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ABSTRACT

PURPOSE: Previous reports suggest that radiation therapy for breast cancer (BC) 
can cause ischemic heart disease, with the radiation-related risk increasing linearly 
with mean whole heart dose (MWHD). This study aimed to validate these findings 
in younger BC patients and to investigate additional risk factors for radiation-related 
myocardial infarction (MI).
METHODS AND MATERIALS: A nested case-control study was conducted within a 
cohort of BC survivors treated during 1970-2009. Cases were 183 patients with MI 
as their first heart disease after BC. One control per case was selected, matched on 
age and BC diagnosis date. Information on treatment and cardiovascular risk factors 
was abstracted from medical- and radiation charts. Cardiac doses were estimated for 
each woman by reconstructing her regimen using modern 3-dimensional computed 
tomography planning on a typical patient computed tomography scan.
RESULTS: Median age at BC of cases and controls was 50.2 years (interquartile range: 
45.7-54.7). Median time to MI was 13.6 years (interquartile range: 9.9-18.1). Median 
MWHD was 8.9 Gy (range: 0.3-35.2 Gy). MI rate increased linearly with increasing 
MWHD (excess rate ratio [ERR] per Gy: 6.4%, 95% confidence interval: 1.3%-16.0%). 
Patients receiving ≥20 Gy MWHD had a 3.4-fold (95% confidence interval: 1.5-7.6) 
higher MI rate than unirradiated patients. ERRs were higher for younger women, with 
borderline significance (ERR<45years: 24.2%/Gy, ERR≥50years: 2.5%/Gy, pinteraction=0.054). 
Whole heart dose-volume parameters did not modify the dose-response relationship 
significantly. 
CONCLUSIONS: MI rate after radiation for BC increases linearly with MWHD. Reductions 
in MWHD are expected to contribute to better cardiovascular health of BC survivors.

INTRODUCTION

Survival in women with breast cancer (BC) has improved substantially in recent decades, 
due to more effective treatments and earlier diagnoses.1–5 However, radiation therapy, 
anthracycline-based chemotherapy, and targeted therapies can cause heart disease.6–8 
In the case of radiation therapy, cardiac exposure is associated with an increased risk of 
ischemic heart disease (IHD).9–11 This may occur through injury to the small vessels in the 
heart muscle (microvascular damage) or through atherosclerosis of the larger blood vessels 
(macrovascular damage).12, 13 
The risk of IHD appears to increase linearly with increasing mean whole heart radiation 
dose (MWHD).14, 15 In a large case-control study of women irradiated for BC, the rate of 
major coronary events increased by 7.4%/Gy MWHD.14 The increase started within 5 years 
of exposure, sooner than previously anticipated.16,17 It was also shown that the percentage 
increase in IHD per Gy was similar in women with and without cardiovascular risk factors, 
suggesting that the absolute radiation-related increase is higher in those with pre-existing 
cardiovascular risk factors. These associations require further study in younger women (ie, 
<50 years) diagnosed with BC.
Substantial progress has been made in reducing cardiac radiation doses in BC 
radiotherapy.18–20 Nevertheless, some recent regimens used to irradiate the left internal 
mammary nodes still may expose the heart to ≈8 Gy.21 Quantification of the effect of 
radiation on the heart may help to predict IHD risk for women being considered for BC 
radiation therapy today. It may also help to identify BC survivors who may benefit from 
cardiac surveillance. 
This study aimed to examine the radiation dose-response relationship for myocardial 
infarction (MI) in a population of younger BC patients (median age 50 years at BC diagnosis). 
It also investigates the effects of different whole heart dose-volume radiation measures 
and cardiovascular risk factors on the dose-response relationship.

METHODS

Cohort population
A nested case-control study of MI after BC was conducted within a cohort of long-term BC 
survivors treated in the Netherlands between 1970 and 2009. The cohort was identified 
through hospital-based registries at the Netherlands Cancer Institute, Amsterdam 
and Erasmus MC-Cancer Institute, Rotterdam, the Netherlands. Female patients were 
included in the cohort if they had histologically confirmed invasive BC stage I-III or ductal 
carcinoma in situ and were diagnosed before the age of 71 years. Details of the data 
collection procedures have been published previously10, 22 and are outlined in Supplemental 
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methods I. In brief, for patients in the cohort, information on BC recurrence, distant 
metastases, second cancer incidence, cardiovascular disease incidence, cardiovascular 
risk factors and causes of death was obtained through registries, medical files, general 
practitioners and cardiologists.

Case-control study
MI diagnoses in the cohort were ascertained from medical files and through questionnaires 
sent to the general practitioner. In the Netherlands, all residents are expected to have a 
general practitioner. Medical correspondence from attending physicians is sent to the 
general practitioner. Such records are preserved by the general practitioner throughout a 
patient’s life and for at least 15 years after a patient’s death. When the treating cardiologist 
was known and event information obtained from the general practitioner/medical file 
was unclear, an additional questionnaire was sent to the cardiologist to confirm the MI 
diagnosis. Patients with MI after BC were eligible as cases if they met the following criteria 
(1) BC was the first invasive malignancy (ignoring non-melanoma skin cancer); (2) they were 
free from BC recurrence, distant metastases, second cancer, heart failure or valvular heart 
disease when diagnosed with MI. Heart failure and valvular heart disease were addressed 
in separate case-control studies. A rhythm disorder or angina pectoris before MI was not 
an exclusion criterion. In total 183 patients with a diagnosis of MI after BC were selected 
as cases. 
For each MI case, one control was selected from the cohort, matched on age at BC 
diagnosis (±5 years) and date of BC diagnosis (±5 years). Only patients with for whom 
we could collect information on cardiovascular disease were considered as potential 
controls. Controls had to be alive and free from BC recurrence, distant metastases, 
second cancer, MI, heart failure and valvular heart disease until the cutoff date, which 
was defined as the date of BC diagnosis plus a time interval equal to the time between 
BC diagnosis and MI diagnosis for the paired case. Cases were permitted to be controls 
up to the date when they developed MI, and controls were selected with replacement. 
In total, 183 controls (178 unique individuals) were matched to the cases. Four controls 
later became a case.

Data collection
Data at BC diagnosis regarding medical history (including prior cardiovascular diseases, 
diabetes and hypertension), smoking history, and body mass index (BMI) were abstracted 
from medical files. Hypertension was coded as present if a patient was on medication for 
hypertension, or if a diagnosis of hypertension was given in the medical record. Information 
on cardiovascular risk factors diagnosed after BC diagnosis was also collected. Treatment 
information, including surgery, chemotherapy regimen and endocrine therapy, was 
abstracted. Copies of radiation charts for individual patients were obtained for patients 

who received radiation therapy. Information on target definition, field borders, total dose, 
dose per fraction, beam energy and the use of shielding, wedges and bolus was obtained 
from the charts.

Radiation therapy dosimetry
A ‘typical computed tomography (CT) scan’, was used to estimate cardiac doses 
retrospectively for each woman in the study (Supplemental methods II). Radiation therapy 
charts were available for 314 of the 316 individual irradiated women in the study. Fifty-
two regimens were identified and reconstructed on the typical CT-scan (Supplemental 
table I). Dose distributions were generated for cobalt, electron and megavoltage beams 
using modern 3-dimensional CT treatment planning (Varian EclipseTM Treatment 
Planning System [TPS] version 10.0.39 [Varian Medical Systems, Palo Alto, USA]). 
Dose distributions from orthovoltage fields were generated using manual planning. 
Typical MWHD, mean left ventricle dose (MLVD), and the percent volume of the heart 
receiving ≥5, 10, 15, 20, 25, 30, 35, and 40 Gy (V5-V40) were estimated using dose-
volume histograms. Doses were estimated for each individual woman using the total 
dose (100%) received as recorded in individual radiation therapy charts and the dose 
volume histogram of the regimen received. 

Statistical analysis
Rate ratios (RRs) for MI for different levels of each factor were calculated using logistic 
regression conditioning on strata. Strata were defined by the matching variables age at 
BC diagnosis (10-year categories), year of BC diagnosis (10-year categories) and follow-up 
duration (5-year categories). One individual, who appeared as a control twice within the 
same stratum, was included only once in the analysis. 
Confidence intervals (CIs) were estimated using the Wald method for factors with two 
levels. For factors with more than two levels, Wald method CIs were used to derive CIs 
for each category, including the reference category, from the amount of information in 
that category.23 Multivariable regression was used to assess and control for potential 
confounders. A factor was considered a potential confounder if the RR after adjustment 
for the factor changed by 10% or more. 
The excess rate ratio (ERR) of MI associated with one Gy increase in radiation exposure (ie, 
the proportional increase in MI rate per unit increase in dose) was estimated using a linear 
odds model conditional on strata defined by the matching variables. The model for the 
MI rate was Κm(1+βd) where d is MWHD for each woman, Κm is the MI rate at zero MWHD 
in the mth stratum, and β is the ERR. Non-linearity was tested by adding an exponential 
term: Κm(1+βd*exp(δd)). The significance of the dose-response relationship was evaluated 
using the likelihood ratio test. Interactions were evaluated by including interaction terms 
as categorical or continuous variables. 
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Approximate cumulative MI risks and 95% CIs were estimated from the treatment-specific 
RRs together with the cumulative MI risk for the entire cohort. Death from any cause 
other than MI or sudden cardiac death was treated as a competing risk. Overall survival 
rates after a diagnosis of MI were estimated using the Kaplan-Meier method with cases 
censored at either last known follow-up date or date of death. Analyses were performed 
using STATA statistical software version 13.0 (StataCorp 2013) and Epicure version 1.8 
(Hirosoft International).

RESULTS

Patient characteristics
The median age of cases at BC diagnosis was 50.2 years (interquartile range [IQR], 45.8-
54.7) (Table 1). Median time between BC diagnosis and MI diagnosis was 13.6 years (IQR, 
10.3-18.2). Left-sided BC was more common than right-sided BC in cases and controls 
(53.6% and 55.5% left-sided vs 46.4 and 44.5% right-sided, respectively) and 57.9% of cases 
and 58.8% of controls had node-negative disease at BC diagnosis; these differences were 
not statistically significant (Table 1). Five year and 15-year cumulative survival among cases 
were 85% and 56%, respectively (Supplemental figure 1). Twenty-three patients (13%) died 
on the day of MI diagnosis. 

Table 1. Characteristics of myocardial infarction cases and matched controls

Cases Controls

Total 183 (N) 100 (%)* 182¶ (N) 100 (%)* P-value†

Age at breast cancer (BC) diagnosis‡

Median age (IQR) in years 50.2 45.8-54.7 50.2 45.5-54.6

<40 (22-39) years 9 4.9 10 5.5

40-49 years 78 42.6 78 42.9

50-59 years 77 42.1 75 41.2

≥60 (60-70) years 19 10.4 19 10.4

Year of breast cancer diagnosis‡

1970-1979 41 22.4 41 22.5

1980-1989 95 51.9 92 55.6

1990-1999 29 15.9 34 18.7

2000-2009 18 9.8 15 8.2

Time to MI/cut-off date‡,¥

Median time (IQR) in years 13.6 10.3-18.2 13.7 10.3-18.2

<5 (1-4) years 13 7.1 13 7.1

5-9 years 31 16.9 31 17.0

Table 1. Continued

Cases Controls

Total 183 (N) 100 (%)* 182¶ (N) 100 (%)* P-value†

10-14 years 60 32.8 59 32.4

15-19 years 48 26.2 48 26.4

≥20 (20-29) years 31 16.9 31 17.0

Age at MI diagnosis/cut-off date¥

Median age (IQR) in years 64.2 58.5-70.2 63.9 58.5-70.2

<50 (40-49) years 7 3.8 8 4.4

50-59 years 51 27.9 50 27.5

60-69 years 74 40.4 74 40.7

70-79 years 45 24.6 44 24.2

≥80 (83-89) years 6 3.3 6 3.3

Laterality of breast cancer

Right 85 46.4 81 44.5

Left 98 53.6 101 55.5 0.72

Nodal status

Negative 106 57.9 107 58.8

Positive 75 41.0 74 40.7

Unknown 2 1.1 1 0.5 0.91

Tumor size

<2cm 58 31.7 76 41.8

2-5cm 88 48.1 72 39.6

≥5cm 6 3.3 10 5.5

Unknown 31 16.9 24 13.2 0.09

Abbreviations: IQR, interquartile range; MI, myocardial infarction.
* Percentages may not total 100 because of rounding.
¶ Cases and controls were selected with replacement. When an individual appeared as a control twice within 
the same stratum, it was included only once in the analysis (n=1). 
† P-value for difference between tumor characteristics of cases and controls, calculated within strata (defined 
by matching variables) and excluding the unknown category.
‡ Matching variables.
¥ Derived from matching factors. Cut-off date for controls was defined as the date of BC diagnosis plus a time 
interval equal to the time between BC diagnosis and MI diagnosis for the paired case.

Treatment-related risk factors 
Surgery, endocrine therapy and chemotherapy (with or without anthracyclines) were not 
associated with a significantly increased MI rate (RR mastectomy vs breast-conserving 
surgery: 1.04 [95% CI: 0.58-1.86], RR endocrine therapy vs not: 0.71 [95% CI: 0.29-1.75]; 
RR non-anthracycline chemotherapy vs no chemotherapy: 0.59 [95% CI: 0.33-1.07], and RR 
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anthracyclines vs no chemotherapy: 1.04 [95% CI: 0.41-2.63]; Table 2). Internal mammary 
chain (IMC) irradiation was associated with a 2.45-fold increased MI rate [95% CI: 1.97-
3.05]. Median MWHD was 8.9 Gy (IQR, 4.8-15.0) for cases and 8.5 Gy (IQR, 4.3-12.2) for 
controls (Table 2). Heart dose estimates were highest for patients who received radiation 
to the IMC only or IMC combined with breast or chest wall irradiation (mean MWHD for 
right-sided breast+IMC, chest wall+IMC, and IMC only were 14.5, 10.7, 9.1 Gy, respectively, 
mean MWHD for left-sided breast+IMC, chest wall+IMC, and IMC only were 18.6, 16.3, 
14.2 Gy, respectively) (Supplemental table 2). MI rate increased with increasing MWHD 
(p-trend, 0.011), and there was a 3.4-fold (95% CI: 1.54-7.62) increased rate for patients 
who received a MWHD ≥20 Gy compared to patients who received no radiation therapy 
(Table 2). Neither the use of chemotherapy nor the presence of cardiovascular risk factors 
significantly confounded the association between MWHD and MI rate (Supplemental table 
3). When we restricted the analysis to irradiated cases and controls, similar rate increases 
for the different radiation dose categories were found (Supplemental table 4). Approximate 
20-year cumulative risks were 0.9% (95% CI: 0.5-2.0), 1.8%, (0.9-2.6), 2.1% (1.6-2.6), 2.5% 
(1.9-3.2) and 4.2% (1.2-7.2) for no radiation therapy and MWHD categories <2 Gy, 2-9 Gy, 
10-19 Gy and ≥20 Gy, respectively (Figure 1).

Figure 1: Modeled cumulative myocardial infarction (MI) risk for cases by categories of mean whole heart 
dose (MWHD)
Cumulative risks of MI as first cardiac event among women diagnosed with breast cancer (BC) when aged ≤70 
years (median age at BC diagnosis: 50.2 years (IQR: 45.8-54.7) and median age at MI diagnosis: 64.1 years (IQR: 
58.5-70.2)) by time since initial BC treatment for categories of MWHD. Cumulative risks were calculated from 
the MI rate rato’s for different dose categories (table 2) and the cumulative MI risk for the entire BC cohort in 
which this study is embedded, with death as a competing event.

Cardiovascular risk factors
Hypertension and a BMI ≥30, recorded at BC diagnosis, were the only individual patient-
related cardiovascular risk factors significantly associated with an increased MI rate 
(Supplemental table 5). However, the presence of at least one cardiovascular risk factor 
(angina pectoris, chronic obstructive pulmonary disease, diabetes, hypertension, smoking, 
BMI≥30) at BC diagnosis was associated with a RR of 1.70 (95% CI: 1.13-2.55) compared 
with no cardiovascular risk factors. When cardiovascular risk factors ever diagnosed (ie, 
during follow-up as well as at BC diagnosis) were taken into account, MI rate was higher 
(RR, 1.86, 95% CI: 1.19-2.90) (Supplemental table 5).

Radiation dose-response relationship
A linear dose-response relationship between MWHD and MI rate was found. The ERR 
for MI increased by 6.4%/Gy (95% CI: 1.3%-16.0%) (Figure 2). A model that allowed for 
curvature gave no significant improvement in fit. When considering potential modifiers 
of the effect of MWHD on MI rate (Table 3), we found that ERRs were highest in women 
aged <45 years at BC diagnosis (24.2%/Gy; 95% CI: 4.4%-82.3%) and tended to decrease 
with older age (ERR≥50-70years, 2.5%/Gy; 95% CI: -1.4%-11.9%) (pinteraction based on trend test: 
0.07, pinteraction based on test for homogeneity between ERR<45years and ERR≥50-70years: 0.054 ). 
ERRs increased with longer follow-up (pinteraction based on trend test, 0.25, pinteraction based 
on test for homogeneity between ERR<10years and ERR≥15years, 0.053). The dose-response 
relationship for women with and without cardiovascular risk factors at BC diagnosis was 
similar (pinteraction>0.50). Also, when considering cardiovascular risk factors ever diagnosed, 
results did not change. 

Whole heart dose-volume parameters
MWHD, MLVD and whole heart dose-volume measures were highly correlated (Pearson 
correlation coefficients ranged from 0.69 to 0.96). No other confounders of the relationship 
between V5-V40 and MI rate were identified. In univariable models MI rates were 
significantly increased when ≥30% of the heart received 5-30 Gy (RRs, 1.97-2.86, Table 4). 
The addition of MWHD as a continuous parameter to the separate dose-volume models 
did not significantly improve the fit of the models. Furthermore none of the dose-volume 
parameters was a better predictor than MWHD for the development of MI (ie, the deviance 
of ERR models was similar or worse when the dose-volume parameters were used to 
predict MI instead of the MWHD). Also, the addition of V5-V40 to the linear odds model 
for MWHD did not significantly improve the fit of the ERR model (data not shown). No 
evidence for effect modification by any of the dose-volume parameters V5-V40 was found 
(data not shown). 
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Table 2: Associations between treatment characteristics and rate of myocardial infarction (MI)

Cases Controls Rate ratio¶ 95% CI P-value†

Total 183 (N) 100 (%)* 182 (N) 100 (%)*

Treatment model

Surgery

Breast conserving surgery (BCS) 82 44.8 87 47.8 1.00‡ -

Mastectomy 101 55.2 95 52.2 1.04 0.58-1.86 0.90

Endocrine therapy (HT)

No 167 91.3 166 91.2 1.00‡ -

Yes 16 8.7 16 8.8 0.71 0.29-1.75 0.46

Chemotherapy (CT)

No 140 76.5 132 72.5 1.00‡ 0.89-1.12

CT, no anthracyclines 29 15.9 36 19.8 0.59 0.33-1.07

Anthracycline-based CT 14 7.7 14 7.7 1.04 0.41-2.63 0.23

Radiation therapy (RT)

No 16 8.7 27 14.8 1.00‡ 0.50-1.99

RT, no IMC 51 27.9 65 35.7 1.20 0.67-2.18

RT, IMC 116 63.4 90 49.5 2.45 1.97-3.05 0.006

Mean whole heart dose (MWHD)¥

Median MWHD (IQR) in Gy 8.9 4.8-15.0 8.5 4.3-12.2

No RT 16 8.8 27 15.0 1.00‡ 0.52-1.91

<2 Gy (mean 1 Gy) 29 15.9 34 18.9 1.44 0.84-2.48

2-9 Gy (mean 7 Gy) 62 34.1 62 34.4 1.72 1.23-2.42

10-19 Gy (mean 14 Gy) 57 31.3 48 26.7 2.06 1.40-3.02

≥20 Gy (mean 26 Gy) 18 9.9 9 5.0 3.42 1.54-7.62 0.011††

Abbreviations: CI, confidence interval; IMC, internal mammary chain.
* Percentages may not total 100 because of rounding.
¶ Univariable rate ratios for MI for different levels of each factor were calculated using logistic regression 
conditioning on strata defined by the matching variables.
† P-value for difference between treatment characteristics of cases and controls, calculated within strata 
(defined by matching variables).

‡ Reference category.
¥ This model includes 362 patients. Three patients were dropped; for one irradiated case and one irradiated 
control dosimetry was not performed. One control was dropped, because it was the only patient left in the 
stratum.
†† P for trend across categories.
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Figure 2: Dose-response relationship between rate of myocardial infarction and mean whole heart dose 
(MWHD)
The regression line is the best fitting linear dose response relationship (RR =κ(1.18+0.06389*MWHD)) ; 
p=0.006). This results in an excess rate ratio (ERR) of 6.4% per Gy (95% CI: 1.3-16.0). Squares indicate point 
estimates for dose categories (no radiotherapy (RT), <2Gy, 2-9Gy, 10-19Gy, ≥20Gy, see table 2 ) and are plotted 
at the mean MWHD of each dose category. There was no significant departure from linearity observed. The 
sum of the squared distances between the point estimates for dose categories was used to find the best fit of 
the linear dose-response to the categorical estimates, resulting in a linear RR of 1.18 at 0 Gy.

Table 3. Excess rate ratios of myocardial infarction per Gray mean whole heart dose for subgroups

Cases (N) Controls 

(N)

ERR (%) 95% CI P-value

All patients 183 182 6.4 1.3-16.0 0.006*

Age at BC diagnosis

<45 years 40 41 24.2 4.4-82.3

45-49 years 47 47 11.1 1.2-40.1

50-70 years 96 94 2.5 -1.4-11.9 0.07†

Year of BC diagnosis

1970-1979 41 41 4.0 -3.0-30.2

1980-1989 95 92 8.0 0.8-26.2

1990-1999 29 34 10.5 0.0-40.8

≥2000 18 15 -1.6 -5.1-21.9 >0.50†

Time to MI/cut-off date

<10 years 44 44 -0.1 -2.9-9.5

10-14 years 60 59 7.2 -0.8-32.3

≥15 years 79 79 15.1 2.9-49.3 0.25†

Chemotherapy (CT)

No 140 132 9.9 2.4-25.5

CT, no anthracyclines 29 36 1.5 -2.4-24.6

Anthracycline-based CT 14 14 9.0 -4.2-113 >0.50§

Cardiovascular risk factors at BC diagnosis

No 77 101 5.1 -0.3-17.3

Yes 106 81 7.6 0.1-27.6 >0.50§

Cardiovascular risk factors ever diagnosed

No 51 75 3.9 -1.6-18.7

Yes 132 107 7.3 0.9-22.0 >0.50§

Smoking

Never smoked 96 106 6.8 0.4-21.0

Ever smoked 87 76 5.4 -0.7-21.5 >0.50§

Abbreviations: ERR, excess rate ratio; CI, confidence interval; BC, breast cancer; MI, myocardial infarction.
* P for test of ERR=0%
† P for interaction based on trend test with time/age as a continuous variable.
§ P for interaction based on test for homogeneity across categories.
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Table 4. Associations between percentage of heart volume receiving ≥5-40 Gy and rate of myocardial infarction

Percentage of heart volume receiving 
≥5–40 Gy (V5 to V40)

Median value (IQR) Cases Controls Rate ratio¶ 95% CI** P-value†

Total§ 170 (N) 100 (%)* 169 (N) 100 (%)*

V5 40.2 (11.1-87.6)

<10% 44 25.9 62 36.7 1.00‡ 0.68-1.47 -

10-29% 29 17.1 35 20.7 1.20 0.73-1.99 0.57

≥30% 97 57.1 72 42.6 2.02 1.43-2.85 0.008

V
10 37.1 (8.8-60.7)

<10% 63 37.1 88 52.1 1.00‡ 0.70-1.43 -

10-29% 21 12.4 15 8.9 1.96 0.99-3.87 0.09

≥30% 86 50.6 66 39.1 1.97 1.40-2.78 0.007

V
15 29.3 (8.0-40.5)

<10% 64 37.7 91 53.8 1.00‡ 0.72-1.39 -

10-29% 22 12.9 15 8.9 2.01 1.03-3.93 0.07

≥30% 84 49.4 63 37.3 2.05 1.41-2.98 0.005

V
20 17.1 (7.4-36.5)

<10% 73 42.9 97 57.4 1.00‡ 0.71-1.41 -

10-29% 34 20.0 33 19.5 1.42 0.87-2.30 0.25

≥30% 63 37.1 39 23.1 2.28 1.53-3.41 0.002

V
25 10.7 (6.8-19.1)

<10% 77 45.3 104 61.5 1.00‡ 0.73-1.37 -

10-29% 53 31.2 46 27.2 1.60 1.04-2.45 0.08

≥30% 40 23.5 19 11.2 2.86 1.67-4.90 0.001

V
30 6.6 (4.4-11.4)

<10% 119 70.0 140 82.8 1.00‡ 0.78-1.29 -

10-29% 25 14.7 14 8.3 2.15 1.11-4.13 0.033

≥30% 26 15.3 15 8.9 2.12 1.12-4.01 0.033

V
35 3.0 (1.2-6.2)

<10% 132 77.7 149 88.2 1.00‡ 0.76-1.31 -

10-29% 24 14.1 12 7.1 2.32 1.17-4.58 0.025

≥30% 14 8.2 8 4.7 2.11 0.89-5.03 0.11

V
40 0.3 (0-5.4)

<10% 143 84.1 154 91.1 1.00‡ 0.88-1.13 -

10-29% 23 13.5 14 8.3 1.77 0.88-3.57 0.12

≥30% 4 2.4 1 0.6 5.29 0.57-49.4 0.15

Abbreviations: IQR, inter quartile range; CI, confidence interval.
§ This model includes 339 patients. Twenty-six patients were dropped: for one irradiated case and one 
irradiated control dosimetry was not performed. For 22 patients (11 cases and 11 controls) it was not 
possible to estimate dose-volume parameters study as they had a combination of orthovoltage and electron/
megavoltage treatment (manual planning). One case and one control were additionally dropped because they 
were the only patient left in the stratum.
* Percentages may not total 100 because of rounding.

¶ Univariable rate ratios for MI for different levels of each factor were calculated using logistic regression 
conditioning on strata defined by the matching variables.
** Wald method CIs were used to derive CIs for each category, including the reference category.
† P-value for difference of dose-volume categories of cases and controls, calculated within strata (defined by 
matching variables), with <10% as a fixed reference group.
‡ Reference category.
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DISCUSSION

In this study we found that MI rate increases linearly by 6.4% per Gy increase in MWHD in 
BC survivors with a median age of 50 years at BC diagnosis and that there was a 3.4-fold 
increased MI rate at a MWHD of ≥20 Gy. We did not find any evidence that the percentage 
increase in MWHD rate per Gy differed by presence or absence of cardiovascular risk factors 
at BC diagnosis. These findings are consistent with the previously published radiation dose-
response relationship between MWHD and MI rate in BC survivors, which showed a MI 
rate of 7.4% per Gy increase in MWHD for women both with and without cardiovascular 
risk factors at time of radiation therapy.14 Moreover, similar results were reported in a 
study assessing the dose-response relationship for MWHD and the risk of IHD in Hodgkin 
lymphoma (HL) survivors.15

Our results suggest that ERR per Gy was higher for the youngest women (age <45 years 
at BC diagnosis) and this effect had borderline significance (pinteraction=0.054). It is notable 
that Van Nimwegen et al. also found ERRs to be highest in patients treated for HL at 
the youngest ages. However, ERRs for HL patients treated at an age comparable to our 
youngest age group were lower than we observed (ie,. 4.2%/Gy in HL patients irradiated 
between ages 36 and 50 vs 24.2%/Gy in our patients irradiated at <45 years, median 37 
years).15 In the case-control study of Darby et al. no significant effect of age was found on 
the slope of the dose response relationship between MWHD and major coronary event 
rate.14 Some cohort studies in HL survivors and BC survivors have, however, reported that 
younger age is associated with higher relative risks of radiation-induced heart disease.24 
Whether radiation therapy is associated with larger percentage increases in the MI rate 
per Gy MWHD in very young BC patients (ie, treated before 40 years of age), remains an 
important gap in knowledge and requires further investigation.
In some earlier studies, it was found that radiation therapy was not associated with IHD 
during the first 10 years after exposure16,17, but evidence is now emerging that radiation 
therapy can lead to increased IHD rates within the first 5 years.14,25 We, however, did not 
identify increased MI rates within the first 10 years after BC diagnosis (ERR<10years: -0.1%, 
95% CI: -2.9%-9.5%). This could be due to the inclusion of relatively young women in our 
study; almost 90% of our patients were aged <60 years at BC diagnosis. In contrast, in the 
study by Darby et al. almost half of included women were ≥60 years at BC diagnosis.14 In 
another study, presenting increased rates of major acute coronary events in relation to 
MHD within 9 years after radiation therapy, median age of included women was also higher 
(59 years, range: 26-84 years) compared to the median age of our study population.25 
Strong conclusions about the presence of latency in the development of radiation-induced 
IHD however cannot be drawn from our data, since follow-up time was not a significant 
effect modifier and the number of included cases is rather small to assess the effects in 
different follow-up groups.

We found that none of the whole heart dose-volume parameters was a better 
predictor than MWHD for the development of MI and we found no evidence for effect 
modification of the dose-response relationship by any of the dose-volume measures. 
In a recent study among women treated during 2005-2008 for BC or ductal carcinoma 
in situ, the left ventricle V5 (LV-V5) seemed to be a better predictor of acute coronary 
events than MWHD.25 An important limitation of that study is, however, that there 
were only 30 patients who developed an event, whereas we included 183 cases of MI 
after BC radiation therapy. The women included in the two studies were also irradiated 
in different eras, 1970s to 2000s in our study and 2005 to 2008 in the other study, so 
radiation techniques and the distribution of MWHD are different. Hence we cannot 
compare our findings directly. 
More information is needed on whether, for a given MWHD, the dose-response 
relationship differs in situations in which the heart is partly irradiated (“a lot to a 
little”) versus situations where the heart is homogeneously irradiated (“a little to 
a lot”).26 Our data, however, do not allow us to study whether for a given MWHD, 
dose inhomogeneity across the heart is a significant predictor of MI. Variation in the 
dose-volume measures was limited given that most women received a high dose to a 
small part of the heart (“a lot to a little”) and MWHD and our dose-volume measures 
were strongly correlated. Furthermore the number of cases in each dose-volume 
category was too low to draw conclusions around the effects of exposing varying 
proportions of the heart to a certain radiation dose. Schneider et al. investigated this 
topic by modeling the dose-response relationship using relative seriality models to 
extrapolate to situations where no data are currently available. They suggested that 
the dose-response relationship may be sigmoidal rather than linear when the heart is 
homogeneously irradiated (“a little to a lot”).26 In a recent paper by Hahn et al among 
HL survivors it was also found that increasing dose inhomogeneity was a significant 
predictor of cardiac toxicity and ischemic cardiac events.27 Studies including women 
irradiated with CT-based radiation therapy planning and women who received intensity 
modulated radiation therapy, will further enable investigation of the role of dose-
volume parameters in relation to the development of IHD among BC survivors. 
A limitation of our study was that we were unable to use dosimetry data derived from CT-
planning scans of the patients themselves because most women were treated before the 
era of CT-planning. Instead, individual radiation therapy regimens for irradiated patients 
were reconstructed on the CT-scan of a typical patient and thus the cardiac doses may 
differ from presented estimates, principally because of variation in anatomy (Supplemental 
methods I).  The magnitude of these differences will be similar for cases and controls, but it 
will differ between different regimens.  The nature of this error, known as a Berkson error, 
has been shown to cause no bias in the resulting dose-response relationship.28 Furthermore, 
it should be noted that cumulative MI risks by dose categories were estimated based on 
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the cumulative MI risk identified in our BC cohort. Over the past decade, decreases in MI 
rate have been reported in the general population. Because the cumulative absolute risk 
is affected by the background MI rate, the cumulative incidence for future BC patients is 
likely to be lower than presented here.
An important strength is that this large case-control study is nested within a well 
characterized cohort for which comprehensive oncologic and cardiovascular follow-up 
information was available. We ascertained MI diagnosis through the patients’ GP, who in 
the Netherlands routinely receives medical correspondence from attending physicians or 
the treating cardiologist. Furthermore, individual patient dosimetry was performed and 
we found no evidence for selection of irradiated patients according to health status, as 
our sensitivity analyses restricted to irradiated patients indicated similar risk estimates for 
categories of MWHD. 
We found a linear dose-response relationship between MWHD and MI rate in a population 
of younger BC patients (median age of 50 years at BC diagnosis), suggesting that there is 
no apparent threshold dose below which MI rate is not increased. Our findings stress the 
importance of maximally reducing MWHD using modern radiation techniques to optimize 
cardiovascular health of BC survivors. 
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SUPPLEMENTAL METHODS I 

Female breast cancer (BC) patients (stage I-IIIA or ductal carcinoma in situ [DCIS]) diagnosed 
from 1970-2009 were selected from the hospital-based registries of the the Netherlands 
Cancer Institute, Amsterdam and Erasmus MC-Cancer Institute, Rotterdam, the Netherlands. 
All patients had to have received surgery. Data collection from the registries and medical 
files included the following variables: date of birth, date of BC diagnosis, tumor histology, 
stage, type of surgery, radiation fields, chemotherapy regimen, hormonal treatment, date 
of first recurrence and distant metastasis, date, diagnosis and treatment of previous and 
subsequent malignancies, history of cardiovascular disease (CVD) before BC diagnosis, 
dates and diagnoses of cardiovascular events, smoking, hypertension, diabetes mellitus, 
hypercholesterolemia, date of last known medical status, and cause of death (according 
to the International Classification for Diseases, 10th revision). Because data collection 
on CVD incidence through questionnaires to general practitioners and cardiologists 
is very labour intensive, and because we were interested in long-term cardiovascular 
disease risks following radiotherapy and chemotherapy, we collected information only for 
selected patients. Selection of patients was always random within each age stratum and 
independent of CVD diagnosis, as the hospital-based registries did not contain any data 
on CVD. For patients diagnosed between 1970 and 1986, CVD information was acquired 
only for selected ten-year survivors1. For patients diagnosed between 1987 and 2009, 
we collected CVD information for selected one-year survivors2. For the years of diagnosis 
2001 to 2009 all one-year survivors were included. To complete cardiovascular follow-up 
in the entire cohort, letters were sent to general practitioners and cardiologists. In routine 
clinical practice, medical correspondence from attending physicians is sent to the general 
practitioner. Records are preserved by the general practitioner throughout a patient’s life 
and for at least 15 years after a patient’s death. For patients treated before 2000, complete 
follow-up information to at least January 1, 2009 was available for 82% of the study cohort. 
For patients treated in 2000-2009, complete follow-up information through at least January 
1, 2012, was available for 71% of the study cohort. Median follow-up duration was 14 years 
for the entire cohort; 23 years for patients diagnosed with breast cancer >1986 and 12 
years for patients diagnosed >1986.
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SUPPLEMENTAL METHODS II 

Chart categorization
For the women in this study CT-planning was only available from 2005 onwards. Individual 
anatomical information was not available. Cardiac doses were estimated retrospectively 
by two of the authors (FKD and CWT).
Information was abstracted from 314 radiotherapy charts including: surgery type, target 
definition, field borders, total dose and dose per fraction, beam energy and the use of 
shielding, wedges and bolus. In total, 52 regimens were received, 28 regimens for left-
sided and 24 for right-sided BC (Supplemental table 1). The main regimen categories 
were: tangential (35%, n=109), megavoltage internal mammary chain (IMC) (25%, n=80), 
orthovoltage or mixed orthovoltage/megavoltage IMC (28%, n=89), and electron chest 
wall or IMC (12%, n=36). Wide tangential or partially wide tangential techniques were not 
used in this study. Patients were identified as having IMC irradiation if dedicated anterior 
parasternal beams were used. 

Selection of a ‘typical CT-scan’
Ten CT-planning scans were randomly selected from women referred for BC radiotherapy 
in 2010. The treatment position for all women was supine, with both arms above the head. 
Slice thickness for each scan was 3mm, and intravenous contrast was not used. The whole 
heart and left ventricle were contoured on each of the 10 scans3. To simulate mastectomy 
duplicate copies of the CT were created and the relevant breast was virtually removed from 
the dose calculations. To select a ‘typical CT-scan’, first the most commonly used left-sided 
regimen was identified from the charts. This was a midline tangential regimen consisting of 
two opposing symmetrical fields with alignment of the posterior field borders which was 
used from the 1980s up to the early 2000s. Second, the regimen was reconstructed on 
each of the ten CT-scans and whole heart doses were reviewed. Third, anatomical features 
which may influence cardiac doses from BC radiotherapy were measured, including: sternal 
length, heart volume, chest wall separation distance and the Haller index (ratio of height 
between the anterior spine and posterior sternum to the transverse width of the heart). 
The ‘typical CT-scan’ was the scan with a MWHD closest to average (MWHD ‘typical CT-
scan’: 4.8 Gy, average MWHD ten CT-scans: 4.8 Gy (range 1.9 – 9.1 Gy)). It was not atypical 
for any of the anatomical factors reviewed. 

Regimen reconstruction
All other regimens identified from the radiotherapy charts were then reconstructed on the 
‘typical CT-scan’. Dose distributions were generated for cobalt, electron and megavoltage 
beams using modern 3-dimensional CT treatment planning (Varian EclipseTM Treatment 
Planning System [TPS] version 10.0.39 [Varian Medical Systems, Palo Alto, USA]). The 

analytical anisotropic algorithm was used to calculate cardiac doses for photon plans, Monte 
Carlo was used for electron plans, and pencil beam for cobalt plans. Dose distributions 
from orthovoltage fields were generated using manual planning. MWHD, MLVD, V5 to V40 
were estimated using dose volume histograms. 

Allocation of doses to individual women
Doses were estimated for each individual woman using the total dose (100%) she received 
as recorded in individual radiotherapy charts and the dose volume histogram of the 
regimen she received.

Limitations
The estimated cardiac doses are subject to several sources of uncertainty. Many of these 
uncertainties are common to all radiotherapy CT-planning studies and include delineation 
error, dose calculation algorithm error, set-up error, and cardiac and respiratory motion 
during treatment. In this study of women for whom no anatomical information is available 
another important source of uncertainty is inter-patient differences in anatomy.  For left 
tangential radiotherapy inter-patient dose variability was assessed by reconstructing 
midline tangents on ten CT scans. The difference between the highest and lowest mean 
dose estimated for the whole heart and LV was 7.2 Gy and 10.7 Gy respectively.  For right 
tangential radiotherapy inter-patient dose variability was assessed by reconstructing fields 
on five of the ten CT-scans. The inter-patient dose variability for the whole heart and LV 
was 0.5 Gy and 0.2 Gy respectively.
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Supplemental table 1. Radiotherapy techniques identified from 314 radiotherapy charts of women treated 
for breast cancer in the Netherlands during 1970-2009

  Number of women

Years of radiotherapy Field arrangement Beam energies Prescribed dose (100%) Gy* Left† Right†

Tangential (109 charts)

1980s Tangents Co60 50.0 3 3

1980s Tangents, parasternal boost 6 MV, 10 MeV 45.0/9.0 2 0

1980s-2000s Tangents 6 MV 50.0 42 36

2000s Tangents 6 MV 50.0 11 12

Megavoltage IMC (80 charts)

Megavoltage

1970s-1980s Direct IMC Co60 43.0 3 2

1970s-1980s Direct IMC, matching direct chest wall Co60/9 MeV 40.0/37.6 6 5

1970s-1980s Direct IMC, matching tangents Co60/6 MV 53.8/50.0 11 17

1970s-1990s Direct IMC, direct SCF/axilla/lateral thorax 6 MV/8 MV 40.5/44.5 4 3

1980s Direct IMC, matching direct chest wall Co60/6 MV/9 MeV 35.4/14.1/40.0 0 1

1990s Direct IMC, matching direct chest wall 6 MV/9MeV 46.1/40.0 0 1

1980s-2000s Direct IMC, matching tangents 6 MV/6 MV 50.0/50.0 1 4

Mixed megavoltage/electron

1980s Direct IMC, matching tangents Co60/12 MeV/6 MV 28.0/24.0/50.0 2 0

1980s Direct IMC Co60/12 MeV 25.5/26.0 1 1

1980s Direct IMC, matching direct chest wall Co60/12 MeV/9 MeV 20.0/18.8/37.6 1 0

1980s-1990s Direct IMC, matching tangents 6 MV/12 MeV/6 MV 27.2/24.0/50.0 1 4

1990s Direct IMC, matching direct chest wall 6 MV/12 MeV/9 MeV 22.5/22.5/40.0 3 1

1990s-2000s Direct IMC 6 MV/12 MeV 18.7/21.4 1 3

2000s Direct IMC, matching tangents 6 MV/12 MeV/6 MV 18.0/32.0/50.0 2 1

2000s Oblique IMC, matching tangents 6 MV/12 MeV/6 MV 18.0/32.0/50.0 1 0

Orthovoltage or mixed orthovoltage/megavoltage IMC (89 charts)

1970s-1980s Direct IMC 250 keV 37.2 29 27

1970s-1990s Direct IMC, matching tangents 250 keV/Co60 37.2/30.0 1 0

1970s Direct IMC, matching direct chest wall 250 keV/9 MeV 37.2/40.0 3 7

1980s Direct IMC 250 keV/Co60 17.2/22.7 10 6

1990s Direct IMC 250 keV/6 MV 16.8/21.9 3 0

1990s Direct IMC, matching tangents 250 keV/6 MV/6 MV 23.5/24.0/50.0 1 2

Electron chest wall or IMC (36 charts) 

1970s-1980s Direct IMC 12 MeV 45.0 9 7

1970s-1980s Direct IMC, matching tangents 12 MeV/6 MV 45.0/45.0 8 3

1970s-1980s Direct IMC, matching direct chest wall 12 MeV/9 MeV 45.0/45.0 2 1

1970s-1990s Direct chest wall 9 MeV 45.0 2 1

1970s-2000s Direct chest wall, direct SCF/axilla/lateral thorax 9 MeV/8 MV 45.0/53.0 1 2

Abbreviations: IMC: internal mammary chain keV: kilovoltage, MV: megavoltage; MeV: mega electron-volts, 
SCF: supraclavicular fossa, Co60: cobalt 60.
Highlighted regimens did not include the IMC but all other regimens did.

* Prescribed total dose (100%) to the target tissues. For direct regimens this was the Dmax. For tangents this 
was the dose delivered to the centre of the breast or chest wall.
† Number of women irradiated for left breast cancer and right breast cancer.
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Supplemental figure 1: Survival after myocardial infarction (MI) diagnosis. Calculated using the Kaplan-Meier 
method. 

Supplemental table 2: Mean and median mean whole heart dose, V5 and V25 by prescribed radiation field 
for all irradiated women (cases and controls)

N Mean 

MWHD 

± SD

Median MWHD 

(IQR)

N Median V5 (IQR) Median V25 (IQR)

Total 314* 9.5 ± 7.4 8.9 (4.3-13.3) 292† 39.6 (11.1-87.6) 10.5 (6.8-19.1)

Right-sided BC

Breast 51 0.6 ± 0.2 0.6 (0.6-0.7) 51 0 (-) 0 (-)

Breast + IMC 30 14.5 ± 3.8 16.1 (13.2-16.6) 29 47.5 (42.0-48.5) 35.3 (31.8-35.8)

Chest wall 3 2.4 ± 0.6 2.8 (1.7-2.8) 3 11.2 (9.2-11.3) 1.9 (1.1-2.0)

Chest wall + IMC 17 10.7 ± 3.5 10.5 (8.9-13.0) 16 46.4 (44.9-90.1) 15.1 (10.7-31.2)

IMC only 49 9.1 ± 2.3 8.9 (8.7-9.4) 43 90.0 (40.3-90.1) 10.6 (9.9-11.0)

Left-sided BC

Breast 56 4.0 ± 1.3 4.8 (4.3-4.8) 56 11.8 (11.1-11.8) 7.1 (6.9-7.1)

Breast + IMC 30 18.6 ± 9.6 17.8 (8.3-28.8) 29 81.4 (36.7-87.6) 25.4 (11.8-66.7)

Chest wall 3 4.6 ± 1.5 4.0 (3.5-6.3) 3 19.3 (18.4-24.8) 5.5 (4.3-6.8)

Chest wall + IMC 15 16.3 ± 6.9 16.1 (12.2-22.5) 15 85.2 (65.9-86.7) 20.1 (18.4-51.4)

IMC only 60 14.2 ± 5.1 12.2 (12.1-16.5) 47 98.2 (80.8-99.0) 18.4 (16.2-19.1)

Abbreviations: MWHD, mean whole heart dose; SD, standard deviation; IQR, interquartile range; BC, breast 
cancer; IMC, internal mammary chain.
* In total, for 314/316 irradiated, unique individuals mean whole heart dose was estimated.
† In total, for 292/316 irradiated, unique individuals dose-volume parameters were estimated. For 22 
patients it was not possible to estimate dose-volume parameters study as they had a combination of 
orthovoltage and electron/megavoltage treatment (manual planning).
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Supplemental table 3 : Associations between mean whole heart dose and rate of myocardial infarction, 
including adjusted rate ratios

Cases Controls Rate ratio* 95% CI Adjusted 

rate ratio¥

95% CI Adjusted 

rate ratioII

95% CI Adjusted 

rate ratio**

95% CI

Total 182§ (N) 100 (%) 180¶ (N) 100 (%)

Median MWHD (IQR) in Gy 8.9 4.8-15.0 8.5 4.3-12.2

No RT 16 8.8 27 15.0 1.00‡ 0.52-1.91 1.00‡ 0.52-1.92 1.00‡ 0.52-1.92 1.00‡ 0.52-1.92

<2 Gy (mean 1 Gy) 29 15.9 34 18.9 1.44 0.84-2.48 1.39 0.80-2.42 1.46 0.84-2.53 1.41 0.81-2.48

2-9 Gy (mean 7 Gy) 62 34.1 62 34.4 1.72 1.23-2.42 1.77 1.26-2.48 1.65 1.17-2.32 1.69 1.20-2.38

10-19 Gy (mean 14 Gy) 57 31.3 48 26.7 2.06 1.40-3.02 2.15 1.46-3.18 2.00 1.35-2.93 2.07 1.40-3.07

≥20 Gy (mean 26 Gy) 18 9.9 9 5.0 3.42 1.54-7.62 3.63 1.63-8.12 3.41 1.52-7.62 3.58 1.60-8.03

P-value† 0.011 0.006 0.015 0.009

ERR/Gy 6.4 1.3-16.0 7.5 1.8-18.4 6.1 1.1-15.4 7.0 1.5-17.5

Abbreviations: CI, confidence interval; MWHD, mean whole heart dose; IQR, inter quartile range; RT, 
radiotherapy; ERR, excess rate ratio.
§ For one irradiated case dosimetry was not performed. 
¶ For one irradiated control dosimetry was not performed. One control was additionally dropped, because it 
was the only patient left in the stratum.
* Rate ratios for MI for different levels of each factor were calculated using logistic regression conditioning 
on strata defined by the matching variables.

‡ Reference category.
¥ Adjusted for chemotherapy yes/no, in addition to stratification.
II Adjusted for cardiovascular risk factors (combined variable) at breast cancer (BC) diagnosis, in addition to 
stratification.
** Adjusted for cardiovascular risk factors (combined variable) at BC diagnosis and for chemotherapy yes/no, 
in addition to stratification.
† P-value for trend across categories.

Supplemental table 4: Associations between mean whole heart dose and rate of myocardial infarction risk 
in irradiated cases and irradiated controls

Cases Controls Rate ratio* 95% CI P-value

Total 165 (N) 100 (%) 163 (N)¶ 100 (%)

Median MWHD dose (IQR) in Gy 8.9 (4.8-15.0) 8.3 (4.0-12.2)

<2 Gy (mean 1 Gy) 29 17.6 37 22.7 1.00‡ 0.59-1.70

2-9 Gy (mean 7 Gy) 62 37.6 68 41.7 1.23 0.89-1.70

10-19 Gy (mean 14 Gy) 56 33.9 50 30.7 1.52 1.03-2.25

≥20 Gy (mean 26 Gy) 18 10.9 8 4.9 3.03 1.32-6.98 0.029†

ERR/Gy 6.7 1.0-19.6

Abbreviations: CI, confidence interval, MWHD, mean whole heart dose, IQR, interquartile range; ERR, excess 
rate ratio.
* Rate ratios for MI for different levels of each factor were calculated using logistic regression conditioning 
on strata defined by the matching variables.

¶ Irradiated cases were matched to irradiated controls only and the number of controls per dose category 
may differ from the number of controls per dose category shown in table 2.
† P for trend across categories.
‡ Reference category.
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Supplemental table 5. Associations between patient-related risk factors and rate of myocardial infarction

Cases Controls Rate ratio¶ 95% CI P-value†

Total 183 (N) 100 (%)* 182 (N) 100 (%)*

History of hypertensionII

No** 159 86.9 175 96.2 1.00‡ -

Yes 24 13.1 7 3.8 3.85 1.60-9.25 0.003

History of angina pectorisII

No** 179 97.8 180 98.9 1.00‡ -

Yes 4 2.2 2 1.1 1.98 0.35-11.09 0.44

History of diabetesII

No** 177 96.7 181 99.5 1.00‡ -

Yes 6 3.3 1 0.5 6.25 0.74-52.72 0.09

History of COPDII

No** 182 99.5 180 98.9 1.00‡ -

Yes 1 0.5 2 1.1 0.50 0.05-5.51 0.57

Body mass index (BMI)II

BMI<25 77 42.1 94 51.6 1.00‡ 0.74-1.36

BMI 25-29 43 23.5 36 19.8 1.45 0.93-2.24

BMI ≥30 14 7.7 6 3.3 2.90 1.11-7.56

Unknown 49 26.8 46 25.3 1.33 0.87-2.03 0.053

Current smokingII

No 93 50.8 92 50.5 1.00‡ 0.75-1.33

Yes 75 41.0 68 37.4 1.11 0.79-1.55

Unknown 15 8.2 22 12.1 0.68 0.35-1.31 0.67

At least one cardiovascular risk factorII

No 77 42.1 101 55.5 1.00‡ -

Yes 106 57.9 81 44.5 1.70 1.13-2.55 0.011

Ever smoking

No 81 44.3 84 46.2 1.00‡ 0.74-1.34

Yes 87 47.5 76 41.8 1.20 0.87-1.65

Unknown 15 8.2 22 12.1 0.71 0.37-1.37 0.43

Cardiovascular risk factors ever diagnosed¥

No 51 27.9 75 41.2 1.00‡ -

Yes 132 72.1 107 58.8 1.86 1.19-2.90 0.007

Abbreviations: CI, confidence interval, COPD, chronic obstructive pulmonary disease.
* Percentages may not total 100 because of rounding.
¶ Rate ratios for MI for different levels of each factor were calculated using logistic regression conditioning 
on strata defined by the matching variables.
† P-value for difference between MI rate ratios of women with and without cardiac risk factors, calculated 
within strata (defined by matching variables) and excluding the unknown category.

‡ Reference category.
II Cardiovascular risk factors recorded at BC diagnosis.
** This category includes women with an unknown history of hypertension/angina/diabetes/COPD at BC 
diagnosis.
¥ Combined variable including: angina pectoris, COPD, diabetes, hypertension, smoking, BMI≥30.
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Supplemental table 6: Associations between mean left ventricle dose and rate of myocardial infarction

Cases Controls Rate ratio* 95% CI P-value†

Total 182§ (N) 100 (%) 180¶ (N) 100 (%)

Median MLVD (IQR) in Gy 2.2 (1.7-8.9) 2.2 (1.3-8.7)

No RT 16 8.8 27 15.0 1.00‡ 0.52-1.92

<2 Gy (mean 1 Gy) 73 40.1 65 36.1 2.02 1.46-2.77

2-4 Gy (mean 3 Gy) 28 15.4 19 10.6 2.92 1.56-5.47

5-9 Gy (mean 8 Gy) 36 19.8 48 26.7 1.34 0.87-2.07

≥10 Gy (mean 17 Gy) 29 15.9 21 11.7 2.53 1.45-4.43 0.45

Abbreviations: CI, confidence interval, MLVD, mean left ventricle dose, IQR, interquartile range, RT, 
radiotherapy.
§ For 1 case dosimetry was not performed. 
¶ Two controls were dropped; for one irradiated control, dosimetry was not performed. One control was 
dropped, because it was the only patient left in the stratum.

* Rate ratios for myocardial infarction for different levels of each factor were calculated using logistic 
regression conditioning on strata defined by the matching variables.
† P for trend across categories.
‡ Reference category.


