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Purpose: To describe cardiac exposure from breast cancer radiotherapy regimens used during 1970-2009 for the
development of dose-response relationships and to consider the associated radiation-risks using existing
dose-response relationships.

Material and methods: Radiotherapy charts for 771 women in the Netherlands selected for case control studies of
heart disease after breast cancer radiotherapy were used to reconstruct 44 regimens on a typical CT-dataset.
Doses were estimated for the whole heart (WH), left ventricle (LV) and cardiac valves.

Results: For breast/chest wall radiotherapy average WH doses decreased during 1970-2009. For internal mam-
mary chain (IMC) radiotherapy WH doses were highest during the 1980s and 1990s when direct anterior fields
were used and reduced in the 2000s when oblique fields were introduced. Average doses varied substantially for
IMC regimens (WH 2-33 Gy, LV < 1-23 Gy). For cardiac valves, at least one valve received >30 Gy from most
regimens.

Conclusions: Radiation-risks of IHD from breast/chest wall regimens likely reduced during 1970-2009. Direct
anterior IMC regimens likely increased the risks of IHD and VHD over this time period but the use of oblique IMC
fields from 2003 may have lowered these risks. These data provide a unique opportunity to develop
dose-response relationships.

Introduction

Radiotherapy for breast cancer improves survival [1,2] but may in-
crease the risk of heart disease [3-7]. Most of the radiation-related risk is
due to ischaemic heart disease (IHD) [3-6], while for heart failure (HF)
and valvular heart disease (VHD) increased risks have been reported in
some populations of women [3,5,7-9] but not others [10-14]. Cardiac
dose distributions in breast cancer radiotherapy vary for different regi-
mens and in different populations [9,15-20] and differences in
radiation-related risks of IHD, HF and VHD may be caused by differences
in whole heart (WH), left ventricle (LV) and valve radiation doses.

Dose-response relationships suggest that there is little risk of
radiation-related VHD from doses <30 Gy [21]. In contrast, the risk of
IHD increases linearly by 6-7%/Gy [4,6], with no evidence of a
threshold below which, there is no increased risk. For HF a recent study
showed that for women not receiving anthracyclines, radiotherapy was
not associated with increased risk but, for women treated with anthra-
cyclines, the risk increased according to radiation dose [7].

Radiation-related heart disease can take years to develop and his-
torical data may hold important clues about radiation-related heart
disease, clues that may not be provided by future studies of contempo-
rary breast radiotherapy. Breast cancer regimens used to irradiate the
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Mean radiation doses to cardiac structures from typical breast cancer regimens used at the Netherlands Cancer Institute or the Erasmus MC Cancer Institute in the

Netherlands during 1970-2009.

Radiotherapy regimen*t Mean doses (Gy)
Whole Left Pulmonary Aortic Mitral Tricuspid
Decade of Medial Usual Dose heart ventricle valve valve valve valve
radiotherapy border Field arrangement Usual Beam energies Gy§ ﬂ M i RLM ﬂ RLM Le_ft M ﬁm i M
Tangential fields (290 women)
1970s Midline Tangents 250 keVE 15.0 4 1 4 1 3 2 2 2 2 1 2 2
1970s-1980s Midline Tangents co® 50.0 53 1.2 7.6 08 28 13 16 15 14 09 14 45
1980s-2000s Midline Tangents (a) 6 MV 50.0 4.8 0.7 7.2 02 22 06 12 11 11 04 11 i
2000s Midline Tangents (b) 6 MV 50.0 i 0.3 21 01 14 02 07 05 07 02 05 06
Megavoltage IMC fields (200 women)
Megavoltage
1970s-1980s  lcm contra Direct IMC co® 43.0 204 13.0 156 1.7 328 3.8 299 259 251 35 277 307
1970s-1980s  1cm contra Direct IMC, matching chest wall C05°/9 MeV 40.0/37.6 223 123 174 16 364 3.6 308 242 258 33 284 286
1970s-1980s  1cm contra Direct IMC, matching tangents (c) Com/G MV 53.8/50.0 288 16.6 226 22 461 49 417 326 351 46 384 387
1970s-1990s  1cm contra Direct IMC, direct SCF/axilla/lateral thorax 6 MV/8 MV 40.5/44.5 25.8 143 200 16 397 3.2 372 289 322 3.0 356 352
1980s-2000s  1cm contra Direct IMC, matching tangents 6 MV/6 MV 50.0/50.0 331 185 256 19 51.8 3.1 483 364 417 33 464 468
Mixed megavoltage/electron
1980s 1lcm contra Direct IMC, matching tangents (:05“/12 MeV/6 MV 24.0/22.0/46.0 17.0 100 11.8 13 331 42 233 195 164 24 188 199
1980s-1990s  1cm contra Direct IMC, matching tangents 6 MV/12 MeV/6 MV 24.0/26.0/50.0 207 120 143 1.2 396 39 287 233 209 19 243 255
1990s-2000s  1cm contra Direct IMC, matching chest wall (d) 6 MV/12 MeV/9 MeV  22.5/22.5/40.0 164 91 100 0.8 399 3.3 277 220 202 16 235 239
1990s-2000s  1cm contra Direct IMC 6 MV/12 MeV 18.7/21.4 14.7 8.5 9.7 09 292 29 207 166 144 13 172 178
2000s 1lcm contra Direct IMC, matching tangents 6 MV/12 MeV/6 MV 18.0/32.0/50.0 16.1 9.4 114 11 329 42 203 185 128 1.8 153 17.0
2000s 2cm contra Oblique IMC, matching tangents (e) 6 MV/12 MeV/6 MV 18.0/32.0/50.0 9.0 17 110 05 146 10 29 16 17 06 16 15
Orth I or mixed orth IMC fields (172 women)
1970s-1980s  1cm contra Direct IMC (f) 250 keV# 37.2 12 9 9 2 25 6 19 17 13 4 19 17
1980s 1lcm contra Direct IMC 250 keV/Comi 17.2/22.7 17 11 12 2 29 6 24 30 19 5 23 35
1990s lcm contra Direct IMC 250 keV/6 MVE 23.5/24.0 22 13 16 2 38 4 32 19 26 3 32 22
Electron chest wall or IMC fields (92 women)
1970s-1980s  1cm contra Direct IMC (g) 12 MeV 45.0 7.9 51 2.8 06 251 40 92 97 09 05 32 49
1970s-1980s  1cm contra Direct IMC, matching tangents 12 MeV/6 MV 45.0/45.0 8.3 53 34 06 255 41 95 100 14 06 34 53
1970s-1990s  1cm contra Direct chest wall 9 MeV 45.0 4.2 17 23 01 142 08 11 13 04 02 05 06
1970s-2000s  1cm contra Direct chest wall, direct SCF/axilla/lateral thorax (h) 9 MeV/8 MV 46.0/50.0 6.3 2.8 43 04 178 12 37 39 27 06 28 29

Highlighted regimens are those used to irradiate the breast/chest wall and/or the SCF/axilla but not the IMC. All of the other regimens included the IMC.

*For further details on radiotherapy regimens see webtable 1.
tRegimens (a)-(h) are illustrated in Fig. 1.
{Mean cardiac doses estimated using manual planning are given to nearest Gy.

§Usual total dose (100%) to the target regions (see webtable 1 for dose ranges). For direct regimens this was the Dmax. For tangential regimens this was the dose
delivered to the centre of the breast or chest wall apart from orthovoltage tangents where the total dose was the skin dose at the surface of the breast.

|| Cardiac doses from regimens used to irradiate left-breast cancer and right-breast cancer.

Abbreviations: IMC: internal mammary chain keV: kilovoltage, MV: megavoltage; MeV: mega electron-volts, SCF: supraclavicular fossa, contra: contralateral, ipsi:

ipsilateral, Co®®: cobalt 60.

internal mammary chain (IMC) in the Netherlands during 1970-2009
were associated with significantly increased risks of IHD, HF and VHD
relative to non-IMC regimens [10]. Similar IMC regimens were used in
other countries across Europe and the USA [15,16,18].This study aims to
describe radiation doses to the WH, LV and cardiac valves from regimens
used in the Netherlands 1970-2009 for the development of
dose-response relationships. The associated radiation-related risks are
considered.

Methods and materials

Regimens were identified from the radiotherapy charts of women
aged <71 years when diagnosed with Stage I-IIIA breast cancer or ductal
carcinoma in situ selected for case-control studies of heart disease after
breast cancer radiotherapy and included 296 cases and 475 controls
[6,7,9]. Cases were women irradiated for breast cancer who had a car-
diac event (myocardial infarction or heart failure). Information extrac-
ted included: field borders, surgery type, target, intended target dose,
applied total dose, dose per fraction, beam energy and the use of
shielding, wedges and bolus.

Reconstruction and dose calculation

A “typical CT-scan” was selected by reconstructing commonly-used
regimens on ten CT-scans randomly selected from the radiotherapy
database of women irradiated in 2010. The CT-dataset that was typical
for heart dose, and did not have unusual anatomy, was selected as the
“typical CT-scan” [20,22]. The treatment position was supine, with both
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arms above the head. Slice thickness was 3 mm and no intravenous
contrast was used. The WH, LV, pulmonary valve, aortic valve, mitral
valve, and tricuspid valve were contoured using atlases all by the same
radiation oncologist (FD) [23,24]. Electron or megavoltage photon
regimens were reconstructed using 3-dimensional treatment planning
(Varian EclipseTM TPS version 10.0.39 (Varian Medical Systems, Palo
Alto, USA)). Field borders, gantry angles, and custom blocks were
guided by these lines and by photographs of the fields and digitally
reconstructed radiographs. The analytical anisotropic algorithm was
used to calculate doses for photon plans, while a Monte Carlo method
was used for electron plans, and a pencil beam algorithm for cobalt
plans. Mixed energy beams were used if the relevant beam energies were
not available. The 0.10 cc calculation volume grid was used to calculate
doses for all except the cobalt regimens, where the minimum calculation
volume grid was 0.25 cc. Tabular differential dose-volume histograms
(DVHs) were exported for cardiac structures. Manual planning was used
to estimate doses from orthovoltage fields [20].

Cardiac doses for typical techniques and cardiac doses for individual
patients

Typical radiotherapy techniques were those received by at least five
women (including left-sided and right-sided breast cancer regimens).
Typical regimen cardiac doses were estimated using the most frequently
prescribed total dose for that regimen. The regimen doses contribute to
Table 1, Table A.1, Table A.5-A.7.

Individual patient doses were also estimated for all women,
including those who received atypical regimens, using the individual
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(b) Tangential pair

(c) Direct parasternal Cobalt field, (d) Direct parasternal photon and electron fields,
matching tangential pair matching electron chest wall field

(e) Oblique parasternal photon and electron fields,
matching tangents

(g) Direct parasternal electron field (h) Direct electron chest wall field,
matching lateral thorax, SCF, axillary photon field*

Fig. 1. Radiotherapy fields used to treat women with breast cancer at the Netherlands Cancer Institute or the Erasmus MC Cancer Institute in the Netherlands
between 1970 and 2009. Abbreviations: IMC: internal mammary chain, SCF: supraclavicular fossa *A posterior axillary boost field was used for some women to
achieve a therapeutic dose to the axilla.
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Pulmonary valve

Aortic valve

1980s Direct IMC cobalt field, matching tangents (Fig. 1c)

Tricuspid valve

Left ventricle ™

1990s Direct IMC photon and electron fields, matching chest wall electron field (Fig. 1d) *

Axial CT level: caudal to 37 rib

Axial CT level: cranial to 4t" rib

Axial CT level: cranial to 5t rib

Fig. 2. Spatial distribution of radiation dose to the heart from typical left-sided breast cancer radiotherapy regimens used in previous decades to target the breast or

chest wall and internal mammary chain at the Netherlands Cancer Institute or the Erasmus MC Cancer Institute in the Netherlands. Isodoses (%):

5 85, 50, 50, 20

*Right-sided regimen is illustrated in Fig. 3. See Fig. 1. for illustrations of radiotherapy fields for regimens c-e. Abbreviations: IMC: internal mammary chain.

prescribed doses to different target regions. These individual patient
doses were used to estimate changes in cardiac doses over time and
relationships between LV and WH doses. The individual patient doses
contribute to Fig. 4, Fig. 5, Table A.2- A.4, Table A.8.

DVHs were used to calculate mean organ doses for the WH, LV and
cardiac valves. Dose-volume measures were calculated for the WH
including: Vsgy (percent volume receiving 5 Gy or more), Viogy, Visgy
VaoGy Vascy V3ogy Vasy and Vaogy. For the WH and LV, mean doses in
equivalent 2 Gy fractions (EQD2) were calculated for each individual
dose-bin in each DVH using nd[(d + a/p)/(2 + a/p)], where n was the

number of fractions, d was the mean dose to the cardiac structure per
fraction (Gy), and o/p was 2 Gy [25,26]. Then the individual dose-bin
EQD2s were summed to estimate the total EQD2 for each structure.

Results

There were 771 women selected for the study irradiated during
1970-2009. Twenty-two typical techniques were received by 754
women (44 regimens comprising 22 left-sided regimens and 22 right-
sided regimens) (Table 1, Table A.1). Nine atypical techniques were

1990s Direct IMC photon and electron fields, matching chest wall electron field (Fig. 1d)*

Pulmonary valve

Mitral valve

Aortic valve

Tricuspid valve

Left ventricle

Axial CT level: caudal to 3™ rib

Axial CT level: cranial to 4t rib

Axial CT level: cranial to 5t rib

Fig. 3. Spatial distribution of radiation dose to the heart from a right-sided breast cancer radiotherapy regimen. The treatment fields included mixed IMC photon and

electron fields each giving 50% of the total dose respectively matched to an electron chest wall field. Isodoses (%):

radiotherapy fields for regimen d. Abbreviations: IMC: internal mammary chain.
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, 85, 00, 50, 20. See Fig. 1 for illustration of



F.K. Duane et al. Clinical and Translational Radiation Oncology 36 (2022) 132-139

Left breast/chest wall Left IMC
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Fig 4. Whole heart radiation doses according to decade for 771 individual women who underwent radiotherapy for breast cancer at the Netherlands Cancer Institute
or the Erasmus MC Cancer Institute in the Netherlands during 1970-2009. The median mean heart dose is shown for each decade by a vertical line. Each circle
represents a group of women who received a similar heart dose, the area of the circle being proportional to the number of the women in the group. Abbreviation:
IMC: internal mammary chain.

identified received by 17 women. Gy. During this period opposing symmetrical tangential fields were used

Eight tangential regimens were used to irradiate the breast/chest with the posterior borders divergent for some patients, aligned poste-
wall (Table 1, Table A.1). For left megavoltage tangents used during riorly for others and half-beam blocked for others. In general, the
1970s-2000 (Fig. 1a) mean doses were: WH 4.8-5.3 Gy and LV 7.2-7.6 collimator was not angled to avoid the heart. For left-sided tangents used
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Fig. 5. Correlations between whole heart and left ventricle mean radiation doses estimated for 771 individual women who underwent radiotherapy for breast cancer
at the Netherlands Cancer Institute or the Erasmus MC Cancer Institute in the Netherlands during 1970-2009, by laterality and IMC irradiation.
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during 2000-2009 (Fig. 1b) mean doses were lower, WH 1.5 Gy and LV
2.1 Gy. During this period the posterior field edges were commonly
aligned posteriorly or half beam blocked and the collimator was angled
to avoid the heart. Left orthovoltage tangents used during 1970-1973
prescribed only 15.0 Gy skin dose, and all cardiac structures received
<4 Gy. For right-sided tangential regimens, mean doses to all structures
were <2 Gy. No cardiac valve received >30 Gy from tangential
regimens.

Twenty-two direct anterior megavoltage regimens irradiated the
IMC (Table 1, Table A.1, Fig. 1c-e, Figs. 2-3). Mean cardiac doses were
higher when the total dose to the IMC was given using a single mega-
voltage beam, compared with regimens with mixed megavoltage and
electron fields. Mean doses for regimens using a single left megavoltage
beam were: WH 20.4-33.1 Gy and LV 15.6-25.6 Gy. Valve doses varied
from 25.1 to 51.8 Gy, with most valves receiving >30 Gy (Table 1, Fig. 2
top panel). For regimens with a single right anterior megavoltage beam,
mean WH dose was 12.3-18.5 Gy. The aortic and tricuspid valves
received >30 Gy from most regimens, whereas the pulmonary valve and
the mitral valve were usually outside the fields and received lower
doses.

For left-sided mixed direct megavoltage and electron IMC regimens
(Fig. 2. middle panel) mean cardiac doses were: WH 14.7-20.7 Gy and
LV 9.7-14.3 Gy. The cardiac valves received between 12.8 and 39.9 Gy,
with the pulmonary valve receiving >30 Gy. For right-sided regimens
(Fig. 3) mean WH dose was 8.5-12.0 Gy and tricuspid valve and aortic
valve doses were 16.6-25.5 Gy. The pulmonary valve, mitral valve and
LV were usually outside the fields and received < 4.2 Gy. Oblique IMC
fields were used after the year 2003 and resulted in lower cardiac doses
(Fig. 2 bottom panel) (left-sided: mean WH dose 9.0 Gy, mean LV dose
11.0 Gy; right-sided: mean WH dose 1.7 Gy, mean LV dose 0.5 Gy). Mean
doses to all valves were <30 Gy.

Six anterior orthovoltage or mixed orthovoltage/megavoltage IMC
regimens were commonly used in the 1970s to 1990s to irradiate the
IMC and supraclavicular fossa (Table 1, Table A.1, Fig. 1f). These fields
were usually delivered alone, without breast or chest wall irradiation
and resulted in WH doses of 9-22 Gy, LV doses of 2-16 Gy and valve
doses of 3-38 Gy.

Eight anterior electron regimens were used to irradiate the chest wall
and/or the regional lymph nodes (Table 1, Table A.1, Fig. 1g,h). The
cardiac doses from these beams depended on beam energy. Cardiac
doses were higher for the 12 MeV IMC fields (Fig. 1g) (left-sided: WH
7.9 Gy, LV 2.8 Gy) than for the 9 MeV chest wall fields (Fig. 1h) (left-
sided: WH 4.2 Gy, LV 2.3 Gy). Of the cardiac valves the pulmonary valve
received the highest doses (14.2-25.5 Gy) from left-regimens. For right-
regimens the aortic valve received the highest doses (1.3-10.0 Gy).
None of the valves received >30 Gy.

Individual patient doses for all 771 women were used to assess trends
over time. Mean WH dose decreased over time, since fewer women
received IMC radiation in the more recent decades (Table A.2). IMC
radiotherapy decreased according to calendar year: 92% of the charts in
the 1970s compared to 31% in the 2000s. Average WH dose in the 1970s
and the 1980s was 8.9 Gy for both time periods. It reduced to 4.8 Gy in
the 1990s and then to 1.5 Gy in the 2000s (Table A.2). Doses per decade
were similar for women selected as cases or controls for the case-control
studies®” (Table A.3-A.4).

Analyses that subdivided the women according to targets irradiated
showed that mean WH dose reduced according to decade in breast/chest
wall radiotherapy but not in IMC radiotherapy (Fig. 4, Tables A.2,A.3-
A.4). For IMC radiotherapy, mean WH dose increased steadily during the
1970s, 1980s and 1990s. In the 1970s it was common to treat the IMC
with a single parasternal field (which was often an electron field) to a
total dose of 40-45 Gy (Table 1, Fig. 4). In the 1980s and 1990s direct
IMC fields, either electron fields or megavoltage fields were often
matched to breast/chest wall fields with prescribed dose 45-50 Gy
(Table 1, Fig. 4), which contributed to increased exposure. During the
2000s, direct megavoltage fields continued to be used in some women,
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but others received oblique IMC fields, which were angled away from
the heart. WH dose from 2000s IMC radiotherapy was similar to that
from 1970s radiotherapy.

Correlations between LV and WH doses were seen in both left-sided
(r = 0.84-0.96) and right-sided radiotherapy (r = 0.62-0.72) (Fig. 5).
For left-sided non-IMC regimens, mean WH doses were similar to, or
lower than, mean LV doses (WH 3.8 Gy (IQR 1.6-4.8), LV 5.2 Gy (IQR
2.2-7.2)) indicating that much of the cardiac dose was received by the
LV. For left-sided IMC regimens mean WH doses were mostly higher
than mean LV doses (WH 15.9 Gy (IQR 12.0-19.6), LV 11.6 (IQR
8.9-14.4 Gy) indicating that most of the cardiac dose was distributed to
structures outside the LV. For right-sided radiotherapy LV doses were
always lower than WH doses because the LV was usually several cm from
the fields (Fig. 3).

Discussion

Cardiac exposure from 44 regimens in 771 women irradiated in the
Netherlands during 1970-2009 resulted in a wide spread of WH, LV and
valve doses. Most breast/chest wall regimens delivered doses of <4 Gy
to all structures compared to most IMC regimens which delivered doses
of 5-30 Gy to the WH and LV, and >30 Gy to at least one cardiac valve.
This may explain why women who received IMC regimens had signifi-
cant excesses of IHD, HF and VHD relative to women who received non-
IMC regimens in population data [10]. Dosimetry of past regimens form
the backbone of dose response relationships developed in conjunction
with long-term follow up data for assessment of risks for women today.

Our study has several strengths. The radiotherapy charts of 771
women including, on average, 17 charts per regimen were obtained and
reconstructions had input from a radiation oncologist who had delivered
them (BA). Heart doses estimated in this study for 2000s IMC radio-
therapy are similar to published doses for similar regimens (Table A.7).
There is a paucity of data in the literature relating to cardiac valve doses
from breast cancer radiotherapy. A limitation is that individual
anatomical information (e.g. CT-planning scans) was unavailable so the
typical CT dataset method was used to estimate doses which are there-
fore subject to uncertainties [17,18,20,27]. The main one is interpatient
variability in anatomy. In a previous study WH dose varied between
women by 7-9 Gy for left tangents, 3-5 Gy for left electron fields, ~1 Gy
for right tangents and 1-5 Gy for right electron fields [20]. Contouring
variation may also lead to uncertainties in WH and LV doses of ~1 Gy
[23,24]. Other sources of uncertainty include set-up error, inter- and
intra-fraction motion, and dose-calculation algorithm error [28-33].
Uncertainties are similar to other reconstruction methods [22].

In breast/chest wall radiotherapy, doses to all cardiac structures
reduced between the 1970s and the 2000s. Breast/chest wall regimens
used in the 1970s-1990s delivered 4-5 Gy to the WH. This dose may
have increased the 30-year absolute risk of IHD for a typical patient by
around 1-2 percentage points [4,6]. Tangents used in the 2000s deliv-
ered <2 Gy WH dose, so the expected radiation-risks would be lower [4].
No cardiac valve received >30 Gy from any breast/chest wall regimen so
these regimens are unlikely to have increased the risk of VHD [21].

In contrast, heart doses from IMC radiotherapy were higher and,
because of the use of direct megavoltage fields, they did not reduce
much during the 1970s to 2000s. A dose of around 12 Gy in left-IMC
radiotherapy in the 2000s would be expected to nearly double a wom-
an’s risk of ischaemic heart disease, which may increase the typical
absolute 30-year risk by a few percentage points [4,6]. In a systematic
review of heart doses the corresponding values published worldwide
during 2003-2013 were 8.4 Gy (range <1-29 Gy) for left-sided and 4.2
Gy (range 0.8-21.6) for right-sided IMC radiotherapy [34]. Hence the
radiation-risks in different countries are likely to vary substantially. The
proportional increase in the risk of heart disease for women irradiated
1970-2009 in the Netherlands will be similar to that in countries where
similar regimens were used [14,15,18]. In other countries, regimens
with lower heart doses are used [17,28] and the radiation-related risks
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will be lower. Since the women in this study were irradiated, the
increasing use of IMC fields angled away from the heart, the use of DIBH
and the use of VMAT for selected cases has further reduced cardiac
exposure, and doses are much lower for women irradiated in the
Netherlands today [35].

The risk of radiation-related VHD increases steeply above 30 Gy
[21]. Our findings suggest that most IMC regimens delivered >30 Gy to
at least one of the cardiac valves. Some left IMC regimens delivered >30
Gy to all four valves whereas right IMC regimens usually only delivered
>30 Gy to the tricuspid valve. These regimens are likely to have
increased the risks of VHD in breast cancer survivors. This may be taken
into account by physicians leading survivorship or cardio-oncology
clinics.

In this study population the risks of several types of heart disease
were raised [9,10]. WH dose varied from <1 to 33 Gy while LV dose
varied from ~0.5 to 26 Gy. This has enabled IHD rates and HF rates to be
compared across a wide spread of WH and LV doses and enabled
dose-response relationships for radiation-induced IHD and HF to be
estimated [6,7]. Mean WH dose was a better predictor of heart disease
than mean LV dose in both studies. At present, there are no
dose-response relationships for the risk of VHD after breast cancer
radiotherapy. The wide variation in valve doses in our study suggests
comparison of VHD rates in these women may enable the development
of a dose-response relationship. In a case-control study of patients with
Hodgkin lymphoma the risk of radiation-related valve disease was
increased among patients receiving >30 Gy to the valves. The rela-
tionship between valve dose and VHD may be different in patients with
breast cancer because patients are older on average, have a higher
likelihood of having co-existing risk factors and receive different regi-
mens, with differing dose fractionation schedules and cardiac dose dis-
tributions. Furthermore, the substantial variation in exposure of all four
valves from various regimens may allow investigation into the varying
sensitivity of individual valves to radiation using this population. In the
general population most heart valve problems involve the left-sided
aortic and mitral valves [36]. These are also the most commonly
affected valves in breast cancer survivors [8] and other patient groups
who received mediastinal radiotherapy [37-39]. It would be of interest
to determine if the right-sided pulmonary valve or tricuspid valves are
also damaged by radiation, or whether it is only the left-sided aortic and
mitral valves that need to be avoided during radiotherapy treatment
planning. Since the implementation of cardiac-sparing techniques, car-
diac exposure is much reduced nowadays for most women. Nevertheless,
information on sensitivity of the cardiac valves would inform radio-
therapy planning for the few women with high cardiac exposure despite
advanced techniques, as well as for other patient groups receiving
thoracic radiation.

In conclusion, cardiac dosimetry from past regimens is highly het-
erogeneous, providing a unique opportunity for the development of
dose-response relationships for assessment of risks for women today.
Patients who received IMC regimens which included direct megavoltage
beams are likely to have increased the risks of IHD and VHD. In contrast,
breast/chest wall regimens used in the 2000s are unlikely to have
increased the risks of valve disease and the absolute 30-year radiation-
risks of incident IHD are likely to be <1 %.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Dr. Warren reports non-financial support from Raystation UK Users
Meeting May 2019, outside the submitted work.

Acknowledgements:

This work was funded by a Medical Research Council UK Clinical
Research Fellowship grant, a Cancer Research UK grant C8225/A21133,

138

Clinical and Translational Radiation Oncology 36 (2022) 132-139

PRCRPG-Nov21\100001) and a British Heart Foundation Centre for
Research Excellence, Oxford grant RE/13/1/30181. It was also sup-
ported by the Dutch Cancer Society (grant NKI 2008-3994) and Pink
Ribbon (grant 2012.W039.C143).

Procedures for accessing the data for this study are available on:
https://www.ndph.ox.ac.uk/about/data-access-policy.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ctro.2022.07.004.

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 individual patient data for 10,801 women in 17 randomised trials.
Lancet 2011;378:1707-16. https://doi.org/10.1016/50140-6736(11)61629-2.
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. https://doi.org/10.1016/50140-
6736(14)60488-8.

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 previous randomized trials. J Clin Oncol 2017;35:1641-9. https://doi.
org/10.1200/JC0O.2016.72.0722.

Darby SC, Ewertz M, McGale P, et al. Risk of ischemic heart disease in women after
radiotherapy for breast cancer. N Engl J Med 2013;368:987-98. https://doi.org/
10.1056/NEJMoal209825.

Boekel NB, Schaapveld M, Gietema JA, et al. Cardiovascular disease risk in a large,
population-based cohort of breast cancer survivors. Int J Radiat Oncol Biol Phys
2016;94:1061-72. https://doi.org/10.1016/].ijrobp.2015.11.040.

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. https://doi.org/10.1016/j.ijrobp.2018.10.025.

Boekel NB, Duane FK, Jacobse JN. Heart failure after treatment for breast cancer.
Eur J Heart Fail 2020;22:366-74. https://doi.org/10.1002/ejhf.1620.

McGale P, Darby SC, Hall P, et al. Incidence of heart disease in 35,000 women
treated with radiotherapy for breast cancer in Denmark and Sweden. Radiother
Oncol 2011;100:167-75. https://doi.org/10.1016/j.radonc.2011.06.016.

Hooning MJ, Botma A, Aleman BM, et al. Long-term risk of cardiovascular disease
in 10-year survivors of breast cancer. J Natl Cancer Inst 2007;99:365-75. https://
doi.org/10.1093/jnci/djk064.

Boekel NB, Jacobse JN, Schaapveld M, et al. Cardiovascular disease incidence after
internal mammary chain irradiation and anthracycline-based chemotherapy for
breast cancer. Br J Cancer 2018;119:408-18. https://doi.org/10.1038/541416-
018-0159-x.

Rehammar JC, Jensen MJ, 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. https://doi.
org/10.1016/j.radonc.2017.03.012.

Boekel NB, Schaapveld M, Gietema JA, et al. Cardiovascular morbidity and
mortality after treatment for ductal carcinoma in situ of the breast. J Natl Cancer
Inst 2014;106(8). https://doi.org/10.1093/jnci/djul56.

Pinder MC, Duan Z, Goodwin JS, et al. Congestive heart failure in older women
treated with adjuvant anthracycline chemotherapy for breast cancer. J Clin Oncol
2007;25:3808-15. https://doi.org/10.1200/JC0O.2006.10.4976.

Patt DA, Goodwin JS, Kuo YF, et al. Cardiac morbidity of adjuvant radiotherapy for
breast cancer. J Clin Oncol 2005;23:7475-82. https://doi.org/10.1200/
JCO.2005.13.755.

Taylor CW, Nisbet A, McGale P, et al. Cardiac exposures in breast cancer
radiotherapy: 1950s-1990s. Int J Radiat Oncol Biol Phys 2007;69:1484-95.
https://doi.org/10.1016/j.ijrobp.2007.05.034.

Pierce LJ, Butler JB, Martel MK, et al. Postmastectomy radiotherapy of the chest
wall: dosimetric comparison of common techniques. Int J Radiat Oncol Biol Phys
2002;52:1220-30. https://doi.org/10.1016/s50360-3016(01)02760-2.

Taylor CW, Nisbet A, McGale P, et al. Cardiac doses from Swedish breast cancer
radiotherapy since the 1950s. Radiother Oncol 2009;90:127-35. https://doi.org/
10.1016/j.radonc.2008.09.029.

Taylor CW, Bronnum D, Darby SC, et al. Cardiac dose estimates from Danish and
Swedish breast cancer radiotherapy during 1977-2001. Radiother Oncol 2011;100:
176-83. https://doi.org/10.1016/j.radonc.2011.01.020.

Krueger EA, Schipper MJ, Koelling T, et al. Cardiac chamber and coronary artery
doses associated with postmastectomy radiotherapy techniques to the chest wall
and regional nodes. Int J Radiat Oncol Biol Phys 2004;60:1195-203. https://doi.
0rg/10.1016/j.ijrobp.2004.04.026.

Duane FK, McGale P, Cutter DJ, et al. Cardiac structure doses in women irradiated
for breast cancer in the past and their use in epidemiological studies. Pract Radiat
Oncol 2019;9:158-71. https://doi.org/10.1016/].prro.2019.01.004.

[2]

[31

[4]

[5]

(6]

71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]


https://doi.org/10.1016/j.ctro.2022.07.004
https://doi.org/10.1016/j.ctro.2022.07.004
https://doi.org/10.1016/S0140-6736(11)61629-2
https://doi.org/10.1016/S0140-6736(14)60488-8
https://doi.org/10.1016/S0140-6736(14)60488-8
https://doi.org/10.1200/JCO.2016.72.0722
https://doi.org/10.1200/JCO.2016.72.0722
https://doi.org/10.1056/NEJMoa1209825
https://doi.org/10.1056/NEJMoa1209825
https://doi.org/10.1016/j.ijrobp.2015.11.040
https://doi.org/10.1016/j.ijrobp.2018.10.025
https://doi.org/10.1002/ejhf.1620
https://doi.org/10.1016/j.radonc.2011.06.016
https://doi.org/10.1093/jnci/djk064
https://doi.org/10.1093/jnci/djk064
https://doi.org/10.1038/s41416-018-0159-x
https://doi.org/10.1038/s41416-018-0159-x
https://doi.org/10.1016/j.radonc.2017.03.012
https://doi.org/10.1016/j.radonc.2017.03.012
https://doi.org/10.1093/jnci/dju156
https://doi.org/10.1200/JCO.2006.10.4976
https://doi.org/10.1200/JCO.2005.13.755
https://doi.org/10.1200/JCO.2005.13.755
https://doi.org/10.1016/j.ijrobp.2007.05.034
https://doi.org/10.1016/s0360-3016(01)02760-2
https://doi.org/10.1016/j.radonc.2008.09.029
https://doi.org/10.1016/j.radonc.2008.09.029
https://doi.org/10.1016/j.radonc.2011.01.020
https://doi.org/10.1016/j.ijrobp.2004.04.026
https://doi.org/10.1016/j.ijrobp.2004.04.026
https://doi.org/10.1016/j.prro.2019.01.004

F.K. Duane et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Cutter DJ, Schaapveld M, Darby SC, et al. Risk for valvular heart disease after
treatment for Hodgkin lymphoma. J Natl Cancer Inst 2015;107(4). https://doi.org/
10.1093/jnci/djv008.

Ntentas G, Darby S, Aznar M, et al. Dose-response relationships for radiation
related heart disease: Impact of uncertainties in cardiac dose reconstruction.
Radiother Oncol 2020;153:155-62. https://doi.org/10.1016/j.
radonc.2020.08.022.

Feng M, Moran JM, Koelling T, et al. Development and validation of a heart atlas to
study cardiac exposure to radiation following treatment for breast cancer. Int J
Radiat Oncol Biol Phys 2011;79:10-8. https://doi.org/10.1016/j.
ijrobp.2009.10.058.

Duane F, Aznar MC, Bartlett F, et al. A cardiac contouring atlas for radiotherapy.
Radiother Oncol 2017;122:416-22. https://doi.org/10.1016/j.
radonc.2017.01.008.

Schultz-Hector S, Sund M, Thames HD. Fractionation sensitivity and repair kinetics
of radiation-induced heart failure in rats. Radiother Oncol 1992;23:33-40. https://
doi.org/10.1016/0167-8140(92)90303-c.

Schultz-Hector S, Trott KR. Radiation-induced cardiovascular diseases: is the
epidemiologic evidence compatible with the radiobiologic data? Int J Radiat Oncol
Biol Phys 2007;67:10-8. https://doi.org/10.1016/].ijrobp.2006.08.071.

Lorenzen EL, Brink C, Taylor CW, Darby SC, Ewertz M. Uncertainties in estimating
heart doses from 2D-tangential breast cancer radiotherapy. Radiother Oncol 2016;
119:71-6. https://doi.org/10.1016/j.radonc.2016.02.017.

Wang L, Ding GX. The accuracy of the out-of-field dose calculations using a model
based algorithm in a commercial treatment planning system. Phys Med Biol 2014;
59:N113. https://doi.org/10.1088/0031-9155/59/13/N113.

Hector C, Webb S, Evans PM. A simulation of the effects of set-up error and changes
in breast volume on conventional and intensity-modulated treatments in breast
radiotherapy. Phys Med Biol 2001;46:1451. https://doi.org/10.1088/0031-9155/
46/5/309.

Topolnjak R, Borst GR, Nijkamp J, Sonke JJ. Image-guided radiotherapy for left-
sided breast cancer patients: geometrical uncertainty of the heart. Int J Radiat
Oncol Biol Phys 2012;82:e647-55. https://doi.org/10.1016/j.ijrobp.2011.08.024.

139

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Clinical and Translational Radiation Oncology 36 (2022) 132-139

El-Sherif O, Yu E, Xhaferllari I, Gaede S. Assessment of intrafraction breathing
motion on left anterior descending artery dose during left-sided breast radiation
therapy. Int J Radiat Oncol Biol Phys 2016;95:1075-82. https://doi.org/10.1016/
j.ijrobp.2016.02.026.

Jagsi R, Moran JM, Kessler ML, Marsh RB, Balter JM, Pierce LJ. Respiratory motion
of the heart and positional reproducibility under active breathing control. Int J
Radiat Oncol Biol Phys 2007;68:253-8. https://doi.org/10.1016/j.
ijrobp.2006.12.058.

Bahig H, de Guise J, Vu T, et al. In a heartbeat: an assessment of dynamic dose
variation to cardiac structures using dual source computed tomography. Int J
Radiat Oncol Biol Phys 2018;102:950-9. https://doi.org/10.1016/].
ijrobp.2018.01.049.

Taylor CW, Wang Z, Macaulay E, Jagsi R, Duane F, Darby SC. Exposure of the heart
in breast cancer radiation therapy: a systematic review of heart doses published
during 2003 to 2013. Int J Radiat Oncol Biol Phys 2015;93:845-53. https://doi.
0rg/10.1016/j.ijrobp.2015.07.2292.

Osman SO, Hol S, Poortmans PM, Essers M. Volumetric modulated arc therapy and
breath-hold in image-guided locoregional left-sided breast irradiation. Radiother
Oncol 2014;112:17-22. https://doi.org/10.1016/j.radonc.2014.04.004.

Coffey S, Cairns BJ, Iung B. The modern epidemiology of heart valve disease. Heart
2016;102(1):75-85. https://doi.org/10.1136/heartjnl-2014-307020.

Hull MC, Morris CG, Pepine CJ, Mendenhall NP. Valvular dysfunction and carotid,
subclavian, and coronary artery disease in survivors of Hodgkin lymphoma treated
with radiation therapy. JAMA 2003;290:2831-7. https://doi.org/10.1001/
jama.290.21.2831.

Heidenreich PA, Hancock SL, Lee BK, Mariscal CS, Schnittger I. Asymptomatic
cardiac disease following mediastinal irradiation. J Am Coll Cardiol 2003;42:
743-9. https://doi.org/10.1016/s0735-1097(03)00759-9.

Handa N, McGregor CG, Danielson GK, et al. Valvular heart operation in patients
with previous mediastinal radiation therapy. Ann Thorac Surg 2001;71:1880-4.
https://doi.org/10.1016/50003-4975(01)02588-7.


https://doi.org/10.1093/jnci/djv008
https://doi.org/10.1093/jnci/djv008
https://doi.org/10.1016/j.radonc.2020.08.022
https://doi.org/10.1016/j.radonc.2020.08.022
https://doi.org/10.1016/j.ijrobp.2009.10.058
https://doi.org/10.1016/j.ijrobp.2009.10.058
https://doi.org/10.1016/j.radonc.2017.01.008
https://doi.org/10.1016/j.radonc.2017.01.008
https://doi.org/10.1016/0167-8140(92)90303-c
https://doi.org/10.1016/0167-8140(92)90303-c
https://doi.org/10.1016/j.ijrobp.2006.08.071
https://doi.org/10.1016/j.radonc.2016.02.017
https://doi.org/10.1088/0031-9155/59/13/N113
https://doi.org/10.1088/0031-9155/46/5/309
https://doi.org/10.1088/0031-9155/46/5/309
https://doi.org/10.1016/j.ijrobp.2011.08.024
https://doi.org/10.1016/j.ijrobp.2016.02.026
https://doi.org/10.1016/j.ijrobp.2016.02.026
https://doi.org/10.1016/j.ijrobp.2006.12.058
https://doi.org/10.1016/j.ijrobp.2006.12.058
https://doi.org/10.1016/j.ijrobp.2018.01.049
https://doi.org/10.1016/j.ijrobp.2018.01.049
https://doi.org/10.1016/j.ijrobp.2015.07.2292
https://doi.org/10.1016/j.ijrobp.2015.07.2292
https://doi.org/10.1016/j.radonc.2014.04.004
https://doi.org/10.1136/heartjnl-2014-307020
https://doi.org/10.1001/jama.290.21.2831
https://doi.org/10.1001/jama.290.21.2831
https://doi.org/10.1016/s0735-1097(03)00759-9
https://doi.org/10.1016/s0003-4975(01)02588-7

	Exposure of the heart and cardiac valves in women irradiated for breast cancer 1970–2009
	Introduction
	Methods and materials
	Reconstruction and dose calculation
	Cardiac doses for typical techniques and cardiac doses for individual patients

	Results
	Discussion
	Declaration of Competing Interest
	Acknowledgements:
	Appendix A Supplementary data
	References


