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Comparisons of patients receiving different cancer treatments reflect the effects of both treatment and patient selection. In

breast cancer, however, if radiotherapy decisions are unrelated to laterality, comparisons of left-sided and right-sided cancers

can demonstrate the causal effects of higher-versus-lower cardiac radiation dose. Cardiac mortality was analysed using

individual patient data for 1,934,248 women with breast cancer in 22 countries. The median date of diagnosis was 1996 and

the interquartile range was 1987–2002. A total of 1,018,505 women were recorded as irradiated, 223,077 as receiving

chemotherapy, 317,619 as receiving endocrine therapy and 55,264 died of cardiac disease. Analyses were stratified by time

since breast cancer diagnosis, age at diagnosis, calendar year of diagnosis and country. Patient-selection effects were evident

for all three treatments. For radiotherapy, there was also evidence of selection according to laterality in women irradiated 1990

or later. In patients irradiated before 1990, there was no such selection and cardiac mortality was higher in left-sided than

right-sided cancer (rate ratio [RR]: 1.13, 95% confidence interval 1.09–1.17). Left-versus-right cardiac mortality RRs were

greater among younger women (1.46, 1.19, 1.20, 1.09 and 1.08 after cancer diagnoses at ages <40, 40–49, 50–59, 60–69 and

70+ years, 2ptrend =0.003). Left-versus-right RRs also increased with time since cancer diagnosis (1.03, 1.11, 1.19 and 1.21

during 0–4, 5–14, 15–24 and 25+ years, 2ptrend =0.002) while for women who also received chemotherapy, the left-versus-

right RR was 1.42 (95% confidence interval 1.13–1.77), compared to 1.10 (1.05–1.16) for women who did not (2pdifference=

0.03). These results show that the relative increase in cardiac mortality from cardiac exposure during breast cancer

radiotherapy given in the past was greater in younger women, lasted into the third decade after exposure and was greater

when chemotherapy was also given.

Introduction
Randomised trials have shown that radiotherapy, chemother-
apy and endocrine therapy for early-stage breast cancer can
reduce the rates of recurrence and of breast cancer death.1–4

However, long-term follow-up of some trials has also shown
that radiotherapy and chemotherapy can increase the risk of

heart disease,5,6 thereby reducing the extent to which overall
survival is improved by these treatments and reducing quality
of life for some breast cancer survivors. In contrast, there is evi-
dence that tamoxifen may reduce the risk of heart disease.5,7

Observational epidemiological studies comparing heart dis-
ease rates in breast cancer patients selected to receive different
cancer treatments in the general population are of interest but
must be interpreted with caution.8 This is because more aggres-
sive treatments may be selectively prescribed for patients with
adverse disease characteristics or favourable comorbidity pro-
files. Larger proportions of younger patients are likely to have
adverse disease characteristics and also to have favourable
comorbidity profiles, so any selection effects may be associated
with the age at which a woman is diagnosed with breast cancer.

For the particular case of radiotherapy, it may be possible to
draw stronger conclusions from observational data than for che-
motherapy or endocrine therapy because cardiac radiation doses
are usually larger in left-sided than in right-sided breast cancer.
Therefore studies comparing heart disease rates in women irra-
diated for left-sided and right-sided breast cancer may reveal the
effects of higher versus lower cardiac radiation doses.9 While
some such studies, especially those published more recently,
have found no significant increase in heart disease in women
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with left-sided breast cancer compared to right-sided,10–12

others are consistent with randomised radiotherapy trials and
have provided additional insights into radiation-related cardiac
risks.13 When combined with detailed information about cardiac
radiation doses received by individual women, studies compar-
ing women with left-sided and right-sided breast cancer have
also shown that the dose–response relationship for subsequent
risk of ischaemic heart disease is approximately linear with no
apparent threshold.14,15 In addition, they have demonstrated
that, for a given dose of radiation to the heart, the absolute
radiation-related risk of ischaemic heart disease is greater in
women with pre-existing cardiac risk factors.14

Comparisons of heart disease rates in women irradiated for
left-sided versus right-sided breast cancer can, however, only
show the causal effect of higher versus lower cardiac radiation
dose if the decision to give radiotherapy is unrelated to cancer
laterality. This may have been the case prior to 1990 because,
until then, it was widely thought that the heart was resistant
to radiation. However, in 1990, a study was published showing
that patients with left-sided breast cancer had higher subse-
quent mortality from myocardial infarction than patients with
right-sided breast cancer.16 Since then, oncologists have
become increasingly aware of the cardiac risks of radiotherapy
and so they may be less likely to give radiotherapy in women
who already have heart disease if the cancer is in the left
rather than the right breast.

Information on large numbers of women with breast can-
cer treated both before and after 1990 is necessary to examine
the evidence regarding the selection of women for different
adjuvant treatments, and whether any such selection is related
to age at cancer diagnosis or the laterality of the cancer. We
therefore collated individual patient information from cancer
registries and other organisations round the world to provide
further insight on adjuvant treatments for breast cancer and
subsequent heart disease.

Materials and Methods
Voting members of the International Association of Cancer
Registries17 in high income countries18 and other relevant
organisations were approached to identify those who held
information on women diagnosed with breast cancer and who
had followed them prospectively, recording date and cause of
death for women who died. Those who could also provide
information on breast cancer laterality and use of radiother-
apy were invited to contribute data, and all accepted
(Supporting Information Table S1, Text S1).

In the data contributed by each registry, individual women
were included if they had been diagnosed with invasive breast
cancer or with ductal carcinoma in situ (DCIS) and had known
disease laterality. Exclusion criteria were: male sex, bilateral
breast cancer/carcinoma in situ, previous invasive cancer (apart
from nonmelanoma skin cancer), emigration or immigration at
any time, death on recorded date of breast cancer/carcinoma
in situ diagnosis or previous thoracic radiotherapy. For women
who had died, the cause of death was taken to be the certified
underlying cause. The codes used to define cardiac disease are
given in Supporting Information Table S2. The data contributed
by each organisation are listed in Supporting Information
Table S3. Ethical approval for the study was obtained from the
South Central Research Ethics Committee of the UK National
Health Service Health Research Authority. Our study comprises
statistical analysis conducted on routinely collected data that had
been depersonalised. Individual consent was therefore deemed
unnecessary.

According to the analysis plan, agreed by contributing reg-
istries, each woman’s contribution to the person-years at risk
began from her date of breast cancer diagnosis and ended on
her date of death, loss to follow-up, 85th birthday or the date
she was last known to be alive—whichever was earliest. Mor-
tality rate ratios (RR) were estimated by Poisson regression
with stratification by time since breast cancer diagnosis (0,
5-9, 10-14, 15-19, 20-24, 25-30, 30+ years), age at breast can-
cer diagnosis (<20, 20-24, 25-29, 30-34, 35-39, 40-44, 45-49,
50-54, 55-59, 60-64, 65-69, 70-74, 75+ years), calendar year of
breast cancer diagnosis (<1950, 1950-1954, 1955-1959, 1960-
1964, 1965-1969, 1970-1974, 1975-1979, 1980-1984, 1985-
1989, 1990-1994, 1995-1999, 2000-2004, 2005+) and country.
Significance tests used the likelihood ratio and were two-sided,
and confidence intervals were based on standard errors. No
adjustments to p values for multiple testing were made. This
is because the comparison of women with left-sided and
right-sided breast cancer was an a priori hypothesis. Other
comparisons were to some extent data driven. Calculations
were performed using Stata version 15.

Registries and other participating organisations depersonalised
their data and transferred them to Oxford where they were col-
lated and analysed. Representatives from each organisation con-
tributing data were invited to a meeting, where data summaries
and provisional analyses were discussed. These were modified in
the light of comments received. Comparisons of mortality from
heart disease in women with left-sided and right-sided breast
cancer had previously been published for several participating

What’s new?
Cardiac mortality was examined using individual patient data for 1,934,248 women with breast cancer in 22 countries. Patient-

selection effects dominated most treatment comparisons. However, comparison of left-sided versus right-sided cancers in

women recorded as irradiated before 1990 provided evidence of a causal effect of higher heart radiation dose on cardiac

mortality. The relative effect was greater at younger ages, lasted over 25 years, and was greater in women who also received

chemotherapy.
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registries and other organisations individually, including several
hundred thousand individuals in total.10–12,16,19–37 However,
bringing the data together in the present study, provides much
greater power to detect differences in subgroups of interest.

Data availability
The data presented in this paper remain the property of the
contributing registries and organisations. Oxford University’s
policies for accessing them are available: https://www.ndph.ox.
ac.uk/about/data-access.

Results
Characteristics of the study population
A total of 1,934,248 women from 57 cancer registries and
other organisations in 22 countries were included in the study,
of which 996,285 had left breast cancer and 937,963 had right
breast cancer (Tables 1 and 2). The median date of diagnosis
was 1996 and the interquartile range was 1987–2002. The
mean age at breast cancer diagnosis was 57 years and the
mean length of follow-up was 6.7 years. A total of 1,018,505
women (52.7%) were recorded as receiving radiotherapy,
223,077 (11.5%) as receiving chemotherapy and 317,619
(16.4%) as receiving endocrine therapy. A total of 55,264
deaths from cardiac disease were reported.

Cardiac mortality in treated versus untreated women
When all women were considered together, cardiac mortality in
women recorded as receiving radiotherapy was lower than in
those reported as not receiving it (cardiac mortality RR, irradi-
ated versus not, 0.94, 95% confidence interval [CI] 0.92–0.95;
Fig. 1). Further analyses showed, however, that radiotherapy
given after breast-conserving surgery (BCS) was associated with
a substantial deficit in cardiac mortality (RR, irradiated versus
not, 0.70, 95% CI 0.67–0.73) while, in contrast, radiotherapy
after mastectomy was associated with a substantial excess in car-
diac mortality (RR, irradiated versus not, 1.24, 95% CI
1.19–1.30, 2pdifference < 0.0001). This pattern was present not
only overall, but throughout Europe, in North America and else-
where (Supporting Information Fig. S1). Analyses subdividing
women by age at radiotherapy showed also that radiotherapy
given to younger women (<60 years) was associated with a sub-
stantial excess of cardiac mortality (RR, irradiated versus not,
1.21, 95% CI 1.16–1.25), whereas radiotherapy given to older
women was associated with a considerable deficit (RR, irradiated
versus not, 0.87, 96% CI 0.85–0.89, 2pdifference < 0.0001).

When women reported as receiving chemotherapy were
compared to women reported as not receiving it, chemother-
apy use was associated with a deficit in cardiac mortality over-
all (RR, chemotherapy versus not, 0.92, 95% CI 0.87–0.97). The
same was true for endocrine therapy (RR, endocrine therapy
versus not, 0.93, 95% CI 0.90–0.96). In neither case was there
any evidence of a difference between women given BCS and
women given mastectomy (chemotherapy 2pdifference = 0.38,
endocrine therapy 2pdifference = 0.76). However, for both these

systemic treatments, the deficit was present only in older
women (RR chemotherapy versus not, <60 years: 1.05, 95% CI
0.95–1.16, in women, 60+ years: 0.86, 95% CI 0.80–0.92,
2pdifference= 0.002; RR endocrine therapy versus not, <60 years:
1.02, 95% CI 0.92–1.13, in women 60+ years: 0.92, 95% CI
0.88–0.95, 2pdifference=0.05).

Further analyses showed that, for each of these three treat-
ments, lower mortality remained in women aged 60+ who
received the treatment compared to women who did not, even
after taking into account the other two treatments (Supporting
Information Table S4).

Percentages of women recorded as irradiated
The percentages of women reported as receiving radiotherapy
varied substantially with some factors. For example, in some
countries more than 70% of women were reported as receiv-
ing it compared to less than 40% in others, while over 70% of
women who had BCS received radiotherapy compared to
fewer than 30% of women who had mastectomy (Supporting
Information Tables S3 and S5).

As expected, differences between the percentages of women
recorded as receiving radiotherapy in left-sided and right-sided
breast cancer were much smaller. There was, however, a signif-
icant difference between the two (left-sided 52.55%, right-sided
52.77%, percentage difference −0.22, 2pdifference= 0.003;
Table 2). This difference varied with calendar year of diagnosis
and with age at diagnosis. For women diagnosed prior to 1990,
the percentage irradiated was identical in left-sided and right-
sided breast cancer for all ages at cancer diagnosis combined
(49.14%) and when women aged <60 and 60+ years were con-
sidered separately the percentage differences in this <1990
group were also small and did not reach statistical significance.
In contrast, from 1990 onwards, fewer women with left-sided
than right-sided breast cancer received radiotherapy (left-sided
54.10%, right-sided 54.39%, percentage difference −0.29,
2pdifference= 0.001) and the difference was principally in women
aged 60+ years at diagnosis (left-sided 50.66%, right-sided
51.01%, percentage difference −0.35, 2pdifference =0.007) while
in women aged <60 at cancer diagnosis the difference was
small and did not reach statistical significance (left-sided
56.95%, right-sided 57.11%, percentage difference −0.16,
2pdifference= 0.16). Therefore, as there was evidence of patient
selection according to laterality and age in women diagnosed
1990+, but not in women diagnosed <1990, many of our subse-
quent analyses considered these groups separately.

Cardiac mortality in left-sided versus right-sided breast
cancer
When all women were considered together, cardiac mortality was
higher in women with left-sided cancer than in women with
right-sided cancer (RR, left-versus-right, 1.04, 95% CI 1.02–1.06;
Fig. 2). The increase was, however, confined to women whose
cancer was diagnosed before 1990 and who were recorded as
receiving radiotherapy (RR, left-versus-right, irradiated 1.13, 95%
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Table 1. Characteristics of women in the study and numbers of deaths attributed to cardiac disease

Women Cardiac deaths

Number Percentage Number Percentage

Calendar year of cancer diagnosis

<1970 92,662 4.8 6,806 12.3

1970–1979 167,531 8.7 10,800 19.5

1980–1989 341,040 17.6 16,506 29.9

1990–1999 615,799 31.8 15,672 28.4

2000+ 717,216 37.1 5,480 9.9

Age at cancer diagnosis (years)

<40 133,657 6.9 632 1.1

40–49 399,512 20.7 3,674 6.6

50–59 519,969 26.9 8,623 15.6

60–69 505,643 26.1 18,664 33.8

70–79 375,467 19.4 23,671 42.8

Race/ethnicity

White 915,995 47.4 33,136 60.0

Black 66,850 3.5 2,690 4.9

Asian/Pacific 58,534 3.0 1,009 1.8

Other/Unknown1 273,260 14.1 4,625 8.4

Not recorded2 619,609 32.0 13,804 25.0

Stage at cancer diagnosis

DCIS 131,774 6.8 2,138 3.9

Localised 738,340 38.2 24,625 44.6

Regional 474,194 24.5 13,784 24.9

Unknown/Metastatic 388,352 20.1 7,397 13.4

Not recorded2 201,588 10.4 7,320 13.2

Surgery

BCS 515,111 26.6 9,637 17.4

Mastectomy 485,809 25.1 17,042 30.8

Unknown/None 769,874 39.8 22,190 40.2

Not recorded2 163,454 8.5 6,395 11.6

Radiotherapy

Yes 1,018,505 52.7 22,100 40.0

No 915,743 47.3 33,164 60.0

Chemotherapy

Yes 223,077 11.5 1,368 2.5

No 685,502 35.4 18,536 33.5

Unknown 31,453 1.6 399 0.7

Not recorded2 994,216 51.4 34,961 63.3

Endocrine therapy

Yes 317,619 16.4 5,643 10.2

No 558,145 28.9 14,156 25.6

Unknown 15,482 0.8 277 0.5

Not recorded2 1,043,002 53.9 35,188 63.7

(Continues)
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Table 2. Left-sided and right-sided breast cancer, numbers of women and percentages irradiated

Number of women Percentage irradiated p-value

Left Right Left Right Difference

Women diagnosed before 1990 (Mean follow-up 8.9 years)

Age at cancer diagnosis (years)

<60 164,208 154,272 53.02 52.91 0.11 0.54

60+ 147,154 135,599 44.81 44.85 −0.04 0.81

All ages 311,362 289,871 49.14 49.14 0.00 0.98

Women diagnosed 1990+ (Mean follow-up 5.8 years)

Age at cancer diagnosis (years)

<60 375,479 359,179 56.95 57.11 −0.16 0.16

60+ 309,444 288,913 50.66 51.01 −0.35 0.007

All ages 684,923 648,092 54.10 54.39 −0.29 0.001

All women 996,285 937,963 52.55 52.77 −0.22 0.003

For a more detailed tabulation see Supporting Information Table S5.

Table 1. Characteristics of women in the study and numbers of deaths attributed to cardiac disease (Continued)

Women Cardiac deaths

Number Percentage Number Percentage

Region

Europe: Britain and Ireland

Britain 343,984 17.8 6,185 11.2

Ireland 13,594 0.7 114 0.2

Europe: Nordic countries

Denmark 101,880 5.3 5,678 10.3

Finland 76,194 3.9 5,310 9.6

Norway 20,310 1.1 187 0.3

Sweden 48,060 2.5 1,753 3.2

Europe: Other countries

Austria 11,608 0.6 223 0.4

Estonia 11,043 0.6 722 1.3

France 6,017 0.3 192 0.3

Germany 236,846 12.2 2,283 4.1

Italy 39,704 2.1 555 1.0

Lithuania 10,812 0.6 192 0.3

Netherlands 25,420 1.3 235 0.4

Slovakia 28,139 1.5 73 0.1

Slovenia 8,863 0.5 135 0.2

Spain 5,855 0.3 57 0.1

Switzerland 6,976 0.4 105 0.2

North America

Canada 106,111 5.5 2,311 4.2

USA 778,048 40.2 27,929 50.5

Other regions

Australia 46,993 2.4 845 1.5

Israel 4,827 0.2 108 0.2

Japan 2,964 0.2 72 0.1

All women 1,934,248 100.0 55,264 100.0

Data contributed by individual registries is listed in Supporting Information Table S3.
1Variable recorded by registry but unknown for some individuals.
2Variable not recorded by registry.
Abbreviations: BCS, breast-conserving surgery; DCIS, ductal carcinoma in situ.
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CI 1.09–1.17). During this period, there was little evidence of an
increase in the absence of radiotherapy (RR, left-versus-right,
unirradiated 1.02 95% CI 0.99–1.05, 2pdifference between irradiated
and unirradiated: <0.0001). In neither of these groups did the RR,
left-versus-right, differ significantly between women given BCS
and women given mastectomy (irradiated RR left-versus-right:
BCS 1.08, 95% CI 0.98–1.19, Mastectomy 1.12, 95% CI 1.03–1.21,
2pdifference= 0.62; unirradiated RR left-versus-right: BCS 0.99,
95%CI 0.89–1.10, Mastectomy 1.01, 95% CI 0.97–1.06,
2pdifference= 0.63).

Considering all women whose cancer was diagnosed dur-
ing 1990+, the cardiac mortality RR left-versus-right was 1.00
(0.97–1.03; Fig. 2) and the RRs left-versus-right were close to

unity in both women recorded as irradiated and women
recorded as unirradiated, regardless of the type of surgery they
had received.

Cardiac mortality, left-sided versus right-sided breast
cancer, in women recorded as receiving radiotherapy
Considering all women diagnosed before 1990 and recorded
as receiving radiotherapy, there was no evidence of a trend in
the cardiac mortality RR, left-versus-right, with calendar year
of cancer diagnosis (2ptrend= 0.63; Fig. 3, left-hand panel). The
cardiac mortality RRs left-versus-right were higher in women
who were younger at cancer diagnosis (cardiac mortality RRs
left-versus-right: 1.46, 1.19, 1.20, 1.09 and 1.08 at ages <40,

Figure 1. Treated versus untreated women: Cardiac mortality rate ratios for women recorded as receiving radiotherapy, chemotherapy or
endocrine therapy, overall and by type of surgery and age at breast cancer diagnosis. Rate ratios estimated by Poisson regression with
stratification by time since breast cancer diagnosis, age at breast cancer diagnosis, calendar year of breast cancer diagnosis and country.

1442 Cardiac mortality after breast cancer treatment
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40–49, 50–59, 60–69 and 70–79 years, respectively, 2ptrend=
0.003) and they increased with increasing time since cancer
diagnosis (cardiac mortality RRs left-versus-right 1.03, 1.11,
1.19 and 1.21 for 0–4, 5–14, 15–24 and 25+ years, 2ptrend=
0.002). Larger left-versus-right RRs were also observed in
women whose breast cancer involved the regional lymph
nodes compared to women whose breast cancer did not
(RR left-versus-right: DCIS 1.10, local 1.11, regional 1.24; 2phe-
terogeneity= 0.02) and in women recorded as receiving chemo-
therapy (RR left-versus-right: with chemotherapy 1.42, no
chemotherapy 1.10; 2pdifference =0.03). There was no significant
variation according to race/ethnicity (2pheterogeneity =0.12),

type of surgery (2pdifference = 0.62), receipt of endocrine ther-
apy (2pdifference= 0.18) or geographical region (2pheterogeneity
=0.30). Neither was there any significant variation between all
countries considered individually (2pheterogeneity =0.71)
(Supporting Information Figs. S3 and S4).

The analysis for all women diagnosed before 1990 and
recorded as receiving radiotherapy was repeated separately for
women aged <60 and 60+ years. For all irradiated women
aged <60 at cancer diagnosis, the RR, left-versus-right for all car-
diac mortality was 1.21 (95% CI 1.14–1.28; Fig. 4, left-hand
panel). As for all women who were diagnosed before 1990 and
recorded as irradiated, there was no significant trend in the RR,

Figure 2. Women with left-sided breast cancer versus women with right-sided breast cancer: Cardiac mortality rate ratios by calendar period,
whether or not they were recorded as irradiated and type of surgery. Rate ratios estimated by Poisson regression with stratification by time
since breast cancer diagnosis, age at breast cancer diagnosis, calendar year of breast cancer diagnosis and country. The subtotals and
overall total are also stratified by radiotherapy.

Henson et al. 1443

Int. J. Cancer: 147, 1437–1449 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on



left-versus-right according to calendar year of cancer diagnosis
(RRs 1.19, 1.29 and 1.12 for women diagnosed in periods <1970,
1970–1979 and 1980–1989, 2ptrend =0.57) while the RR, left-ver-
sus-right increased with increasing time since cancer diagnosis
(RRs, left-versus-right: 0.93, 1.15, 1.33 and 1.21 in periods 0–4,
5–14, 15–24 and 25+ years, 2ptrend =0.04) and varied with stage
of breast cancer (RRs, left-versus-right: 1.16, 1.13, 1.37 for DCIS,
local, regional, respectively, 2pdifference= 0.04). For women
recorded as receiving chemotherapy the RR left-versus-right
remained higher than that for women recorded as not receiving
it, but with the smaller numbers the difference was no longer sta-
tistically significant (with chemotherapy 1.53, without chemo-
therapy 1.17 2pdifference =0.10).

For women diagnosed before 1990 when aged 60+ years
and recorded as receiving radiotherapy, the RR, left-versus-

right, for all cardiac mortality was raised, but by a smaller rel-
ative amount than for women diagnosed with cancer at a
younger age (1.09 versus 1.21, 2pdifference= 0.003, Fig. 4). In
these older women, there was no significant variation in the
cardiac mortality RRs left-versus-right according to any of the
factors considered (Fig. 4 right panel).

For women diagnosed during the period 1990+ and
recorded as receiving radiotherapy, the RR left-versus-right for
all cardiac mortality was 0.98 (95% CI 0.93–1.02). The cardiac
mortality RRs left-versus-right tended to be slightly higher in
women who were younger at cancer diagnosis (cardiac mor-
tality RRs left-versus-right: 1.05, 0.97, 1.21, 0.97 and 0.94 at
ages <40, 40–49, 50–59, 60–69 and 70–79 years, respectively,
2ptrend =0.03) but did not vary significantly according to any
of the other factors considered (Fig. 3 right panel).

Figure 3. Women recorded as irradiated with left-sided breast cancer versus women recorded as irradiated with right-sided breast cancer:
Cardiac mortality rate ratios by patient, tumour and treatment characteristics and geographic region. Rate ratios estimated by Poisson
regression with stratification by time since breast cancer diagnosis, age at breast cancer diagnosis, calendar year of breast cancer diagnosis
and country. See Supporting Information Figure S2 for analyses of women irradiated <1990 and 1990+ combined.

1444 Cardiac mortality after breast cancer treatment

Int. J. Cancer: 147, 1437–1449 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on



Mortality from different types of heart disease in women
recorded as receiving radiotherapy
Among women diagnosed before 1990 and recorded as
receiving radiotherapy the RR, left-versus-right, was raised by
a similar amount for deaths attributed to ischaemic heart dis-
ease (RR 1.12, 95% CI 1.08–1.17) and for deaths attributed to
all other types of cardiac disease combined (RR 1.12, 95% CI
1.05–1.20, Supporting Information Fig. S6). When specific
types of heart disease other than ischaemic heart disease were
considered, there were significant increases in women with
left-sided breast cancer compared to right-sided breast cancer
for deaths attributed to arrhythmias (RR 1.24, 95% CI
1.04–1.48), heart failure (RR 1.12, 95% CI 1.01–1.24) and
nonrheumatic valvular disease (RR 1.22, 95% CI 1.00–1.48).
For ischaemic heart disease, the relative increase in left-sided

breast cancer was larger in women who were younger when
their cancer was diagnosed (RR <60 years 1.21, 60+ years
1.08 2pdifference =0.008), while for all other types of heart
disease the relative increases were similar (RR <60 years 1.13,
60+ years 1.11 2pdifference =0.82; Supporting Information
Fig. S7).

Among women diagnosed in 1990 or later and irradiated,
the RR left-versus-right was close to one for ischaemic heart
disease and for all other types of cardiac disease and it did not
differ significantly from one for any of the individual cardiac
diseases considered (Supporting Information Fig. S6). When
women whose cancer was diagnosed before age 60 were
considered separately the RR left-versus-right was significantly
raised for ischaemic heart disease (RR 1.21, 95% CI
1.00–1.48), while for all other types of heart disease the

Figure 4. Women recorded as irradiated with left-sided breast cancer versus women recorded as irradiated with right-sided breast cancer who
were diagnosed with breast cancer before 1990: Cardiac mortality rate ratios by age at diagnosis of breast cancer and by other patient,
tumour and treatment characteristics and geographic region. Rate ratios estimated by Poisson regression with stratification by time since
breast cancer diagnosis, age at breast cancer diagnosis, calendar year of breast cancer diagnosis and country. See Supporting Information
Figure S5 for corresponding analyses in women diagnosed 1990+.
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increase did not reach statistical significance (RR 1.15 95% CI
0.89–1.48; Supporting Information Fig. S7).

Discussion
In our study of 2 million women treated for breast cancer in
22 countries, there was evidence that radiotherapy, chemo-
therapy and endocrine therapy were all prescribed selectively,
at least among older patients, with lower cardiac mortality
among those who received each one of these treatments than
among those who did not. This is probably because older
women are more likely to have had unfavourable comorbidity
profiles at the time of their breast cancer diagnosis, and
women who are unfit are less likely to receive treatment. For
radiotherapy, there was also evidence of selection according to
laterality in women whose breast cancer was diagnosed after
1990, as women with cancer of the left breast were slightly less
likely to receive radiotherapy than women with cancer of the
right breast. Selective prescribing complicates the interpreta-
tion of comparisons of cardiac disease in women who received
these treatments with those who did not. However, in women
recorded as receiving radiotherapy before 1990, there was no
evidence of selection for radiotherapy according to laterality.
Therefore, as radiotherapy tends to deliver higher cardiac
doses in left breast cancer than in right breast cancer, analyses
of cardiac mortality in women with left-sided versus right-
sided cancer diagnosed before 1990 enabled assessment of the
causal effect of higher versus lower heart dose on cardiac
mortality. In these women, cardiac mortality was higher in
left-sided than in right-sided cancer. The relative increase in
risk due to the radiation exposure was larger in women with
younger age, it lasted into the third decade after exposure, and
was greater in women who also received chemotherapy.

Patient selection
In observational studies of cancer survivors, comparisons of
cardiac mortality in women who did and did not receive vari-
ous treatments may be dominated by the factors that deter-
mine which women are selected for the treatment, rather than
the effects of the treatment on the heart.8 For radiotherapy,
patient selection in our study varied with type of surgery and
age (Fig. 1). When women who were recorded as receiving
radiotherapy were compared to women who were not
recorded as receiving it, radiotherapy after BCS was associated
with a substantial deficit in cardiac mortality (RR, irradiated
versus not: 0.70) whereas radiotherapy after mastectomy was
associated with a substantial excess (RR, irradiated versus not:
1.24). This pattern was present both overall, and within differ-
ent geographical regions (Supporting Information Fig. S1). It
is not plausible that radiotherapy prevents cardiac disease
after BCS and that it causes cardiac disease after mastectomy.
Rather, the difference is likely to be due to the fact that, after
BCS, guidelines recommend that most women should receive
radiotherapy.38 Therefore, women who do not receive it are
more likely to be unfit, with poor cardiac health, than those

who do receive it. In contrast, after mastectomy, most women
do not receive radiotherapy, as postmastectomy radiotherapy
is recommended only for a minority of women with more
advanced cancers.38

The effects of patient selection were also seen when women
who received systemic therapies were compared to women
who did not. Chemotherapy and endocrine use were associated
with deficits in cardiac mortality in older women but not in
younger women (Fig. 1). This is probably because women with
pre-existing heart disease, or risk factors for heart disease, are less
likely to be prescribed chemotherapy or endocrine therapy, and
most of these women would have been in the older age group.

In breast cancer radiotherapy, comparison of heart disease
rates for left-sided versus right-sided cancer in women recorded
as receiving radiotherapy may reveal the causal effects of higher
versus lower cardiac radiation doses, but only if laterality did
not affect the decision to give radiotherapy, as was the case for
women diagnosed before 1990 (Table 2). After 1990, radiotherapy
was slightly less often prescribed in left-sided than in right-sided
cancers, and left-versus-right differences in cardiac mortality in
women diagnosed after 1990 reflect the effect of patient selec-
tion and also the consequences of reductions in the typical dif-
ference between the cardiac dose in left-sided and right-sided
breast cancer through the use of more modern radiotherapy
techniques by many centres.39 In addition, for women diag-
nosed before 1990, the largest cardiac mortality RRs in women
with left-sided breast cancer compared to right-sided occurred
more than 15 years after diagnosis (Fig. 3). However, few
women diagnosed after 1990 had been followed for more than
15 years, and none for more than 25 years. Therefore, data on
women diagnosed after 1990 could not be used to infer the
causal effects of radiotherapy.

Interpretation of left-versus-right cardiac mortality ratios
As a registry-based study, there are several limitations to the
data available, including uncertainty as to whether the
therapies recorded were actually administered, and a lack of
information on any subsequent therapies received and on the
comorbidity profiles of the patients. In addition, only a few of
the registries were able to provide information on the use of
chemotherapy, which limits the power to study radiotherapy
in combination with chemotherapy. However, none of these
factors are likely to vary according to the laterality of the
breast cancer. Furthermore, available information from other
studies suggests that the relative increase in heart disease risks
per Gray (Gy) radiation dose to the heart is similar in women
with and without heart disease or cardiovascular risk factors
prior to radiotherapy.14,15,40 So, although prior cardiac disease
affects a woman’s absolute radiation-related risk of cardiac
mortality, it would not be expected to alter our main results
concerning left-versus-right cardiac mortality RRs.

Three factors need to be considered in the interpretation
of left-versus-right cardiac RRs in women diagnosed with
cancer before 1990 and recorded as receiving radiotherapy.
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First, the left-versus-right comparison gives information on
the risks of higher-versus-lower radiation dose, not on the
risks of radiotherapy versus no radiotherapy. This is because
irradiation of right breast cancer usually involves some car-
diac exposure and hence some cardiac hazard.39,41 Therefore,
any increase in the risk of heart disease from radiotherapy
is likely to be higher than indicated by the left-versus-right
cardiac mortality RRs.

Second, left-versus-right cardiac mortality RRs in different
groups of women recorded as receiving radiotherapy are likely
to reflect differences in their left-minus-right heart doses
which vary according to technique, beam energy and anatomi-
cal regions irradiated. For example, in the UK, tangential
radiotherapy has been commonly used, for which the left-
minus-right mean heart dose difference in pre-2000s radio-
therapy was around 3 Gy, while in Denmark electron fields
were used during the 1970s and 1980s, for which the left-
minus-right mean heart dose difference was only around
1–2 Gy.41 In contrast, for megavoltage nodal radiotherapy
fields used in some countries, the left-minus-right dose differ-
ence was >5 Gy.41 Therefore, variations in left-versus-right
cardiac mortality RRs for particular groups of women may be
explained partly by the use of different techniques.

Third, the possibility that left-minus-right cardiac dose dif-
ferences vary with the patient’s age within the calendar year
and geographical categories used to define the strata in our
analyses must be considered. Radiotherapy techniques, beam
energies available and regions irradiated may vary from coun-
try to country and may change over time. However, within a
single country and within a given 5-year calendar period they
do not usually vary according to the patient’s age. Direct evi-
dence for this comes from two studies where heart doses in
women irradiated for breast cancer at different ages have been
reported, and which found no evidence that heart radiation
dose varied with age6,14 (Supporting Information Table S6). In
our study, individual patient regimen information was
unavailable so we were unable to assess the dependence of
left-versus-right cardiac mortality RRs on left-minus-right
heart dose differences directly.

Comparison with other studies
Cardiac mortality in women irradiated for left-sided breast
cancer has been compared to cardiac mortality in women irra-
diated for right-sided breast cancer in over 20 published stud-
ies, including around a million women treated since the
1950s.10–13,16,19–37 Our study is larger than any of these stud-
ies, including over 22,000 cardiac deaths in over 1 million
irradiated women. In our study, for women recorded as
receiving radiotherapy before 1990, the overall cardiac mortal-
ity RR, left-versus-right (1.13) was similar to that in the largest
previous study (1.08), based on around 6,000 cardiac deaths
in women irradiated for breast cancer in the U.S. Surveillance
Epidemiology and End Results (SEER) cancer registries.19 No
other studies have considered in detail any differences in

percent recorded as irradiated for left-sided and right-sided
cancers, although several have concluded that the cardiac risks
have reduced since 1990.

Cardiac risk according to age irradiated
In our study, there were sufficient cardiac deaths to investigate
how the radiation-related risk varied according to age irradi-
ated. In women recorded as irradiated before 1990, the per-
cent increase in cardiac risk from higher-versus-lower heart
radiation dose was around 50% for women irradiated when
aged <40 years, 20% for women irradiated aged 40–59 years
and 10% for women irradiated aged 60+ years.

Six previous studies have investigated the cardiac risks of
breast cancer radiotherapy according to age irradiated
(Supporting Information Table S6). In five of the six, the rela-
tive increase in cardiac risk was larger for women irradiated at
a younger age, but none of these studies included more than
250 cardiac events in patients irradiated when aged <40 years.
In none of the studies was there a statistically significant trend
of cardiac risk with age. Three further studies have investi-
gated the effect of age at irradiation in Hodgkin lymphoma
where most patients are young adults (Supporting Informa-
tion Table S7). In one study,42 the trend in cardiac RR with
age at exposure was statistically significant and in another40

the cardiac RR per Gy was greater for younger ages at radio-
therapy but numbers were small and the trend was not statis-
tically significant. There are no studies reporting cardiac risk
according to age at irradiation in other cancer types.

The highest cardiac disease RRs and risks per Gy for
radiation-related heart disease have been reported in patients
irradiated as children or teenagers43,44 In a study of cardiac
mortality in 4,122 childhood cancer survivors (age at irradia-
tion: 0–14 years) with individual cardiac radiation doses, it
was estimated that radiation increased the risk of cardiac
death by 60% per Gy (95% CI 20–250),43 while in studies of
patients irradiated as adults, where the majority of the patients
were aged 40–59 years, the increase in heart disease risk per
Gy was ~4–7%.6,14,15,40 This suggests that the risk per Gy may
be around 10 times greater in children than in adults aged
40–59. Our study is the largest to date of radiation-related
cardiac mortality in adult women, including 22,100 cardiac
deaths in irradiated women. Analyses of just the women irra-
diated before 1990 included 14,346 cardiac deaths with 291 in
women irradiated aged <40 years and 9,315 in women irradi-
ated at ages 60+. There was, therefore, sufficient power to
characterise the effect of higher versus lower heart dose
according to age at radiotherapy, and the cardiac mortality
RRs for women irradiated at ages <40, 40–59 and 60+ were
approximately 1.5, 1.2 and 1.1, respectively (Fig. 3 left-hand
panel). Extrapolation from these results suggests that, while
the published adult heart radiation dose response relationships
of ~4–7% per Gy are likely to apply to the patients irradiated
at ages 40–59 years, the risk per Gy for breast cancer patients
aged under 40 may be around two and a half times bigger
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while the risk per Gy for women irradiated at ages 60+ years
may be smaller by about a factor of two.

For several other heart disease risk factors, including the
effect of smoking versus not on myocardial infarction,45 and
the effect of higher versus lower blood pressure and lipids on
vascular mortality46,47 the relative effect varies with age. There-
fore, it is not unexpected to find that the radiation-related risk
also varies with age on a relative scale.

Cardiac risk from radiotherapy with and without
chemotherapy
Our findings suggest that cardiac risks from radiotherapy may
be greater in women who also received chemotherapy. Similar
findings were reported in a smaller study of 19,464 women
irradiated for breast cancer in Denmark in whom the left-ver-
sus-right cardiac incidence RR was 1.32, 95% CI 1.02–1.70 for
women who received anthracycline chemotherapy and 1.10,
95% CI 1.01–1.19, in other women.48 Anthracycline chemo-
therapy can itself damage the heart, and these studies suggest it
may also potentiate radiation-related damage.

Duration of cardiac risk
Several studies have reported that radiation-related cardiac risk
in breast cancer patients lasts for over 20 years14,19,20 but, to the
best of our knowledge, this is the first to report a significant
increase in the period more than 25 years after exposure. Studies
of patients irradiated for Hodgkin lymphoma49 and childhood
cancer44,50 have reported radiation-related cardiac risks lasting
for over 30 years. Only further follow-up of these early cohorts
of irradiated breast cancer patients will reveal whether their
radiation-risk also lasts into the fourth decade after exposure.

Implications for clinical practice
Our study suggests the cardiac risks from breast cancer radio-
therapy are greater for younger than for older women, partic-
ularly if chemotherapy is also given, and that they last for
more than 25 years after treatment. These findings are rele-
vant to young women with node positive breast cancers who
are now recommended to receive anthracycline chemotherapy,
which can itself damage the heart, and internal mammary
node radiotherapy, in which the heart may receive around
8 Gy in left-radiotherapy and around 4 Gy in right-radiother-
apy.38,39 These are comparable to cardiac doses often received
prior to the 1990s. For these women, the absolute risks of the
radiotherapy need to be balanced against the breast cancer
survival benefits.

Acknowledgements
The chief acknowledgement is to the cancer registries and other organisa-
tions, who contributed data to the study, see Table S1 for list. The authors
would like to thank Dymphna Hermans for her work liaising with them.
This work was funded by a research contract to the University of Oxford
under the Department of Health Policy Research Programme (Studies of
Ionising Radiation and the Risk of Heart Disease), by a Cancer Research
UK grant (C8225/A21133) and by the British Heart Foundation Centre
for Research Excellence, Oxford (grant RE/13/1/30181) as well as core
funding from Cancer Research UK, the UK Medical Research Council and
the British Heart Foundation to the Oxford University Clinical Trial Ser-
vice Unit (grant MC_U137686858) and Department of Health, UK
(091/0203).

Conflict of interest
The authors declare that they have no competing interests.

References

1. Early Breast Cancer Trialists’ Collaborative
Group. Effect of radiotherapy after breast-
conserving surgery on 10-year recurrence and
15-year breast cancer death: meta-analysis of indi-
vidual patient data for 10 801 women in
17 randomised trials. Lancet 2011;378:1707–16.

2. Early Breast Cancer Trialists’ Collaborative
Group. Relevance of breast cancer hormone
receptors and other factors to the efficacy of adju-
vant tamoxifen: patient-level meta-analysis of
randomised trials. Lancet 2011;378:771–84.

3. Early Breast Cancer Trialists’ Collaborative
Group. Effect of radiotherapy after mastectomy
and axillary surgery on 10-year recurrence and
20-year breast cancer mortality: meta-analysis of
individual patient data for 8135 women in
22 randomised trials. Lancet 2014;383:2127–35.

4. Early Breast Cancer Trialists’ Collaborative
Group. Comparisons between different poly-
chemotherapy regimens for early breast cancer:
meta-analyses of long-term outcome among
100,000 women in 123 randomised trials. Lancet
2012;379:432–44.

5. Early Breast Cancer Trialists’ Collaborative
Group. Effects of chemotherapy and hormonal
therapy for early breast cancer on recurrence and

15-year survival: an overview of the randomised
trials. Lancet 2005;365:1687–717.

6. Early Breast Cancer Trialists’ Collaborative
Group. Estimating the risks of breast cancer
radiotherapy: evidence from modern radiation
doses to the lungs and heart and from previ-
ous randomised trials. J Clin Oncol 2017;35:
1641–9.

7. Matthews A, Stanway S, Farmer RE. Long term
adjuvant endocrine therapy and risk of cardiovas-
cular disease in female breast cancer survivors:
systematic review. BMJ 2018;363:k3845.

8. McGale P, Cutter D, Darby SC, et al. Can obser-
vational data replace randomised trials? J Clin
Oncol 2016;34:3355–6.

9. Vandenbrouke JP. Why do the results of
randomised and observational studies differ? BMJ
2011;343:7020.

10. Wright PG, Drinane JJ, Sobel HL, et al. Left-sided
breast irradiation does not result in increased
long-term cardiac-related mortality among
women treated with breast-conserving surgery.
Ann Surg Oncol 2016;23:1117–22.

11. Boero IJ, Paravati AJ, Triplett DP, et al. Modern
radiation therapy and cardiac outcomes in breast
cancer. Int J Radiat Oncol Biol Phys 2016;94:700–8.

12. Ye JC, Yan W, Christos P, et al. Second cancer,
breast cancer, and cardiac mortality in stage
T1aN0 breast cancer patients with or without
external beam radiation therapy: a national regis-
try study. Clin Breast Cancer 2015;15:54–9.

13. Cutter D, Taylor C, Rahimi K, et al. Effects of
radiation therapy on the cardiovascular system.
In: Ewer M, Yeh ETH, eds Cancer and the heart,
2nd edn. Shelton Connecticut: People’s Medical
Publishing House, 2013. 102–5.

14. Darby SC, Ewertz M, McGale P, et al. Risk of
ischemic heart disease in women irradiated for
breast cancer. N Engl J Med 2013;368:987–98.

15. Jacobse JN, Duane FK, Boekel NB, et al. Radiation
dose-response for risk of myocardial infarction in
breast cancer survivors. Int J Radiat Oncol Biol
Phys 2019;103:595–604.

16. Rutqvist LE, Johansson H. Mortality by laterality
of the primary tumour among 55,000 breast can-
cer patients from the Swedish cancer registry. Br J
Cancer 1990;61:866–8.

17. International Association of Cancer Registries
(IACR). Available from http://www.iacr.com.fr/
Accessed 13 May 2019.

18. World Bank. Available from www.worldbank.org/
en/country/mic. Accessed 13 May 2019.

1448 Cardiac mortality after breast cancer treatment

Int. J. Cancer: 147, 1437–1449 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on

http://www.iacr.com.fr/
http://www.worldbank.org/en/country/mic
http://www.worldbank.org/en/country/mic


19. Henson KE, McGale P, Taylor C, et al. Radia-
tion-related mortality from heart disease and
lung cancer more than 20 years after radiother-
apy for breast cancer. Br J Cancer 2013;108:
179–82.

20. Bouillon K, Haddy N, Delaloge S, et al. Long-term
cardiovascular mortality after radiotherapy for
breast cancer. J Am Coll Cardiol 2011;57:445–52.

21. Chan EK, Woods R, Virani S, et al. Long-term
mortality from cardiac causes after adjuvant
hypofractionated vs. conventional radiotherapy
for localized left-sided breast cancer. Radiother
Oncol 2015;114:73–8.

22. Boekel NB, Schaapveld M, Gietema JA, et al. Car-
diovascular morbidity and mortality after treat-
ment for ductal carcinoma in situ of the breast.
J Natl Cancer Inst 2014;106:dju156. https://doi.
org/10.1093/jnci/dju156.

23. Boekel NB, Schaapveld M, Gietema JA, et al. Car-
diovascular disease risk in a large, population-
based cohort of breast cancer survivors. Int J
Radiat Oncol Biol Phys 2016;94:1061–72.

24. Tjessem KH, Johansen S, Malinen E, et al. Long-
term cardiac mortality after hypofractionated
radiation therapy in breast cancer. Int J Radiat
Oncol Biol Phys 2013;87:337–43.

25. Bouchardy C, Rapiti E, Usel M, et al. Excess of
cardiovascular mortality among node-negative
breast cancer patients irradiated for inner-
quadrant tumors. Ann Oncol 2010;21:459–65.

26. Gutt R, Correa CR, Hwang WT, et al. Cardiac
morbidity and mortality after breast conservation
treatment in patients with early-stage breast can-
cer and preexisting cardiac disease. Clin Breast
Cancer 2008;8:443–8.

27. Borger JH, Hooning MJ, Boersma LJ, et al. Car-
diotoxic effects of tangential breast irradiation in
early breast cancer patients: the role of irradiated
heart volume. Int J Radiat Oncol Biol Phys 2007;
69:1131–8.

28. Marhin W, Wai E, Tyldesley S. Impact of fraction
size on cardiac mortality in women treated with
tangential radiotherapy for localized breast cancer.
Int J Radiat Oncol Biol Phys 2007;69:483–9.

29. Roychoudhuri R, Robinson D, Putcha V, et al.
Increased cardiovascular mortality more than

fifteen years after radiotherapy for breast cancer: a
population-based study. BMC Cancer 2007;7:9.

30. Paszat LF, Vallis KA, Benk VM, et al. A
population-based case-cohort study of the risk of
myocardial infarction following radiation therapy
for breast cancer. Radiother Oncol 2007;82:
294–300.

31. Giordano SH, Kuo YF, Freeman JL, et al. Risk of
cardiac death after adjuvant radiotherapy for
breast cancer. J Natl Cancer Inst 2005;97:419–24.

32. Darby S, McGale P, Peto R, et al. Mortality from
cardiovascular disease more than 10 years after
radiotherapy for breast cancer: nationwide cohort
study of 90 000 Swedish women. BMJ 2003;326:
256–7.

33. Vallis KA, Pintilie M, Chong N, et al. Assessment
of coronary heart disease morbidity and mortality
after radiation therapy for early breast cancer.
J Clin Oncol 2002;20:1036–42.

34. Paszat LF, Mackillop WJ, Groome PA, et al. Mor-
tality from myocardial infarction following pos-
tlumpectomy radiotherapy for breast cancer: a
population-based study in Ontario, Canada. Int J
Radiat Oncol Biol Phys 1999;43:755–62.

35. Paszat LF, Mackillop WJ, Groome PA, et al. Mor-
tality from myocardial infarction after adjuvant
radiotherapy for breast cancer in the surveillance,
epidemiology, and end-results cancer registries.
J Clin Oncol 1998;16:2625–31.

36. Nixon AJ, Manola J, Gelman R, et al. No long-
term increase in cardiac-related mortality after
breast-conserving surgery and radiation therapy
using modern techniques. J Clin Oncol 1998;16:
1374–9.

37. McGale P, Darby SC, Hall P, et al. Incidence of
heart disease in 35,000 women treated with radio-
therapy for breast cancer in Denmark and Swe-
den. Radiother Oncol 2011;100:167–75.

38. NCCN Guidelines Insights. Breast cancer, version
1.2017. J Natl Compr Canc Netw 2017;15:433–51.

39. Taylor CW, Wang Z, Macaulay E, et al. Exposure of
the heart in breast cancer radiotherapy: a systematic
review of heart doses published during 2003-2013.
Int J Radiat Oncol Biol Phys 2015;93:845–53.

40. Van Nimwegen FA, Schaapveld M, Cutter DJ,
et al. Radiation dose-response relationship for risk

of coronary heart disease in survivors of Hodgkin
lymphoma. J Clin Oncol 2016;34:235–43.

41. Taylor CW, Nisbet A, McGale P, et al. Cardiac
exposures in breast cancer radiotherapy: 1950s to
1990s. Int J Radiat Oncol Biol Phys 2007;69:
1484–95.

42. Hancock SL, Donaldson SS, Hoppe RT. Cardiac
disease following treatment of Hodgkin’s disease
in children and adolescents. J Clin Oncol 1993;11:
1208–15.

43. Tukenova M, Guibout C, Oberlin O, et al. Role of
cancer treatment in long-term overall and cardio-
vascular mortality after childhood cancer. J Clin
Oncol 2010;28:1308–15.

44. Mulrooney DA, Yeazel MW, Kawashima T, et al.
Cardiac outcomes in a cohort of adult survivors
of childhood and adolescent cancer: retrospective
analysis of the childhood cancer survivor study
cohort. BMJ 2009;339:b4606.

45. Parish S, Collins R, Peto R, et al. Cigarette
smoking, tar yields, and non-fatal myocardial
infarction: 14000 cases and 32000 controls in the
United Kingdom. BMJ 1995;311:471–7.

46. Prospective Studies Collaboration. Age-specific
relevance of usual blood pressure to vascular mor-
tality: a meta-analysis of individual data for one
million adults in 61 prospective studies. Lancet
2002;360:1903–13.

47. Prospective Studies Collaboration. Blood choles-
terol and vascular mortality by age, sex, and blood
pressure: a meta-analysis of individual data from
61 prospective studies with 55 000 vascular deaths.
Lancet 2007;370:1829–39.

48. Rehammar JC, Jensen M-J, McGale P, et al. Risk
of heart disease in relation to radiotherapy and
chemotherapy with anthracyclines among 19,464
breast cancer patients in Denmark, 1977-2005.
Radiother Oncol 2017;123:299–305.

49. Van Nimwegen FA, Schaapveld M, Janus CP,
et al. Cardiovascular disease after Hodgkin lym-
phoma treatment: 40-year disease risk. JAMA
Intern Med 2015;175:1007–17.

50. Reulen RC, Winter DL, Frobisher C, et al. British
childhood cancer survivor study steering group.
Long-term cause-specific mortality among survivors
of childhood cancer. JAMA 2010;304:172–9.

Henson et al. 1449

Int. J. Cancer: 147, 1437–1449 (2020) © 2020 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on

https://doi.org/10.1093/jnci/dju156
https://doi.org/10.1093/jnci/dju156

	 Cardiac mortality after radiotherapy, chemotherapy and endocrine therapy for breast cancer: Cohort study of 2 million wome...
	Introduction
	Materials and Methods
	Data availability

	Results
	Characteristics of the study population
	Cardiac mortality in treated versus untreated women
	Percentages of women recorded as irradiated
	Cardiac mortality in left-sided versus right-sided breast cancer
	Cardiac mortality, left-sided versus right-sided breast cancer, in women recorded as receiving radiotherapy
	Mortality from different types of heart disease in women recorded as receiving radiotherapy

	Discussion
	Patient selection
	Interpretation of left-versus-right cardiac mortality ratios
	Comparison with other studies
	Cardiac risk according to age irradiated
	Cardiac risk from radiotherapy with and without chemotherapy
	Duration of cardiac risk
	Implications for clinical practice

	Acknowledgements
	Conflict of interest
	References


