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ABSTRACT

Background: Women irradiated for left-sided breast cancer (BC) have an increased risk of coronary
artery disease compared to women with right-sided BC. We describe the distribution of radiation
dose in segments of coronary arteries in women receiving adjuvant radiotherapy (RT) for left- or right-
sided BC.

Material and methods: Fifteen women with BC, seven left-sided and eight right-sided, who had
received three-dimensional conformal radiotherapy (3DCRT), constituted the study base. The heart and
the segments of the coronary arteries were defined as separate organs at risk (OAR), and the mean
and maximum radiation doses were calculated for each OAR.

Results: In women with left-sided BC, irrespective of if regional lymph node RT was given or not, max-
imum dose in mid and distal left anterior descending artery (mdLAD) was approximately 50 Gy in 6/7
patients, whereas women with right-sided BC mainly received low doses of radiation. In women with
left-sided BC, 6/7 patients had substantially higher mean dose to the distal LAD than to the heart, rang-
ing from 30 to 55 Gy and 3 to13 Gy, respectively.

Conclusion: We found a pronounced difference of radiation dose distribution in the coronary arteries
between women with left- and right-sided BC. Women with left-sided BC had almost full treatment
dose in parts of mdLAD, regardless of if regional lymph node irradiation was given or not, while women
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with right-sided BC mainly received low doses to the coronary arteries.

Meta-analyses of randomized clinical trials show a benefit of
adjuvant radiotherapy (RT) in breast cancer (BC) in terms of
reducing local recurrences and BC deaths [1-3]. However,
long-term follow-up has revealed an excess mortality from
heart disease after RT [3]. RT in the 1970s and 1980s is associ-
ated with a higher mortality due to ischemic heart disease
(IHD) in left-sided BC compared to right-sided [4], but conflict-
ing results have been published on more modern RT [5,6].
The pathophysiology of radiation-induced heart disease
involves microangiopathy of the small vessels as well as mac-
roangiopathy of the coronary arteries [7], resulting in fibrosis
of the myocardium, coronary artery disease and eventually
IHD. These multiple targets of radiation raise the question
which the most critical cardiac structures are - the myocar-
dium or the coronary arteries?

Hitherto, the whole heart has been considered as ‘one’
organ at risk (OAR) and tolerance doses have been estab-
lished for pericarditis [8] and cardiovascular mortality [9].

However, the different anatomical structures in the heart
may have different radiation tolerance, illustrated by the
study of McGale et al. [10]. In a comparison between
women with irradiated left- and right-sided BC, an increase
of angina pectoris and myocardial infarction was noticed,
reflecting coronary artery disease. On the contrary, the
same comparison showed no increase in heart failure or
myocardial diseases. These results support macroangiopathy
rather than microangiopathy being the most detrimental
pathogenetic mechanism of radiation-induced IHD in BC.
However, the study by Darby et al. found a dose-depend-
ent linear increase of IHD events with a stronger correlation
to heart mean dose than to left anterior descending artery
(LAD) mean dose [11].

Our recent study showed that coronary artery stenosis was
more frequent within the geometric projection of the radiation
fields, in contrast to other locations of the heart [12]. The aim
of this study was to describe the distribution of radiation dose
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in segments of coronary arteries in women with left- and right-
sided BC who have received three-dimensional conformal
radiotherapy (3DCRT) and to study the relation of the dose to
the postulated radiation hotspot areas of the ventral segments
of the coronary arteries defined in our former study [12]. We
also report the distribution of coronary artery stenoses.

Material and methods
Patient selection

The women in our study were selected from a Swedish
cohort of 8190 women with a first BC diagnosed from 1970
to 2003. The cohort is described in detail previously [12,13].
To find women who had been referred to a coronary angiog-
raphy after BC diagnosis, the cohort was linked to two
regional registers of coronary angiography in the hospitals of
Uppsala and Falun, covering the time period from 1990 to
2004. The linkage yielded 199 eligible women, which was the
study base of our former study [12]. The use of 3DCRT in BC
started in the 1990s and 23 women in the study base had
received 3DCRT in the Radiotherapy Departments of Uppsala
and Gavle. Three women were irradiated after the angiog-
raphy, leading to exclusion. Due to missing information from
computed tomography (CT) studies, five other women were
excluded, leaving in total 15 eligible women. The time to
angiography was defined as the time period from the date of
RT termination to the date of angiography.

Data collection

The medical records were the source of information for breast
tumor characteristics and details of BC treatments. The RT
records were reviewed for classification of target areas:
remaining breast tissue after breast conserving surgery,
regional lymph nodes (reg LN) in the axilla, internal mammary
chain (IMC), and supraclavicular (SCL) area. Information about
adjuvant endocrine treatment, chemotherapy, and recur-
rences was abstracted from the medical records.

Coronary angiography

The coronary angiograms from Uppsala and Falun were
reviewed by one radiologist in each hospital. The right coron-
ary artery (RCA), the left main coronary artery (LMCA), the LAD,
and the left circumflex artery (LCX), were further divided into
18 segments (Figure S1 in Supplementary material, available
online at http://www.informahealthcare.com) [14]. The seg-
ments were graded according to a five-grade scale of stenosis,
where grade 0 indicated a normal segment without any athe-
romatosis or stenosis; grade 1 light atheromatosis; grade 2-4,
increasing grade of stenosis; and grade 5, occlusion of the seg-
ment of the vessel [14]. Grade 3-5 stenosis was considered
clinically significant, referred to as significant stenosis.

3D conformal radiotherapy

The individual CT study of each patient was retrieved in the
treatment planning system Helax-TMS®. The CT scans were

not contrast enhanced. CT slices measured 8 or 16 mm. The
original target definition from the treatment session was
used. Eleven patients received tangential RT with opposed
photon beams to cover the targets (Tang in Table S1 in
Supplementary material, available online at http://www.infor-
mahealthcare.com). The treatment plans were individually
optimized with beam angles, wedges, collimator angles, and
multileaf collimators (MLC). The patients irradiated to the
breast only, were treated using the technique of aligned pos-
terior border. The patients irradiated also to reg LN with the
tangential technique, were treated using MLC. One patient
irradiated to the breast and reg LN was treated with ‘the dou-
ble angle technique’ (Double Tang in Table S1), a tangential
radiation technique with a steeper gantry angle in the super-
ior part of the target to cover the SCL and IMC and a flatter
gantry angle in the inferior part of the target to cover the
breast and simultaneously minimize the radiation dose to
the defined OARs, i.e. the lung and the heart. Three patients
irradiated to the breast and reg LN were treated with a
technique developed in the department, using mixed
electron-photon beams conformed with a MLC (Mixed in
Table S1), described in detail by Jansson et al. [15].

Two of the authors defined in consensus the following
segments of the coronary arteries as separate OARs: segment
1,2, 3,5, 6,7, and 8 (Figure S1) [14]. Segments 1+ 2, corre-
sponding to the proximal RCA, are hereafter referred as prox
RCA, and segments 7 4 8, corresponding to the mid and dis-
tal LAD, are hereafter referred as mdLAD. Reliable anatomical
cardiac landmarks, including the anterior interventricular, left
atrioventricular and right atrioventricular grooves, were used
to define the coronary artery positions [16]. A margin of
2-3mm was added to each OAR to allow for uncertainties
regarding the exact position of the coronary artery and to
assure that the coronary artery were within the OAR. The
whole heart was also defined as an OAR.

The previously individually optimized treatment plans were
used and dose-volume histograms were generated for the
defined OARs of segment 1, 2, 3, 5, 6, 7, 8, and the heart. For
each OAR, mean and maximum radiation doses were
assessed for individual patients. For the heart as an OAR, the
volumes receiving 40 Gy (Vheart 40Gy) and 20Gy (Vheart 20ay)
were calculated. The dose distributions in the treatment plan-
ning system were calculated using a pencil beam algorithm.

Results

The patient characteristics are described in Table S1. In total,
15 women with BC, seven cases of left- and eight cases of
right-sided BC, were studied. Eight women were diagnosed
with BC stage II, four women had BC stage | and for three
women stage information from the axillary surgery was miss-
ing (Table S1). The BCs were diagnosed between 1993 and
2002. Mean age at diagnosis of BC was 58.9 years (range
46-70 years) and mean follow-up period between
termination of RT and coronary angiography was 3.8 years
(range 0.3-8.2 years).

Eight women received RT to the breast and reg LN: the
axilla, SCL, and IMC included. Two women were irradiated to


http://dx.doi.org/10.1080/0284186X.2016.1182209
http://www.informahealthcare.com
http://dx.doi.org/10.1080/0284186X.2016.1182209
http://www.informahealthcare.com
http://www.informahealthcare.com
http://dx.doi.org/10.1080/0284186X.2016.1182209
http://dx.doi.org/10.1080/0284186X.2016.1182209
http://dx.doi.org/10.1080/0284186X.2016.1182209
http://dx.doi.org/10.1080/0284186X.2016.1182209
http://dx.doi.org/10.1080/0284186X.2016.1182209

the breast and axilla, and five women received RT to the
breast without reg LN. Fourteen women were treated with
25-28 radiation fractions of 2.0Gy to the targets five days
each week, to a total dose of 50-56 Gy. One woman, Patient
9, received 16 fractions of 2.0 Gy and 10 fractions of 2.1 Gy, to
a total dose of 53 Gy. Five women received adjuvant chemo-
therapy (chemotherapy regimens shown in Table S1). Six
women used adjuvant endocrine therapy during the study, all
of them tamoxifen. One woman, Patient 7, started with tam-
oxifen and changed endocrine treatment after seven months
to anastrozole. No women experienced local or distant recur-
rences during the follow-up.

Table 1 and Figure 1 show the distribution of radiation
doses. All women with right-sided BC had low mean doses to
the heart in the range of 1-3 Gy. Women with left-sided BC
had higher mean doses to the heart in the range of 3-13 Gy.
Mean doses to mdLAD and in particular segment 8 (corre-
sponding to distal LAD), ranging from 18 to 55Gy, were
considerably higher than mean heart doses in women with
left-sided BC, reflecting high doses in small volumes. In three
of the women, mean doses to prox RCA and in particular seg-
ment 2 were substantially higher than mean doses to the
heart, ranging from 21 to 33 Gy and 3 to 12 Gy, respectively.
In general, the radiation doses were higher in the ventral
located segments 1+ 2 and segments 7 + 8, in comparison to
the doses of the dorsal adjacent segment 3 and segment 6,
respectively (Table 1 and Figure 1).

Three of the women with left-sided BC receiving RT to the
breast and reg LN had significant volumes of the heart (>10%)
irradiated with doses exceeding 20 Gy (Table S1). The distribu-
tion of radiation dose in the segments of the coronary arteries
differed markedly between left- and right-sided BC (Table 1 and
Figure 1). Irradiation of left-sided BC gave a substantially higher
radiation dose in mdLAD compared to right-sided BC, with
doses in segment 8 approaching the target dose of 50-56 Gy.
The two women with left-sided BC receiving RT to the breast

Table 1. Radiation doses to targets, heart, and segments of coronary arteries.

ACTA ONCOLOGICA . 961

without reg LN irradiation had doses in segment 8 as high as
the women irradiated also to reg LN.

Women with right-sided BC generally received low coron-
ary artery mean doses in the range of 1-5Gy. The only excep-
tion was Patient 9, a woman where the irradiation of the
right IMC contributed to the maximum dose of 45Gy in seg-
ment 2. Two of the women with left-sided BC, Patients 1 and
3, also received substantial maximum doses of 38-39Gy in
prox RCA, both of which were irradiated to the left IMC.
These three women were irradiated in the early period of the
study when the IMC target included the ipsilateral intercostal
spaces 1-5. After 1995, the target definition of IMC changed
to include only intercostal spaces 1-3 with the purpose of
lowering the heart dose, and thereafter all women irradiated
to the IMC had low radiation doses in prox RCA with max-
imum doses ranging from 3 to 6 Gy (Table S1).

The majority of the coronary segments studied had no sten-
oses (Table S1). In four patients, seven segments had clinical
significant stenoses. In Patient 4, a significant stenosis was
located in a hotspot area of radiation dose, whereas in the other
three patients the significant stenoses were mostly located in
areas with low exposition of radiation.

Discussion

We found a marked difference of radiation dose distribution
in mdLAD between women with left- and right-sided BC. The
majority of the women with left-sided BC had high mean
radiation doses in distal LAD, in the range of 30-55Gy,
whereas the women with right-sided BC mostly were exposed
to low radiation doses. Maximum doses close to full target
doses in distal LAD were noticed in patients with left-sided
tangential RT of the breast, regardless of reg LN irradiation.
There was a radiation dose gradient with higher doses in the
most ventral coronary segments and lower doses in segments
located more dorsally.

Patient no. 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
BC side Left Left Left Left Left Left Left Right  Right Right Right Right  Right  Right Right
RT targets Breast Breast  Breast Breast Breast Breast Breast Breast  Breast Breast Breast Breast Breast Breast Breast
Reg LN Reg LN Reg LN Axilla Reg LN Axilla RegLN RegLN ReglLN Reg LN
Dose (Gy) 52 54 54 56 54 50 50 54 53 56 56 50 50 52 50
Heart
Max dose (Gy) 45.6 524 50.4 57.6 54.5 485 47.0 11.8 494 11.8 73 1.6 4.9 3.2 35
Mean dose (Gy) 12.0 3.2 8.7 126 5.7 29 45 0.9 33 1.8 27 0.8 14 1.2 1.1
Max dose (Gy)
Segment 1 35.0 27 35.6 75 33 25 3.8 26 6.3 6.0 55 1.2 22 3.0 35
Segment 2 39.1 2.8 38.0 6.1 3.1 23 36 44 448 6.1 5.5 13 3.0 3.1 3.2
Segment 3 17.0 1.8 17.8 34 1.8 1.6 3.0 25 4.4 37 44 1.1 4.5 1.9 24
Segment 5 75 1.8 6.5 43 3.0 1.6 28 1.4 3.0 26 39 1.0 1.6 1.8 35
Segment 6 11.2 26 6.5 17.9 4.2 1.7 3.0 0.7 2.1 22 36 1.0 1.2 15 1.0
Segment 7 382 5.1 24.6 54.7 27.5 37.2 10.5 0.8 26 25 3.1 1.0 1.4 15 1.0
Segment 8 458 51.9 26.7 56.5 51.8 479 46.4 0.8 3.2 28 37 1.0 1.8 1.5 1.4
Mean dose (Gy)
Segment 1 26.1 1.9 25.6 5.8 29 2.1 35 22 4.6 4.2 4.7 1.1 1.8 25 23
Segment 2 32.8 23 313 4.1 23 20 33 33 214 46 5.0 1.2 24 28 24
Segment 3 79 15 42 29 15 1.6 23 1.5 34 23 36 1.1 36 14 1.6
Segment 5 6.8 1.7 45 39 27 1.6 26 1.1 25 2.1 3.8 1.0 1.4 1.6 20
Segment 6 9.7 22 6.2 8.2 37 1.6 2.8 0.7 2.0 20 26 0.9 1.1 1.4 0.9
Segment 7 252 4.0 15.0 50.0 10.5 6.0 4.1 0.5 23 22 22 0.9 1.2 13 0.9
Segment 8 415 30.5 183 55.2 39.5 384 314 0.6 2.8 23 3.6 0.9 1.6 1.1 1.2

BC: breast cancer; Gy: Gray; no.. number; Reg LN: regional lymph nodes (lymph nodes in the axilla, supraclavicular area and internal mammary chain); RT:

radiotherapy.
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Figure 1. Segment-wise distribution of mean maximal radiation doses, of seven
left- and eight right-sided women with breast cancer (BC). Gy: Gray; LMCA: left
main coronary artery; LAD: left anterior descending artery; RCA: right coronary
artery.

In contrast to previous studies of older RT techniques
[11,17] requiring dose estimations of representative average
patients, this study is based on detailed information of the
individual patient radiation dose in different parts of the heart
and coronary arteries, as all the patients have been treated
with 3DCRT. In a previous investigation by our group not based
on individual dose plans, hotspot areas for radiation dose of
prox RCA and mdLAD were postulated [12]. This was confirmed
in the present study. Our result is in accordance with the study
by Taylor et al., showing an average maximum radiation dose
of 35.2Gy in the LAD in women receiving left-sided tangential
RT for BC [18]. The LAD average mean dose was considerably
lower [18], reflecting the anatomy of the LAD in relation to the
radiation fields and the fact that small volumes of the artery,
i.e. segments may receive high doses, albeit the mean dose of
the artery being within tolerance limits.

The study has some shortcomings. Small volumes, like seg-
ments of coronary arteries, and thicker CT slices than today,
implicate fewer points for dose calculations and poorer accur-
acy in dose evaluation. Low doses of scattered and transmitted
radiation within the patient and through field shaping devices,
contributes to an additional uncertainty in estimation of deliv-
ered dose to areas outside the clinical beam of approximately
1-2% relative to the dose in target regions [19]. However, these
caveats do not influence the main result in any significant way,
as the differences between radiation doses in left- and right-
sided BC and between segments are obvious.

The study was initially designed to also explore eventual
strong relationship between radiation dose and coronary artery
stenosis in specific coronary segments with known dose.
However, we found considerably fewer women than we
expected that had both angiograms and were irradiated with
3DCRT. Furthermore, the interval between RT and the angio-
gram was generally short in terms of looking for radiation-
induced lesions. Coronary artery disease is a multifactorial and
common disease, and also in an irradiated BC population the
majority of coronary artery stenoses will be unrelated to RT; a
strong relationship between dose and stenosis would be
needed for a positive finding.

It has been proposed that radiation acts in concert, and
perhaps in synergy, with other cardiovascular risk factors,
such as hypertension, hypercholesterolemia, obesity, and dia-
betes [20]. A study by Mast et al. showed a higher coronary
artery calcium score, an accepted tool to predict coronary
artery disease, in a BC cohort investigated pre-RT in compari-
son to a cohort of healthy women, suggesting women with
BC bearing a higher risk of developing coronary artery disease
even before RT [21]. In irradiated women with BC, McGale
et al. showed a synergy between RT and preexisting IHD, for
a new heart disease event to occur [10]. In irradiated as well
as non-irradiated patients with coronary artery disease, the
majority of stenoses are located in the LAD territory [12]. In
view of RT as a cardiovascular risk factor, an increase of the
relative risk of stenosis in different parts of the coronary
arteries would result in a higher absolute risk of stenosis in
LAD, compared to other locations of the coronary arteries.

Our findings are supported by the study by McGale et al.
[10]. In a comparison of irradiated left- and right-sided BC, the
study showed an increased risk of IHD during the study period
of 1977-2001. No differences in IHD incidence was seen in
patients receiving RT after 1990 compared to patients irradi-
ated before the 1990s. A possible explanation may be that the
coronary artery dose rather than the heart dose is the crucial
point to develop IHD, as the coronary doses were estimated to
be at the same level during the whole study period, whereas
the heart doses were lower after 1990. In contrast, the study
by Darby et al. showed a dose-dependent increase of IHD cor-
relating with mean heart dose [11]. However, the Darby study
was based on doses estimated from the RT charts, not on
doses from 3DCRT treatment plans. According to our results,
still a considerable radiation dose is delivered to parts of the
coronary arteries when irradiating left-sided BC.

In the study by Moignier et al. in 12 patients who had
received mediastinal irradiation for Hodgkin lymphoma, the
main finding was a correlation between high radiation dose to
coronary artery segments and coronary stenosis [22]. One
patient in our study had an occlusion of segment 7, corre-
sponding to mid LAD, approximately eight years after RT, with
a mean radiation dose of 50Gy in the segment. In the same
patient, no significant stenoses were detected in other seg-
ments of the coronary arteries. This may be a random finding,
but might illustrate a late radiation vascular effect.

There is no established safe radiation threshold dose for
the coronary arteries. The radiation tolerance dose for the
heart is based on studies concerning radiation-induced peri-
carditis [8] and cardiovascular mortality [9], and in these cir-
cumstances the whole heart is the OAR. The Danish Breast
Cancer Cooperative Group (DBCG) guidelines [23], based on
the study by Gagliardi et al. [9], has suggested the following
restriction criteria for heart irradiation in BC: less than 5% of
the heart volume should receive 40 Gy (Vheart 40y =5%) and
less than 10% of the heart volume should receive 20Gy
(Vheart 20cy=10%). All the women with right-sided BC, but
only 4/7 women with left-sided BC in the study fulfilled these
dose constraints. However, the four women with left-sided BC
who did fulfill the DBCG heart dose constraints still had high
hotspot doses of 46-52 Gy in mdLAD, which we believe is a
critical vascular structure for developing late radiation effects.



Thus, restriction of doses to the whole heart as an OAR does
not exclude high point doses in the coronary arteries, also
shown by others [18,24,25].

In conclusion, we found a marked difference of radiation
dose distribution in mdLAD between women with left- and
right-sided BCs. Tangential RT to the left breast without reg LN
irradiation yielded coronary artery maximum doses of approxi-
mately 50 Gy to distal LAD, probably not safe concerning late
radiation vascular effects. The radiation tolerance dose for the
coronary arteries is still uncertain and a large study with long-
term follow-up is needed to establish a dose-response relation-
ship between radiation dose and coronary artery stenosis.
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