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a b s t r a c t

Background and purpose: Vascular disease is increased after radiotherapy and is an important determi-
nant of late treatment-induced morbidity and excess mortality. This study evaluates the nature of under-
lying pathologic changes occurring in medium-sized muscular arteries following irradiation.
Materials and methods: Biopsies of irradiated medium-sized arteries and unirradiated control arteries
were taken from 147 patients undergoing reconstructive surgery with a vascularised free flap following
treatment for head and neck (H&N) or breast cancer (BC). Relative intimal thickening was derived from
the ratio of the thickness of the intima to the thickness of the media (IMR) on histological sections. Pro-
teoglycan, collagen and inflammatory cell content were also scored.
Results: Intimal thickness was significantly increased in irradiated vessels: in the H&N group the IMR was
1.5-fold greater without correction for the control artery (p = 0.018); in the BC group the IMR increased
1.4-fold after correction for the control artery (p = 0.056) at a mean of 4 years following irradiation. There
was an increase in the proteoglycan content of the intima of the irradiated IMA vessels, from 65% to 73%
(p = 0.024). Inflammatory cell content was increased in the intima of the irradiated H&N vessels
(p = 0.014).
Conclusions: Radiation-induced vascular pathology differs quantitatively and qualitatively from age-
related atherosclerosis.

� 2009 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 92 (2009) 477–483

Due to earlier detection and better treatments, increasing
numbers of cancer patients achieve long-term survival following
treatment. There are an estimated 100 million cancer survivors
world-wide, of whom about half will have been treated with radio-
therapy. Health and quality of life issues in cancer survivors have
received increasing attention in recent years and research in this
field has been declared a priority by the National Cancer Institute
NCI and ASCO [1,2]. Vascular disease is one of the most important
determinants of late morbidity and mortality after irradiation for
malignancy. Cohort studies have demonstrated a clear increased

risk of vascular disease, e.g. stroke and cardiovascular disease,
more than 10 years after radiotherapy for Hodgkin’s lymphoma,
breast cancer, head and neck (H&N) cancer and others [3–17].
The cure rate for early-stage Hodgkin’s lymphoma, which has a
peak incidence in the second and third decades of life approaches
90% following radiotherapy. Patients are, therefore, at risk of devel-
oping long-term treatment-related complications. The risk of coro-
nary heart disease is strongly increased compared to the age and
sex matched general population, with a standardised incidence
ratio of 3.6 for myocardial infarction and 4.0 for angina pectoris.
Breast cancer survivors are more prevalent in the general popula-
tion, and a third of patients are under the age of 50 years at diag-
nosis. Long-term follow-up studies of breast cancer patient
cohorts have shown a standardised incidence ratio of 1.23 for myo-
cardial infarction and 1.30 for angina pectoris for irradiated
patients compared to the general female population. Long-term
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follow-up of radiotherapy trials for early breast cancer has shown a
4% excess risk of non-breast cancer deaths in irradiated patient
compared to unirradiated patients at 20–30 years, mostly due to
cardiovascular causes. Irradiation to the neck has been shown to
increase the risk of ischemic stroke by 5-fold at 5 years. Carotid
angiography of such cases reveals luminal narrowing at the level
of the previous radiation portals. Previous irradiation is also a risk
factor for graft failure after reconstructive surgery [18,19].

The assumed pathogenesis is an acceleration or induction of
atherosclerosis in major arteries located in the irradiated field,
but data from studies on human tissue are scarce, and mostly from
post-mortem studies of end-stage disease [20–22]. New insights
into the aetiology of changes that occur in irradiated arteries are
needed to develop preventative intervention strategies. We there-
fore conducted a histopathological study in muscular arteries in or-
der to characterize and quantify vascular changes within 10 years
after radiotherapy, i.e. before they become symptomatic. The study
was conducted on vessels from H&N cancer and breast cancer pa-
tients, as patients treated for these diseases with radiotherapy
have a well-documented increased risk of vascular complications.
A large number of patients were included and so we could compare
radiation-induced pathology with changes in unirradiated control
vessels.

Materials and methods

Recipient arteries for free flap reconstructions were biopsied
from patients undergoing a resection of a tumour in the H&N re-
gion or breast reconstruction following a mastectomy for breast
cancer. In irradiated patients, the biopsied artery had been within
the radiation fields. The irradiated biopsies were compared to
biopsies from two types of control arteries: the unirradiated donor
vessels from the same patient, which allowed us to control for sys-
temic vascular changes; and with the same type of recipient artery
from unirradiated patients undergoing a similar free flap recon-
struction procedure (Fig. 1).

Patients undergoing reconstructive surgery at The Netherlands
Cancer Institute or the VU University Medical Center, Amsterdam
were included in the study. The study complied with the declara-
tion of Helsinki and was approved by the Ethics Committees of
both hospitals. Patients gave their written informed consent at
The Netherlands Cancer Institute before inclusion in the study
but this was not required by the VU University Medical Centre Eth-
ical Committee. The first group of patients comprised 91 patients
with H&N cancer who underwent such extensive resections for a
primary tumour or a recurrence that reconstruction with a free
vascularised myo- or fascio-cutaneous flap was required to close
the defect. A free radial forearm flap was generally used, and a mi-
cro-vascular anastomosis formed between the radial artery and
one of the branches of the external carotid artery, most frequently
the facial artery. In irradiated patients, this artery was within the
radiotherapy planning target volume for the primary tumour
and/or lymph node metastases. The second group comprised 56
patients who had previously undergone a mastectomy for breast
cancer and were admitted for a breast reconstruction using a free
flap technique with a perforator adipocutaneous free flap from
the lower abdominal wall. A microsurgical anastomosis was cre-
ated between the deep inferior epigastric artery and the ipsilateral
internal mammary artery, which lie in the full dose region if pa-
tients had been irradiated to the internal mammary lymph node
chain. A 5 mm biopsy from the free end of both vessels used for
the anastomosis was obtained for the study.

Detailed clinical data were collected for each patient including
parameters such as age, sex, oncological diagnosis and treatment,
time since any irradiation, chemotherapy and/or hormonal ther-

apy. The position of the radiation target volume and the dose in
relation to the biopsied artery in the irradiated patient groups
was obtained from the radiation planning data. Data were col-
lected on vascular risk factors, including body mass index (BMI),
smoking history, medication and co-morbidity; in particular endo-
crine, metabolic or vascular diseases (coronary vascular disease,
cerebrovascular disease and/or peripheral vascular disease).

The arterial biopsies were fixed in 1% paraformaldehyde for
48 h and embedded in paraffin before serial transverse sectioning.
Sections of 4 lm were stained with haematoxylin and eosin. For
measurement of the intima and media, Lawson staining (a modi-
fied Verhoeff-von Giesson staining) was used to delineate the
internal and external elastic laminae. The cross-sectional surface
area for the intima was defined as the surface area covered in
the sections between the endothelium and the internal elastic lam-
ina, and for the media was defined as the surface area between the
internal elastic lamina and the external elastic lamina at the adv-
entia (Fig. 1). Morphometric parameters were analysed using a
microscope coupled to a computerized morphometry system
(Leica Qwin V3, Leica, Rijswijk, The Netherlands). The degree of
intimal thickening for each vessel was calculated from the ratio
of the cross-sectional surface area of the intima to that of the
media (intima-media ratio IMR). The ratio was used to correct
for variations in artery size. All measurements were made, without
knowledge of the treatment group, by one investigator. Intra-
observer variation was less than 10%, as determined by repeat
measurements on six slides.
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Fig. 1. Histological arterial cross-sections. Top 4 panels: left, Lawson’s stain for the
elastic laminae (IEL, internal elastic lamina; EEL, external elastic lamina); right,
block colouring of the intima (grey) and media (pink) to allow automated image
analysis of cross-sectional surface areas. Lower 4 panels: comparison of irradiated
and control arteries from the H&N cancer patient group.
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We also compared changes in the interstitial matrix and inflam-
matory cell infiltration between the irradiated and unirradiated
control arteries. The total collagen content was detected by Sirius
Red staining. Sections were pre-treated with 0.2% phosphomolyb-
dic acid for 5 min and stained for 90 min in 0.1% Sirius Red in sat-
urated aqueous picric acid. Sections were then treated with 0.01 M
HCl for 2 min. Alcian Blue staining was used for histological assess-
ment of the total proteoglycan content. Sections were placed in a
1% solution of Alcian Blue in 3% acetic acid (pH 2.5) for 30 min. Cell
nuclei were counterstained for 5 min with Kernechtrot. Four fields
from each tissue section of 4 lm thickness were photographed and
analysed using a microscope coupled to a computerized morphom-
etry system (Leica Qwin V3, Leica, The Netherlands). Sirius Red or
Alcian Blue stained material from each field was selected and the
number of red or blue pixels was determined. The sum of stained
material of four sections was then divided by the total amount of
tissue in these sections to calculate the percentage collagen or pro-
teoglycan content. All these measurements were conducted within
one experiment to avoid inter-experimental variation.

Immuno-histochemical staining was performed to assess the
presence of an inflammatory cell response. Representative sec-
tions were stained for markers of macrophages (CD68 dilution
1:100; Dako, ITK diagnostics b.v, Uithoorn, The Netherlands)
and leukocyte common antigen (CD45; Dako, 1:500). Sections
were de-paraffinised and blocked with 0.3% hydrogen peroxide.
Antigen retrieval was performed by pepsin digestion (CD68 only)
and the sections were incubated with primary antibodies. Bind-
ing of the primary antibody was detected using a horseradish-
peroxidase-conjugated secondary antibody. Diaminobenzidine
(DAB) was used as substrate for localization and the sections
were counterstained with haematoxylin. The number of CD68
and CD45 positive cells adhering to the endothelium, in the
intima and in the media was recorded for each section, by one
observer (Fig. 4).

For the statistical analysis, a log transformation was performed
on the data to normalize the distribution. For each comparison, Le-
vine’s test for equality of variance was performed. Depending on
whether equality of variance could be assumed, the appropriate
two-tailed t-test for equality of means was performed on the
respective data-sets. A p-value of 0.05 was considered to be statis-
tically significant. Two sets of comparisons were made for the IMR
measurements. First, the IMR measurements from the same artery
type (neck artery or internal mammary artery) were compared be-
tween the irradiated and the unirradiated patients for each disease
group. Second, to take account of variations in underlying vascular
pathology between patients, we calculated the ratio of the IMR of
the neck artery or internal mammary artery versus the IMR of
the free flap artery. The ‘‘IMR ratios” for irradiated and unirradiated
patients were then compared. The association between different
factors and the IMR was investigated by means of a generalised lin-
ear model with the log of the IMR measurements from the neck or
internal mammary arteries as dependent variable, the log of the
IMR of the flap artery as covariate and the factors of interest as
fixed factors or covariates depending on the type of variable. The
following factors were analysed: radiation, age, gender, BMI, smok-
ing, pack years, alcohol use, diabetes, hypertension, hyperlipid-
emia, hypothyroidism, coronary vascular disease, cerebrovascular
disease and peripheral vascular disease. Missing information on
certain clinical parameters in some patients were treated as miss-
ing data and were omitted from the analysis for that specific
parameter. For the assessment of inflammatory cell infiltration,
the absolute numbers of cells per section were analysed. Also the
relative cell density per section was calculated by correcting for
the circumference of the intima, the surface area of the intima
and media, respectively. Statistical analyses were performed using
SPSS VERSION 15.0.

Results

Table 1 shows the main characteristics of the patients in the
study. There was no statistical difference in age, BMI or number
of pack years smoked between the irradiated and control (non-
irradiated) groups for the H&N and breast cancer groups, respec-
tively. For the irradiated H&N cancer group the interval between
the irradiation and the resection with reconstruction was either a
number of months, in the case of residual or recurrent disease after
primary radiotherapy, or a number of years, due to the develop-
ment of second primary tumour within the irradiated field (range
3 months–26 years). For the breast cancer patients the range was
8 months–19 years. As a group, the H&N cancer patients had more
co-morbidity including pre-existent vascular disease.

For the IMR measurements, we collected data on a total of 91
H&N patients and for 70 patients biopsies were of sufficient quality
to perform reliable IMR measurements. IMR analysis was per-
formed on 25 irradiated neck vessels, 45 unirradiated neck vessels
and 54 donor vessels. There was a significant 1.5-fold increase in
the mean IMR for irradiated compared to that for unirradiated neck
arteries (0.173; SD = 0.113 vs. 0.118; SD = 0.065, p = 0.018, Table 2).
There was a statistical association between the IMR of the neck ar-
tery and the IMR of the corresponding radial artery from the same
patient, confirming the relevance of using this artery as a control.
When the IMR of the radial artery was used as a covariate in an
analysis of covariance including radiotherapy and the IMR of the
radial artery, the increase in the IMR after radiotherapy was no
longer significant (p = 0.121; Fig. 2 and Table 2). The variance in
the IMR of the radial artery was quite wide, with a mean value of
0.103 and a standard deviation (SD) of 0.057, illustrating the heter-
ogeneity of the underlying vascular pathology in the group. None
of the other factors tested for a possible co-association with IMR
value (as listed in the section on statistics) was found to have a sig-
nificant effect.

In the breast cancer group, a total of 56 patients were included
in the study, 27 in the irradiated group and 31 in the non-irradi-
ated group, with 3 patients in both groups, due to bilateral recon-
structions following irradiation to one side. The biopsies of two
control inferior epigastric arteries were of too poor quality to per-
form reliable IMR measurements. There was no significant increase
in the mean absolute IMR in the irradiated compared to that in the
unirradiated internal mammary arteries (0.071; SD = 0.043 vs.

Table 1
Patient and treatment characteristics.

Head and neck Breast

Control
(n = 45)

RT
(n = 25)

Control
(n = 31)

RT
(n = 27)

Age (years) 57 ± 10 54 ± 12 47 ± 8 46 ± 8
Smoking (pack years) 32 ± 23 26 ± 18 4 ± 7 5 ± 13
BMI 24 ± 4 25 ± 7 28 ± 4 27 ± 5
FU (years) – 4 ± 7 – 3 ± 4
Dose (Gy) – 66 ± 7 – 49 ± 3
Gender: Male/Female 69/31% 64/36% 0/100% 0/100%
Alcohol abuse 26%* 15%* 0% 0%
Coronary vascular disease 9% 16% 0% 0%
Cerebrovascular disease 7% 0% 0% 0%
Peripheral vascular disease 7% 0% 0% 0%
Diabetes 11% 16% 0% 0%
Hypertension 14%* 21%* 13% 19%
Hyperlipidaemia 11%* 15%* 0% 4%
Hypothyroidism 11%* 0%* 10% 4%
Hyperthyroidism 0%* 0%* 3% 0%
Chemotherapy 4% 32% 61% 93%
Hormone therapy 0%* 0% 45% 52%

Average ± SD.
* Not known for all patients.

N.S. Russell et al. / Radiotherapy and Oncology 92 (2009) 477–483 479
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0.063; SD = 0.034, p = 0.38, Table 2). However, after correction for
the IMR of the donor artery the relative difference showed a trend
to an increase in the irradiated patients (IMR ratio = 2.61; SD = 1.65
vs. 1.90; SD = 1.21, p = 0.056). Of note, the absolute IMR in the
unirradiated control neck arteries from the H&N cancer patients
(mean value: 0.118) was about twice the value for the IMR of the
unirradiated control internal mammary arteries in the breast can-

cer patients (mean value; 0.063), p < 0.0001 (Fig. 2). Also the IMR
from the free flap artery was greater in the radial artery from the
H&N group compared to the deep inferior epigastric artery from
the breast cancer patients (mean value 0.103 vs. 0.038,
p < 0.0001). These observations can be explained by the different
types of arteries, but a greater general intimal thickening in the
H&N group may also contribute.

For both patient groups there was a non-significant effect in
time, leading to an increased IMR with increasing follow-up time
after radiation, but the numbers were too small for a detailed
analysis.

The proteoglycan content of the intima of the internal mammary
arteries was statistically significantly different between unirradi-
ated and irradiated vessels (mean 65%; SD = 16% vs. 73%; SD = 11%,
p = 0.024). There was a trend to an increase in the media from 61%
(SD = 19%) in unirradiated vessels to 69% (SD = 8%) in irradiated
vessels, p = 0.060. In the neck arteries, there was also a trend to an
increased proteoglycan content of the intima (61%; SD = 15% vs.
68%; SD = 14%, p = 0.064), and of the media of irradiated compared
to the content of unirradiated vessels (19%; SD = 10% vs. 26%;
SD = 15%, p = 0.097). There were no differences in the collagen
content of the intima or the media of either patient group (Fig. 3).

We also observed differences in the degree of inflammatory cell
infiltrate, as detailed in Table 2. The number of cells per cross-sec-
tion staining positive for CD45, a marker for leukocytes was signif-
icantly increased in the intima in irradiated neck arteries of H&N
cancer patients, p = 0.007. The mean number of CD45+ cells per
section was 1.3 (range 0–6) in unirradiated vessels compared to
a mean of 6.7 (range 0–29) in irradiated vessels. As the intima area
was greater in the irradiated group, we also corrected the level of
CD45+ cell infiltration by dividing the value by the intima area
on the cross-section. The increased level of CD45+ cell infiltration
in the intima remained significantly higher in the irradiated group
compared to the unirradiated group (p = 0.014). In the irradiated
internal mammary arteries, there was a wide variation in the num-
ber of CD45+ cells in the intima; the range was 0–42 (mean 5.2) in
unirradiated vessels, and 0–80 (mean 7.8) in irradiated vessels, and

Table 2
Results of the measurements of intimal thickening, expressed as the intima: media
ratio (IMR) and after correction for the IMR of the control artery from the same
patient; the percentage proteoglycan content, the percentage collagen content; and
the number of inflammatory cells adhering to the endothelium, in the intima or in the
media. CD45: cells staining positive for CD45, common leukocyte antigen; CD68: cells
staining positive for CD68, a macrophage marker.

Head and neck Breast

Control RT Control RT

lntima:media
ratio (lMR)a

0.118 ± 0.065 0.173 ± 0.113* 0.063 ± 0.034 0.071 ± 0.043

lMR/lMR flap
arterya

1.27 ± 0.51 1.86 ± 1.36 1.90 ± 1.21 2.61 ± 1.65

Proteoglycan content (%)a

Intima 61.1 ± 15.0 68.2 ± 14.4 65.1 ± 15.8 73.4 ± 10.8*

Media 19.4 ± 10.0 25.6 ± 15.0 60.8 ± 19.4 69.3 ± 7.9

Collagen content (%)a

Intima 2.7 ± 4.5 2.6 ± 4.9 2.5 ± 4.4 1.8 ± 2.9
Media 5.1 ± 6.2 4.2 ± 5.1 6.3 ± 6.0 6.1 ± 5.0

CD45b

Adhering 0.9 (0–6) 1.6 (0–8) 2.6 (0–15) 2.6 (0–25)
Intima 1.3 (0–6) 6.7 (0–29)* 5.2 (0–42) 7.8 (0–80)
Media 0.1 (0–1) 0 (0) 0.6 (0–4) 0.7 (0–4)

CD68b

Adhering 4.7 (0–39) 5.1 (0–44) 5.2 (0–50) 3.1 (0–19)
Intima 10.2 (0–165) 12.4 (0–62) 38.0 (0–300) 18.5 (0–194)
Media 1.5 (0–21) 0.6 (0–4) 10.0 (0–58) 5.3 (0–32)

a Average ± SD.
b Average (range).
* p < 0.05 compared with control.
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Fig. 2. Top panels: comparison of the intima-media ratio (IMR) between irradiated and unirradiated patients. Lower panels: IMR corrected with the IMR of the free flap artery
(IMR ratio). Error bars = standard error of the mean.
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this difference was not significant, p = 0.16. There were no signifi-
cant differences observed in the other parameters of inflammatory
cell infiltration, including CD45 and CD68 positively staining cells
attached to the endothelial layer, or macrophage uptake in the in-

tima or media in either patient group before or after correction for
surface area. There was a noticeable difference between the H&N
and breast patient groups in the infiltration of macrophages
(CD68+ cells) in the intima of unirradiated arteries: mean 10.2 cells
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Fig. 3. Left panels: analysis of proteoglycan content; right panels: analysis of collagen content. Upper panels: histological staining 20� objective; above irradiated arteries,
below unirradiated arteries; lower panels: histograms of percentage proteoglycan or collagen content in control arteries (light shading) and in irradiated arteries (dark
shading) for the intima and media. Error bars = standard error of the mean.
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Fig. 4. Immunohistochemistry staining for CD45+ cells (leukocytes) in a section of the facial artery. Left panel, unirradiated; right panel, irradiated. Arrows, CD45 positive
cells.
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(range 0–165) in the neck arteries and mean 38.0 cells (range 0–
300) in the internal mammary arteries (p = 0.035).

Discussion

In this study, we analysed arteries from two patient groups at
risk of developing late vascular sequelae following irradiation. To
our knowledge, this is the largest systematic clinical–pathological
study of vascular changes following irradiation. An important as-
pect of this study is that we were able to use unirradiated vessels
to correct for intra- and inter-patient variation in underlying vas-
cular pathology. The results show that radiation induces intimal
thickening, proteoglycan deposition and inflammatory cell infil-
trate, but with different effects depending on the vessel type.

Intimal thickening can also be measured with clinical imaging
techniques. In carotid arteries, the intima media thickness (IMT)
is considered a marker of early atherosclerosis development
[23,24]. Other authors have evaluated the sub-clinical changes
occurring in the carotid arteries of irradiated patients using ultra-
sound and recorded results consistent with our histological find-
ings. Magnetic resonance imaging of the carotid artery following
radiation has shown luminal narrowing [3,25] and an increased
IMT in the first 12 months, with further increases in the second
year [3,26]. These changes were much more rapid than would be
expected on the basis of age-related atherosclerosis. However,
the IMT measures the intimal thickening in one radial direction,
which can vary considerably across the arterial cross-section (see
Fig. 1) and is subject to variations in measurement technique.
The IMR measurement used in the present study incorporates
information from the whole cross-section of the vessel.

Animal models of radiation-induced atherosclerosis, in which
the experimental conditions can obviously be much more con-
trolled than in an observational human study, have shown that
radiation accelerates the development of atherosclerotic plaques
and predisposes to an inflammatory plaque phenotype prone to
haemorrhage, as well as increasing the total plaque burden relative
to age-matched animals [27,28]. An increase in inflammatory cell
infiltration was observed in the plaques of irradiated vessels in ani-
mal models. The pattern of inflammatory cell infiltration seen in
the present study (an increase in leukocytes but not of macro-
phages) could be related to the fact that the vessels studied did
not exhibit overt atherosclerosis; no increase in macrophage infil-
tration was seen and there were no atherosclerotic plaques. The
lack of overt atherosclerotic plaques may also explain why no ef-
fect on collagen content was observed. In animal models of radia-
tion-induced atherosclerosis, the collagen content is lower in
irradiated plaques [28].

The increased deposition of proteoglycans observed after radia-
tion is an interesting finding and not previously described. In the
development of age-related atherosclerosis, lipoproteins are trans-
ported or leaked through damaged endothelium and are able to bind
to proteoglycans. These complexes exhibit an increased susceptibil-
ity to oxidation and are important in atherosclerosis plaque develop-
ment. Proteoglycans are produced by both macrophages and smooth
muscle cells [29,30]. Studies have shown that the type of proteogly-
cans present differs between atherosclerosis-prone and atheroscle-
rosis-resistant artery types [31]. Whether changes in the arterial
proteoglycan content are related to the increased atherosclerosis
risk following irradiation remains to be investigated.

The choice of the type of vessels biopsied and patient selection
for this study can be discussed. The internal mammary artery is
known to be rather resistant to atherosclerotic changes, and indeed
it is the vessel of choice for coronary artery bypass grafting. Possi-
bly this is related to the predominant proteoglycan type in this ves-
sel [31]. Another feature of this study is that the internal mammary
artery biopsies were from breast cancer patients, who have been

shown to have a lower risk of cardiovascular disease than the gen-
eral age- and time-matched female population [13], possibly due
to common etiological factors for breast cancer and reduced car-
diovascular disease, respectively. Further, patients were only ac-
cepted for breast reconstructive surgery if they stopped smoking
and were not overweight, so the group was rather homogeneous
for low cardiovascular risk factors. This is reflected in the low
IMR values for the unirradiated control vessels in the breast cancer
patient group (compared to the H&N group). Even so, we still ob-
serve an effect of radiation in the irradiated internal mammary
arteries, with a trend to an increase in IMR and a significant in-
crease in proteoglycan deposition, thus strongly suggesting that
radiation is an independent causal factor. In contrast, in the H&N
patient group there was a greater statistical variance in the IMR
data, suggesting that there are additional factors that also contrib-
ute to the degree of vessel pathology in these patients. More pa-
tients in the H&N group had documented pre-existing
cardiovascular disease, and increased level of risk factors (e.g.
smoking, male gender, as listed in Table 1). In some of the unirra-
diated patients there was also thickening of the IMR, as in for
example the control vessels in Fig. 1, suggesting that in this group
radiation is not the only cause of intimal thickening, but rather that
it augments pre-existing pathology. The large variance in IMR val-
ues in the control vessels from the H&N group might explain why
the difference in IMR between irradiated and control patients was
no longer significant when the IMR ratio was calculated. Of rele-
vance is the different disease status between the two patient
groups. Active disease was the indication for surgery for all the
H&N cancer patients, whereas the breast cancer patients were all
in remission at the time of surgery.

One of the unresolved aspects of radiation-induced vascular
damage is the long-time interval between irradiation and the
occurrence of clinical vascular events, such as ischemic stroke
and myocardial infarction. The greatest effect on mortality is seen
after 10 years and the incidence curve increases in steepness after
15 years and longer [3,5,6]. However, there are earlier sub-clinical
changes which can be observed, such as the intima thickening of
the carotid determined by ultrasound following neck irradiation
after only 1–2 years follow-up [12]. In the present study, we were
able to evaluate the histological changes after shorter (up to
2 years) and longer follow-up periods. A clinical trial is currently
underway for patients who receive neck irradiation. Patients are
randomised to receive atorvastatin or not during radiotherapy
and for 2 years thereafter. In this study, the changes in IMT of
the irradiated carotid are measured with ultrasound prospectively
with time after radiotherapy.

In conclusion, this study shows that changes consistent with the
early stages of the development of atherosclerosis occur within a
few years after irradiation of medium-sized arteries. Increases in
intima thickness, proteoglycan deposition, and inflammatory cell
infiltrate were observed in vessels normally resistant to atheroscle-
rosis; to our knowledge, this is the first report of such changes. In
the H&N patient group, which has a high prevalence of known risk
factors for atherosclerosis, we observed an augmenting effect of
radiotherapy on intimal thickening and inflammatory cell content.
In the breast cancer patients, the changes in the media (proteogly-
can deposition) seem to be related to the radiation exposure alone,
as no other risk factors are present. Further studies are needed to
investigate more detailed aspects of radiation-induced vascular
pathology compared to those of age-related atherosclerosis. For
example, certain subtypes of proteoglycan and collagen may be
differentially increased or decreased following radiation. Charac-
terisation of the radiation-induced pathways involved such as
cytokine activation (including TGF-b, I-CAM-1, thrombomodulin,
etc.) may help to develop a targeted secondary intervention
strategy.
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The long-term vascular effects of radiotherapy can have a sig-
nificant impact on the morbidity and mortality of cancer patients
and cancer survivors. Clinicians of all disciplines with previously
irradiated patients in their care need to be aware of these long-
term vascular consequences. With this study we have aimed to
gain some insight of the pathophysiology, but further basic and
clinical research is needed to improve long-term patient outcome.
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