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Abstract
Purpose Breast cancer treatment has been associated with vascular pathology. It is unclear if such treatment is also associated 
with long-term cerebrovascular changes. We studied the association between radiotherapy and chemotherapy with carotid 
pathology and brain perfusion in breast cancer survivors.
Methods We included 173 breast cancer survivors exposed to radiotherapy and chemotherapy, assessed ± 21.2 years after 
cancer diagnosis, and 346 age-matched cancer-free women (1:2) selected from the population-based Rotterdam Study. 
Outcome measures were carotid plaque score, intima-media thickness (IMT), total cerebral blood flow (tCBF), and brain 
perfusion. Additionally, we investigated the association between inclusion of the carotid artery in the radiation field (no/
small/large part), tumor location, and these outcome measures within cancer survivors.
Results Cancer survivors had lower tCBF (− 19.6 ml/min, 95%CI − 37.3;− 1.9) and brain perfusion (− 2.5 ml/min per 
100 ml, 95%CI − 4.3;− 0.7) than cancer-free women. No statistically significant group differences were observed regard-
ing plaque score or IMT. Among cancer survivors, a large versus a small part of the carotid artery in the radiation field was 
associated with a higher IMT (0.05, 95%CI0.01;0.09). Also, survivors with a right-sided tumor had lower left carotid plaque 
score (− 0.31, 95%CI − 0.60;− 0.02) and higher brain perfusion (3.5 ml/min per 100 ml, 95%CI 0.7;6.2) than those with a 
left-sided tumor.
Conclusions On average two decades post-diagnosis, breast cancer survivors had lower tCBF and brain perfusion than cancer-
free women. Also, survivors with a larger area of the carotid artery within the radiation field had a larger IMT. Future studies 
should confirm if these cerebrovascular changes underlie the frequently observed cognitive problems in cancer survivors.

Keywords Breast cancer · Radiotherapy · Chemotherapy · Brain perfusion · Carotid plaques · Intima-media thickness

Introduction

Breast cancer patients are at an increased risk of devel-
oping cardiovascular diseases due to effects of can-
cer treatment on the vascular system [1–3]. Adjuvant 

chemotherapy has been associated with vascular damage 
[4], specifically with narrowing of the vascular lumen 
as a result of thickening of the vessel wall through 
endothelial damage [5]. In addition, it has been related 
to cardiotoxicity through injury of cardiac myocytes and 

 * Vincent Koppelmans 
 vincent.koppelmans@utah.edu

 Sanne B. Schagen 
 s.schagen@nki.nl

1 Department of Epidemiology, Erasmus MC University 
Medical Center, Rotterdam, The Netherlands

2 Department of Psychosocial Research & Epidemiology, 
Netherlands Cancer Institute/Antoni Van Leeuwenhoek 
Hospital, Plesmanlaan 121, 1066 CX Amsterdam, 
The Netherlands

3 Department of Psychiatry, University of Utah, Salt Lake City, 
USA

4 Department of Radiation Oncology, Netherlands Cancer 
Institute/Antoni Van Leeuwenhoek Hospital, Amsterdam, 
The Netherlands

5 Department of Radiology and Nuclear Medicine, Erasmus 
MC University Medical Center, Rotterdam, the Netherlands

6 Department of Psychology, Brain and Cognition, 
University of Amsterdam, Nieuwe Achtergracht 129-B, 
1018 WS Amsterdam, The Netherlands

http://orcid.org/0000-0003-2036-7603
http://crossmark.crossref.org/dialog/?doi=10.1007/s10549-020-05990-y&domain=pdf


168 Breast Cancer Research and Treatment (2021) 186:167–176

1 3

antimetabolites, which is associated with myocardial 
ischemia [6]. Adjuvant radiotherapy for breast cancer 
has also been linked to vascular pathology [7], including 
carotid stenosis [8, 9], and carotid stiffness [10], as well 
as to an increased risk of stroke [11]. In addition, breast 
cancer patients may have a higher risk of congestive heart 
failure and myocardial infarction that can persist up to 
20 years after treatment [1, 12–14]. However, the syner-
gistic effects of chemotherapy and radiotherapy on vas-
cular pathology in breast cancer patients that may arise 
due to accumulation of vascular damage remain largely 
unknown.

Cardiovascular diseases including carotid pathol-
ogy can result in changes in total cerebral blood flow 
(tCBF) [15]. In turn, a preclinical study has shown that 
disrupted tCBF in mice can lead to cognitive deficits 
[16] and lower tCBF has been associated with accelerated 
cognitive decline and dementia in human [17]. As yet, 
it is unknown if the potential cardiovascular side effects 
of breast cancer itself and breast cancer treatment are 
associated with disruptions in tCBF and therefore with 
brain perfusion. Such knowledge is of particular interest 
because it could contribute to the understanding of the 
well-documented brain structural alterations and cogni-
tive deficits that are prevalent in about 20% to 30% of 
cancer survivors [18].

We have previously shown that such structural brain 
alterations including reductions in total brain volume 
and gray matter volume, and cognitive deficits can 
occur up to 20 years after cessation of cancer treat-
ment in breast cancer survivors who were treated with 
radiotherapy and subsequent CMF (Cyclophosphamide-
Methotrexate-Fluorouracil) chemotherapy [19, 20]. In 
the current study that uses the same study population, 
we characterized the combined effects of cancer itself, 
radiotherapy, and chemotherapy, on atherosclerotic 
carotid disease and tCBF by comparing these breast 
cancer survivors to a 1:2 age-matched population-based, 
cancer-free reference group. To gain further insight into 
the contribution of regional radiotherapy on carotid 
pathology, we assessed the association between carotid 
atherosclerosis and radiation fields. The prevalence of 
cardiovascular diseases may differ between patients 
with left- and right-sided breast tumors [1]. Also, due 
to left–right differences in anatomy, a larger part of the 
left carotid artery may lie in the radiation field than of 
the right artery. We therefore determined the association 
between tumor location (left or right side) and carotid 
plaque score.

Materials and methods

Participants

Breast cancer survivors

We identified women with a history of unilateral, invasive 
breast cancer from the registries of the Netherlands Cancer 
Institute/Antoni van Leeuwenhoek Hospital and the Daniel 
den Hoed Cancer Clinic of the Erasmus Medical Center. 
Women were selected for the current study if they had been 
treated with both post-surgical radiotherapy and six cycles of 
adjuvant CMF chemotherapy (Cyclophosphamide 100 mg/
m2 on days 1–14; Methotrexate 40 mg/m2 on days 1 and 8; 
5-Fluorouracil 600 mg/m2 on days 1 and 8) between 1976 
and 1995. The radiotherapy regimen depended on type of 
surgery and disease stage and was classified into one or more 
of the following fields: axillary, breast, chest wall, internal 
mammary chain, McWhirter, or supraclavicular radiation.

Breast cancer survivors were eligible if they were 
between 50 and 80 years of age at time of selection, if inva-
sive breast cancer was their first and only malignancy, if they 
had remained cancer-free since treatment for breast cancer, 
and if they had sufficient command of the Dutch language. 
Exclusion criteria were use of adjuvant endocrine therapy 
and magnetic resonance imaging (MRI) contraindications.

A detailed overview of the participant inclusion has been 
described previously [21]. In short, 195 (67%) of the 291 
eligible breast cancer survivors agreed to participate and 
were assessed between October 2008 and October 2009. 
Of the 195 women who participated, in four of them, no 
tCBF data were available because they had not completed 
the MRI examination due to claustrophobia. In another four 
participants, the ultrasound images of the carotid arteries of 
either one or two vessel beds were unusable. Hence, total 
plaque score could not be calculated for these subjects. 
Lastly, intima-media thickness (IMT) was not measured for 
five participants. Finally, 182 participants were available for 
analyses.

Population‑based reference women

Women without a history of cancer were selected from the 
prospective population-based Rotterdam Study [22, 23]. 
As of 2008, the study includes 14,926 participants. By the 
end of the inclusion period of chemotherapy-exposed breast 
cancer survivors (October 2009), 1337 female participants 
of the Rotterdam Study had undergone complete carotid 
artery ultrasound assessment and a brain MRI [23]. Each 
breast cancer survivor was randomly matched to two out 
of these 1,337 cancer-free women based on age at time of 
carotid artery ultrasound (age range ± 4 years). Nine out of 
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182 breast cancer survivors could not be matched. We chose 
to match two cancer-free women per breast cancer survivor 
to limit the number of unmatched participants, which might 
induce selection bias.

Methods

All examinations for both the breast cancer survivors and 
the reference women took place at the research center of the 
Rotterdam Study and were conducted by the same techni-
cians. Breast cancer survivors were assessed between Octo-
ber 2008 and October 2009, and reference women were 
examined between April 2006 and August 2009.

Carotid artery ultrasound

Ultrasonography of both carotid arteries was performed 
with a 7.5-MHz linear-array transducer and a duplex scan-
ner (EnVisor; Philips Medical Systems Nederland B.V, Ein-
dhoven, Netherlands). Plaques, defined as focal widenings of 
the vessel wall relative to adjacent segments with protrusion 
into the lumen composed of either only calcified deposits or 
a combination of calcified and noncalcified material, were 
examined at six sites for both the left and right side includ-
ing the anterior (near) and posterior (far) walls of the (a) 
internal carotid artery, (b) carotid bifurcation, and (c) com-
mon carotid artery [24]. A weighted plaque score ranging 
from 0 to 6 was computed by adding the number of sites at 
which a plaque was detected, divided by the total number of 
sites for which an ultrasonographic image was available and 
multiplied by 6 (the maximum number of sites). IMT was 
measured on a longitudinal, 2-dimensional ultrasound image 
of the distal common carotid artery, on which the near and 
far walls were displayed as two bright white lines separated 
by a hypoechogenic space [25]. IMT was defined as the dis-
tance between the leading edge of the far wall – displayed as 
the first bright line – and the leading edge of the near wall, 
i.e., the second bright line. The mean IMT was calculated 
as the average of three measurements of both the left and 
right carotid arteries.

MRI acquisition and processing

MRI was performed on a 1.5-T MRI scanner (General Elec-
tric Healthcare, Milwaukee, Wisconsin). During the study 
period, no software or hardware upgrades were performed. 
Breast cancer survivors and reference women were scanned 
using the same MRI scanner.

Our full scan protocol has been described in detail pre-
viously [23]. In short, for tCBF measurement, 2D phase-
contrast imaging was performed. First, a sagittal 2D 
phase-contrast MRI angiographic scout image was per-
formed. On this scout image, a transverse imaging plane 

perpendicular to both the precavernous portion of the inter-
nal carotid arteries and the middle part of the basilar artery 
was chosen for an axial 2D phase-contrast image (repeti-
tion time = 20 ms, echo time = 4 ms, field of view = 19 cm2, 
matrix = 256 × 160, flip angle = 8°, number of excitations = 8, 
bandwidth = 22.73 kHz, velocity encoding = 120 cm/s, slice 
thickness = 5 mm).

As previously described, we calculated flow from the 
phase-contrast images using interactive data language-
based custom software (Cinetool version 4, General Electric 
Healthcare, Milwaukee, WI, USA) [23]. Regions of interest 
(ROIs), encompassing the entire lumen of the vessel, were 
drawn manually around both carotids and the basilar artery 
at the level of the clinoid segment on the phase-contrast 
images. The mean signal intensity in each ROI reflects the 
flow velocity in the vessel (cm/seconds). Flow (in ml/s) 
was calculated by multiplying the average velocity with the 
cross-sectional area of the vessel. To calculate total cere-
bral blood flow (tCBF, in ml/min), flow rates for the carotid 
arteries and the basilar artery were summed and multiplied 
by 60 s/minute. Two independent, experienced technicians 
performed all manual ROI drawing and flow measurements 
(inter-rater correlations > 0.94 for all vessels).

Total CBF strongly depends on the amount of brain tis-
sue [26]. To account for this, we calculated brain perfusion 
(in ml/min per 100 ml) by dividing tCBF (ml/min) by brain 
volume (ml) and multiplying the obtained result by 100. 
Brain volume was automatically obtained from three high-
resolution axial MRI sequences that were acquired for each 
participant: a T1-weighted three-dimensional fast radio fre-
quency spoiled gradient recalled acquisition in steady state 
with an inversion recovery prepulse (FASTSPGR-IR); a pro-
ton density-weighted sequence; and a fluid-attenuated inver-
sion recovery sequence (FLAIR). Preprocessing steps and 
the classification algorithm that were used to extract total 
brain volume (TBV) from these three sequences have been 
described in detail elsewhere [27]. In short, voxels were seg-
mented into either: gray matter, white matter, cerebrospinal 
fluid, or background. The number of gray matter and white 
matter voxels were summed up and multiplied by the volume 
per voxel in  mm3 to obtain total brain volume.

Demographics

Information on potential confounders was collected for all 
participants. Body mass index (BMI) was calculated from 
height and weight measurements (kg/m2). Sitting diastolic 
and systolic blood pressures (mmHg, average of two assess-
ments) were measured on the right arm with a random-
zero sphygmomanometer [26]. Self-reported data on age 
at menopause, diabetes mellitus, smoking status (current, 
ever, never), and education level (primary education; lower 
education (lower/intermediate general education or lower 
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vocational education); intermediate (intermediate vocational 
education or higher general education); and higher (higher 
vocational education or university) were obtained. In addi-
tion, information on use of antihypertensive medication, 
anticoagulant medication, and lipid-lowering medication 
was collected.

Analyses

Analysis of variance (ANOVA, continuous variables) and 
χ2 tests (categorical variables) were used to compare char-
acteristics of breast cancer survivors and population-based 
reference women.

We used negative binomial regression to compare the 
distribution of plaque scores between groups (count vari-
able, range 0–12), and linear regression models to compare 
groups on IMT (continuous), tCBF (continuous), and brain 
perfusion (continuous). Even though we matched the breast 
cancer survivors and controls on age at carotid artery ultra-
sound, we corrected all analyses for age to account for poten-
tial residual confounding by age. In addition, all analyses 
were corrected for BMI. In an extended model, ‘Model II,’ 
we additionally corrected for prevalence of diabetes mel-
litus, smoking status, use of anticoagulant medication and 
lipid-lowering medication, and education level. We adjusted 
for education level because of the different distribution of 
education level between groups in the current study and its 
association with cardiovascular diseases in general [28]. 
Note that all potential confounders were measured at time 
of assessment of the outcomes and not at time of cancer 
diagnosis and treatment. We therefore considered age at 
menopause, systolic and diastolic blood pressure, and use 
of antihypertensive medication as potential mediators rather 
than potential confounders, and did therefore not correct for 
these factors [29, 30]. Lastly, for the analyses on tCBF and 
brain perfusion, we additionally corrected for total plaque 
score and total IMT in Model III to determine whether any 
association was explained by plaque score or IMT.

Within the group of breast cancer survivors, we investi-
gated if the degree to which the carotid artery was included 
in the radiation field was associated with plaque scores 
(negative binomial regression analysis), IMT, tCBF, or brain 
perfusion (linear regression analysis). We therefore classi-
fied field of radiotherapy in (a) carotid artery was not the in 
radiation field (only axillary, breast, or chest wall radiation); 
(b) a small part of the carotid artery was in the radiation field 
(internal mammary chain radiation, with or without axillary, 
breast, or chest wall radiation); and (c) a large part of the 
carotid artery was in the radiation field (McWhirter or supra-
clavicular with or without internal mammary chain, axillary, 
breast, or chest wall radiation). For these analyses, we used 
the same models as used when comparing breast cancer sur-
vivors with cancer-free reference women. Individuals with 

a small part of the carotid artery in the radiation field were 
selected as the reference group because this was the most 
common type of treatment (see Table 1).

We subsequently looked at the association of breast tumor 
side with plaque score by comparing carotid plaque scores of 
the left and right carotid artery within survivors. Here too, 
we used negative binomial regression models to investigate 
differences in carotid plaque scores. Linear regression mod-
els were used to determine the difference in IMT (total, left, 
and right), tCBF, and brain perfusion.

Statistical analyses were performed in R Version 3.3.2.

Results

Sample characteristics are presented in Table 1. Breast can-
cer survivors had been diagnosed on average (SD) 21.1 (4.4) 
years before participation in this study, at a mean (SD) age 
of 42.6 (5.4) years. They had a higher systolic and diastolic 
blood pressure, a younger age at menopause (mean age 44.1 
versus 49.3 years), a higher education level, and were less 
often current smokers than women from the reference group.

Breast cancer survivors had a similar total carotid plaque 
score (adjusted β = − 0.01 [95%CI − 0.20;0.18]) and total 
IMT score (adjusted β = 0.00 [95%CI − 0.02;0.03]) as can-
cer-free reference women (Table 2). Regarding brain perfu-
sion, breast cancer survivors had a statistically significantly 
lower mean tCBF (adjusted β = − 19.6 ml/min [95%CI 
− 37.3;− 1.9]) and brain perfusion (adjusted β = − 2.5 ml/
min per 100 ml [95%CI − 4.3;− 0.7]) than the cancer-free 
reference women (Table 2). Effect estimates for tCBF and 
brain perfusion hardly changed after including total mean 
IMT and total plaque score in the model (Table 2, Model 
III).

Breast cancer survivors who underwent radiotherapy 
with a larger portion of the carotid artery in the radiation 
field had slightly higher carotid plaque scores, lower mean 
tCBF, and lower mean perfusion than those with a smaller 
portion of the carotid artery in the radiation field, albeit not 
statistically significant (Table 3). Also, they had a statisti-
cally significantly higher total and right IMT score (adjusted 
beta for total IMT score = 0.05 [95%CI 0.01;0.09] and for 
right IMT score = 0.09 [95%CI 0.01;0.16], Table 3). Right-
sided breast cancer survivors had a statistically significantly 
lower left carotid plaque score (adjusted β = − 0.31 [95%CI 
− 0.60;− 0.02]) and a higher brain perfusion (adjusted 
β = 3.5 ml/min per 100 ml [95%CI 0.7;6.2]) than participants 
who survived a left-sided tumor (Table 4). 
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Discussion

This study shows that on average 20 years after treatment 
with chemotherapy and radiotherapy, breast cancer survivors 
have lower tCBF and brain perfusion than aged-matched 
cancer-free women. Our results within breast cancer survi-
vors indicate that radiotherapy on a larger part of the carotid 
artery is associated with a greater IMT. Lastly, we found that 
plaque scores in the left carotid artery were significantly 
lower in participants with a right-sided tumor than in those 
with a left-sided tumor.

We found that breast cancer survivors had lower tCBF 
and brain perfusion than cancer-free women, which was 
not completely explained by carotid pathology. In contrast, 
it has previously been shown that 1 year after completion 
of chemotherapy, brain perfusion was increased in breast 

cancer survivors, which might reflect a temporary compen-
satory mechanism for chemotherapy-induced damage [31]. 
In addition, brain perfusion was decreased in the frontal 
and parietal parts of the brain, which was associated with 
lower gray matter density [32]. The lower brain perfusion 
in our study might therefore underlie the cognitive deficits 
and alterations in brain volumes that we previously observed 
in this group of cancer survivors [19, 20] and which are 
observed in breast cancer survivors who have completed 
chemotherapy in general [33]. We have explored this hypoth-
esis in post-hoc analyses and indeed found that the relation 
between global cognitive function and brain perfusion dif-
fered between breast cancer survivors and reference women 
(Supplementary Material). In addition, lower brain perfusion 
is associated with a higher risk of transient ischemic attack 
(TIA) in the general population [34]. Although it has been 

Table 1  Baseline characteristics 
of the study population

Side of tumor and radiation field were missing for one breast cancer survivor. SD = standard deviation
a In sitting position
b Axillary, breast, or chest wall radiation
c Internal mammary chain radiation
d McWhirter (supraclavicular and axillary) or supraclavicular radiation

Characteristic Breast cancer 
survivors
(n = 173)

Cancer-free reference 
women
(n = 346)

P

Age, years, mean (SD) 63.8 (6.5) 61.7 (6.2)  < .001
Body mass index, kg/m2, mean (SD) 26.7 (4.6) 27.4 (4.6) .11
Systolic blood pressure,  mmHga, mean (SD) 139 (19) 131 (19)  < .001
Diastolic blood pressure,  mmHga, mean (SD) 84 (10) 81 (11) .03
Age at menopause, years, mean (SD) 44.1 (5.1) 49.3 (5.8)  < .001
Diabetes, No (%) 13 (7.5) 12 (3.5) .07
Smoker status, No (%)
 Never 60 (34.7) 132 (38.2) .003
 Former 95 (54.9) 95 (41.4)
 Current 18 (10.4) 70 (20.3)

Antihypertensive medication, No (%) 60 (34.7) 1 (0.3)  < .001
Anticoagulant medication, No (%) 16 (9.2) 39 (11.4) .54
Lipid-lowering medication, No (%) 31 (17.9) 85 (24.9) .09
Education level, No (%) .002
 Primary 15 (8.7) 45 (13.0)
 Lower 67 (38.7) 172 (49.9)
 Intermediate 36 (20.8) 67 (19.4)
 Higher 15 (31.8) 61 (17.7)

Total brain volume, mL, mean (SD) 902 (76) 900 (80) .72
Age at cancer diagnosis, years, mean (SD) 42.6 (5.4)
Time since diagnosis in years, mean (SD) 21.1 (4.4)
Side of tumor, right side, No (%) 89 (51.4)
Radiation field, No (%)
 Carotid artery not in radiation  fieldb 17 (9.9)
 Carotid artery partly in radiation  fieldc 102 (59.6)
 Carotid artery in radiation  fieldd 52 (30.4)
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Table 2  Association between breast cancer survivors and carotid plaque scores, intima-media thickness, total cerebral blood flow, and brain per-
fusion

Model I = adjusted for age and body mass index; Model II = as Model I, plus: systolic blood pressure, diastolic blood pressure, prevalence of 
diabetes, smoking status, use of antihypertensive medication, anticoagulant medication, and lipid-lowering medication, and education; Model 
III = as Model II, plus: total mean intima-media thickness and total plaque score
CI confidence interval, IMT intima-media thickness, IQR interquartile range, SD standard deviation, tCBF total cerebral blood flow
a Difference in median plaque score, mean intima-media thickness, mean cerebral blood flow, or mean brain perfusion between cancer-free 
women (reference) and breast cancer survivors

Outcome Cancer-free 
reference 
women
(n = 346)

Breast cancer 
survivors 
(n = 173)

Model I
β (95% CI)a

Model II
β (95% CI)a

Model III
β (95% CI)a

Total carotid plaque score, median 
(IQR)

2.0 (1.0–3.0) 1.0 (0.0–3.0) − 0.12 (− 0.31;0.07) − 0.01 (− 0.20;0.18)

Intima-media thickness, mean (SD) 0.83 (0.14) 0.84 (0.14) 0.00 (− 0.02;0.02) 0.00 (− 0.02;0.03)
Total cerebral blood flow, ml/min, 

mean (SD)
547 (97) 520 (90) − 19.5 (− 36.6;− 2.4) − 19.6 (− 37.3;− 1.9) − 19.7 (− 37.2;− 2.1)

Total brain perfusion, ml/min per 
100 ml, mean (SD)

60.9 (9.5) 57.6 (9.0) − 2.8 (− 4.6;− 1.1) − 2.5 (− 4.3;− 0.7) − 2.5 (− 4.2;− 0.7)

Table 3  Association between radiation to the carotid artery and carotid plaque scores, intima-media thickness, total cerebral blood flow, and 
brain perfusion in breast cancer survivors

Model I = adjusted for age and body mass index; Model II = as Model I, plus: systolic blood pressure, diastolic blood pressure, age at meno-
pause, prevalence of diabetes, smoking status, use of antihypertensive medication, anticoagulant medication, and lipid-lowering medication, and 
education; Model III = as Model II, plus: total mean intima-media thickness and total plaque score
CI confidence interval, IMT intima-media thickness, IQR interquartile range; SD standard deviation
a Difference in median total plaque score, mean intima-media thickness, mean total cerebral blood flow, or mean brain perfusion between breast 
cancer survivors treated with carotid artery partly in radiation field (i.e., internal mammary chain radiation, reference group), without carotid 
artery in radiation field, and with carotid artery in radiation field (i.e., McWhirter or supraclavicular lymph node radiation)

Outcome Small part 
carotid 
artery in 
radia-
tion field 
(n = 102)

Carotid 
artery not 
in radia-
tion field
(n = 17)

Model I
β (95% CI)a

Model II
β (95% CI)a

Model III
β (95% CI)a

Carotid 
artery in 
radia-
tion field 
(n = 52)

Model I
β (95% CI)a

Model II
β (95% CI)a

Model III
β (95% CI)a

Carotid plaque score, median (IQR)
 Total 1.0 

(0.0–3.0)
2.0 

(1.0–4.0)
0.35 

(− 0.18;0.89)
0.22 

(− 0.29;0.74)
1.5 

(1.0–4.3)
0.31 

(− 0.05;0.67)
0.27 

(− 0.07;0.62)
 Left 1.0 

(0.0–2.0)
1.0 

(0.0–2.0)
0.15 

(− 0.44;0.71)
0.05 (− 0.53; 

0.60)
1.0 

(0.0–2.0)
0.31 

(− 0.07;0.68)
0.28 

(− 0.09;0.64)
 Right 1.0 

(0.0–2.0)
1.0 

(0.0–3.0)
0.53 

(− 0.04;1.09)
0.39 

(− 0.15;0.91)
1.0 

(0.0–2.0)
0.31 

(− 0.09;1.09)
0.22 

(− 0.17;0.61)
Intima-media thickness, mean (SD)
 Total 0.82 (0.13) 0.84 (0.17) 0.01 

(− 0.06;0.08)
0.00 

(− 0.06;0.07)
0.89 (0.14) 0.06 

(0.01;0.10)
0.05 

(0.01;0.09)
 Left 0.83 (0.15) 0.84 (0.16) 0.03 

(− 0.03;0.08)
0.03 

(− 0.02;0.08)
0.87 (0.14) 0.05 

(− 0.02;0.11)
0.05 

(− 0.02;0.11)
 Right 0.81 (0.14) 0.85 (0.18) 0.03 

(− 0.02;0.08)
0.02 

(− 0.02;0.07)
0.90 (0.17) 0.10 

(0.03;0.17)
0.09 

(0.01;0.16)
Cerebral blood flow, ml/min, mean (SD)
 Total 524 (91) 505 (62) − 21.6 

(− 66.7;23.5)
− 21.7 

(− 67.5;24.2)
− 16.4 

(− 61.7;28.8)
511 (92) − 17.3 

(− 47.2;12.5)
− 13.7 

(− 44.9;17.5)
− 16.4 

(− 61.7;28.8)
Brain perfusion, ml/min per 100 ml, mean (SD)
 Total 57.5 (9.1) 56.9 (6.6) − 1.2 

(− 5.8;3.5)
− 1.2 

(− 5.9;3.5)
− 0.6 

(− 5.2;4.0)
57.6 (9.3) − 0.5 

(− 3.6;2.5)
− 0.5 

(− 3.7;2.7)
− 0.1 

(− 3.3;3.1)
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shown that breast cancer survivors have a nonstatistically 
significant higher risk of TIA [35], it might be relevant to 
focus on those survivors with altered brain perfusion.

We did not find a difference in carotid pathology between 
the total group of breast cancer survivors and the cancer-free 
reference women. However, within breast cancer survivors, 
we found that more radiotherapy on the carotid artery was 
associated with a greater IMT. Carotid IMT is a marker for 
atherosclerosis. Although carotid plaques are a stronger 
predictor of cardiovascular disease than IMT in the gen-
eral population [36], greater IMT is also associated with 
cardiovascular events independent of major cardiovascular 
risk factors including carotid plaques [37]. Therefore, greater 
IMT in breast cancer survivors treated with radiotherapy on 
the carotid artery might explain the higher risk of cardio-
vascular events in those breast cancer survivors who were 
treated with radiotherapy [1]. A potential explanation for 
the fact that we did not find differences between breast can-
cer survivors and cancer-free controls might be that cancer 
survivors had adopted a healthier lifestyle after their diag-
nosis and treatment. This may limit the damaging effects of 
chemotherapy and radiotherapy on the vascular system. This 
hypothesis is supported by a higher rate of former smokers 
in our group of cancer survivors, which might suggest that 
these women stopped smoking after their cancer diagnosis.

Our observation of higher left plaque score in breast can-
cer survivors with left-sided cancer than those with right-
sided cancer may reflect an interaction between a generally 
higher rate of plaques in the left versus the right carotid 

artery and radiotherapy. In the general population, the preva-
lence of left-sided plaques is twice as high as right-sided 
plaques [38]. Also, left-sided plaques are predominantly 
composed of intraplaque hemorrhage and fibrous tissue 
and are therefore plaques more vulnerable to plaque rup-
ture and subsequent thromboembolic complications than 
right-sided plaques [38]. In addition, the left carotid artery 
may be exposed to higher arterial pressure due to left–right 
differences in anatomy. For instance, the left carotid artery 
is directly connected to the aortic arch, whereas the right 
carotid artery is connected to the brachiocephalic artery 
[39]. It is therefore possible that radiotherapy accelerates 
the number of plaques on the left side. Previously, our group 
reported that breast cancer survivors who had received radi-
otherapy for left-sided breast cancer had higher risks for 
myocardial infarction (hazard ratio (HR) = 1.77) and con-
gestive heart failure (HR = 1.41) than breast cancer survi-
vors with right-sided tumors, although these effects were 
not significant [1]. This higher risk might be explained by 
a higher radiation exposure of the heart in left-sided cancer 
patients. Together, these findings emphasize the importance 
of cardiovascular risk screening in breast cancer survivors, 
in particular in those with left-sided breast cancer.

Strengths and limitations

Strengths of our study are the sample of almost two hundred 
breast cancer survivors with a long interval since radiother-
apy and chemotherapy, the homogeneous study population 

Table 4  Association between 
tumor location (left/right-sided 
breast cancer) and carotid artery 
plaque score in breast cancer 
survivors

Model I = adjusted for age and body mass index; Model II = as Model I, plus: systolic blood pressure, dias-
tolic blood pressure, age at menopause, prevalence of diabetes, smoking status, use of antihypertensive 
medication, anticoagulant medication, and lipid-lowering medication, and education
CI confidence interval, IMT intima-media thickness, IQR interquartile range, SD standard deviation
a Difference in median total plaque score, mean intima-media thickness, mean total cerebral blood flow, or 
mean brain perfusion between breast cancer survivors treated with left-sided cancer (reference) and right-
sided cancer

Outcome Left-sided breast 
cancer (n = 83)

Right-sided 
breast cancer
(n = 89)

Model I
β (95% CI)a

Model II
β (95% CI)a

Carotid plaque score, median (IQR)
 Total 2.0 (1.0–3.5) 1.0 (0.0–3.0) − 0.24 (− 0.56;0.09) − 0.15 (− 0.36;0.05)
 Left 1.0 (0.0–2.0) 1.0 (0.0–2.0) − 0.34 (− 0.68;− 0.00) − 0.31 (− 0.60;− 0.02)
 Right 1.0 (0.0–2.0) 1.0 (0.0–2.0) − 0.07 (− 0.43;0.29) − 0.01 (− 0.36;0.35)

Intima-media thickness, mean (SD)
 Total 0.85 (0.13) 0.84 (0.15) − 0.02 (− 0.05;0.02) − 0.01 (− 0.05;0.03)
 Left 0.85 (0.15) 0.84 (0.15) − 0.02 (− 0.06;0.02) − 0.01 (− 0.05;0.04)
 Right 0.84 (0.14) 0.84 (0.17) − 0.01 (− 0.06;0.03) − 0.01 (− 0.06;0.03)

Cerebral blood flow, ml/min, mean (SD)
 Total 507 (84) 530 (92) 26.2 (0.29;52.1) 25.9 (− 0.90;52.7)

Brain perfusion, ml/min per 100 ml, mean (SD)
 Total 56.0 (8.1) 59.0 (9.4) 3.2 (0.6;5.9) 3.5 (0.7;6.2)
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with regard to the cytotoxic agents received (regimen, 
cycles), and the comparison with population-based refer-
ence women without a history of cancer who underwent the 
same examinations as the breast cancer survivors.

CMF chemotherapy has a high likelihood of inducing 
early menopause. Age at menopause was therefore consid-
ered a mediating variable in our between-group analyses. 
Because of this, it is impossible to separate the direct effects 
of chemotherapy and the effects through menopause. Sam-
ples with sufficient numbers of subjects who did and did not 
reach early menopause due to chemotherapy are necessary 
to separate the effects of chemotherapy and menopause on 
vascular pathology and brain perfusion.

A limitation is that the included breast cancer survivors 
did not receive endocrine therapy. Endocrine therapy was 
not part of the standard treatment for patients with breast 
cancer in the Netherlands until the mid-1990s. However, 
nowadays, patients frequently receive endocrine therapy, and 
it has been shown that this therapy is associated with the 
presence of carotid plaques [40]. Also, the CMF regimen is 
no longer considered an optimal adjuvant chemotherapy reg-
imen for breast cancer, but it has been the standard regimen 
worldwide up to the 1990s [39]. Therefore, it is currently 
the only regimen that enables the investigation of the very 
late effects of chemotherapy in sufficiently large numbers 
of persons. Current regimens often include individual com-
ponents of the CMF regimen, including cyclophosphamide 
and 5-fluorouracil. Therefore, the current findings may also 
be relevant for breast cancer survivors that are treated with 
contemporary chemotherapy regimens. Also, there is still 
a large group of women who have been treated with CMF 
in the past of whom some women may now experience the 
negative cerebral consequences. Lastly, the observed asso-
ciations may be less pronounced in breast cancer patients 
who are currently treated with radiotherapy, as radiotherapy 
for breast cancer is usually given to more limited target vol-
umes and radiotherapy techniques have improved leading to 
lower doses to the carotid arteries [41] and the heart [42].

Conclusion

Breast cancer survivors have lower brain perfusion on 
average 20 years post-treatment which may be part of the 
mechanism underlying the well-known cognitive sequelae of 
chemotherapy. Radiotherapy on the carotid artery is associ-
ated with a larger IMT, which in turn might result in more 
cardiovascular disease. Therefore, cardiovascular risk man-
agement of breast cancer survivors is important.

Acknowledgement This study was funded by the Dutch Cancer Soci-
ety (Grant Number NKI-20157737). Furthermore, the Rotterdam 
Study is funded by Erasmus Medical Center and Erasmus University, 

Rotterdam, Netherlands Organization for the Health Research and 
Development (ZonMw), the Research Institute for Diseases in the 
Elderly (RIDE), the Ministry of Education, Culture and Science, the 
Ministry for Health, Welfare and Sports, the European Commission 
(DG XII), and the Municipality of Rotterdam. The funders had no role 
in study design, data collection and analysis, decision to publish, or 
preparation of the manuscript.

Author contributions VK conceptualization, methodology, formal 
analysis, investigation, data curation, writing-original draft; KDvdW 
methodology, formal analysis, writing-original draft; BMPA: writing-
review and editing; FEvL writing-review and editing; MK: writing-
review and editing. BA data curation, writing-review and editing; 
MWV: writing-review and editing; MAI writing-review and editing; 
SBS conceptualization, writing-original draft, supervision, funding 
acquisition.

Compliance with ethical standards 

Conflict of interest None of the authors have any conflicts of interest.

Ethical approval The current study was approved by the institutional 
review boards of the Netherlands Cancer Institute-Antoni van Leeu-
wenhoek Hospital and the Erasmus MC University Medical Center and 
conducted in accordance with the declaration of Helsinki.

Informed consent Written informed consent was obtained from both 
the breast cancer survivors and the cancer-free women.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Hooning MJ, Botma A, Aleman BM, Baaijens MH, Bartelink H, 
Klijn JG, Taylor CW, van Leeuwen FE (2007) Long-term risk of 
cardiovascular disease in 10-year survivors of breast cancer. J Natl 
Cancer Inst 99:365–375

 2. Prandoni P, Falanga A, Piccioli A (2005) Cancer and venous 
thromboembolism. Lancet Oncol 6:401–410. https ://doi.
org/10.1016/S1470 -2045(05)70207 -2

 3. Whitlock MC, Yeboah J, Burke GL, Chen H, Klepin HD, Hundley 
WG (2015) Cancer and Its association with the development of 
coronary artery calcification: an assessment from the multi-ethnic 
study of atherosclerosis. J Am Heart Assoc 4:e002533. https ://doi.
org/10.1161/jaha.115.00253 3

 4. Cameron AC, Touyz RM, Lang NN (2016) Vascular complica-
tions of cancer chemotherapy. Can J Cardiol 32:852–862

 5. Soultati A, Mountzios G, Avgerinou C, Papaxoinis G, Pectasides 
D, Dimopoulos MA, Papadimitriou C (2011) Endothelial vascular 
toxicity from chemotherapeutic agents: preclinical evidence and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S1470-2045(05)70207-2
https://doi.org/10.1016/S1470-2045(05)70207-2
https://doi.org/10.1161/jaha.115.002533
https://doi.org/10.1161/jaha.115.002533


175Breast Cancer Research and Treatment (2021) 186:167–176 

1 3

clinical implications. Cancer Treat Rev. https ://doi.org/10.1016/j.
ctrv.2011.09.002

 6. Monsuez J-J, Charniot J-C, Vignat N, Artigou J-Y (2010) Cardiac 
side-effects of cancer chemotherapy. Int J Cardiol 144:3–15. https 
://doi.org/10.1016/j.ijcar d.2010.03.003

 7. Weintraub NL, Jones WK, Manka D (2010) Understanding radi-
ation-induced vascular disease. J Am Coll Cardiol 55:1237–1239

 8. Gujral DM, Chahal N, Senior R, Harrington KJ, Nutting CM 
(2014) Radiation-induced carotid artery atherosclerosis. Radio-
ther Oncol 110:31–38

 9. Saber A, Kader MA, Abu-Samra M (2018) Evaluation of radia-
tion – Induced carotid artery stenosis after supraclavicular irradia-
tion in patients with breast carcinoma. Egypt J Radiol Nucl Med 
49:782–787. https ://doi.org/10.1016/j.ejrnm .2018.05.010

 10. Vallerio P, Sarno L, Stucchi M, Musca F, Casadei F, Maloberti 
A, Lestuzzi C, Mancia G, Moreo A, Palazzi M, Giannattasio C 
(2016) Long-term effects of radiotherapy on arterial stiffness in 
breast cancer women. Am J Cardiol 118:771–776

 11. Jagsi R, Griffith KA, Koelling T, Roberts R, Pierce LJ (2006) 
Stroke rates and risk factors in patients treated with radiation 
therapy for early-stage breast cancer. J Clin Oncol 24:2779–2785

 12. Darby SC, Ewertz M, McGale P, Bennet AM, Blom-Goldman U, 
Bronnum D, Correa C, Cutter D, Gagliardi G, Gigante B, Jensen 
MB, Nisbet A, Peto R, Rahimi K, Taylor C, Hall P (2013) Risk 
of ischemic heart disease in women after radiotherapy for breast 
cancer. N Engl J Med 368:987–998

 13. Jacobse JN, Duane FK, Boekel NB, Schaapveld M, Hauptmann M, 
Hooning MJ, Seynaeve CM, Baaijens MHA, Gietema JA, Darby 
SC, van Leeuwen FE, Aleman BMP, Taylor CW (2019) Radiation 
dose-response for risk of myocardial infarction in breast cancer 
survivors. Int J Radiat Oncol Biol Phys 103:595–604. https ://doi.
org/10.1016/j.ijrob p.2018.10.025

 14. Offersen B, Hojris I, Overgaard M (2011) Radiation-induced 
heart morbidity after adjuvant radiotherapy of early breast can-
cer—is it still an issue? Radiother Oncol 100:157–159. https ://doi.
org/10.1016/j.radon c.2011.08.007

 15. Alves TC, Rays J, Fráguas R Jr, Wajngarten M, Meneghetti JC, 
Prando S, Busatto GF (2005) Localized cerebral blood flow reduc-
tions in patients with heart failure: a study using 99mTc-HMPAO 
SPECT. J Neuroimaging 15:150–156

 16. Muhire G, Iulita MF, Vallerand D, Youwakim J, Gratuze M, Petry 
FR, Planel E, Ferland G, Girouard H (2019) Arterial stiffness due 
to carotid calcification disrupts cerebral blood flow regulation and 
leads to cognitive deficits. J Am Heart Assoc 8:e011630

 17. Wolters FJ, Zonneveld HI, Hofman A, van der Lugt A, Koudstaal 
PJ, Vernooij MW, Ikram MA, Heart-Brain Connection Collabora-
tive Research G (2017) Cerebral perfusion and the risk of demen-
tia: a population-based study. Circulation 136:719–728

 18. Janelsins MC, Kesler SR, Ahles TA, Morrow GR (2014) Preva-
lence, mechanisms, and management of cancer-related cogni-
tive impairment. Int Rev Psychiatry 26:102–113. https ://doi.
org/10.3109/09540 261.2013.86426 0

 19. Koppelmans V, Breteler MM, Boogerd W, Seynaeve C, Gundy C, 
Schagen SB (2012) Neuropsychological performance in survivors 
of breast cancer more than 20 years after adjuvant chemotherapy. 
J Clin Oncol 30:1080–1086

 20. Koppelmans V, de Ruiter MB, van der Lijn F, Boogerd W, Sey-
naeve C, van der Lugt A, Vrooman H, Niessen WJ, Breteler MM, 
Schagen SB (2012) Global and focal brain volume in long-term 
breast cancer survivors exposed to adjuvant chemotherapy. Breast 
Cancer Res Treat 132:1099–1106

 21. Koppelmans V, Schagen SB, Poels MM, Boogerd W, Seynaeve 
C, Lugt AV, Breteler MM (2011) Incidental findings on brain 
Magnetic Resonance Imaging in long-term survivors of breast 
cancer treated with adjuvant chemotherapy. Eur J Cancer. https ://
doi.org/10.1016/j.ejca.2011.06.026

 22. Ikram MA, Brusselle G, Ghanbari M, Goedegebure A, Ikram MK, 
Kavousi M, Kieboom BCT, Klaver CCW, de Knegt RJ, Luik AI, 
Nijsten TEC, Peeters RP, van Rooij FJA, Stricker BH, Uitterlinden 
AG, Vernooij MW, Voortman T (2020) Objectives, design and 
main findings until 2020 from the Rotterdam Study. Eur J Epide-
miol. https ://doi.org/10.1007/s1065 4-020-00640 -5

 23. Ikram MA, van der Lugt A, Niessen WJ, Koudstaal PJ, Krestin 
GP, Hofman A, Bos D, Vernooij MW (2015) The Rotterdam Scan 
Study: design update 2016 and main findings. Eur J Epidemiol 
30:1299–1315. https ://doi.org/10.1007/s1065 4-015-0105-7

 24. van der Meer IM, Bots ML, Hofman A, del Sol AI, van der Kuip 
DA, Witteman JC (2004) Predictive value of noninvasive meas-
ures of atherosclerosis for incident myocardial infarction: the Rot-
terdam Study. Circulation 109:1089–1094

 25. del Sol AI, Moons KG, Hollander M, Hofman A, Koudstaal PJ, 
Grobbee DE, Breteler MM, Witteman JC, Bots ML (2001) Is 
carotid intima-media thickness useful in cardiovascular disease 
risk assessment? The Rotterdam Study. Stroke 32:1532–1538. 
https ://doi.org/10.1161/01.str.32.7.1532

 26. Vernooij MW, van der Lugt A, Ikram MA, Wielopolski PA, 
Vrooman HA, Hofman A, Krestin GP, Breteler MM (2008) Total 
cerebral blood flow and total brain perfusion in the general popu-
lation: the Rotterdam Scan Study. J Cereb Blood Flow Metab 
28:412–419. https ://doi.org/10.1038/sj.jcbfm .96005 26

 27. Vrooman HA, Cocosco CA, van der Lijn F, Stokking R, Ikram 
MA, Vernooij MW, Breteler MM, Niessen WJ (2007) Multi-
spectral brain tissue segmentation using automatically trained 
k-Nearest-Neighbor classification. Neuroimage 37:71–81. https 
://doi.org/10.1016/j.neuro image .2007.05.018

 28. Goyal A, Bhatt DL, Steg PG, Gersh BJ, Alberts MJ, Ohman EM, 
Corbalan R, Eagle KA, Gaxiola E, Gao R, Goto S, D’Agostino 
RB, Califf RM, Smith SC Jr, Wilson PW, Reduction of Athero-
thrombosis for Continued Health Registry I (2010) Attained 
educational level and incident atherothrombotic events in low- 
and middle-income compared with high-income countries. Cir-
culation 122:1167–1175. https ://doi.org/10.1161/CIRCU LATIO 
NAHA.109.91927 4

 29. Goodwin PJ, Ennis M, Pritchard KI, Trudeau M, Hood N (1999) 
Risk of menopause during the first year after breast cancer diag-
nosis. J Clin Oncol 17:2365–2370

 30. Mouhayar E, Salahudeen A (2011) Hypertension in cancer 
patients. Tex Heart Inst J 38:263–265

 31. Nudelman KNH, Wang Y, McDonald BC, Conroy SK, Smith DJ, 
West JD, O’Neill DP, Schneider BP, Saykin AJ (2014) Altered 
cerebral blood flow one month after systemic chemotherapy for 
breast cancer: a prospective study using pulsed arterial spin labe-
ling MRI perfusion. PLoS ONE 9:e96713–e96713. https ://doi.
org/10.1371/journ al.pone.00967 13

 32. Nudelman KN, McDonald BC, Wang Y, Smith DJ, West JD, 
O’Neill DP, Zanville NR, Champion VL, Schneider BP, Saykin 
AJ (2016) Cerebral perfusion and Gray matter changes associated 
with chemotherapy-induced peripheral neuropathy. J Clin Oncol 
34:677–683

 33. Koppelmans V, Breteler MMB, Boogerd W, Seynaeve C, Schagen 
SB (2013) Late effects of adjuvant chemotherapy for adult onset 
non-CNS cancer; cognitive impairment, brain structure and risk 
of dementia. Crit Rev Oncol Hematol 88:87–101. https ://doi.
org/10.1016/j.critr evonc .2013.04.002

 34. Fani L, Bos D, Mutlu U, Portegies MLP, Zonneveld HI, Koudstaal 
PJ, Vernooij MW, Ikram MA, Ikram MK (2019) Global brain 
perfusion and the risk of transient ischemic attack and ischemic 
stroke: The Rotterdam Study. J Am Heart Assoc 8:e011565–
e011565. https ://doi.org/10.1161/jaha.118.01156 5

 35. Hooning MJ, Dorresteijn LD, Aleman BM, Kappelle AC, Klijn 
JG, Boogerd W, van Leeuwen FE (2006) Decreased risk of 

https://doi.org/10.1016/j.ctrv.2011.09.002
https://doi.org/10.1016/j.ctrv.2011.09.002
https://doi.org/10.1016/j.ijcard.2010.03.003
https://doi.org/10.1016/j.ijcard.2010.03.003
https://doi.org/10.1016/j.ejrnm.2018.05.010
https://doi.org/10.1016/j.ijrobp.2018.10.025
https://doi.org/10.1016/j.ijrobp.2018.10.025
https://doi.org/10.1016/j.radonc.2011.08.007
https://doi.org/10.1016/j.radonc.2011.08.007
https://doi.org/10.3109/09540261.2013.864260
https://doi.org/10.3109/09540261.2013.864260
https://doi.org/10.1016/j.ejca.2011.06.026
https://doi.org/10.1016/j.ejca.2011.06.026
https://doi.org/10.1007/s10654-020-00640-5
https://doi.org/10.1007/s10654-015-0105-7
https://doi.org/10.1161/01.str.32.7.1532
https://doi.org/10.1038/sj.jcbfm.9600526
https://doi.org/10.1016/j.neuroimage.2007.05.018
https://doi.org/10.1016/j.neuroimage.2007.05.018
https://doi.org/10.1161/CIRCULATIONAHA.109.919274
https://doi.org/10.1161/CIRCULATIONAHA.109.919274
https://doi.org/10.1371/journal.pone.0096713
https://doi.org/10.1371/journal.pone.0096713
https://doi.org/10.1016/j.critrevonc.2013.04.002
https://doi.org/10.1016/j.critrevonc.2013.04.002
https://doi.org/10.1161/jaha.118.011565


176 Breast Cancer Research and Treatment (2021) 186:167–176

1 3

stroke among 10-year survivors of breast cancer. J Clin Oncol 
24:5388–5394

 36. Ebrahim S, Papacosta O, Whincup P, Wannamethee G, Walker M, 
Nicolaides AN, Dhanjil S, Griffin M, Belcaro G, Rumley A, Lowe 
GD (1999) Carotid plaque, intima media thickness, cardiovascu-
lar risk factors, and prevalent cardiovascular disease in men and 
women: the British Regional Heart Study. Stroke 30:841–850

 37. Lorenz MW, Markus HS, Bots ML, Rosvall M, Sitzer M (2007) 
Prediction of clinical cardiovascular events with carotid intima-
media thickness: a systematic review and meta-analysis. Circula-
tion 115:459–467

 38. Selwaness M, van den Bouwhuijsen Q, van Onkelen RS, Hofman 
A, Franco OH, van der Lugt A, Wentzel JJ, Vernooij M (2014) 
Atherosclerotic plaque in the left carotid artery is more vulnerable 
than in the right. Stroke 45:3226–3230

 39. Gluck S (2002) The expanding role of epirubicin in the treatment 
of breast cancer. Cancer Control 9:16–27

 40. Seo DH, Cho Y, Lee S, Park S, Kim SI, Park BW, Rhee Y (2019) 
Aromatase inhibitor use is a risk factor of carotid plaque presence 
in endocrine-responsive breast cancer patients. Korean J Intern 
Med 34:579–587

 41. Brown LC, Diehn FE, Boughey JC, Childs SK, Park SS, Yan ES, 
Petersen IA, Mutter RW (2015) Delineation of supraclavicular 
target volumes in breast cancer radiation therapy. Int J Radiat 
Oncol Biol Phys 92:642–649. https ://doi.org/10.1016/j.ijrob 
p.2015.02.022

 42. Taylor CW, Kirby AM (2015) Cardiac side-effects from breast 
cancer radiotherapy. Clin Oncol (R Coll Radiol) 27:621–629

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ijrobp.2015.02.022
https://doi.org/10.1016/j.ijrobp.2015.02.022

	Long-term effects of adjuvant treatment for breast cancer on carotid plaques and brain perfusion
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Participants
	Breast cancer survivors
	Population-based reference women

	Methods
	Carotid artery ultrasound
	MRI acquisition and processing
	Demographics

	Analyses

	Results
	Discussion
	Strengths and limitations

	Conclusion
	Acknowledgement 
	References




