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ORIGINAL RESEARCH

Segmental Cardiac Radiation Dose 
Determines Magnitude of Regional Cardiac 
Dysfunction
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Karen Byth , C.Stat.RSS, PhD; Luke Stefani, BBioMedSci (Hons); Queenie Lo, MBBS (Hons), BSc (Med) (Hons), PhD; 
James Otton, MBBS, PhD; Michael Jameson, BMedRadPhys (Hons), PhD; David Tran, BAppSc, MBBS, MMed; 
Vikneswary Batumalai, BSc, MHlthSc, PhD; Lois Holloway, BMedPhys (Hons), PhD; Geoff P. Delaney, MBBS, MD, PhD; 
Eng-Siew Koh, MBBS; Liza Thomas , MBBS, PhD

BACKGROUND: Subclinical left ventricular dysfunction detected by 2-dimensional global longitudinal strain post breast radio-
therapy has been described in patients with breast cancer. We hypothesized that left ventricular dysfunction postradiotherapy 
may be site specific, based on differential segmental radiotherapy dose received.

METHODS AND RESULTS: Transthoracic echocardiograms were performed at baseline, 6 weeks, and 12 months postradio-
therapy on 61 chemotherapy-naïve women with left-sided breast cancer undergoing tangential breast radiotherapy. Radiation 
received within basal, mid, and apical regions for the 6 left ventricular walls was quantified from the radiotherapy treatment 
planning system. Anterior, anteroseptal, and anterolateral walls received the highest radiation doses, while inferolateral and 
inferior walls received the lowest. There was a progressive increase in the radiation dose received from basal to apical regions. 
At 6 weeks, the most significant percentage deterioration in strain was seen in the apical region, with greatest reductions in 
the anterior wall followed by the anteroseptal and anterolateral walls, with a similar pattern persisting at 12 months. There was 
a within-patient dose–response association between the segment-specific percentage deterioration in strain at 6 weeks and 
12 months and the radiation dose received.

CONCLUSIONS: Radiotherapy for left-sided breast cancer causes differential segmental dysfunction, with myocardial segments 
that receive the highest radiation dose demonstrating greatest strain impairment. Percentage deterioration in strain observed 
6 weeks postradiotherapy persisted at 12 months and demonstrated a dose–response relationship with radiotherapy dose re-
ceived. Radiotherapy-induced subclinical cardiac dysfunction is of importance because it could be additive to chemotherapy-
related cardiotoxicity in patients with breast cancer. Long-term outcomes in patients with asymptomatic strain reduction 
require further investigation.
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Breast cancer is the leading cause of cancer 
death among women worldwide.1 Radiotherapy 
decreases cancer recurrence and improves 

survival,2 and ≈80% of patients with breast cancer 
receive radiotherapy.3 However, incidental cardiac ra-
diation results in increased long-term cardiac morbid-
ity and mortality, with adverse events observed in a 

dose-dependent manner.4 Radiation-associated car-
diac disease (RACD) has been thought to manifest 
years or decades after chest radiotherapy.5 Diagnosis 
of RACD is challenging, because presentation is often 
vague and overlaps with many conditions.5

Two-dimensional speckle tracking strain echo-
cardiography tracks myocardial speckles over the 
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cardiac cycle and provides unique information about 
global and segmental myocardial deformation.6 
Global longitudinal strain (GLS) has improved sen-
sitivity and prognostic value compared with left ven-
tricular ejection fraction (LVEF).6 Additionally, strain 
can evaluate segmental LV function, which may be 
altered despite preservation of overall myocardial 
function.

In this study of chemotherapy-naïve patients with 
breast cancer, we hypothesized that radiotherapy 
has a dose-dependent effect on the heart that can 
be demonstrated and quantified by speckle tracking 
strain echocardiography.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Patient Population
Sixty-one female patients with left-sided breast cancer 
were prospectively recruited from 2 tertiary hospitals 
(Liverpool and Campbelltown Hospitals) in Sydney, 
Australia (April 2009–November 2017). Inclusion cri-
teria were chemotherapy-naïve patients with histo-
logically confirmed left-sided breast cancer, treated 
with breast conservation surgery (lumpectomy) and 
adjuvant tangential breast radiotherapy with no nodal 
radiotherapy. Hormonal treatment was administered 
in patients who were hormone receptor positive. 
Exclusion criteria were prior chemotherapy or radio-
therapy, previous ischemic heart disease, heart failure, 
or more than mild valvular disease. Written informed 
consent was obtained from patients with study proto-
col approved by the area ethics committee (SSWAHS 
HREC no. ECOO136).

Radiation Technique
A noncontrast, planning computed tomography scan 
was performed on all patients pretreatment. Breast 
radiotherapy was performed with tangential photon 
beams with minimization of heart volume within the ra-
diotherapy field, however, without shielding the heart if 
this compromised the target volume coverage. In par-
ticular, these patients were treated before the introduc-
tion of deep inspiration breath hold techniques, which 
have subsequently been introduced for patients un-
dergoing tangential radiotherapy for left-sided breast 
cancer.7 Patients were treated supine on a breast 
board with 6 MV and/or a mix of 6 and 18 MV photons. 
The radiotherapy treatment regimen was either stand-
ard (50  Gy in 25 daily fractions) or hypofractionated 
(42.4 Gy in 16 daily fractions) protocols, with or without 
a boost to the surgical cavity.

Radiation Dose–Function Relationship
Our methods have been described in detail previously.8 
In brief, all patients were simulated in a semirecum-
bent supine position, immobilized in a breast jig and 
vacuum bag. Routine planning computed tomography 
scans undertaken on a Phillips Brilliance Big Bore 16 
slice computed tomography scanner (Amsterdam, 
Netherlands) were used for cardiac delineation (non-
contrast and non-ECG-gated), acquired at 2-mm slice 
thickness. The imaging data sets were transferred to 
the Oncentra Brachytherapy software v4.5.2 (Elekta, 
Stockholm, Sweden), and reformatted into cardiac 
planes to generate the cardiac short axis, 2-chamber 
and 4-chamber apical views. Rotation was applied to 
only 1 plane at a time. The cardiac chambers, valves, 
and 18 segments of the LV as per the American Heart 
Association (AHA) model9 were then contoured in 
these planes using Radiation Therapy Oncology Group 
consensus guidelines.10 The whole heart and coronary 

CLINICAL PERSPECTIVE

What Is New?
•	 During left breast cancer treatment with radio-

therapy, the anterior, anteroseptal, and antero-
lateral left ventricular walls receive the highest 
radiotherapy dose.

•	 Radiotherapy dose received increases from 
basal to apical regions for all left ventricular walls.

•	 The greatest reduction in myocardial strain 
at 6  weeks is in the anterior wall, followed by 
the anteroseptal and anterolateral left ven-
tricular walls, and changes in strain persist at 
12 months; there is a linear within-patient dose–
response relationship between radiotherapy 
dose and deterioration from baseline strain at 
6 weeks and 12 months.

What Are the Clinical Implications?
•	 There is emerging benefit in breast cancer from tech-

niques such as regional nodal radiotherapy, which 
may result in greater cardiac radiotherapy doses.

•	 Strain imaging may play a role in the surveil-
lance of patients with breast cancer undergoing 
radiotherapy.

•	 This may be particularly useful in the setting of 
concomitant chemotherapy and may help guide 
cardioprotective therapy.

Nonstandard Abbreviations and Acronyms

GLS	 global longitudinal strain
RACD	 radiation-associated cardiac disease
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arteries were contoured in the standard orthogonal 
(axial) plane. Basal, mid, and apical LV regions were 
formed by summing American Heart Association seg-
ments 1–6, 7–12, and 13–18, respectively (Figure 1A).9 
Segments were also combined by the 6 LV walls, 
namely, anterior (segments 1, 7, and 13), anteroseptal 
(segments 2, 8, and 14), inferoseptal (segments 3, 9, 
and 15), inferior (segments 4, 10, and 16), inferolateral 
(segments 5, 11, and 17), and anterolateral (segments 
6, 12, and 18) (Figure 1B). Contours were performed 
by a single observer (S.T.), and the first 10 cases were 
reviewed and verified by 1 of the study cardiologists 
(J.O.). Additionally, the contour segmentation was con-
sistent with previously published studies.11 This radio-
therapy structure data set was imported into Pinnacle 
v9.10 where dose was calculated. MIM software v6.77 
(Mim Software Inc., Cleveland, OH) was used to read 
out dosimetric data. The radiotherapy doses reported 
are as predicted by the treatment planning system. In 
this study, absolute radiation doses were used, with no 
EQD2 conversions used to normalize the hypofraction-
ated doses. Only mean radiation doses to each of the 
18 LV segments were used for analysis. A spatial de-
piction of the radiation beam and the LV is presented 
in Figure 2.

Echocardiographic Examination
A comprehensive transthoracic echocardiogram was 
performed at baseline (preradiotherapy), 6  weeks 
and 12  months postradiotherapy, by experienced 
personnel (Vivid 7 or E9 systems, General Electric, 
Horten, Norway), and frame-rate optimized (≥60 
frames per second) images from the apical 2-, 3-, and 
4-chamber views were obtained for offline analysis. 

Two-dimensional, Doppler, and M-mode measure-
ments were also performed.

LV systolic function was evaluated by LVEF, using the 
Simpson’s biplane method of discs.9 Two-dimensional 
speckle tracking strain echocardiography strain analy-
sis was performed using dedicated software (Echopac 
201; GE,) to measure LV GLS from apical-4, -2, and 
3-chamber strain traces. An average of 3 cardiac cy-
cles was analyzed for each view. We previously have 
not observed a significant change in circumferential 
strain 6 weeks postradiotherapy,12 and hence circum-
ferential strain was not analyzed. Radial strain was also 
not evaluated because it has significant interobserver 
variability,6 limiting its clinical utility. Biplane maximum 
left atrial volume was measured using the method of 
discs.9

Inter- and intraobserver reproducibility for GLS 
was performed on 15 randomly selected patients. 
Measurements were performed by 2 blinded observ-
ers; measurements were repeated by 1 observer after 
4 weeks.

Statistical Analysis
Statistical analysis was performed using IBM SPSS sta-
tistics (version 25; IBM Corporation, Armonk, NY) and 
S-PLUS (version 8) (SolutionMetrics, Sydney, Australia). 
Continuous variables are summarized as mean±SD, 
and categorical variables as frequencies and percent-
ages. Linear mixed-effects models were used to investi-
gate the joint effects of LV wall (6-level factor comprising 
anterior, anteroseptal, inferoseptal, inferior, inferolateral, 
and anterolateral) and region (3-level factor compris-
ing basal, mid, and apical) on the percentage deterio-
ration in strain observed for the 18-segment American 

Figure 1.  LV regions and walls.
A, Diagrammatic representation of basal, mid, and apical regions. Eighteen segments as per AHA model are shown.9 Segments 1–6 
formed the basal region (orange), segments 7–12 the mid region (green), and segments 13–18 the apical region (blue). B, Diagrammatic 
representation of 6 LV walls. Eighteen segments as per AHA model are shown.9 Each wall is depicted by a color; segments 1, 7, and 
13 formed the anterior wall, segments 2, 8, and 14 the anteroseptal wall, and so on. AHA indicates American Heart Association; and 
LV, left ventricular.
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Heart Association model from baseline to 6 weeks and 
from baseline to 12 months. The percentage deteriora-
tion from baseline strain at 6 weeks was calculated as 
100*(strainbaseline–strain6weeks)/strainbaseline, and similarly at 
12 months. In these models, patient ID was used as the 
group identifier, LV wall and region were fitted as both 
fixed and random effects with a general symmetric co-
variance structure, and their 2-way interaction as a fixed 
effect. Linear mixed-effects models were also used to 
investigate the joint effects of region and log of the radia-
tion dose, on the percentage deterioration from baseline 
strain observed at 6 weeks and at 12 months. In these 
models, the continuous variable, log radiation dose (to 
base 2), was fitted as a random and as a fixed effect, and 
the 2-way interaction between region and log2 (radiation 
dose) was fitted as a fixed effect. Diagnostic residual plots 
were used to check the adequacy of the fitted models. 
Two-tailed tests with significance level of 5% were used 
throughout. Inter- and intraobserver reproducibility for 
GLS were reported as coefficients of repeatability.

RESULTS
Patient Population and Radiotherapy 
Dose
Sixty-one female patients with breast cancer were pro-
spectively enrolled and underwent serial echocardiograms 

(preradiotherapy, 6 weeks and 12 months postradiother-
apy); all patients were in sinus rhythm. Baseline patient 
demographics and cardiovascular risk factors are pre-
sented in Table 1.

Mean dose to each of the 18 segments, to the basal, 
mid, and apical regions, and to each of the six LV walls 
is presented in Table 1. Radiotherapy dose was highest 
in the apical region, with anterior, anteroseptal, and an-
terolateral apical segments receiving the highest dose. 
Figure 3A illustrates the mean radiotherapy dose (on a 
logarithmic scale) with 95% CI for a given region by LV 
wall. Inferolateral and inferior walls received the least 
radiotherapy dose, and the radiotherapy dose received 
increased from basal to mid to apical regions (P<0.001 
for all pairwise comparisons between regions within a 
LV wall).

Radiotherapy Dose and 
Echocardiographic Parameters
Echocardiographic parameters at the 3 time points 
are summarized in Table 2; strain data are presented 
as individual segmental strain and of LV regions and 
walls.

LV volumes and EF were normal at baseline and at 
12-month follow-up, with no significant within-patient 
change in LVEF. However, mean end-diastolic volume 
and end-systolic volume progressively increased from 
baseline.

Figure 3B illustrates the percentage deterioration from 
baseline strain at 6 weeks (with 95% CI) for basal, mid, 
and apical regions for the 6 LV walls. Across all walls, 
the apical region demonstrated the most significant re-
duction in strain. The anterior, anteroseptal, and antero-
lateral walls demonstrated a reduction in strain across 
the basal, mid, and apical regions while inferolateral and 
inferior walls demonstrated no reduction in strain.

The percentage deterioration from baseline strain 
at 12  months demonstrated a pattern similar to that 
at 6  weeks, with an attenuation in strain reduction 
(Figure 3C).

Figure 4A illustrates the segmental strain at base-
line, and at 6 weeks- and 12 months-postradiotherapy 
as a composite of data from all patients. The mean ra-
diation dose in each segment, along with the percent-
age deterioration from baseline strain at 6 weeks and 
12 months, as a composite of data from all patients, is 
depicted in Figure 4B.

Regional Effects
There was a significant interaction between the ef-
fects of region and LV walls on the percentage de-
terioration from baseline strain at 6  weeks (P<0.001) 
and 12  months (P=0.007). Therefore, separate mod-
els were fitted in each of the 6 LV walls to assess the 
effect of region and quantify the difference between 

Figure 2.  Spatial relationship of LV and radiation beam.
A 3-dimensional reconstruction of a sample patient is shown. The 
blue volume represents breast PTV. Medial and lateral tangential 
radiation beams can be seen covering this volume. The entire 
heart is outlined in red. LV segments are displayed, with the 
apical and anterior segments being within the radiation field. LV 
indicates left ventricular; and PTV, planning target volume.
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basal and mid, and between basal and apical regions; 
Table  3 summarizes the pairwise comparisons of 
within-subject changes at 6 weeks and at 12 months. 

The largest differences in percentage deterioration 
from baseline strain were seen between apical and 
basal regions in all 6 LV walls at both 6  weeks and 
12 months, with differences most apparent in the ante-
rior and anteroseptal LV walls.

Figure  5 presents scatterplots of the percentage 
deterioration from baseline strain at 6  weeks versus 
the log2 (radiation dose) for 4 patients, demonstrating 
a clear dose–response effect, which is approximately 
linear, when percentage deterioration from baseline 
strain is plotted against log2 (radiation dose). Similar 
patterns were demonstrated in all patients for both 6-
week and 12-month percentage deterioration versus 
log2 (radiation dose) (data not shown). Linear mixed 
effects models fitted to the full data set found no signif-
icant interaction between the effects of region and log2 
(radiation dose) on the percentage deterioration from 
baseline strain at 6 weeks (P=0.373) or at 12 months 
(P=0.249). Therefore, the interaction term was dropped 
and only the main effects fitted for each follow-up time. 
Table 4 shows the slope and its SE within each region 
along with the overall common slope for percentage 
deterioration from baseline strain versus log2 radiation 
dose at 6 weeks and at 12 months. The slope has a 
very simple interpretation in these models; it is the per-
centage deterioration from baseline strain associated 
with a doubling of the radiation dose. In other words, a 
doubling in radiation received between 2 segments was 
associated with an average difference in percentage 
deterioration from baseline strain at 6 weeks of −5.7% 
(95% CI −6.4% to −5.0%), P<0.001 and at 12 months 
of −4.4% (95% CI −5.3% to −3.5%), P<0.001.

Reproducibility
Inter- (S.J.T. and L.S.) and intraobserver (S.J.T.) coef-
ficients for repeatability for GLS were 2.7 and 1.6, re-
spectively, in 15 randomly selected patients.

DISCUSSION
This study demonstrates detailed dose-related site-
specific changes in myocardial strain in the short- to 
medium-term follow-up of patients with left-sided breast 
cancer undergoing adjuvant tangential breast or chest 
wall radiotherapy. We demonstrate that (1) radiotherapy 
dose is highest in the anterior wall followed by the an-
teroseptal and anterolateral LV walls, and lowest in the 
inferolateral and inferior walls, (2) radiotherapy dose re-
ceived increases from basal to apical regions for all LV 
walls, (3) the greatest reductions in myocardial strain at 
6 weeks were in the anterior wall followed by the anter-
oseptal and anterolateral walls and persist at 12 months, 
and (4) there is a within-patient dose–response relation-
ship between radiotherapy dose and percentage dete-
rioration from baseline strain at 6 weeks and 12 months.

Table 1.  Patient Characteristics and Clinical Data With 
Radiation Dose by AHA Segment and by Region and by LV 
Wall

Parameter
Mean±SD / 

Frequency (%)

Age, y 59.6±8.5

Body mass index, kg/m2 27.4±6.7

Systolic blood pressure, mm Hg 134±14

Diastolic blood pressure, mm Hg 78±9

Smoking, % 18 (30)

Diabetes mellitus, % 12 (20)

Hypertension, % 28 (46)

Dyslipidemia, % 30 (49)

Mean RT dose (Gy)

By AHA segment

Basal

Anterior 2.66±0.40

Anterolateral 2.28±0.40

Inferolateral 1.29±0.31

Inferior 1.59±0.34

Inferoseptal 1.47±0.33

Anteroseptal 2.04±0.38

Mid

Anterior 8.84±4.32

Anterolateral 5.28±2.42

Inferolateral 2.19±0.46

Inferior 2.60±0.52

Inferoseptal 2.59±0.61

Anteroseptal 4.62±2.09

Apical

Anterior 31.71±8.72

Anterolateral 21.28±10.04

Inferolateral 6.70±3.60

Inferior 8.76±5.33

Inferoseptal 10.55±5.43

Anteroseptal 23.35±9.69

By Region

Basal 1.89±0.60

Mid 4.35±3.20

Apical 17.06±11.75

By LV wall

Anterior 14.40±13.72

Anterolateral 9.61±10.26

Inferolateral 3.40±3.16

Inferior 4.32±4.43

Inferoseptal 4.87±5.13

Anteroseptal 10.00±11.10

AHA indicates American Heart Association; LV, left ventricular; and RT, 
radiotherapy.
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Figure 3.  Radiation dose and percentage deterioration from baseline strain.
A, The mean radiation dose (logarithmic scale) with 95% CI for a given region by LV wall. RT dose was 
the highest in the apical region, with apical anterior, anteroseptal, and anterolateral segments receiving 
the highest RT dose. B, Percentage deterioration from baseline strain at 6 weeks with 95% CI for a given 
region by LV wall. Across all walls, the apical region demonstrated the most significant reduction in strain. 
Within all 3 regions, the anterior and anteroseptal segments demonstrated a reduction in strain. Within 
the basal and mid regions, the inferolateral and inferior segments demonstrated no significant reduction 
in strain. C, Percentage deterioration from baseline strain at 12 months with 95% CI for a given region by 
LV wall. A pattern similar to that at 6 weeks was observed, with an attenuation in the size of the reduction. 
LV indicates left ventricular; and RT, radiotherapy.
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Table 2.  Echocardiographic Parameters at Baseline and Follow-Up Time Periods

Parameter Baseline (pre-RT) 6 wks Post RT 12 mo Post RT
P Value (Repeated 
Measures ANOVA)

Systolic function

Biplane EDV, Ml 72.1±21.2 78.6±19.0 86.5±17.2 <0.001

Biplane ESV, mL 26.5±8.3 28.6±9.1 32.5±8.6 0.003

Ejection fraction (%) 61.4±4.8 61.8±4.6 61.2±4.5 0.64

Diastolic parameters

Peak E, m/s 0.71±0.5 0.69±0.4 0.70±0.5 0.87

Peak A 0.75±0.13 0.77±0.15 0.79±0.11 0.06

Average e’, cm/s 8.0±2.0 7.9±1.9 8.1±2.0 0.51

E/A ratio 1.01±0.3 1.00±0.2 0.91±0.2 0.03

DT, ms 205±9 216±10 221±11 0.17

Strain (%)

Global longitudinal strain −21.5±1.8 −19.2±2.0 −18.5±1.7 <0.001

By AHA segment

Basal

Anterior −17.28±3.14 −15.40±2.76 −16.11±3.39

Anterolateral −16.32±3.17 −15.66±2.34 −15.64±2.92

Inferolateral −19.44±4.18 −20.04±3.59 −19.05±4.57

Inferior −17.00±3.47 −16.75±3.34 −16.91±4.22

Inferoseptal −18.69±4.16 −17.82±3.68 −17.99±4.51

Anteroseptal −18.59±4.38 −17.06±4.13 −17.46±4.34

Mid

Anterior −21.68±3.92 −18.17±3.49 −19.42±4.81

Anterolateral −18.71±2.79 −17.43±3.00 −18.05±3.18

Inferolateral −19.62±3.96 −19.77±3.88 −18.96±4.13

Inferior −18.93±3.31 −19.14±3.11 −18.87±3.63

Inferoseptal −19.31±3.80 −17.67±3.10 −18.23±4.11

Anteroseptal −19.29±4.09 −17.09±3.87 −17.23±3.91

Apical

Anterior −26.47±5.91 −19.11±4.37 −20.82±6.57

Anterolateral −27.13±3.69 −21.80±4.47 −23.33±5.15

Inferolateral −23.23±5.97 −21.40±5.19 −21.89±4.94

Inferior −26.69±4.43 −24.08±5.16 −24.46±4.84

Inferoseptal −25.66±4.22 −20.69±3.80 −22.63±4.81

Anteroseptal −24.97±3.63 −18.26±3.06 −19.77±4.52

By Region

Basal −17.89±3.91 −17.12±3.67 −17.19±4.17

Mid −19.59±3.78 −18.21±3.53 −18.46±4.03

Apical −25.69±4.88 −20.89±4.76 −22.15±5.37

By LV wall

Anterior −21.81±5.83 −17.56±3.91 −18.78±5.44

Anterolateral −20.72±5.65 −18.30±4.25 −19.01±5.03

Inferolateral −20.76±5.07 −20.40±4.31 −19.97±4.73

Inferior −20.87±5.62 −19.99±5.00 −20.08±5.31

Inferoseptal −21.22±5.13 −18.72±3.78 −19.61±4.95

Anteroseptal −20.95±4.94 −17.47±3.73 −18.15±4.39

AHA indicates American Heart Association; DT, deceleration time; EDV, end diastolic volume; ESV, end systolic volume; LV, left ventricular; and RT, 
radiotherapy.
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A strength of our study was the inclusion of 
chemotherapy-naïve patients with left-sided breast can-
cer, without previous cardiac disease, which permitted 
precise assessment of the effects of radiotherapy without 

the confounding effects of chemotherapy or previous 
myocardial involvement. With systematic cardiac seg-
mentation, we could evaluate the cardiac subvolume do-
simetry and correlation with segmental alteration in strain.

Figure 4.  Segmental strain over time.
A, Segmental strain at baseline, and at 6 weeks- and 12 months-post RT as a composite of data from all patients. Areas of best 
strain are colored orange (in central apical region at baseline). Graded transition (as indicated by the vertical color bar key) towards 
blue tones indicate worsening strain. The same color scale has been used at each time point to facilitate comparison. B, Segmental 
radiation dose and percentage deterioration from baseline segmental strain at 6 weeks- and 12 months-post-RT as a composite of 
data from all patients. The RT dose color map uses a log2 scale, with the white area receiving the highest RT dose, and progressively 
darker areas receiving progressively lower RT doses. The percentage deterioration from baseline strain is worst in deep red areas, 
diminishing to no deterioration in white areas. There is a clear correspondence between segments receiving the largest RT dose and 
segments demonstrating the worst percentage deterioration from baseline strain. RT indicates radiotherapy.

Table 3.  Within-Patient Pairwise Comparisons of Basal Versus Mid and Apical Percentage Changes in Strain From 
Baseline at 6 weeks and 12 months by LV Walls

Time LV Wall

Mid–Basal Apical–Basal

Mean (%) SE P Value Mean (%) SE P Value

6 wks Anterior −6.61 1.72 <0.001 −19.54 2.08 <0.001

Anterolateral −4.18 1.89 0.029 −17.27 2.25 <0.001

Inferolateral −2.66 2.02 0.191 −10.31 2.19 <0.001

Inferior 3.34 1.81 0.068 −8.051 3.39 0.020

Inferoseptal −1.54 1.57 0.329 −12.65 1.63 <0.001

Anteroseptal −2.83 1.18 0.019 −18.20 1.06 <0.001

12 mo Anterior −4.54 1.97 0.023 −15.79 2.18 <0.001

Anterolateral −1.52 2.18 0.487 −13.24 3.42 <0.001

Inferolateral −0.73 2.24 0.745 −1.88 4.11 0.648

Inferior −4.38 4.48 0.330 −13.83 5.86 0.020

Inferoseptal −1.80 1.82 0.326 −5.92 2.96 0.048

Anteroseptal −4.38 1.18 <0.001 −14.76 1.73 <0.001

LV indicates left ventricular.
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GLS Postradiotherapy
GLS is a sensitive marker of subclinical LV dysfunc-
tion in several conditions, including hypertension, 
diabetes mellitus, infiltrative cardiomyopathies, and 
chemotherapy-related cardiotoxicity.6 Our group has 
reported subclinical alterations detected by strain in 
LV systolic12 and diastolic function,13 persisting at 
12  months postradiotherapy.14 Similar reductions in 
LV GLS from a few weeks to 14 months after radio-
therapy, despite normal LVEF, have been reported.15–19 
It is unclear, however, whether these changes pre-
dict long-term cardiac dysfunction or specific clinical 
events. However, detecting overt reduction in LVEF 
after radiotherapy may be too late for treatment.20 A 
previous study in young adults who received high-
dose mediastinal radiotherapy (5–144  months prior) 

demonstrated that although <50% had clinical signs 
of heart failure, all had anatomic evidence of cardiac 
dysfunction at autopsy.21 Strain abnormalities can help 
with risk stratification; in patients with RACD under-
going surgery, LV GLS lower than −14.5% predicted 
worse outcome.22

Effects of Radiotherapy and Chemotherapy
In patients receiving chemotherapy, an early de-
cline in GLS has been associated with later dete-
rioration in LVEF.23 Indeed, GLS is incorporated in 
current clinical guidelines for cardiac monitoring dur-
ing chemotherapy, particularly anthracyclines24; a 
reduction of >15% in GLS compared with baseline 
demonstrates chemotherapy-related cardiotoxicity.24 

Figure 5.  Scatterplots for 4 patients demonstrating the within-subject effect of log2 (radiation 
dose) on percentage deterioration from baseline segmental strain at 6 weeks.
A dose–response effect, which is approximately linear, when percentage deterioration from baseline 
strain is plotted against log2 (radiation dose), was demonstrated. Similar patterns were apparent within 
each patient at both 6 weeks and 12 months.

Table 4.  Estimated Rate of Within-Patient Percentage Deterioration from Baseline Strain at 6 Weeks and 12 Months Per 
Unit Increase in log2 (radiation dose) by Region and Across All 18 AHA Segments

Region

6 wks 12 mo

Slope (95% CI) P Value

P Value 
Region by 

log2(Radiation) 
Interaction Slope (95% CI) P Value

P Value 
Region by 

log2(Radiation) 
Interaction

Basal −5.6% (−8.3% to −2.8%) <0.001 0.373 −4.0% (−8.4% to 0.5%) 0.079 0.249

Mid −7.6% (−9.4% to −5.9%) <0.001 … −3.8% (−6.3% to −1.2%) 0.003 …

Apical −7.0% (−8.5% to −5.5%) <0.001 … −6.1% (−8.1% to −4.0%) <0.001 …

Overall (18 
segments)

−5.7% (−6.4% to −5.0%) <0.001 … −4.4% (−5.3% to −3.5%) <0.001 …

The slope is the within-patient reduction in the percentage change in strain from baseline associated with a doubling of the radiation dose. AHA indicates 
American Heart Association.
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A 15% reduction in GLS was also reported in 27% of 
chemotherapy-naïve patients who received radiother-
apy,25 and >20% reduction in GLS was observed in 
15% of patients.12

Because many patients with cancer receive che-
motherapy and adjuvant radiotherapy, their synergistic 
effects would enhance cardiotoxicity. In a large cohort 
study of childhood cancer survivors, almost one third 
had altered LV GLS and 11% diastolic dysfunction, 
both observed with greater frequency in those receiv-
ing both chemotherapy and chest radiotherapy.26

Radiotherapy Effects on Global and 
Segmental Strain
A modest correlation has been demonstrated between 
mean heart dose of radiotherapy and percent change in 
LV GLS.12 In a previous study, patients with breast can-
cer who received radiotherapy doses >20 Gy to LV vol-
ume >15% demonstrated greater reduction in LV GLS.27

Our group and others have demonstrated that the 
LV apical regions8,15 and anterior and anteroseptal 
walls8,15,16 receive the highest radiotherapy dose with 
tangential radiotherapy for breast cancer. While this is 
intuitive (ie, that the spatial location of the heart means 
that the apical anterior segments are in closest prox-
imity to the radiotherapy beam), in this study we could 
establish, for the first time, a dose–response relation-
ship between segmental LV percentage deterioration 
from baseline strain at 6 weeks and 12 months with 
segmental radiotherapy dose received.

Pathophysiology of Radiotherapy-Induced 
Myocardial Dysfunction
The mechanism of radiotherapy-induced injury to car-
diac muscle remains unclear. Our study suggests that 
the extent of myocardial dysfunction is related to both 
the dosimetric and spatial effects of radiotherapy. 
The greatest reduction in segmental strain occurred 
acutely, within the first 6 weeks postradiotherapy. Early 
changes postradiotherapy include myocyte injury and 
loss of endothelial cells with associated inflammation, 
tissue edema, and vascular damage,28 with resultant 
alteration in strain. Eventually, radiotherapy-induced 
fibrosis occurs as a reparative response of the heart 
tissue to microvascular injury,29 and long-term attenu-
ation in the segmental strain (at 12 months) likely re-
flects this reparative remodeling. However, persisting 
alterations at 12  months is a key point that may be 
clinically relevant in the long-term management, espe-
cially in patients receiving chemotherapy.

Dose–Response Relationship
Our study reports a definite dose–response rela-
tionship between radiotherapy dose and impaired 

segmental strain, evident even at 12 months. Previous 
studies have largely reported correlation between ra-
diation dose to cardiac structures, particularly focused 
on coronary artery disease,4 as long-term outcomes 
(>10 years) after radiotherapy. A linear relationship be-
tween radiation dose and late major coronary events 
has been shown, with an increased relative risk of 
7.4% seen with each additional unit of radiation, up to 
20 years postradiotherapy.4 We demonstrated impair-
ment in strain in the short- to medium-term, which im-
plies that subclinical cardiac dysfunction because of 
RACD appears long before the onset of clinically sig-
nificant cardiac events.

Contemporary Techniques to Minimize 
Cardiac Radiation
Our study illustrates the need to explore techniques 
to reduce RACD, including cardiac autosegmenta-
tion use in radiotherapy treatment planning for dose 
modification for those patients with high dose,30 as 
well as techniques such as deep inspiration breath 
hold and intensity-modulated radiotherapy.7 Deep 
inspiration breath hold takes advantage of a more 
favorable position of the heart during inspiration to 
minimize heart doses, with benefit in patients with 
left-sided breast cancer receiving locoregional nodal 
irradiation.7 Other techniques including prone posi-
tioning and proton beam radiotherapy7 are cardiac 
sparing, as reported in a recent multicenter study.31

Clinical Implications
The most relevant finding of our study is the approxi-
mately linear within-patient dose–response relationship 
between log2 (radiotherapy dose) and percent reduc-
tion from baseline in segmental strain. A reduction in 
GLS is predictive of future cardiac failure in the set-
ting of chemotherapy,23 and in a recent meta-analysis, 
almost 16% of patients exposed to ionizing radiation 
developed heart failure.32 This study examined only 
patients undergoing tangential beam radiotherapy; 
one of the challenges for breast cancer is the emerg-
ing benefit from regional nodal radiotherapy, which 
may result in greater cardiac doses.

Early identification of patients at risk, and appropri-
ate commencement of cardioprotective therapy, could 
prevent development of overt RACD, indicating the 
potential role of myocardial strain imaging in ongoing 
surveillance of these patients.

LIMITATIONS
The modest sample size was a limitation; however, 
given the specific eligibility criteria, this represents a 
good number. Because previous studies in patients 
with right-sided breast cancer receiving radiotherapy 
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have demonstrated extremely low heart radiotherapy 
dose, and no change in strain (including apical strain) 
early after and up to 3 years postradiotherapy,17,25 we 
did not include a control group of patients who received 
no radiotherapy. A study with longer follow-up would 
allow our results to be validated and facilitate correla-
tion of reduced LV GLS with long-term adverse out-
comes. The doses reported throughout this article are 
doses as predicted by the treatment planning system 
based on routine clinical practice in all patients receiv-
ing radiotherapy. Prescribed and received doses can 
vary because of a range of uncertainties including pa-
tient set-up, patient movement, etc. However, planned 
dose is the most optimal manner in which dose re-
ceived can be approximated, and all studies to date 
analyzing dose effect for radiotherapy and the heart 
use this same parameter. Another limitation is that 
we did not use autosegmentation or four-dimensional 
computed tomography, because this is not routinely 
utilized in clinical practice for breast cancer quantifica-
tion. Finally, we did not evaluate the impact of radiation 
dose on specific cardiac structures (eg, coronary ar-
teries), which usually occurs late.

CONCLUSIONS
In patients with left-sided breast cancer undergoing 
radiotherapy, apical segments, and anterior, anter-
oseptal, and anterolateral LV walls receive the greatest 
radiotherapy dose, and consequently are associated 
with the largest reduction in myocardial strain, dem-
onstrated up to 12 months postradiotherapy. Longer-
term studies are required in larger patient groups to 
determine the prognostic value of these findings as a 
marker for future adverse cardiac events.
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