventricular dose. This same study has
also reported statistically significant changes in individual left ven-
tricular segment pre and post exposure to tangential radiation. The
American Heart Association has also now recommended the
reporting of abnormalities of the left ventricle with the 17 segment
model [24] highlighting the need for a dosimetric equivalent. The
novel contouring technique described in this study however was
resource intensive (average contouring time per case was
60 min) and required specialised software, and hence translation
into clinical practice for routine segmental dosimetric read out
would be challenging in its current form. Incorporation however
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Fig. 4. Correlations between various dosimetric parameters of the whole heart. The correlation matrix demonstrates the mean heart dose (MHD) correlated highly or very
highly with all dosimetric parameters except V3, minimum and maximum doses. Correlation of MHD almost reached parity with the D1cc, D50, V10, V15, V20, V25, V30, and
V35 dosimetric parameters. Dxcc — Dose delivered to x cubic centimetres. Dxx — Dose delivered to xx% of the volume. Vxx - volume of defined region receiving xxGy dose.

may be possible into a reference atlas for multi-atlas segmentation,
which could improve contour efficiency, reduce inter-observer
variability, and allow adoption into widespread clinical use [10].

Prior studies have either calculated cardiac doses using mod-
elled patients with re-created 2D treatment fields [29], used set
geometric rules [30] to define cardiac subvolumes, or used
anatomical landmarks [31] to divide the heart in standard axial
imaging planes. Therefore the primary strength of this study, in
addition to the contouring of the left ventricular segment, was
the rigour with which cardiac structures were delineated. Cardiac
volumes were contoured in the cardiac planes, and independently
reviewed by a cardiologist (JO). Segments of the left ventricle were
contoured in the cardiac short axis, and divisions between cardiac
regions and walls were verified in the 2 chamber and 4 chamber
views. Therefore accurate contouring of the cardiac volumes was
optimised. Interobserver variability was minimised due to a single
observer (ST) contouring.

Limitations of the current study relate to the limited number of
patients included, particularly those who underwent regional
nodal irradiation and DIBH. Cardiac contouring was also performed
on non ECG gated non contrast CT scan [31]. Organ motion during
the cardiac and respiratory cycles only allowed radiation doses to
the cardiac subvolumes (particularly to those of the individual seg-
ments) to be good approximations at best. Significant intraob-
server and interobserver variability in cardiac contouring [14]
has been described, although this issue was not specifically
addressed, given that the focus of this study was to report absolute
doses to cardiac subvolumes.

Erven et al. [17] have previously commented on segmenting the
left ventricle into 18 segments although values to each segment

were not reported. In our cohort of patients receiving breast only
radiation, the anterior wall and apical regions received the highest
doses with a median mean dose of 9.21 Gy and 14.99 Gy respec-
tively, which differ from those published by Erven et al. Direct
comparisons of doses however are difficult given Erven et al,,
included the ventricular blood pool in their volumetric analysis,
segmented the left ventricle into 18 segments, and included the
apical cap in their definition of the ventricular wall. Mean heart
doses (2.62 Gy vs 9.00 Gy) and left ventricular doses (mean dose
4.53 Gy vs 9.00 Gy) were also lower in our study.

Correlation between the multiple dosimetric parameters of the
whole heart showed a very high correlation between mean heart
dose and all reported dosimetric parameters except V3, minimum
and maximum doses. Correlation coefficients between MHD and
several dosimetric parameters (D1cc, D50, V10, V15, V20, V25,
V30, and V35) approached unity, and could be assumed as statisti-
cally equivalent. MHD correlated moderately well with doses to
various subvolumes of the heart. Correlation coefficients ranged
between 0.29 and 0.82, with lower correlation coefficients being
seen in structures that were of small volume and experiencing a
high degree of dose heterogeneity, exemplified best by the left
anterior descending artery. Mean heart dose however was inade-
quately representative of left ventricular segments, with a predom-
inantly weak to moderate correlation with the high dose left
ventricular segments (particularly those of the anterior ventricular
wall and apical region). This highlights the limitation of MHD in
describing the dose profile in left ventricular segments and its util-
ity when correlated with regional imaging defects.

Correlation of dosimetric indices within a subvolume demon-
strated often strong correlations between mean dose and most
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Fig. 5. Correlations between Mean Heart Dose and cardiac substructures (A) and ventricular segments (B) are depicted below. Fig. 5A shows correlation matrix between mean
heart dose (MHD) and mean dose to various cardiac subvolumes. MHD correlated highly with the left and right ventricles, only moderately with the left and right atria. MHD
correlated highly with the anterior and septal wall, and moderately with the inferior and lateral ventricular walls. MHD correlated highly with the apical region. MHD
correlation with all coronary arteries was moderate. Correlation between MHD and cardiac valves was weak to moderate. Fig. 5B shows a correlation matrix between MHD
and segments of the left ventricle. MHD correlated highly only with segment 17 (apical cap), with moderate correlations with the apical segments (anterior (13) septal (14)),
mid inferoseptal (9) segment, and basal septal segments (anteroseptal (2), and inferoseptal (3)). All correlation values are significant p < 0.05. All crossed boxes are not
statistically significant p > 0.05. MHD = Mean heart dose, LA = Left Atrium, RA = Right Atrium, LV = Left Ventricle, RV = Right Ventricle, AW = Anterior Wall, SW = Septal Wall,
IF = Inferior Wall, LW = Lateral Wall, BR = Basal Region, MR = Mid Region, AR = Apical Region, LAD = Left Anterior Descending Artery, LCA = Left Coronary Artery, LCX - Left
Circumflex Artery, RCA = Right Coronary Artery, AV = Aortic Valve, MV = Mitral Valve, PV = Pulmonary Valve, TV = Tricuspid Valve. Numbers 1 to 17 represent left ventricular
segments.

=1



S. Tang et al. /Radiotherapy and Oncology 132 (2019) 257-265 265

dosimetric indices. Those that were more weakly correlated with
the subvolume mean dose were often strongly correlated with
maximum dose, and hence measurement of mean and maximum
doses may provide a good foundation from which further explora-
tory dose analysis could be undertaken.

This study documents the use of a novel contouring technique
to contour the cardiac substructures, and has demonstrated the
feasibility of documenting radiation doses particularly to the left
ventricle based on the AHA 17 segment model. Such reporting of
specific regional dose delivery provides the most accurate spatial
description of delivered radiation to the heart, particularly in
breast cancer where the left ventricle is most frequently exposed.
Mean heart dose was found to correlate moderately well with
doses to most cardiac subvolumes, justifying its utility as the most
commonly used cardiac dosimetric parameter. Correlation how-
ever of MHD was weak with segments of the left ventricle, limiting
its utility to describe focal segmental left ventricular abnormalities
with imaging. Future understanding of cardiotoxicity will require
the precise matching of radiation dose to regional imaging defects
[22], which are being reported evermore precisely, underscoring
the need for detailed dose determination.
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