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Abstract

Objectives To study the carotid artery plaque composition and
its volume changes in a group of patients at baseline and
2 years after head and neck radiation therapy treatment
(HNXRT).

Methods In this retrospective study, 62 patients (41 males;
mean age 63 years; range 52—81) who underwent HNXRT
and 40 patients (24 males; mean age 65) who underwent sur-
gical resection of neoplasm and did not undergo HNXRT were
assessed, with 2-year follow-up. The carotid artery plaque
volumes, as well as the volume of the sub-components (fat-
ty-mixed-calcified), were semiautomatically quantified.
Mann-Whitney and Wilcoxon tests were used to test the
hypothesis.
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Results In the HNXRT group, there was a statistically signif-

icant increase in the total volume of the carotid artery plaques

(from 533 to 746 mm?; p=0.001), in the fatty plaques (103 vs.

202 mm?*; p=0.001) and mixed plaque component volume

(328 vs. 419 mm’; p=0.034). A statistically significant varia-

tion (from 21.8 % to 27.6 %) in the percentage of the fatty

tissue was found.

Conclusions

Results of this preliminary study suggest that HNXRT pro-

motes increased carotid artery plaque volume, particularly

the fatty plaque component.

Key Points

* HNXRT increases carotid plaque volume.

* Plaque volume increase is mainly due to increase.in fatty
plaque component

* Patients who undergo HNXRT have a progression of carotid
artery disease.

Keywords Carotid - Atherosclerosis - Radiation therapy -
Computed tomography - Head and neck

Introduction

The first association between radiation and vascular injury
was observed in 1899 [1], and since its first histological de-
scription, several researches have tried to identify the effects
of radiation on the vessels [2, 3]. Studies have shown that
radiation-induced vasculopathy is a cause of ischemic stroke
in patients who have undergone head and neck radiation ther-
apy (HNXRT) for the treatment of malignancy [4-6].

In the past, chronic radiation vasculopathy was quite un-
common, as patients would often die from their pathology
before the condition manifested itself [7, 8]. Today, however,
thanks to improvements in head and neck cancer treatment, a
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significant number of patients are now “outliving” their ma-
lignancies, with increased presentation of the long-term ef-
fects of treatment, such as radiation-induced vasculopathy [9].

The degree of carotid artery stenosis is considered the most
important parameter associated with the risk of cerebrovascu-
lar events, and for this reason, studies investigating radiation-
induced carotid vasculopathy have used this parameter as an
endpoint to assess vascular damage [10, 11]. However, in the
neurovascular field, new evidence has demonstrated that in
addition to the degree of luminal stenosis, certain plaque-
related parameters are significant contributors to the risk of
cerebrovascular events [12—15]. In particular, the volume
and composition of the carotid artery plaque seem to be sig-
nificantly related to increased vulnerability and risk of rupture
[16, 17].

The purpose of this longitudinal study was to evaluate var-
iations in carotid artery plaque composition and volume using
multi-detector-row computed tomography (MDCT) in a group
of patients before and two years after HNXRT.

Materials and methods

Study design and patient population Institutional review
board approval was obtained for this retrospective single-
centre longitudinal study. Since it was a retrospective study,
informed consent of the patients was waived. All patients who
underwent HNXRT from January 2007 to January 2011 and
had a 2-year follow-up were included in this study (with an
allowed time range of+2 weeks). Inclusion criteria were the
presence of MDCT before and 2 years after HNXRT. Patients
for whom imaging or artefact scores were low (scores of 1 or
2) were excluded from the analysis.

Sixty-two patients (41 males and 21 females; mean age
64 years; age range 52—81 years) fulfilled the inclusion criteria
for the study. From each patient chart, the following data were
collected: age, sex, primary tumour, timing of RT, cerebrovas-
cular risk factors (smoking, hypertension, diabetes mellitus
[DM], and dyslipidaemia). The study also considered the oc-
currence of cerebrovascular symptoms.

Essential hypertension was defined as diastolic blood pres-
sure (DBP) that twice exceeded 95 mmHg or that was treated
with blood pressure-lowering drugs. Diabetes was indicated
by abnormal fasting plasma glucose levels (>7.9 mmol/l) or
the current use of insulin or an oral hypoglycaemic agent.
Dyslipidaemia was defined as abnormal fasting plasma cho-
lesterol (low-density lipoprotein cholesterol) levels (fasting
cholesterol>6.5 mmol/l) or the current use of lipid-lowering
agents. Cigarette smoking status was scored positive when the
patient was currently smoking or had quit smoking less than
2 years before the last follow-up.

Data obtained were compared with a population of 40 sub-
jects who underwent surgical resection of neoplasm of the

neck that did not require HNXRT and who underwent
follow-up MDCT after 2 years. We included only patients
who underwent surgical therapy alone (no chemotherapy or
HNXRT). We also excluded patients who developed other
neoplasms during the 2-year follow-up.

Classification of cerebrovascular symptoms Vascular risk
factors and coexisting comorbidities and treatment known be-
fore stroke or transient ischemic attack (TIA) are systemati-
cally recorded at our institution, and the Trial of Org 10172 in
Acute Stroke Treatment (TOAST) criteria were used to clas-
sify the causes of stroke [18]. The criterion for stroke was the
presence of a fixed neurologic deficit lasting for more than
24 hours whereas, TIA was considered when symptoms lasted
for less than 24 hours. Subarachnoid and intra-cerebral
haemorrhages were excluded. For each case, the clinical diag-
nosis was based on a neurologic examination and was con-
firmed with CT.

MDCT technique All patients underwent MDCT of the head
and neck with a 16-detector row CT system (Brilliance,
Philips Medical Systems, Eindhoven, Netherlands). A non-
enhanced image was acquired, followed by a contrast-
material phase. In the head and neck cancer analysis, the re-
gion of interest (ROI) trigger threshold was placed into the
aortic arch, and the monitor scanning started 6 s after the
beginning of i.v. administration of 80—130 ml of pre-warmed
contrast medium (Ultravist 370; Bayer AG, Leverkusen, Ger-
many) into the median cubital vein (flow rate of 2.5 ml/s). The
trigger threshold was set at+80 Hounsfield units (HU) above
the baseline. Sixty seconds after the threshold was reached,
the venous phase started. CT technical parameters were as
follows: matrix 512x 512, field of view 14—19 cm; slice thick-
ness 0.6 mm, interval 0.3 mm, 180-220 mAs; 120-140 kV. A
C-filter algorithm of reconstruction was applied.

Volume of plaque and its components In this study, we
measured the volume of carotid artery plaque as well as that
of its subcomponents. For semi-automatic quantification of
the different plaque components in CT images, the
polymeasure plug-in for the software package Imagel
(Rasband, WS, ImagelJ, U. S. National Institutes of Health,
Bethesda, MD, USA, http://imagej.nih.gov/ij/, 1997-2014)
was used [19, 20]. With this software, it is possible to first
delineate the inner and outer wall boundaries of the vessel, and
then to calculate the volume of the plaque and its
subcomponents based on the specific region of interest.
Following this, the total number of voxels and the number
of voxels of different ranges of HU values within these ROIs
is calculated. The following voxel thresholds were used to
classify different components of plaque: lipids, < 60 HU;
fibrous tissue, 60-130 HU; and calcium tissue, > 130 HU
[21, 22].
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Evaluation of carotid image quality and artefacts Evalua-
tion of image quality and artefacts was performed by two
radiologists with 9 and 12 years of experience in
neurovascular imaging. The readers were blinded to patients’
symptoms, and were asked to assess overall image quality on
a five-point scale, where 5 corresponded to excellent quality
and 1 represented unacceptable image quality. Values 1 and 2
included cases in which the carotid artery wall did not show a
well-defined cleavage plan with nearby structures. In these
cases, it was not possible to clearly observe the outer carotid
artery wall, thus making it impossible to correctly trace the
plaque’s profile.

The readers were also asked to assess the impact of image
artefacts on a five-point scale. On this scale, 5 corresponded to
the complete absence of imaging artefacts; 4 represented mild
artefacts, not interfering with diagnostic decision-making; 3
represented moderate artefacts, slightly interfering with
diagnostic-decision making; 2 represented pronounced arte-
facts, interfering with diagnostic decision-making (though it
was still possible to arrive at a diagnosis); and 1 designated a
situation in which artefacts completely hindered diagnostic
decision-making. Patients with image quality scores of 1 and
2 and image artefact scores of 1 and 2 were excluded from the
evaluation.

Statistical analysis The normality of each continuous vari-
able group was tested using the Kolmogorov—Smirnov Z test.
Continuous data were described as the mean value+SD.
Mann—Whitney and Wilcoxon tests were used when normal-
ity was rejected, whereas student ¢ tests for paired and un-
paired groups were applied when normality was accepted.
Inter-observer agreement was calculated using the Cohen
weighted kappa test. Values of 0—0.2 were considered poor
agreement; 0.21-0.4, fair agreement; 0.41-0.6, moderate
agreement; 0.61-0.8, substantial agreement; and 0.81-1.0, al-
most perfect or perfect agreement. A p value<0.05 was con-
sidered to indicate statistical significance, and all values were
calculated using a two-tailed significance level. R software
(www.r-project.org) was employed for statistical analyses.

Results

General results No patients were excluded for suboptimal
image quality or artefacts. Among the 102 patients, the aver-
age image quality score was 4.24 (range 3-5) and the average
artefact score was 4.65 (range 3-5). Inter-rater agreement be-
tween the two radiologists was analysed using Cohen’s kappa,
and we found kappa values of 0.756 and 0.814 for image
quality and image artefacts, respectively. Demographic and
clinical characteristics are given in the Table 1. At baseline
analysis (before HNXRT or surgery), no statistically signifi-
cant differences were found for cardiovascular risk factors or
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in plaque and subcomponent volume. In the HNXRT sub-
group, there were four cases of cerebrovascular events, where-
as in the surgical subgroup, we encountered two cerebrovas-
cular events.

Plaque volume analysis The plaque volumes (total and
subcomponents; Figs. 1 and 2) are summarized in Table 2,
and the subcomponent percentages are given in Table 3. By
performing Wilcoxon analysis before and after therapy we
found that in the group of patients who underwent HNXRT
(Table 4), there was a statistically significant increase in the
total carotid artery plaque volume (from 533 to 746 mm?; p=
0.001) and also a statistically significant increase in fatty com-
ponent volume (103 vs. 202 mm?*; p=0.001) and mixed com-
ponent volume (328 vs. 419 mm?; p=0.034). No statistically
significant difference was found in the volume of calcified
tissue. In analysing the variation among percentages of the
three components, we found that only the lipid component
showed a statistically significant variation (21.8-27.6 %).

In the group of patients who underwent only surgical ther-
apy (Table 4), no statistically significant variation was found
in total plaque volume (463 vs. 527 mm®) or in absolute per-
centage of the plaque subcomponents, whereas there was a
statistically significant variation in the volume of the calcium
component, with a significant increase (114 vs. 153 mm?).

Degree of stenosis We also assessed the variation in degree of
stenosis. In the HNXRT group, There was a strong statistically
significant increase in the degree of stenosis (from 40.2 % to
49.5 %; p=0.001). A statistically significant difference was
also found in patients treated with surgery (37.9 % vs.
40.8 %; p=0.0214).

Discussion

Previously published papers have demonstrated that radiation
therapy (RT) negatively affects the vascular system by pro-
moting atherosclerosis [9, 23, 24]. Small arteries are generally
considered the most vulnerable vessels with regard to endo-
thelial cell injury. Damage in the medium and large arteries
(external diameters >100 and >500 pum, respectively) [25]
occurs less frequently, and two different types of lesions have
been described: acute rupture and chronic vasculopathy [26].
Vessel rupture nowadays is rare [27].

Researchers have observed that chronic vasculopathy is
indicative of accelerated atherosclerotic disease in vessels
close to organs targeted for RT [9]. Previous studies have
demonstrated increased carotid artery stenosis in patients
treated with HNXRT, which is of clinical significance [28].
In the past, however, arterial damage was quantified by eval-
uating the degree of carotid artery stenosis [10, 11, 23, 28-30].
In fact, this was considered the most important parameter for
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Table 1 Patient characteristics at

baseline (before treatment) Parameter HNXRT cohort Surgery cohort P value
Patients (1) 62 (60.8 %) 40 (39.2 %) NA
Age (years) 63+7 65+7 0.198
Sex (male) 41 (66 %) 24 (60 %) 0.529
Smoker (never) 12 (19 %) 13 (33 %) 0.132
Smoker (ex-current) 50 (81 %) 27 (67 %) 0.132
Hypertension 27 (44 %) 19 (48 %) 0.695
CAD 25 (40 %) 21 (53 %) 0.227
Diabetes 14 (23 %) 11 (28 %) 0.572
Dyslipidaemia 34 (55 %) 19 (48 %) 0.469
Statins and other drugs* 29 (47 %) 16 (40 %) 0.806
Carotid plaque total volume (mm?) 534 464 0.259
Carotid plaque fatty volume mm?) 104 100 0.822
Carotid plaque mixed volume (mm®) 329 249 0.084
Carotid plaque calcified volume (mm”) 101 114 0.384
Carotid stenosis degree (average value) 3791 % 40.22 % 0.562

*other lipid-lowering drugs

HNXRT head and neck radiation therapy, N4 not applicable CAD coronary artery disease

classifying the risk of carotid-related cerebrovascular events
[31, 32]. However, several imaging and pathological studies
have recently demonstrated that the degree of carotid artery
stenosis is only one of the parameters related to the risk of
plaque rupture, and that the composition and volume of the
plaque play a critical role in its vulnerability or stability [12,
16, 17, 20, 29].

In this study, we compared the HNXRT group with sub-
jects who underwent only surgery, while ensuring that they
had similar cardiovascular risk factors (Table 1). In patients

treated with HNXRT, there were four cases of cerebrovascular
events, and in the cohort of patients treated with the surgical
approach alone, two cerebrovascular events occurred; these
numbers are too small to draw any conclusions, and the con-
trol cohort was smaller than the HNXRT cohort. The occur-
rence of cerebrovascular events after HNXRT is a well-
recognized consequence of carotid artery wall damage [30,
31] and the prevalence found in our study is similar to that
in the literature. We would note, however, that the group un-
dergoing RT tended to have more markers associated with

Fig. 1 Panels a—b: MDCT axial image of a 64-year-old male patient
before (@) and 2 years after (b) surgery. Volumetric analysis in the right
carotid artery (white arrow) is visible, and the different colours represent
the lipid, mixed, and calcified tissues (yellow=lipid; red=mixed; blue=
calcified; green=opacified lumen). In the small panel, 200 %

magnification of the carotid is shown (white arrowhead). Panels c—d:
MDCT axial image of a 69-year-old male patient before (c) and 2 years
after (d) HNXRT. The same colour code is applied for the lipid, mixed,
and calcified tissues (yellow=lipid; red=mixed; blue=calcified; green=
opacified lumen)

@ Springer
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Fig. 2 Box-plot analysis of the variation of plaque components (fatty—
mixed—calcified). Panel a: volume analysis before and after HNXRT.
Panel b: volume analysis after surgery. Panel c: percentage variation of

vascular disease such as smoking, dyslipidaemia and pretreat-
ment plaque size; while these differences individually are not

plaque components before and after HNXRT. Panel d: percentage
variation of plaque components before and after surgery

significant, in combination, they may influence the progres-
sion of atherosclerosis.

Table 2 Plaque volumes (total

and components) in patient Mean SD Median Minimum Maximum Normal

cohorts that underwent HNXRT Distribution

and surgery (units in mm?)
Plaque volume before surgery 463.949 260.4427 378 135 1319 0.0003
Plaque volume before HNXRT 533.886 338.494 500 77 1444 0.0651
Plaque volume after surgery 527.59 242.3683 458 208 1126 0.0142
Plaque volume after HNXRT 746.734  460.8332 714 131 1676 0.01
Lipid volume before surgery 100.308 67.3944 86 21 332 <0.0001
Lipid volume before HNXRT 103.684 80.8913 81 0 344 0.0114
Lipid volume after surgery 114.051 69.04 102 32 339 0.0001
Lipid volume after HNXRT 202.481 168.1608 154 25 855 <0.0001
Mixed volume before surgery 248.718 208.5875 180 54 1024 <0.0001
Mixed volume before HNXRT 328975 2475174 265 12 954 0.0434
Mixed volume after surgery 260.231 169.2719 214 54 839 0.0001
Mixed volume after HNXRT 419.62 288.8925 443 45 1037 0.0041
Calcium volume before surgery 114.923 82.49 98 21 456 <0.0001
Calcium volume before HNXRT 101.228 78.8844 91 0 311 0.0047
Calcium volume after surgery 153.308 107.2354 123 43 672 <0.0001
Calcium volume after HNXRT 124.633 106.6486 99 0 534 <0.0001
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Table 3 Percentage of plaque

components (lipid-mixed- Mean SD Median Minimum  Maximum Normal

calcium) in patient cohorts that Distribution

underwent HNXRT and surgery
Lipid volume before surgery (%) 22718  11.1227 219 8.3 62.7 0.0001
Lipid volume before HNXRT (%) 21.846 147104 194 0 78.3 <0.0001
Lipid volume after surgery (%) 21.682 7.8607 213 8 45.4 0.0466
Lipid volume after HNXRT (%) 27.646  13.8401 244 6 70.3 0.084
Mixed volume before surgery (%) 50.028  17.8076  53.1 14.2 77.6 0.0826
Mixed volume before HNXRT (%) 56.644  17.0812  60.8 12.2 83 0.0727
Mixed volume after surgery (%) 47.692 159883  46.2 14.8 74.5 0.0836
Mixed volume after HNXRT (%) 53.351  15.8644 56 11.6 78 0.1515
Calcium volume before surgery (%) 27254 155138 24 6.2 65.2 0.2711
Calcium volume before HNXRT (%)  21.524  13.6702  20.1 0 65.4 0.0005
Calcium volume after surgery (%) 30.623  14.4569  29.6 8.7 60.2 0.2867
Calcium Volume after HNXRT (%) 18.997  12.5686  16.8 0 66.2 0.0006

HNXRT head and neck radiation therapy

The main focus of this longitudinal study was the assess-
ment of the volume and composition of plaque, and we found
some intriguing results. First, in patients treated with HNXRT,
there was a statistically significant increase in plaque volume
after 2 years (from 533 to 746 mm>; p=0.001), whereas no
statistically significant difference was found in the group of
patients treated with surgery alone (463 vs. 527 mm?®). These
findings support the hypothesis of increased plaque vulnera-
bility after HNXRT, as some authors have suggested that the
volume of plaque is a stronger indicator of cerebrovascular
risk via the degree of stenosis [20].

However, in our opinion, the most interesting finding
of this study is the difference in behaviour among the
plaque components. In the HNXRT group, there was a
strong statistically significant increase in the fatty compo-
nent volume (103 vs. 202 mm?; p=0.001) and also an
increase, albeit more subtle, in the mixed component vol-
ume (328 vs. 419 mm®; p=0.034). In the analysis of var-
iations in percentages among the three components, only
the fatty component showed a statistically significant var-
iation (from 21.8 % to 27.6 %). These results suggest that

Table 4 Differences in plaque volume before and 2 years after
treatment (Wilcoxon analysis) — P values

HNXRT Surgery

Total volume of plaque 0.001* 0.108
Lipid volume of plaque 0.001* 0.194
Mixed volume of plaque 0.034* 0.374
Calcified volume of plaque 0.245 0.026*
Percentage lipid volume of plaque 0.001* 0.79
Percentage% of mixed volume of plaque 0.133 0.463
Percentage calcified volume of plaque 0.375 0.285

* Statistically significant
HNXRT head and neck radiation therapy

radiation treatment promotes specific routes of atheroscle-
rosis that increase the plaque lipid pool; in MDCT, the
fatty plaques identify the lipid-rich necrotic core and fre-
quently intra-plaque haemorrhages as well as macro-
phages and inflammatory cells [32, 33]. Previous studies
have demonstrated that the fatty component is significant-
ly associated with the risk of cerebrovascular events. A
key observation in our study was that among the group of
patients who underwent only surgery, one component—
i.e. calcified tissue—showed a statistically significant in-
crease (114 vs. 153 mm®), while no variations in the per-
centage of the subcomponents were found.

With regard to the degree of stenosis, in the group of pa-
tients who underwent HNXRT, we found a strong statistically
significant increase in the degree of stenosis (from 40.2 % to
49.5 %; p=0.001), and a statistically significant difference
was also present in patients treated with surgery (37.9 % vs.
40.8 %; p=0.0214).

We acknowledge that there were limitations to our study.
First, this was a retrospective evaluation, and a prospective
longitudinal study is needed to validate our observations.
However, we think that our data was not biased, since the
methodology was homogeneous. Second, our findings are
based on a relatively small group of patients, and our data
need to be confirmed in larger studies in other populations at
risk, and should be considered as preliminary results.

Conclusions

The results of this preliminary study suggest that HNXRT is
associated with an increase in the volume of carotid artery
plaque, and particularly of the fatty component. Moreover,
we found that HNXRT was also associated with an increase
in absolute lipid percentage of plaque.
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