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Background and purpose: Radiotherapy in the head and neck area may cause vascular damage to the car-
otid arteries, increasing the risk of anterior circulation ischaemic cerebrovascular events (ICVEs).
However, limited data exists on the relationship between radiation dose to the carotid arteries and risk
of ICVE. The purpose of this study was therefore to determine the relationship between radiation dose to
the carotid arteries and anterior circulation ICVE risk.
Materials and methods: A retrospective analysis of a prospective study cohort of 750 head and neck cancer
patients treated with definitive (chemo)radiotherapy was performed. Carotid arteries were delineated,
and dose–volume parameters of the treatment plans were calculated. ICVEs were scored prospectively
and checked retrospectively by analysing all patient records. Cox proportional hazards analysis was per-
formed to analyse the dose–effect relationships.
Results: The median follow-up period was 3.4 years, 27 patients experienced an ICVE and the 5-year
cumulative risk was 4.6%. ICVE risk was significantly associated with dose to the carotid arteries.
Multivariable analysis showed that the absolute volume (cm3) of the carotid arteries that received at least
a radiation dose of 10 Gy was the most important prognostic factor for ICVE (HR = 1.11, AUC = 0.68,
p < 0.001).
Conclusion: This is the first large prospective cohort study that demonstrates an independent dose–effect
relationship between radiation dose to the carotid arteries and the risk of ICVE. These findings may be
used to identify patients at risk for ICVE after radiotherapy who may benefit from primary or secondary
preventive measures.
� 2021 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 157 (2021) 182–187 This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Radiotherapy is recommended in around 80% of patients with
malignancies in the head and neck area and often combined with
surgery or systemic treatment [1,2]. Since survival rates are grad-
ually improving due to more intensified regimens, there is increas-
ing attention to the prevention of long-term side effects caused by
(chemo)radiation [3]. In the head and neck region, the salivary
glands and the swallowing structures are the most important
organs at risk for developing long-term side effects, such as xeros-
tomia, sticky saliva and dysphagia [2,4]. Although the main focus is
to prevent xerostomia and dysphagia, radiotherapy in the head and
neck region is also associated with an increased risk of ischaemic
cerebrovascular events (ICVEs), including ischaemic strokes and
transient ischaemic attacks [5]. The ICVE risk at least doubles after
radiotherapy in the head and neck area [5–7], which indicates that
ICVE should be considered as a clinically relevant side effect whose
implications on quality of life may be devastating [8].

The majority of ICVEs affect the anterior circulation, which is
supplied by the carotid arteries [9–11]. The posterior circulation
is mainly supplied by the vertebral arteries [9,10] and ICVEs in this
posterior territory are located in the brainstem, cerebellum and
areas of the occipital lobe and temporal lobe [9,10,12]. However,
arterial territories may vary widely among individual patients [10].

Although there is consensus that radiotherapy in the head and
neck area causes vascular damage to the carotid arteries, leading
to an increased ICVE risk [6,13], information on the relationship
between carotid artery radiation dose and the risk of ICVE is lack-
ing. Considering the current epidemiological and pathophysiologi-
cal evidence [14–17], it is likely that there is a dose–effect
relationship. Identifying the most clinically relevant dose–volume
parameters is important for radiotherapy treatment planning opti-
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misation, which is a critical component in the primary prevention
of radiation-induced toxicity, such as ICVE [18].

Therefore, the purpose of this study is to determine the dose–ef-
fect relationship between radiation dose to the carotid arteries and
the risk of anterior circulation ICVEs, to identify the most relevant
dose–volume parameters and to develop an NTCP (normal tissue
complication probability) model to predict the ICVE risk after
radiotherapy.

Materials and methods

Study design and population

This is a retrospective analysis within a prospective cohort
study of 750 patients with squamous cell carcinoma, originating
in the nasopharynx, oropharynx, hypopharynx, oral cavity or lar-
ynx. All patients were treated between January 2007 and June
2016 with curatively intended definitive radiotherapy, chemora-
diotherapy or cetuximab with radiotherapy. Treatment details
are described in previous studies [19–21]. Baseline patient, tumour
and treatment characteristics were prospectively collected. The
Adult Comorbidity Evaluation-27 (ACE-27) questionnaire was used
for patient-reported baseline comorbidity.
Outcome measures

The primary endpoint was the event of an ischaemic cere-
brovascular accident or a transient ischaemic attack in the anterior
circulation after completion of radiotherapy. Posterior circulation
ICVEs were not counted as an event, as we aimed at explicitly ana-
lysing the influence of radiation-induced vascular injury to the car-
otid arteries. Also, ICVEs as a direct complication of a surgical
procedure after completion of radiotherapy were not counted as
an event. The specification ‘anterior circulation’ will generally be
omitted in the results and the discussion of this study.

Patient data considering ICVE were prospectively collected as
part of the prospective data registration of our department. Addi-
tionally, all patient records were retrospectively analysed to regis-
ter all ICVEs and to collect missing survival data. Follow-up was
analysed until 2018 or earlier due to loss to follow-up or shorter
survival.
Delineation of organs at risk

Before the start of radiotherapy, every patient underwent a
contrast-enhanced planning CT scan. The carotid arteries were
delineated on these CT-scans according to consensus guidelines,
as described by Brouwer et al., using Mirada (Mirada Medical
Ltd., UK) [22]. Additionally, the carotid arteries were divided into
the common carotid artery (CCA), bifurcation and internal carotid
artery (ICA). The bifurcation was defined as the part of the artery
1 cm caudally to 1 cm cranially from the point where the CCA
divides into the ICA and external carotid artery (which was not
delineated). Relative (%) and absolute (cm3) volumes receiving
more than a particular dose (relative and absolute V-values), in
addition to the mean dose (Dmean) and maximum dose (Dmax) in
the whole structure, were analysed per 10 Gy. These were derived
for each structure from the clinical dose data, which were available
for all patients.
Statistical analysis

Multivariate imputation by chained equations was performed
for missing patient comorbidity data in order to use all available
patient data and to minimise the risk of biased results [23,24].
Multiple imputation was performed 10 times, according to the pro-
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tocol described by Van den Bosch et al. [24]. Univariable Cox pro-
portional hazards analysis was performed to analyse different
dose–volume parameters (including mean dose and relative and
absolute V-values) of the carotid arteries and carotid artery sub-
structures, together with patient comorbidity factors in relation
to the endpoint. Dose volume parameters and clinically relevant
comorbidity factors (p < 0.2) were selected for multivariable Cox
proportional hazards analysis. In case of a Spearman’s rank corre-
lation > 0.8 between candidate variables, the dominant variable
(lowest Bayesian information criterion (BIC) value) was selected
as best candidate. Dose parameters of the carotid arteries were
preferred over dose parameters of the carotid artery substructures
when the BIC values were comparable. Multivariable Cox propor-
tional hazards analysis was performed following a stepwise back-
ward BIC-based selection procedure. After the final model was
established, the model predictors of the multivariable Cox model
were fitted using logistic regression to develop an NTCP model.
The binary endpoint of this model was the cumulative ICVE inci-
dence at 5 years. Finally, both the Cox and NTCP model were inter-
nally validated by bootstrapping (1000 bootstrap samples) and the
model parameters were corrected for the estimated optimism, to
prevent overfitting [24]. The following equation was used for the
NTCP model:

NTCP ¼ 1= 1þ e�sð Þ
Statistical analyses were performed using IBM SPSS Statistics

for Windows, version 23.0 (IBM corp., Armonk, NY, USA) and R ver-
sion 3.4.2.
Results

Most patients (75%) in this study were male. The mean age at
start of radiotherapy was 63 years. Tumours were primarily
located in the larynx (45%) and the oropharynx (36%). Concurrent
systemic treatment was given in 41% of the patients. These and fur-
ther patient and treatment characteristics are listed in Table 1.

The median follow-up period after the end of radiotherapy was
3.4 years (0.1–10.6 years) (total observation time (range), regard-
less of an event). During follow-up, 27 patients (3.6%) experienced
an ICVE: 18 patients experienced an ischaemic cerebrovascular
accident and 9 patients experienced a transient ischaemic attack.
Of these events, 18 were left-sided, 6 right-sided, while in 3
patients, laterality was unknown. The median time to event in
patients with ICVE was 1.9 years. The 5-year and 8-year cumula-
tive incidence of ICVE was 4.6% and 7.4%, respectively (Fig. 1).

No significant associations were found between patient and
treatment characteristics and the cumulative incidence of ICVE
(Table 2). However, a trend was seen for IMRT (intensity-
modulated radiotherapy) (p = 0.101), current smokers
(p = 0.106), patients with angina pectoris (p = 0.061), patients with
heart failure (p = 0.130) and patients with a prior ICVE (p = 0.082)
at baseline. The percentage of missing data before imputation is
shown in the Supplementary data, Table 1.

The mean dose to the carotid arteries was 39.8 ± 0.5 Gy
(mean ± SEM). Among the dose–volume parameters, the absolute
V10Gy–V50Gy, relative V10Gy–V30Gy and maximum dose were
significantly associated with ICVE risk (Table 3). The absolute
V10Gy was the most significant predictor (p < 0.001) with the low-
est BIC and an area under the curve (AUC) of 0.69. In patients with
and patients without an ICVE after radiotherapy the absolute
V10Gy of the carotid arteries was 19.0 ± 1.2 Gy and 15.8 ± 0.2 Gy,
respectively. A dose–volume histogram illustrating the difference
between patients with and without an ICVE after radiotherapy is
shown in the Supplementary data, Fig. 1.



Table 1
Patient and treatment characteristics.

Characteristics Total cohort
number
(n = 750)

%

Sex Male 560 75%
Female 190 25%

Age �65 years 457 61%
>65 years 293 39%

Tumour location Nasopharynx 30 4%
Oropharynx 271 36%
Hypopharynx 71 9%
Larynx 334 45%
Oral cavity 44 6%

T-classification Tis 4 1%
T1 123 16%
T2 236 32%
T3 182 24%
T4 205 27%

N-classification N0 333 44%
N1 64 9%
N2 330 44%
N3 23 3%

Treatment technique 3D-CRT 86 12%
IMRT 546 73%
VMAT 106 14%
IMRT + VMAT 12 2%

Treatment modality Conventional
radiotherapy

149 20%

Accelerated
radiotherapy

294 39%

Concurrent
chemotherapy

242 32%

Concurrent
cetuximab

65 9%

Smoking Yes, currently 402 54%
Yes, in the past 254 34%
No 94 13%

Alcohol use (currently
or in the past)

Yes 567 76%

No 183 24%

HPV status (oropharyngeal
patients tested only)

Positive 104 14%

Negative 646 86%

Diabetes Mellitus Yes 88 12%
No 662 88%

Hypertension Yes 231 31%
No 519 69%

Angina pectoris Yes 14 2%
No 736 98%

Cardiac arrhythmia Yes 60 8%
No 690 92%

Heart failure Yes 39 5%
No 711 95%

Prior ICVE Yes 74 10%
No 676 90%

Re-irradiation during follow-up Yes 44 6%
No 706 94%

Abbreviations: 3D-CRT = three-dimensional conformal radiotherapy, IMRT = inten-
sity-modulated radiotherapy, VMAT = volumetric modulated arc therapy,
HPV = human papillomavirus, ICVE = ischaemic cerebrovascular event.

Fig. 1. Cumulative anterior circulation ICVE incidence over time. Abbreviation:
ICVE = ischaemic cerebrovascular event.
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In the multivariable analysis, the absolute V10Gy of the carotid
arteries was selected as sole predictor in the model for ICVE risk.
After internal validation, the model had an hazard ratio (HR) of
1.11 and an AUC of 0.68 (p < 0.001).

The final NTCP model was fitted to estimate the cumulative
ICVE risk within 5 years after radiotherapy. This resulted in the fol-
184
lowing linear predictor for the NTCP model: �5.938 + 0.138 * (abso
lute V10Gy of the carotid arteries). The AUC of this model was 0.68.
A visualisation of this model is shown in Fig. 2. The calibration plot
after bootstrapping can be found in the Supplementary data, Fig. 2.
Discussion

This study demonstrates a dose–effect relationship between
radiation dose to the carotid arteries and the risk of anterior circu-
lation ICVE in head and neck cancer patients treated with cura-
tively intended definitive radiotherapy, including when combined
with systemic treatment. The absolute volume of the carotid arter-
ies that received at least 10 Gy was the most important prognostic
factor for ICVE.

To the best of our knowledge, no other studies have shown a
direct relationship between carotid artery radiation dose and ICVE
risk. Carpenter et al. analysed the dose–effect relationship between
carotid artery radiation dose and the combined endpoints strokes,
transient ischaemic attacks and asymptomatic carotid artery
stenosis, but they did not find a significant dose–effect relationship
[25]. This might be caused by the combination of these three end-
points, the smaller cohort size (n = 366) or the absence of a radia-
tion dose analysis below V40Gy.

Several studies have shown a dose–effect relationship between
radiation dose and vascular injury. The first radiation-induced vis-
ible change is an increase in the intima-media thickness, which is
an ultrasound-assisted measure of the thickness of the artery wall
[6,14,26,27]. This measure can be used as an early marker of
atherosclerosis [28]. Gianicolo et al. demonstrated a linear rela-
tionship between radiation dose to the neck and carotid intima
media thickness (CIMT) [14]. Martin et al. suggested a threshold
dose of 35 Gy, based on CIMT measurements [15], but Vatanen
et al. showed that radiation doses of 10–12 Gy (total body irradia-
tion) already cause vascular damage [16]. In atomic bomb sur-
vivors, a study by Shimizu et al. even showed an increased risk
of stroke and heart disease at estimated doses above 0.5 Gy, as well
as a relative risk increase per Gy [17]. Some studies have suggested
that atherosclerotic plaques caused by radiotherapy are less dense
and calcified than ‘classical’ atherosclerosis, thus probably carrying
an even higher risk of ICVEs [27,29–31].

The HR found in this study is in line with results found by Dorth
et al., who analysed the relationship between radiation dose to the
bifurcation and the risk of carotid artery stenosis [32]. In our study,



Table 2
Univariable analysis: patient and treatment characteristics.

Characteristics HR 95% CI AUC BIC p

Sex (female) 1.13 0.50–2.60 0.499 321.7 0.764
Age 1.02 0.98–1.06 0.504 320.8 0.324
Accelerated radiotherapy 0.77 0.35–1.68 0.507 321.3 0.509
Concurrent systemic treatment 0.85 0.38–1.88 0.529 321.6 0.681
Concurrent chemotherapy 0.64 0.26–1.59 0.552 320.8 0.336
Concurrent cetuximab 1.87 0.56–6.26 0.523 320.9 0.310
IMRT 2.48 0.84–7.36 0.565 318.5 0.101
VMAT 0.73 0.17–3.19 0.526 321.6 0.679
Smoking (currently) 1.94 0.87–4.31 0.582 319.0 0.106
Smoking (>10 pack years) 1.46 0.38–5.62 0.527 320.7 0.579
Alcohol (>21 units/week) 0.80 0.21–3.01 0.518 321.3 0.742
HPV status 0.01 0.00 - 1 0.564 315.9 0.615
Diabetes mellitus 1.25 0.42–3.68 0.527 321.5 0.692
Hypertension 0.92 0.39–2.16 0.515 321.6 0.851
Angina pectoris 4.00 0.94–17.05 0.522 319.3 0.061
Cardiac arrhythmia 1.19 0.32–4.42 0.512 321.5 0.800
Heart failure 2.79 0.74–10.50 0.537 319.6 0.130
Prior ICVE 2.37 0.90–6.28 0.542 319.3 0.082
Re-irradiation during follow-up 1.35 0.32–5.74 0.508 321.6 0.681

Abbreviations: HR = hazard ratio, CI = confidence interval, AUC = area under the curve, BIC = Bayesian information criterion, IMRT = intensity-modulated radiotherapy,
VMAT = volumetric modulated arc therapy, HPV = human papillomavirus, ICVE = ischaemic cerebrovascular event.

Table 3
Univariable analysis: carotid artery dose–volume parameters.

Dose–volume parameters: carotid arteries HR 95% CI AUC BIC p

Volume (cm3) 1.09 1.02–1.16 0.664 315.8 *0.011
Dmean (Gy) 1.03 1.00–1.07 0.603 317.5 0.057
Dmax (Gy) 1.14 1.01–1.29 0.634 315.8 *0.034
V10Gy (%) 1.02 1.00–1.05 0.609 316.7 *0.045
V20Gy (%) 1.02 1.00–1.05 0.615 316.4 *0.040
V30Gy (%) 1.02 1.00–1.04 0.613 316.7 *0.044
V40Gy (%) 1.02 1.00–1.04 0.601 317.1 0.054
V50Gy (%) 1.02 1.00–1.04 0.592 317.3 0.054
V60Gy (%) 1.01 0.98–1.03 0.562 321.5 0.572
V70Gy (%) 1.02 0.97–1.07 0.589 321.2 0.398
V10Gy (cm3) 1.14 1.06–1.22 0.694 307.7 *<0.001
V20Gy (cm3) 1.14 1.06–1.22 0.695 307.9 *<0.001
V30Gy (cm3) 1.13 1.06–1.21 0.693 308.6 *<0.001
V40Gy (cm3) 1.13 1.05–1.20 0.690 309.5 *0.001
V50Gy (cm3) 1.12 1.04–1.20 0.664 310.6 *0.001
V60Gy (cm3) 1.06 0.97–1.15 0.600 320.5 0.227
V70Gy (cm3) 1.06 0.88–1.27 0.597 321.4 0.520

Abbreviations: HR = hazard ratio, CI = confidence interval, AUC = area under the curve, BIC = Bayesian information criterion.
*p < 0.05.

Fig. 2. NTCP model for cumulative anterior circulation ICVE risk within 5 years after
radiotherapy. Abbreviations: NTCP = normal tissue complication probability.
ICVE = ischaemic cerebrovascular event.

Evert S.M. van Aken, Hans Paul van der Laan, H.P. Bijl et al. Radiotherapy and Oncology 157 (2021) 182–187

185
the HR of the mean dose to the carotid arteries was 1.37 for every
10 Gy and the HR of the mean dose to the bifurcation was 1.27 for
every 10 Gy, but neither variable reached statistical significance.
Dorth et al. found that every 10 Gy increase of the mean dose to
the bifurcation leads to an HR for carotid artery stenosis of 1.4,
which is within the 95% CI of the current study, despite the fact
that they delineated the bifurcation differently [32].

According to the NTCP model, the baseline ICVE risk (without
radiotherapy) within 5 years is only 0.26%, which may be an under-
estimation of the actual risk in these patients [33], because in logis-
tic regression time-to-event and shorter survival is not accounted
for. The lower baseline ICVE risk might also be caused by only
counting anterior circulation events and by the distribution of
ICVEs when plotted against the absolute V10Gy (Supplementary
data, Fig. 3).

The results of this study indicate that carotid artery volume
might play a role in ICVE risk. The incidence of stroke [34] and car-
diovascular events [35–37] is associated with the outer diameter of
the CCA, which is possibly caused by chronically elevated blood
pressure [34,38]. However, in our study (patient-reported) hyper-
tension was not associated with increased ICVE risk. Also, a higher
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CIMT may lead to a larger carotid artery diameter [38,39]. An alter-
native option is that in radiotherapy patients, ICVE risk is associ-
ated with the carotid volume, because a larger carotid volume
leads to a larger area at risk for developing radiation-induced vas-
cular damage.

Among the carotid artery substructures, the dose–volume
parameters of the bifurcation and in particular the CCA showed
the most substantial dose–effect relationship (Supplementary data,
Tables 2–4). These findings are in line with studies showing that
radiotherapy-induced vascular changes particularly occur in the
CCA [30,40].

The current study was based on a large cohort, included in a
standardised follow-up programme. However, the median follow-
up period was only 3.4 years, which is relatively short for this end-
point. Dorresteijn et al. reported a median interval between radio-
therapy and stroke of 10.9 years [41] and there is consensus that
the latency period between radiotherapy and these symptoms
can be long [6]. In contrast, some studies report early vascular
changes after radiotherapy [27,42]. In our study, haemorrhagic
events, events during or directly after a surgical procedure and
posterior circulation events were not counted, in order to merely
analyse ICVEs that are most likely related to carotid artery injury.
Despite extensive patient record analysis, our method might lead
to underestimation of events because of missing information of
other hospitals.

Some studies suggest that common vascular risk factors may
have a limited influence on ICVE risk after head and neck radio-
therapy [6,29,43]. In our study, the impact of patient characteris-
tics and systemic therapy was low, although a trend was seen for
risk factors for cardiovascular events such as smoking, angina pec-
toris, heart failure and prior ICVE (p < 0.2). However, baseline
comorbidity was reported by patients and the finding that no sig-
nificant effect of comorbidities on ICVE risk was observed may be
related to the power of the study (the limited number of events
combined with the low prevalence of some of the comorbidities).
In other studies, age [44-46], hyperlipidaemia [44], smoking [47],
platelet counts [46], cholesterol levels [40], diabetes [40], prior
cerebrovascular symptoms [45] and the number of Framingham
risk factors [32] were associated with the development of vascular
changes after radiotherapy.

The role of patient characteristics in other studies implies that it
remains important to enter patient comorbidity, lifestyle factors
and medication use (e.g. anticoagulants) in future studies on car-
diovascular events after radiotherapy. Also, new voxel-based data
mining techniques may enhance identification of different dose
distributions and levels of radiosensitivity within organs at risk,
to further improve NTCP predictions [48,49].

The results of this study may be used for primary prevention by
optimising treatment plans, although the applicability is expected
to be limited as the inclusion of elective nodal areas in the target
volumes almost always includes the full circumference of carotid
arteries following adequate margins from CTV to PTV. However,
in unilateral irradiation and treatment of early glottic cancer with-
out elective nodal irradiation, reduction of the V10Gy is possible
and may decrease the risk of ICVE. Secondary prevention may be
accomplished by identifying patients at risk and subsequent regu-
lar screening or pharmacological treatment [6]. Some studies sug-
gest a beneficial effect of statin use, but this needs further
investigation [50–52].

In conclusion, this is the first prospective cohort study that
demonstrates a dose–effect relationship between radiation dose
to the carotid arteries and the risk of ICVE. Our results implicate
that the absolute V10Gy to the entire carotid arteries is an inde-
pendent prognostic factor for anterior circulation ICVE risk after
radiotherapy in head and neck cancer patients. These findings
may lead to more adequate ICVE risk prediction in order to identify
186
patients that may benefit from either primary or secondary pre-
ventive measures.
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