Introduction: Left-sided breast-cancer
patients treated with adjuvant radio-
therapy (RT) before the 1990s were
associated with increased risk of car-
diac mortality. Modern RT techniques
have since improved, resulting in lower
radiation doses to the heart. However,
concerns regarding cardiac toxicity
remain. In a retrospective cohort study,
we compare the ischaemic heart dis-
ease (IHD)-related mortality of left-sid-
ed versus right-sided breast-cancer
patients. We present the results of
the cardiac mortality and all-cause
mortality risk of Asian breast-cancer
survivors treated with RT in Singapore.
Material and methods: A total of
14,419 Asian women from a single
institution were treated for breast can-
cer from 2000 to 2016. A systematic
mortality follow-up was conducted
until December 2015. The effect of
breast cancer laterality on IHD-related
mortality and on overall mortality was
investigated. Mean heart doses were
recorded for patients from 2010-2016.
Results: In the irradiated group
(n = 9556), we found no difference in
IHD-related mortality or overall mor-
tality when comparing the left- and
right-sided breast cancers. The hazard
ratio of cardiac mortality for left-sided
versus right-sided RT was 0.94 (95%
Cl: 0.64-1.38). The hazard ratio for
all-cause mortality was 1.03 (95% Cl:
0.94-1.13).

Conclusions: Our study of Asian can-
cer patients did not reveal a significant
increase in the risk of IHD-related mor-
tality or overall mortality comparing
left- vs. right-sided breast cancers in
modern-era RT.

Key words: breast cancer, radiother-
apy, coronary heart disease, cohort,
cardiac mortality.
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Introduction

Breast cancer is the most common cancer among Singaporean women [1].
Radiotherapy (RT) has been indicated in at least 50% of all breast cancer
patients during the initial treatment, of whom at least 60% of all breast can-
cer patients have an indication for RT at some point in the course of illness
[2, 3]. Adjuvant breast cancer RT has benefits for local recurrence rates and
long-term survival, whilst whole-breast irradiation reduces the local recur-
rence rate by 70-88% [4, 5] with a 5.3% reduction in overall mortality after
15 years. However, there are concerns about radiation-induced heart disease
(RIHD), particularly in left-sided breast cancers and in those who require re-
gional nodal irradiation. To date, several large cohort studies have report-
ed on the impact of radiation on cardiac outcomes in terms of ischaemic
cardiac events such as coronary artery stenosis, myocardial infarction, and
cardiac death [6, 7].

Darby et al. reported that the risk of major acute coronary events (ACE)
increased linearly with the mean dose to the heart by 7.4% per gray [6].
A meta-analysis of breast cancer patients who received left-sided RT were
found to have increased risks of developing cardiac disease, cardiac death,
and death from any cause, as compared to those who received right-sid-
ed RT [6, 7]. Compared to breast cancer patients without RT, patients with
RT had higher risks of coronary heart disease- and ischaemic heart disease
(IHD)-related mortality. However, these trials predominantly used older
RT techniques, resulting in considerable doses to the heart [6, 7].

Since then, there have been major advancement in RT techniques, such
as three-dimensional (3D) treatment planning, cardiac shielding, prone posi-
tion, and deep inspiration breath hold, which have led to a continuous reduc-
tion in radiation doses to the heart. There are also limited studies describ-
ing the long-term effects of these modern RT techniques and on potential
interactions of radiation with other risk factors for cardiovascular diseases
(CVD). Taylor et al. analysed mean heart doses (MHD) from left tangential
RT to cardiac structures over decades, and they described reductions in MHD
from 13.3 Gy in the 1970s, to 4.7 Gy in the 1990s, and 2.3 Gy in 2006 [8].
This decrease seemed to have resulted in a very low risk of death caused by
RIHD, at least for women without CVD [9]. A Surveillance, Epidemiology, and
End Results (SEER) registry analysis of 48,353 women with breast cancer
over 65 years old also concluded that RT did not increase the risk of acute
myocardial infarction in more than 10 years [10].

Ischaemic heart disease remains in the top 3 causes of death in Singapor-
ean females, accounting for 15.7% of deaths in 2019 [11]. Few data are pub-
lished on the IHD risk factors in an Asian cohort of irradiated breast-cancer
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patients. Chang et al. in an analysis of 2577 women from
a Korean breast cancer registry, who underwent breast
conservation and adjuvant RT from 1990-2012, did not
find an excess risk in ACE between left-sided and right-sid-
ed breast-cancer patients [12].

Material and methods

The primary endpoint of the study is to investigate
the IHD-related mortality and overall mortality between
left-sided and right-sided breast-cancer patients.

This is a registry-based, single centre, retrospective co-
hort study. Eligible breast cancer patients were diagnosed
and treated between January 2000 and December 2016 at
the National Cancer Centre Singapore (NCCS). We included
all non-metastatic patients with histologically confirmed
breast cancer with either an invasive carcinoma or a car-
cinoma in situ, who had undergone definitive treatment
with curative intent. Exclusion criteria included previous or
synchronous cancer history, bilateral breast cancers, and
palliative treatments.

Individual data on breast cancer disease, therapy, and
comorbidities were extracted from the Joint Breast Cancer
Registry (JBCR). The following data fields were extracted:
date of diagnosis, age at diagnosis, date of birth, height/
weight, laterality, comorbidities, TNM-stage (tumour,
node, metastasis), histology subtype, and hormonal pro-
file (oestrogen, progesterone, HER2-expression). Treat-
ment information such as surgery, chemotherapy regime,
adjuvant endocrine therapy, and RT treatment information
were also extracted. Data on the first and subsequent re-
currences were obtained.

Baseline IHD risk factors, defined as any personal his-
tory of IHD, diabetes (DM), hypertension (HYPT), hyperlip-
idaemia (HLD), chronic renal failure, and cerebrovascular
disease, were obtained from JBCR, the Singapore Cardiac
Data Bank (SCDB) registry, and/or from the electronic re-
cords system for administering RT. The SCDB was estab-
lished in 2000 as a National Data Bank of CVD and proce-
dures. It is a comprehensive source for Singapore National
data containing information of over 80% of hospital care
delivered in public institutions.

The baseline date was defined as the date of diagnosis.
Patient event times were censored in cases where a new
radiation treatment was delivered in the follow-up period,
in cases of death, or at the end of follow-up time. The fol-
low-up interval was defined as the time between baseline
and censoring date or date of event. Patient information
was collected until the last known date of review. The un-
derlying causes of death were coded according to the 10th
revision of the International Classification of Diseases. The
Registry of Births and Deaths records information of all
deaths of Singapore residents. All deaths certified related
to IHD were analysed. These included ischaemic cardio-
myopathy and ischaemic heart failure. All-cause mortality,
breast cancer-specific mortality, and all other causes of
death were analysed. Individual follow-up started with the
date of diagnosis of primary breast cancer. The end of the
follow-up was defined as the date of death, last informa-
tion date, or 31 December 2020, whichever occurred first.

In NCCS, breast irradiation techniques have evolved
during the study period. For patients up to 2009, RT was
performed using 2 tangential fields and a single anterior
field for SCF nodes. From 2010 onwards, 3D conformal RT
using computed tomography (CT)-based planning was
used with field-in-field optimization. Beam configuration
comprised tangential fields and additional anterior and/or
posterior beams for nodal irradiation. Doses to the heart,
lungs, and contralateral breast were minimized.

Standard conventional fractionation of 50 Gy in 25 frac-
tions was prescribed for the target volume, with a sequen-
tial boost of 10-16 Gy in 2 Gy per fraction depending on
pathologic risk factors. The whole heart was contoured ac-
cording to established guidelines. START hypofractionation,
40 Gy in 15 fractions, were standard dose prescription from
2012 onwards [13]. In 2014, intensity modulated radiothera-
py (IMRT) delivered in the form of helical tomotherapy was
prescribed for advanced breast cancer patients with 4 or
more positive nodes (pN2), who required internal mamma-
ry chain (IMC) nodal irradiation. There were 251 tomother-
apy treatments from 2014 to 2016, which is a very small
subset of RT patients.

The Ethics Committee approved the use of the data-
base for analysis.

Statistical analysis

We used descriptive statistics to characterize patient
demographics, stages of breast cancer, patterns of treat-
ment, and adjuvant systemic therapy for the whole cohort.
Categorical variables were summarized as frequency and
percentage, and continuous variables were summarized us-
ing mean, standard deviation, median, interquartile range
(IOR), and range. Median follow-up was estimated using
the reverse Kaplan-Meier method. Univariable and multi-
variable Cox regression analyses were performed to assess
the association between overall survival and IHD-related
mortality with clinicopathological and treatment charac-
teristics. A two-sided p-value less than 0.05 was consid-
ered statistically significant. We adjusted for potential
confounders, which included the following: baseline IHD
risk factors, application of chemotherapy, hormonal ther-
apy, stage of cancer, and age at diagnosis. Overall survival
was defined as the time interval between initial diagnosis
and death by any cause or the last follow-up date. Isch-
aemic heart disease-related mortality was defined as the
time between initial diagnosis and death from IHD or last
follow-up date. All statistical analyses were carried out us-
ing R software (version 3.6.3).

Results
Description of cohort

A total of 14,419 non-metastatic breast-cancer patients
were included in the analysis. All the patients were diag-
nosed after 2000, and 35.6% of patients were diagnosed
after 2011. The median follow-up time was 8.6 (5.1-13.0)
years. The median age was 52 (IQR 45-60) years. Most
(70.5%) of the histology subtypes were luminal A or B.
Only 8.6% patients had HER2-enriched breast cancer be-
cause HER2 receptor testing was routinely done only in the
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later cohort. 63.2% were diagnosed with early stage | and
Il breast cancers. Those who did not receive RT largely
consisted of patients with either ductal carcinoma in situ
(DCIS) or early-stage node-negative breast cancer patients
who underwent mastectomy (88.4%), and thus did not re-
quire adjuvant RT. Hence, the irradiated group had a larger
proportion of advance stage of disease, thus needing che-
motherapy and RT.

66.3% (9556/14419) of the cohort had adjuvant RT, and
the distribution in year of diagnosis, age, race, histology,
staging, the application of systemic therapy, and the type
of surgery were similar for left- and right-sided tumours
(Table 1). A history of baseline IHD risk factors was confirmed
in approximately 30% of the patients. For reference, the pop-
ulation prevalence in Singapore for HYPT, DM, and HLD is
reported to be 21.5%, 8.6%, and 33%, respectively [14].

Radiotherapy treatment dosimetry

The radiotherapy treatment details are described
in Table 2. Patients were classified as belonging to
a CT-based RT planning period from 1 Jan 2010 onwards.
The available dosimetry in MHD was recorded. The MHD
ranged 0-21.5 Gy for right-sided RT and 0-18.8 Gy for
left-sided RT. The average MHD was 0.9 Gy for right-sid-
ed RT and 2.6 Gy for left-sided RT. Hypofractionation and
standard fractionations of RT was delivered to similar pro-
portions of left and right-sided RT patients.

Mortality data

At the end of the follow-up period, more than 82% of
the cohort patients were still alive, with 70% of them with-
out any disease recurrence (Table 3). A total of 61 patients
(0.4%) were lost to follow-up, and 2593 patients were re-
ported to be deceased at the time of analysis. In the non-
RT group, the proportion of deaths was 15.8%, compared
t0 19.1% in the irradiated group. The rest of the vital sta-
tuses of the cohort can be seen in Table 3.

Table 4 summarises the cause of death for all patients
in this study. Notably, IHD accounted for 6% of the total
deaths. In the non-RT group, IHD accounted for 9.5% of
all known causes of death. In the RT group, of those with
right-sided tumours, 4.2% died of heart disease, and in
left-sided breast cancer, heart disease represented 4.9%
of all causes of death. There were a small number of pa-
tients (n = 10) in whom both IHD and breast cancer were
listed as major contributing causes of death. There were
more breast cancer-related deaths in the RT group (75.3%
/71.8%) vs. 54.6% in the non-RT group. The non-RT group
had a higher proportion of DCIS patients and early-stage
invasive breast cancer (44% vs. 25.3%/24.7%). The RT group
had a higher proportion of stage 3 patients (28% vs. 5.2%).

Overall, for breast cancer patients receiving RT, our re-
sults showed similar mortality rates between left-sided and
right-sided cancer. Comparison of MHD from the CT-based
period showed a difference of 1.7 Gy between RT of the left-
and right-sided breast cancer (Table 2). This small difference
may not be large enough to cause a rise in the mortality.

To adjust for confounders on IHD-related mortality,
a multivariate model analysis was done, which included

age at diagnosis, use of chemotherapy, and pre-existing
IHD, as covariates (Fig. 1). In the irradiated group, our re-
sults showed no significant difference for laterality of
breast cancer irradiation (Fig. 1). The hazard ratio (HR) of
IHD-related mortality for left-sided versus right-sided RT
was 0.94 (95% Cl: 0.64-1.38). A history of pre-existing IHD
significantly increased the IHD-related mortality risk (HR
4.18, 95% Cl: 2.41-7.25) in the RT group, while the HR was
5.34 (1.94-14.70) in the non-RT group. The use of chemo-
therapy was not associated with an increased risk (HR 1.12,
95% Cl: 0.70-1.79); see Supplementary Table 1. However,
other IHD risk factors such as HYPT, DM, and HLD did not
show an expected positive relationship when included in
the model. This is probably due to a large number of miss-
ing data for these comorbidities.

For comparison, we also assessed the effect of laterali-
ty on cardiac mortality in the group without RT in Figure 1.
The hazard ratio for left-sided versus right-sided breast
cancer was not statistically significant, at 1.38 (95%Cl:
0.87-2.21).

Another multivariate model analysis was done for
death from all causes with breast-cancer stage, the use
of chemotherapy, hormonal therapy, and baseline IHD risk
factors as variables (Fig. 2). For patients treated with RT,
left- vs. right-sided breast cancer patients did not reveal
any significant differences in all-cause mortality with HR
1.03 (95% Cl: 0.94-1.13). As expected, the HR for overall
mortality increased with increasing stages of diseases.
Chemotherapy and hormonal therapy exerted a protec-
tive effect for overall mortality with an HR of 0.85 (95%
Cl: 0.75-0.95, p = 0.005) and 0.74 (95% Cl: 0.66-0.83,
p < 0.001), respectively, for patients who received RT (see
Supplementary Table 2). For the non-RT group, the HR for
patients who received chemotherapy or hormonal thera-
py was not statistically significant, but it trended towards
a lower HR.

Discussion

In this study, we present the mortality outcomes of
a large cohort of Asian breast-cancer patients treated in
a single institution from 2000 onwards with a median fol-
low-up of 8.7 years. We did not find a significant increase
in IHD-related mortality between left-sided and right-sid-
ed RT cohorts, with HR of 1.08 and 1.38, respectively. Mul-
tivariate analysis did not show any effect of laterality on
IHD-related or all-cause mortality. We noted a higher pro-
portion of IHD-related deaths in the non-RT group (9.5%)
versus the irradiated group (4.5%). This is probably be-
cause breast cancer is a competing cause of death in this
group of women, given the higher proportion of more ad-
vanced breast-cancer disease. The RT group is more likely
to die from breast cancer earlier rather than IHD or oth-
er causes, thus removing a subject from being at risk for
IHD-related death in our study.

Our study concurs with the findings of recent studies
on the risks of IHD-related toxicities. Most studies that re-
ported increased ACE included patients who received RT
before the 1970s and primarily included patients treated
with older two-dimensional RT techniques. Advancements
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Table 1. Patient characteristics including baseline ischaemic heart disease risk factors

Year of diagnosis

No radiation therapy

(n = 4863)

Radiation therapy

Right sided (n = 4677)

Left sided (n = 4879)

Total (N = 14419)

2000-2009 2376 (48.9%) 2476 (52.9%) 2517 (51.6%) 7369 (51.1%)

2010-2016 2487 (51.1%) 2201 (47.1%) 2362 (48.4%) 7050 (48.9%)
Age at diagnosis [years]

Mean (SD) 55.6 (12.0) 51.2 (11.0) 51.8 (10.9) 52.9 (11.5)

Median (IQR) 55.0 (47.0, 64.0) 50.0 (44.0, 58.0) 51.0 (44.0, 59.0) 52.0 (45.0, 60.0)

Range 16.0-103.0 19.0-89.0 17.0-92.0 16.0-103.0

Median follow-up years (IQR)
Histology (%)

8.59 (4.99-12.57)

8.84 (5.23-13.10)

8.54 (5.05-13.13)

8.66 (5.08-12.97)

Basal 452 (9.3) 487 (10.4) 544 (11.1) 1483 (10.3)
HER2 +ve 408 (8.4) 397 (8.5) 429 (8.8) 1234 (8.6)
Luminal A or B 3417 (70.3) 3335 (71.3) 3412 (69.9) 10164 (70.5)
Side (%)
Left 2427 (49.9) 0 (0.0) 4879 (100.0) 7306 (50.7)
Right 2436 (50.1) 4677 (100.0) 0 (0.0) 7113 (49.3)
Race (%)
Chinese 3965 (81.5) 3419 (73.1) 3616 (74.1) 11000 (76.3)
Indian 210 (4.3) 254 (5.4) 268 (5.5) 732 (5.1)
Malay 284 (5.8) 544 (11.6) 517 (10.6) 1345 (9.3)
Others 404 (8.3) 460 (9.8) 478 (9.8) 1342 (9.3)
Grade (%)
Grade 1-2 2639 (54.3) 2315 (49.5) 2369 (48.6) 7323 (50.8)
Grade 3 1825 (37.5) 2023 (43.3) 2165 (44.4) 6013 (41.7)
Unknown 399 (8.2) 339 (7.2) 345 (7.1) 1083 (7.5)
TNM-stage (%)
DCIS/LCIS non-invasive 947 (19.5) 460 (9.8) 539 (11.0) 1946 (13.5)
Stage 1 2141 (44.0) 1183 (25.3) 1205 (24.7) 4529 (31.4)
Stage 2 1355 (27.9) 1580 (33.8) 1653 (33.9) 4588 (31.8)
Stage 3 254 (5.2) 1341 (28.7) 1378 (28.2) 2973 (20.6)
Unknown 166 3.4) 113 (2.4) 104 (2.1) 383 (2.7)
ER (%)
Negative 1180 (24.3) 1138 (24.3) 1231 (25.2) 3549 (24.6)
Positive 3272 (67.3) 3177 (67.9) 3261 (66.8) 9710 (67.3)
Unknown 411 (8.5) 362 (7.7) 387 (7.9) 1160 (8.0)
PR (%)
Negative 1616 (33.2) 1538 (32.9) 1627 (33.3) 4781 (33.2)
Positive 2764 (56.8) 2747 (58.7) 2829 (58.0) 8340 (57.8)
Unknown 483 (9.9) 392 (8.4) 423 (8.7) 1298 (9.0)
HER2 (%)
Negative 2931 (60.3) 2983 (63.8) 3041 (62.3) 8955 (62.1)
Positive 1006 (20.7) 1065 (22.8) 1138 (23.3) 3209 (22.3)
Unknown 926 (19.0) 629 (13.4) 700 (14.3) 2255 (15.6)
Type of surgery (%)
Breast conservation surgery 383 (7.9) 2457 (52.5) 2546 (52.2) 5386 (37.4)
Mastectomy 4300 (88.4) 1906 (40.8) 1983 (40.6) 8189 (56.8)
None 81(1.7) 25 (0.5) 28 (0.6) 134 (0.9)
Unknown 99 (2.0) 289 (6.2) 322 (6.6) 710 (4.9)
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Table 1. Cont.

No radiation therapy Radiation therapy Total (N = 14419)
(n = 4863) Right sided (n = 4677)  Left sided (n = 4879)

Chemo (%)

Yes 1609 (33.1) 2318 (49.6) 2413 (49.5) 6340 (44.0)
No 2191 (45.1) 1654 (35.4) 1738 (35.6) 5583 (38.7)
Unknown 1063 (21.9) 705 (15.1) 728 (14.9) 2496 (17.3)
Hormonal therapy (%)

Yes 163 (3.4) 335 (7.2) 351(7.2) 849 (5.9)
Al 1135 (23.3) 1202 (25.7) 1285 (26.3) 3622 (25.1)
Tamoxifen 1408 (29.0) 1642 (35.1) 1607 (32.9) 4657 (32.3)
No 2157 (44.4) 1498 (32.0) 1636 (33.5) 5291 (36.7)
Targeted therapy (%)

Yes 378 (7.8) 594 (12.7) 655 (13.4) 1627 (11.3)
No 2611 (53.7) 3006 (64.3) 3098 (63.5) 8715 (60.4)
Unknown 1874 (38.5) 1077 (23.0) 1126 (23.1) 4077 (28.3)
IHD (%)

No 445 (78.5) 1582 (93.1) 1655 (91.8) 3682 (90.5)
Yes 122 (21.5) 117 (6.9) 147 (8.2) 386 (9.5)
Missing 4296 2978 3077 10351
DM (%)

No 215 (33.0) 1094 (65.0) 1153 (64.5) 2462 (59.7)
Yes 436 (67.0) 589 (35.0) 635 (35.5) 1660 (40.3)
Missing 4212 2994 3091 10297
HYPT (%)

No 310 (49.5) 849 (49.9) 874 (48.4) 2033 (49.2)
Yes 316 (50.5) 851 (50.1) 931 (51.6) 2098 (50.8)
Missing 4237 2977 3074 10288
CVD (%)

No 341(90.2) 1658 (98.7) 1763 (99.0) 3762 (98.0)
Yes 37 (9.8) 22 (1.3) 18 (1.0) 77 (2.0)
Missing 4485 2997 3098 10580
HLD (%)

No 415 (40.8) 990 (58.2) 1023 (56.6) 2428 (53.6)
Yes 602 (59.2) 712 (41.8) 786 (43.4) 2100 (46.4)
Missing 3846 2975 3070 9891
CRF (%)

No 543 (78.6) 1486 (87.3) 1593 (88.2) 3622 (86.2)
Yes 148 (21.4) 217 (12.7) 213 (11.8) 578 (13.8)
Missing 4172 2974 3073 10219
IHD risk factors (%)

Yes 944 (19.4) 1433 (30.6) 1521 (31.2) 3898 (27.0)
No 123 (2.5) 266 (5.7) 287 (5.9) 676 (4.7)
No information 3796 (78.1) 2978 (63.7) 3071 (62.9) 9845 (68.3)

CVD — cerebrovascular disease, CRF — chronic renal failure, DCIS — ductal carcinoma in situ, DM — diabetes mellitus, ER — oestrogen receptor, HER2 — human epider-
mal growth factor receptor 2, HLD — hyperlipidaemia, HYPT — hypertension, IHD — ischaemic heart disease, IQR — interquartile range, LCIS — lobular carcinoma in
situ, PR — progesterone receptor, SD — standard deviation, TIA — transient ischaemic attacks, TNM — tumour, node, metastasis

Patients are considered to have positive IHD risk factor, if they have any one of the pre-existing comorbidities (IHD, DM, HYPT, HLD, cerebrovascular disease, CRF).
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in RT through the use of 3D planning, heart sparing, and
IMRT techniques have resulted in comparable cardiac out-
comes between left- and right-sided RT in recent studies
due to reductions in cardiac doses [8, 15].

A large recent Danish cohort showed that there was
no increased risk of ACE within the first 10 years after RT

Table 2. Radiotherapy details

when CT-based simulation and planning were used. How-
ever, there was a higher risk of ACE in the left-sided vs.
right-sided breast cancer patients treated earlier in the
non-CT based period [16]. Another large cohort study based
on the SEER cancer registry by Henson et al. in 2013 [17]
demonstrated that while breast-cancer patients treated

Diagnosis year' 2010-2016 and received radiation therapy

Right sided (n = 2201)

Median follow-up years (IQR) 5.78 (3.98-7.74)

Left sided (n = 2362)
5.64 (4.00-7.76)

Total (N = 4563)
5.70 (3.99-7.76)

MHD

Mean (SD) 0.9 (1.3) 2.6 (1.4) 1.8 (1.6)
Median (IQR) 0.5 (0.3,0.8) 23(1.6,3.2) 1.5 (0.5, 2.6)
Range 0.0-21.5 0.0-18.8 0.0-21.5
Missing 466 343 809
Delivered fractions (%)

Hypofractionation 1216 (55.2) 1257 (53.2) 2473 (54.2)
Standard 757 (34.4) 869 (36.8) 1626 (35.6)
Unknown 205 (9.3) 214 (9.1) 419 (9.2)
IHD risk factors (%)

No 175 (5.1) 180 (5.0) 355 (5.0)
Yes 1096 (31.9) 1145 (31.7) 2241 (31.8)
Unknown 2162 (63.0) 2292 (63.4) 4454 (63.2)
IHD related mortality (%)

Dead 20 (0.6) 34(0.9) 54 (0.8)
No 3413 (99.4) 3583 (99.1) 6996 (99.2)

IHD — ischaemic heart disease, IQR — interquartile range, MHD — mean heart dose, SD — standard deviation

!Breast cancer patients diagnosed from 2010 to 2016.

Table 3. Vital status of cohort

No radiation therapy (n = 4863)
Vital status (%)

Yes radiation therapy (n = 9556) All patients (N = 14419)

Dead 766 (15.8) 1827 (19.1) 2593 (18.0)
AWD 160 (3.3) 437 (4.6) 597 (4.1)
Contralateral breast Ca! 195 (4.0) 255 (2.7) 450 (3.1)
NED 3565 (73.3) 6525 (68.3) 10090 (70.0)
Local recurrence 126 (2.6) 379 (4.0) 505 (3.5)
Lost to follow-up 10 (0.2) 51 (0.5) 61 (0.4)
Other events 41 (0.8) 81(0.8) 122 (0.8)
Unknown 0 (0.0) 1(0.0) 1(0.0)

AWD - alive with disease, NED — no evidence of disease
!Contralateral breast cancers that can be new or recurrent

Table 4. Description of deaths by cause of death according to radiotherapy group and laterality

No radiation therapy

Radiation therapy

Right sided Left sided
Cause of death (%)
Ischaemic heart disease 73 (9.5) 37 (4.2) 46 (4.9)
Breast cancer related 418 (54.6) 666 (75.3) 676 (71.8)
Both heart disease and breast cancer related 0(0.0) 7(0.8) 3(0.3)
All other causes 275 (35.9) 175 (19.8) 217 (23.0)
All causes 766 (100.0) 885 (100.0) 942 (100.0)
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with RT in an older era (1973-1982) showed increased risk
of cardiac mortality, patients treated in the modern era
(after 1993) using CT planning did not show any differing
RT-related cardiac mortality with regard to laterality [17].
A large study in Germany with 11,982 breast-cancer pa-
tients treated between 1998 and 2008 also showed that
contemporary RT is not associated with an increased risk
of IHD-related mortality with regard to laterality [18]. See
Table 5 for a summary of these studies.

There could be several reasons that contributed to our
findings. The patients in our study were treated in an era
where breast cancer screening, systemic treatment, and RT
techniques have progressed. Before 2009, RT techniques
used in NCCS were a pair of tangential fields with a com-
bined anterior field for supraclavicular nodes. Computed to-
mography-based simulation and planning was introduced
thereafter in our institution, when 3D conformal technique
combined with cardiac shielding and an optional boost
became the standard of care. Regional nodal irradiation
including the IMC chain were only routinely prescribed
for patients with pN2 disease from 2015 onwards, which
comprised of only 2.6% of the irradiated patients. Our in-
stitution had tight cardiac dose constraints and utilized
cardiac shielding even before the introduction of CT-based
simulation and planning. In 2007, the awareness of RIHD
in left-sided BC patients increased [24]. Our heart-dose
constraints were based on the principle of ALARA, but we
aimed to keep the MHD below 4 Gy for left-sided RT. After
the publication of a report by Darby et al. [6], we reduced
our target MHD to < 2 Gy. This was reflected in our low
MHD for left-sided breast cancers at 2.6 Gy in the CT-based
cohort (2010-2016). In our study, we also did not detect an
increase in IHD-related mortality with respect to laterality.
With a MHD dose difference of only 1.7 Gy between the
left- and right-sided cohorts, it may be too small to detect
a significant difference in IHD-related mortality rates.

A strength of this study is that it provides IHD-relat-
ed mortality data on Asian breast cancer women. To our
knowledge, our study is one of the few studies that in-
cluded Asian breast-cancer patients receiving RT, which
may differ from a Western cohort of patients. Our study
showed low rates of smoking (3.5%) and obesity (11.3%),
which is similar to a Korean cohort study of breast cancer
[12] in which there were 3.4% of smokers and only 3% of
patients with body mass index (BMI) > 30. This is in con-
trast with other non-Asian cohorts with a median BMI of
28 and obesity rates as high as 44% [27].

Darby et al. reported that the dose-dependent risk in-
crease in ACE started less than 5 years after RT and con-
tinued more than 20 years later [6]. The median follow-up
time in our study was 8.66 years, which is comparable to
most registry studies. However, the CT cohort median fol-
low-up time is shorter, at 5.7 years, which is a limitation of
our study. An extended period of follow-up is required to
further investigate late IHD events, because our number
of IHD-related mortality events in the irradiated group is
small, at n = 83. Ischaemic heart disease accounted for 6%
of total deaths, which is smaller than expected, for several
reasons. One reason is that the study cohort consisted of
younger women (median age 52 years), and the age-spe-

|
Age
—.—
Tumour left
(vs. right)
B
Chemo yes
(vs. no)

Ischaemic heart
disease yes (vs. no)

T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

1.2
Hazard ratio log 10
M Radiotherapy No Radiotherapy Yes
Fig. 1. Hazard ratios for ischaemic heart disease-related mortality
stratified for breast cancer with and without radiotherapy
Age ]
Tumour left (vs. right) 7=
Stage 1 (vs. DCIS) |—®—
Stage 2 (vs. DCIS) —
Age Stage 3 (vs. DCIS) —
Grade 3 -
(vs. Grade 1-2)
Chemo yes (vs.no) — =~
HRT yes (vs. no) %
Hrt Ai (vs. no) —8—
IHD risk factors -
yes (vs. no)
r T T T T T T T T 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Hazard ratio log 10

M Radiotherapy No Radiotherapy Yes

Fig. 2. Hazard ratios of all-cause mortality stratified by with or with-
out radiotherapy. The known prognostic factors are age, laterality,
stage (compared against ductal carcinoma in situ), grade, receipt
of chemotherapy, receipt of hormonal therapy, receipt of hormonal
therapy with aromatase inhibitors, baseline induced heart-disease
risk factors

Hrt Ai —hormonal therapy with aromatase inhibitors, IHD — induced heart disease

cific mortality rate of IHD goes up markedly from 70 years
old onwards [14]. Another possible reason is that the mor-
tality data of non-residents who have left the country are
not captured in our database, but there is little impact on
final results because they form a small proportion (< 4%).
Other limitations intrinsic to retrospective studies apply to
our study.
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Table 5. Recent cohort studies on cardiac mortality in breast-cancer patients related to radiation therapy

Year, authors ~ Country
2005, USA
Darby

et al. [19]

2010, Switzerland
Bouchardy

et al. [20]

2011, Denmark,
McGale Sweden
etal.[21]

2013, Henson USA
et al. [17]

2014, Rutter USA
etal. [22]

2016, USA
Boero

etal. [23]

2017, Germany
Merzenich

et al. [18]

2021, Milo Denmark
et al.[16]

Cohort size,
cohort age
information

308,861, ages
20-79

1245,
mean age
57.4 years
72,134, age
< 80 years

558,871, ages
20-79

344,831,
median age
59.7 years

72,134, ages
66—-80

11,982, mean
age 64.0
years

29,662, age
range not
provided

Registered
diagnosis
year

1973-2001

1980-2004

1976-2006

1973-2008

1998-2006

2000-2009

1998-2008

1999-2016

Follow-up information

Until 1st Jan 2002,
death, loss to follow-up,
or 85" birthday

Until 30th Dec 2006,
mean follow-up
of 7.7 years

Until 31 Dec 2006,
death, heart disease
diagnosis, loss
to follow-up,
or 90" birthday

Until 1st Jan 2009,
death, loss to follow-up,
or 85" birthday

Median follow-up
6.04 years
(0-14.17 years)

Until December 2010,
or death

Until December 2012,
or death.
Median follow-up
6.3 years

Median follow-up
7.9 years

DCIS — ductal carcinoma in situ, HR — hazard ratio, RR — relative risk, RT — radiotherapy

Outcome

Cardiac
mortality

Cardiovascular
mortality

Mortality from
heart disease

Cardiac
mortality

Overall survival

Cardiac
mortality

Cardiac
mortality

Cardiac events
(coronary
artery disease
and valvular
heart disease)

Results of left-sided vs. right-sided
(95% Cl)

Registered diagnosis 1973-1982
< 5years: RR = 1.19 (0.98-1.45)
5-9 years: 1.21 (0.97-1.50)
10-14 years: RR = 1.42 (1.11-1.82)
> 15 years: RR = 1.58 (1.29-1.95)
Registered diagnosis 1983-1992
< 5years: RR = 1.00 (0.84-1.20)
5-9 years: 1.08 (0.90-1.29)
>10 years: 1.27 (0.99-1.63)
Registered diagnosis 1993-2001
< 5years: RR = 0.95 (0.79-1.14)
5-9 years: RR = 0.99 (0.73-1.35)

HR (adjusted) = 0.52 (0.24-1.12)

All ischaemic heart disease
RR =1.00 (0.86-1.15)
Heart disease other than ischaemic
heart disease
RR =1.00 (0.81-1.22)

Registered diagnosis 1973-1982
<10 years: 1.19 (1.03-1.38)
10-14 years: 1.35 (1.05-1.73)
15-19 years: 1.64 (1.26-2.14)
> 20 years: 1.90 (1.52-2.37)
Registered diagnosis 1983-1992
< 10 years: 0.99 (0.87-1.12)
10-14 years: 1.02 (0.83-1.24)
15-19 years: 1.1 (0.86-1.43)
> 20 years: 1.21 (0.72-2.04)
Registered diagnosis 1993-2002
< 10 years: 0.97 (0.89-1.06)
10-19 years: 0.90 (0.71-1.15)
Registered diagnosis 2003—2008
< 10 years: 1.00 (0.82-1.23)

DCIS
HR = 0.995 (0.925-1.069)
Invasive breast cancer
with breast RT only
HR = 0.983 (0.962-1.004)
Invasive breast cancer
with breast and regional nodes RT
HR = 0.868 (0.682-1.126)
(Sensitivity analyses restricted
to patients with at least 10 years
of follow-up)

HR = 1.08 (0.96-1.21)

HR = 0.94 (0.64-1.38)

Registered diagnosis 1999-2007
< 5years: 1.33 (0.80-2.24)
5-10 years: 1.16 (0.70-1.96)
>10 years: 1.95 (1.12-3.53)

Registered diagnosis 20082016
< 5years: 0.92 (0.66-1.26)
5-10 years: 0.91 (0.57-1.43)
>10 years: 0.62 (0.05-5.40)
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We have limited data of the patients’ pre-existing IHD
risk factors because they were not systematically collect-
ed in the registry. There is a significant amount of missing
information with regards to pre-existing baseline IHD risk
factors, as reflected in Table 1. Our cohort prevalence of DM,
HYPT, and HLD is 40-50%, which is significantly higher than
the national prevalence rates of 8.6-33% [14]. One possible
reason is that patients without any comorbidities tend to be
under-reported in the database, which was extracted from
clinical records, and they were categorized as ‘unknown’.
Thus, the true number of patients without any IHD risk
factors was likely to be much larger than our study results
show. The true prevalence of IHD risk factors in our cohort is
likely to be on par with the national prevalence rates. Given
the large size of our cohort, with comparable unknowns in
the IHD risk factors in both groups, this limitation should
have little or no impact on our final study results.

As per studies of the general population, IHD risk fac-
tors have been linked to future cardiovascular events in
survivors receiving cardiac radiation across various cancer
types [28]. Particularly in breast cancer patients undergo-
ing RT, it has been shown that the presence of these risk
factors doubles the risk of an ACE, and pre-existing IHD in-
creases this risk six-fold [28]. For our patients with pre-ex-
isting IHD, the risk of IHD-related mortality was increased
in both the irradiated group and non-RT group.

Future study directions include a longer follow-up in the
CT-based cohort and a precise dose assessment to charac-
terize radiation doses in the cardiac substructures. There
is also increasing evidence to show that doses in the coro-
nary arteries and left ventricle are important determinants
of RIHD [29, 30], and the predictive value of the MHD is
not good for cardiac substructures [31]. Current treatment
guidelines recommend treating IMC nodes for high-risk
node-positive patients, resulting in MHD reaching > 6 Gy
for left-sided treatment [32] even with IMRT. Hence, these
patients may have increased risks for RIHD, similar to the
cohort of patients treated in the 1970s-1990s.

Conclusions

Our study of Asian breast cancer patients did not re-
veal a significant increase in the risk of IHD-related mor-
tality or overall mortality comparing left- and right-sided
breast cancers in the modern era of RT. However, laterality
is a crude measure for doses to cardiac substructures, and
future efforts are needed to determine the dose-response
relationship of patients’ risk of RIHD strike off as RIHD al-
ready means radiation-induced heart disease.

The authors declare no conflict of interest.
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