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Simple Summary: Radiotherapy has become a common treatment modality for nasopharyngeal
carcinoma, and concurrent chemoradiation therapy prolongs the survival of patients. Radiotherapy
leads to the increased generation of reactive oxygen species and free radicals to destroy abnormal
cell growths within normal cell environmental conditions. However, the late effects on “bystander”
organs (e.g., extracranial arteries) among survivors after radiotherapy have become increasingly
prevalent. This study showed radiation-related extracranial vasculopathy is a progressive process
that begins immediately after radiotherapy with significantly increased carotid IMT compared to the
control group during the 9-year follow-up. Chronic inflammation and oxidative stress might serve to
drive the process and also contribute to increased platelet activation.

Abstract: Radiation-related extracranial vasculopathy is a common late effect after radiation in
patients with nasopharyngeal carcinoma (NPC). We proposed the hypothesis that radiation-related
extracranial vasculopathy is a progressive process that can begin immediately after radiotherapy
and persist for a longer period, and inflammation and oxidative stress may play a pivotal role in
this process. Thirty-six newly diagnosed NPC patients were assessed with B-mode ultrasound for
the common carotid artery (CCA) intima media thickness (IMT) measurement as well as surrogate
markers at three different stages (baseline, immediately after concurrent chemoradiation therapy
(CCRT), and 9 years after enrollment). A healthy control group was also recruited for comparison.
Surrogate markers including a lipid profile, HbA1c, inflammation, oxidative stress, and platelet
activation markers were assessed. The mean CCA IMT in the NPC group were increased immediately
after CCRT (p = 0.043). The mean CCA IMT value after a 9-year follow-up also showed a significant
increase in NPC and control group, respectively (p < 0.0001 and p < 0.0001, paired t test). The annual
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increase mean CCA IMT (mm) was 0.053 ± 0.025 and 0.014 ± 0.013 in NPC and control group,
respectively (p < 0.0001). The baseline high sensitivity CRP (hs-CRP), thiol, TBARS, and CD63 level
were significantly higher in the NPC group (hs-CRP, p = 0.001, thiol, p < 0.0001, TBARS, p = 0.05,
and CD63 level, p = 0.04). The thiol and TBARS levels were significantly lower in NPC patients
immediately after CCRT (thiol, p < 0.0001, and TBARS, p = 0.043). The CD62P level was significantly
higher while the thiol level was significantly lower in the NPC group after a 9-year follow-up (CD62P
level, p = 0.007; and thiol level, p = 0.004). Radiation-related extracranial vasculopathy is a progressive
process that begins immediately after radiotherapy with significantly increased carotid IMT compared
to the control group during the 9-year follow-up. Chronic inflammation and oxidative stress might
serve to drive the process and also contribute to increased platelet activation.

Keywords: atherosclerosis; inflammation; nasopharyngeal carcinoma; oxidative stress and radiotherapy;
platelet activation

1. Introduction

Nasopharyngeal carcinoma (NPC) is characterized by its unique geographic distribu-
tion in southeastern China and Taiwan, and both environmental factors and genetic traits
contribute to its development [1]. Concurrent chemoradiation therapy (CCRT) prolongs
survival in patients with NPC [2,3]. With the increased number of five-year cancer sur-
vivors, survivorship has become an important issue [3,4]. A recent Taiwan National Health
Insurance Research Database study demonstrated that NPC survivors not only had higher
stroke risks but the age of onset of stroke was also 10 years earlier than that for the general
population [3].

Radiation therapy leads to the increased generation of reactive oxygen species (ROS)
and free radicals to destroy abnormal cell growths within normal cell environmental
conditions. When cellular repair and free radical scavenger systems cannot counteract
these insults, oxidative damage occurs and finally has the consequence of abnormal cellular
structure and function [3]. The injured endothelium can promote inflammation through the
up-regulation of the cells’ adhesion molecules by binding to circulating leukocytes as an
important step during atherosclerosis [5–7]. There is accumulating evidence indicating that
inflammation and oxidative stress may play a pivotal role in the process of radiation-related
extracranial vasculopathy [8,9].

In clinical practice, radiation injury is believed to accelerate atherosclerosis in the
arteries in a progressive process without delineating the acute from the late radiation
effects [10,11]. These radiation effects can be seen several months after radiation and may
last for years [10]. For research on radiation-related vasculopathy in NPC, most previous
studies are retrospective with variable less strict selection [12], and included patients with
different types of heads and neck cancer [12–14], variable follow-up periods with cross-
sectional study [13,15–17], national database epidemiological study [3], and a systematic
review and meta-analysis [12,18].

Carotid intima media thickness (IMT) can serve as an indicator not only in the severity
of atherosclerotic disease [19] but also in the early stage of atherosclerosis [20]. The findings
of the earliest post-irradiation effect in asymptomatic patients by Doppler sonography
study is an increase in carotid IMT [15]. In contrast, the existence of carotid plaques
demonstrates a higher cerebrovascular risk than an increase in the carotid IMT [21].

To our knowledge, little research is known about the serial changes of carotid IMT and
biomarkers in inflammation and oxidative stress and platelet activation in both the acute
phase and long-term follow-up in patients with NPC before and after radiotherapy. This
study tested the hypothesis that radiation-related extracranial vasculopathy is a progressive
process that can begin immediately after radiotherapy and persist for a longer period, and
inflammation and oxidative stress may play a pivotal role in this process. We hope the
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successful translation of these approaches can offer the promise of long-term survivorship
in patients of NPC.

2. Materials and Methods
2.1. Study Design and Patient Selection

This prospective, case-control study was conducted at the main referral hospital and a
tertiary medical center in southern Taiwan. We evaluated newly diagnosed NPC patients
from September 2010 to March 2012. The exclusion criteria were (1) there was evidence of
head and neck cancer with relapse and (2) a history of cerebral infarctions with extracranial
vessels atherosclerotic narrowing (e.g., heavy calcification and multiple plaques). Finally,
only 36 cases were enrolled in this study. All participants received verbal and written
information for the purpose, and they signed informed consent. For clinical comparison,
36 aged- and sex-match healthy volunteers formed the control group.

2.2. Diagnostic Criteria and Therapeutic Regimens

The multi-disciplinary teams administered treatment for all patients after pathologists
histologically diagnosed NPC. According to the American Joint Committee on Cancer
(AJCC) staging system for NPC, the distribution of the 36 patients was as follows: two
Stage I, eight Stage II, 11 Stage III, and 15 Stage IV. The prescribed dose ranged from 6640
to 7560 cGy depending on the tumor stage. The technical details of radiotherapy and CCRT
chemotherapy regimen for NPC have been described previously [15].

2.3. Clinical Assessment

Complete medical history was recorded, including age at disease onset, sex, height
and weight, body mass index (BMI), AJCC staging system for NPC, underlying disease
and vascular risk factors, mean radiation dose delivered to either side of CCA IMT, and
follow-up period after radiotherapy. All patients received complete medical and neurologic
examinations, peripheral blood study and extra-cranial color-coded duplex sonography
(ECCS).

2.4. Assessment of Atherosclerosis

Images were obtained from a B-mode ultrasound system (Philips HDI 5000 System,
ATL-Philips, Bothell, WA, USA) equipped with a 4–10 MHz linear array transducer. The
obtained images were transferred to a workstation and the IMT was automatically mea-
sured using a computer software program (Q-LAB, ATL-Philips). The plaque was defined
as a localized wall thickening at least twice the thickness of the adjacent IMT [15]. The
standardized protocol was previously described [15]. One neurologist (T.-Y.T.) performed
the measurements of mean CCA IMT by quantifying software in a single-blind fashion
blind to the patients and control subjects. In this study, we further defined the annual
increase mean CCA IMT (mm) and the formula was as follows: [(Mean CCA IMT (mm)
at end-point of follow-up-mean CCA IMT (mm) at enrollment)/duration between two
examinations (months)] × 12 (months)

2.5. Biochemical Analysis

Blood samples were collected into Vacutainer SST tubes (BD, Franklin Lakes, NJ, USA)
by venipuncture. The blood was allowed to clot at room temperature for a minimum
of 30 min. All samples were collected after centrifugation at 3000 rpm for 10 min at
4 ◦C, isolated, and immediately stored in multiple aliquots at −80 ◦C. The samples of
biochemical data and peripheral blood study including white blood cell (WBC), red blood
cell (RBC) and platelet counts, triglycerides, total, high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) cholesterol, blood glucose, glycosylated hemoglobin (HbA1c),
and high sensitive C-reactive protein (hs-CRP) were analyzed by the central laboratory of
our hospital.
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2.6. Biomarkers for Oxidative Stress and Anti-Oxidative Capacity

We evaluated the oxidative stress condition by measuring the serum thiobarbituric
acid-reactive substance (TBARS) while the anti-oxidative capacity in response to the in-
creased oxidative damage was evaluated by measuring the serum level of total reduced
thiols. Serum TBARS levels were measured using a well-established method for detecting
lipid peroxidation with a commercially available assay kit (Cayman Chemical, Ann Arbor,
MI, USA, cat. no. 10009055) according to the manufacturer’s instructions [22].

Flow cytometry was done according to the modified protocol for flow cytometric
characterization of platelet function as previously described [23]. The platelet activation
marker was determined by CD62P, CD63, and CD40L. Platelet-bound anti-CD62P, anti-
CD63, and CD40L antibodies were determined by analyzing 10,000 platelets for PE positive
fluorescence. Results are expressed as a percentage of antibody-positive platelets.

2.7. Statistical Analysis

Continuous data were expressed as mean ± SD or median (interquartile range [IQR]).
Continuous variables were compared using the student’s t-test and the categorical variables
were compared using the chi-squared or Fisher’s exact tests. The parameters of the carotid
IMT, biochemical data, and biomarkers of oxidative stress and platelet activation markers
at baseline (Before CCRT) and three months (After CCRT) and 9-years after enrollment
in the patient group were compared using a paired t-test. The parameters of the carotid
IMT and biochemical data at baseline and 9-years after enrollment in the control group
were compared using a paired t-test. The repeated-measures ANOVA was used to compare
the parameters of carotid IMT and biochemical data at two different stages of the study
(baseline and 9 years after enrollment), with sex and age as potential confounding variables.
All statistical analyses were conducted using the Statistical software (IBM SPSS Statistics
v23, IBM, Redmond, WA, USA).

3. Results
3.1. Baseline Characteristics of the Study Patients

The baseline characteristics of the 36 adult NPC patients and 36 healthy volunteers
are listed in Table 1. The age at enrollment, male to female gender difference, body weight,
and BMI was similar between two groups. The mean diastolic blood pressure during ECCS
examination was higher in the NPC group (p = 0.001). The mean duration between the date
of the complete course of radiotherapy and the last follow-up (months) in the NPC group
was 105.1 ± 7.0 months. One patient received carotid stenting for carotid critical stenosis,
though none had symptomatic cerebral infarction. In total, 13 cases died with the overall
fatality being 36% (13/36) during the 9-year follow-up period.

Table 1. Baseline demographic data in nasopharyngeal carcinoma patients and normal controls.

NPC Patients
(n = 36)

Controls
(n = 36) p Value

Age (years) at enrollment 55.4 ± 12.3 55.3 ± 14.1 0.97
Gender (female/male) 12/24 12/24 1.0

Body mass index, kg/m2 24.8 ± 3.3 24.5 ± 2.8 0.2
Height (m) 1.63 ± 0.07 1.63 ± 0.09 0.82

Body weight (Kg) 66.2 ± 11.1 64.6 ± 11.3 0.57
Mean duration between the date of the complete

course of radiotherapy and the last follow-up
(months)

105.1 ± 7.0 -

Systolic blood pressure 126.9 ± s12.4 122.2 ± 17.9 0.2
Diastolic blood pressure 77.1 ± 8.0 70.0 ± 9.3 0.001

Smoking (%) 18 2 0.001 *



Cancers 2022, 14, 1234 5 of 12

Table 1. Cont.

NPC Patients
(n = 36)

Controls
(n = 36) p Value

Staging system of AJCC for NPC
Stage 1 2 –
Stage 2 8 –
Stage 3 11 –
Stage 4 15 –

Values are expressed in mean ± SD unless otherwise indicated. Abbreviations: IQR, inter-quartile range; HBA1c,
glycosylated hemoglobin. * = Indicated p < 0.05.

3.2. Serial Changes of Carotid IMT and Plaques between NPC and Control Groups

The serial changes of carotid IMT values and plaques between NPC and control
groups at baseline and after 9-year follow-up are listed in Table 2. The baseline IMT of CCA
values on either side and the mean CCA IMT values were also recorded in the NPC group
immediately after CCRT. The baseline CCA IMT values on either side and the mean CCA
IMT values were similar but slightly higher in the control group (left CCA IMT, p = 0.44;
right CCA IMT, p = 0.36; and mean CCA IMT (average), p = 0.37). Carotid plaque was
detected in 5 NPC patients (5/36, 13.8%) but only two (2/36, 5.5%) in the control group.
The CCA IMT values on either side and the mean CCA IMT values in the NPC group
increased immediately after CCRT (left CCA IMT, p = 0.042; right CCA IMT, p = 0.06; and
mean CCA IMT (average), p = 0.043).

Table 2. Serial changes of carotid IMT and plaques between patients and controls.

Baseline (before and after CCRT) Nine-Years Follow-Up

Controls
(n = 36)

NPC Patients (n = 36) Controls γ,Φ

(n = 36)
NPC Patients δ

(n = 23) αBefore CCRT After CCRT β

Carotid IMT and plaque score α

Right CCA IMT, mm 0.69 ± 0.20 0.65 ± 0.17 0.71 ± 0.23 ‡ 0.81 ± 0.27 #,‖ 1.05 ± 0.26 ¶

Left CCA IMT, mm 0.75 ± 0.27 0.71 ± 0.21 0.74 ± 0.22 ‡ 0.86 ± 0.27 #,‖ 1.18 ± 0.27 ¶

Mean CCA IMT, mm 0.72 ± 0.22 0.68 ± 0.16 0.73 ± 0.21 ‡ 0.83 ± 0.25 #,‖ 1.11 ± 0.23 ¶

Carotid Plaque (%) 2 (5.5%) 5 (13.8%) 5 (13.8%) 5 (13.8%) 11 (47.8%)
Annual increase mean CCA IMT, mm - – – 0.014 ± 0.013 0.053 ± 0.025 §

Values are expressed in mean ± SD unless otherwise indicated. Abbreviations: IMT = intima media thickness;
CCA = common carotid artery. α = 13 cases died by the end-point of follow-up and only 23 cases enrolled for
analysis. β = Before and after CCRT in NPC group were compared by paired t test. ‡ = Indicated p < 0.05;
γ = Baseline and 9-year follow-up in control group were compared by paired t test. # = Indicated p < 0.05;
δ = Baseline and 9-year follow-up in NPC group were compared by paired t test. ¶ = Indicated p < 0.0001;
Φ = Nine-year follow-up between NPC and control groups were compared by mean of independent-t test,
‖ = Indicates p < 0.01. § = Indicates p < 0.0001.

The CCA IMT values on either side and the mean CCA IMT values between baseline
and 9-year follow-up in the NPC group showed a significant increase (left CCA IMT,
p < 0.0001; right CCA IMT, p < 0.0001; and mean CCA IMT (average), p < 0.0001). The CCA
IMT values on either side and the mean CCA IMT between baseline and 9-year follow-up
in the control group also showed a significant increase (left CCA IMT, p = 0.001; right CCA
IMT, p = 0.001; and mean CCA IMT (average), p < 0.0001). The CCA IMT values on either
side and the mean CCA IMT after a 9-year follow-up between NPC and control groups
also showed a significant increase in NPC group (left CCA IMT, p = 0.001; right CCA IMT,
p = 0.009; and mean CCA IMT (average), p = 0.001). The annual increase means CCA IMT
(mm) was 0.053 ± 0.025 and 0.014 ± 0.013 in the NPC and control group, respectively
(p < 0.0001). However, the NPC and control group at two time periods (baseline and 9-years
follow-up) by mean of repeated measure ANOVA after controlling age and sex did not
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show statistical significance (left CCA IMT, p = 0.18; right CCA IMT, p = 0.22; and CCA IMT
(average), p = 0.17) (Figure 1).
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3.3. Assessment of the Relationship between the Radiation Dose and the CCA IMT Change

The mean radiation dose on the right and left CCA were 6769.8 ± 510.1 and
6788.7 ± 488.7 cGy, respectively. The CCA IMT changes are defined as the value of CCA
IMT at the 9-year follow-up minus the value of CCA IMT at baseline. Correlation analysis
was explored to evaluate the relationship between the mean radiation dose delivered to
either side of CCA and the ipsilateral side CCA IMT change. The results were as follows:
right CCA IMT change and mean radiation dose (r = 0.38, p = 0.15) and left CCA IMT
change and mean radiation dose (r = 0.33, p = 0.21).

3.4. Serial Changes of Biochemical Data, Oxidative Stress, and Platelet Activation Markers between
NPC and Control Groups

Serial changes of biochemical data, oxidative stress, and platelet activation markers
between NPC and control groups are listed in Table 3 and Figures 2a–c and 3a,b. Regarding
the baseline biochemical data, oxidative stress, and platelet activation markers between
NPC and control groups, there were no significant differences between the two groups
in WBC counts, platelet counts, LDL, total cholesterol, LDL, CD40L and CD62P level.
However, serum triglyceride, hs-CRP, blood glucose, HbA1c, thiol, TBARS, and CD63 level
were significantly higher in the NPC group than in the control group (triglyceride, p = 0.001,
hs-CRP, p = 0.001, glucose, p = 0.04, HbA1c, p = 0.004, thiol, p < 0.0001, TBARS, p = 0.05,
and CD63 level p = 0.04). However, the serum HDL and RBC count was significantly lower
in the NPC group than in the control group (p = 0.004 and p = 0.03).

Table 3. Serial changes of biochemical data, oxidative stress and platelet activation markers between
patients and controls.

Baseline (before and after CCRT) Nine-Years Follow-Up

Controls β

(n = 36)

NPC Patients (n = 36) Controls ζ,Φ

(n = 36)
NPC Patients δ

(n = 23) αBefore CCRT After CCRT γ

Biochemical data
Cholesterol, mg/dL

Total 184.7 ± 31.5 189.3 ± 39.6 202.7 ± 32.7 180.7 ± 35.3 167.4 ± 41.3
HDL-C 67.9 ± 13.7 * 51.6 ± 14.2 57.5 ± 14.0 53.6 ± 11.8 § 47.3 ± 16.4
LDL-C 98.9 ± 30.6 108.9 ± 29.8 121.5 ± 28.8 98.5 ± 18.0 93.5 ± 34.6
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Table 3. Cont.

Baseline (before and after CCRT) Nine-Years Follow-Up

Controls β

(n = 36)
NPC Patients (n = 36) Controls ζ,Φ

(n = 36)
NPC Patients δ

(n = 23) α
Before CCRT After CCRT γ

Triglyceride, mg/dL 89.7 ± 45.9 * 137.8 ± 70.0 120.3 ± 50.0 100.4 ± 45.3 118.9 ± 42.8
Glucose, mg/dL 89.7 ± 10.2 * 117.3 ± 75.6 103.0 ± 34.3 105.3 ± 17.5 § 118.9 ± 32.8

HBA1c 5.6 ± 0.3 * 6.2 ± 1.2 5.7 ± 0.6 # 5.9 ± 0.7 6.3 ± 0.8
hs-CRP, mg/L 1.1 ± 0.9 * 4.2 ± 2.5 3.0 ± 2.6 0.9 ± 0.5 * 3.9 ± 3.3

WBC counts (×103/mL) 6.0 ± 1.4 6.3 ± 2.0 4.1 ± 1.3 # 6.3 ± 1.9 7.0 ± 2.9
RBC counts (×106/mL) 5.0 ± 0.7 * 4.6 ± 0.7 3.9 ± 0.6 # 4.5 ± 0.7 4.5 ± 0.7

Platelet counts (×103/mL) 217.6 ± 60.3 223.0 ± 67.1 221.3 ± 70.8 # 248.5 ± 131.9 235.9 ± 60.4
Biomarkers for oxidative stress

TBARS, µmol/L 12.9 ± 2.4 * 15.9 ± 8.5 13.0 ± 5.3 # - 16.2 ± 7.9
Thiols, µmol/L 1.1 ± 0.2 * 1.4 ± 0.4 1.2 ± 0.3 # - 1.1 ± 0.5 ¶

Platelet activation markers
CD40 (%) 0.4 ± 0.2 0.5 ± 0.3 0.6 ± 0.3 - 0.5 ± 0.3
CD63 (%) 1.7 ± 1.1 * 2.3 ± 1.1 2.1 ± 1.1 - 3.5 ± 2.3

CD62P (%) 1.0 ± 0.7 1.5 ± 1.1 0.9 ± 0.6 - 5.8 ± 4.9 ¶

Values are expressed in mean ± SD unless otherwise indicated. Abbreviations: IMT = intima media thickness;
CCA = common carotid artery. α = 13 cases died during the end-point of follow-up and only 23 cases enrolled
for analysis. β = Baseline data between NPC and control groups were compared by mean of independent-t test,
* = Indicated p < 0.05. γ = Before and after CCRT in NPC group were compared by paired t test. # = Indicated
p < 0.05; δ = Before CCRT and 9-year follow-up in the NPC group were compared by paired t test. ¶ = Indicated
p < 0.05; ζ = Baseline and 9-year follow-up in control group were compared by paired t test. § = Indicated
p < 0.05; Φ = Nine-years follow-up between NPC and control groups were compared by mean of independent-t
test, * = Indicates p < 0.05.
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Regarding the biochemical data, oxidative stress and platelet activation markers in the
NPC group before and after CCRT in the NPC group, WBC and RBC count, platelet counts,
HbA1c, thiol, and TBARS level were significantly lower in the NPC group (p < 0.05) after
CCRT (HbA1c, p = 0.01, WBC counts, p < 0.0001, RBC counts, p < 0.0001, platelet counts,
p < 0.0001, thiol, p < 0.0001, and TBARS, p = 0.043). However, serum HDL and LDL levels
were significantly higher in the NPC group after CCRT (HDL level, p = 0.01, and LDL level,
p = 0.03).

Regarding the inflammation and oxidative stress in NPC cases at baseline before CCRT,
the levels of hs-CRP, thiol, and TBARS were 4.4 ± 2.4, 1.6 ± 0.4, and 14.2 ± 3.8 in those
patients who survived while those data were 3.1 ± 1.8, 1.2 ± 0.4, and 15.2 ± 5.0 in those
patients who died (independent-t test, hs-CRP, p = 0.63, thiol p = 0.009, and TBARS p = 0.55).
The levels of hs-CRP, thiol, and TBARS were 4.4 ± 2.4, 1.6 ± 0.4 and 14.2 ± 3.8 before CCRT
and 1.0 ± 0.4, 1.3 ± 0.3 and 13.0 ± 5.1 after CCRT in those patients who survived (paired-t
test, hs-CRP, p = 0.08, thiol, p < 0.0001, and TBARS p = 0.47). The levels of hs-CRP, thiol
and TBARS were 3.1 ± 1.8, 1.2 ± 0.4 and 15.2 ± 5.0 before CCRT, and 0.7 ± 0.5, 0.8 ± 0.4
and 11.1 ± 3.0 after CCRT in those patients who died (paired-t test, hs-CRP, p = 0.5, thiol
p = 0.06, and TBARS p = 0.07).

The CD62P level was significantly higher while the thiol level was significantly lower
in NPC patients after a 9-year follow-up (CD62P level, p = 0.007; and thiol level, p = 0.004).
The fasting glucose was significantly higher while HDL was significantly lower in the
control group after a 9-year follow-up (fasting glucose, p < 0.0001, and HDL, p < 0.0001).
The biochemical data between NPC and control groups after a 9-year follow-up showed
that only hs-CRP is significantly higher in the NPC group (hs-CRP, p = 0.006).

4. Discussion
4.1. Major Findings of Our Study

To date only a few clinical researchers have assessed atherosclerotic changes including
carotid IMT and plaque in the vessel wall by using ECCS and quantifying software in
post-radiotherapy NPC patients [15–17]. To our knowledge, this is the first study to
assess the CCA IMT in patients with NPC before and immediately after CCRT as well as
follow-up for nearly one decade. Our study confirms the posited hypothesis that radiation-
related extracranial vasculopathy is a progressive process that begins immediately after
radiotherapy with significantly increased carotid IMT compared to the control group
during the 9-year follow-up. Regarding the dose–response relationship, we found the
relationship between IMT change and the mean radiation dose delivered did not show
statistical significance. Since all patients receive high radiation doses delivered to either
CCA, it is not surprising that the correlation analysis did not show statistical significance in
NPC patients. In contrast, the IMT change showed a significant increase as compared with
the control group. Although a causal link between chronic inflammation and oxidative
stress and radiation-related extracranial vasculopathy remains to be established, it might
serve to drive the pathogenesis of carotid IMT progression and plaque formation as well as
increased platelet activation.

4.2. Prevalence and Locations of Radiation-Related Vasculopathy

Most clinical studies have focused on the prevalence rate and locations of radiation-
related extracranial vasculopathy in NPC with a cross-sectional study with various follow-
up periods after radiotherapy [15,24–26], a discussion under the topic of head and neck
cancer [13,27], or the national health insurance database [3], systemic review and meta-
analysis [18]. The prevalence rate of radiation-related cerebral vasculopathy was found to
be from 17% to 93% in different studies [13,15,25–29].

Regarding the locations of radiation-related extracranial vasculopathy, its distribution
and the extent of arterial involvement may also be different according to the strategy
of radiotherapy (e.g., tumor locations and sizes, and staging of tumors). It can lead to
lengthy stenosis with the extension of diseased segments well beyond the common carotid
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bifurcation [30]. These studies showed that internal carotid arteries (ICA) were most com-
monly involved, followed by CCA, CCA/ICA, external carotid (ECA) and vertebral arteries
(VA) [25,26,31]. Although our previous study showed increased CCA IMT and presence of
plaque in 36.2% (38/105) with bilateral CCA (84%, 32/38) involvement predominant in
NPC patients [15], we only assessed carotid IMT progression and plaque formation in the
present study because of the small sample size.

4.3. The Role of Inflammation, Oxidative Stress and Platelet Activation in Patients with NPC

Oxidative stress and antioxidant capacity play a crucial role in the process of malignant
transformation [32]. On the other hand, growing evidence highlights the role that inflam-
mation and oxidative stress can also play by different metabolic pathways to eliminate
cancer cells [33]. Therefore, these biomarkers can be considered useful markers involved
in cancer diagnosis and outcome prediction [32,34]. In our study, there was a significantly
increased level of oxidative stress and antioxidant capacity at baseline in patients as com-
pared with healthy controls; both the antioxidants and oxidative stress levels tended to
decrease immediately after CCRT. In contrast, the antioxidant capacity remains low while
oxidative stress levels tend to be higher after a 9-year follow-up period in NPC patients.
Chronic inflammation is well-known to predispose to the development and progression
of cancer, sustained tissue damage, and tissue repair [35]. Our study demonstrated that
the hs-CRP level is higher than the healthy control, tended to decrease immediately after
CCRT, and sustained a higher level after a 9-year follow-up period in NPC patients. Platelet
activation plays an important role in the pathophysiology of ischemic stroke [36]; increased
platelet activation markers (e.g., CD62P, CD63, and CD40L) occurred in both the acute and
chronic phase after ischemic stroke [37,38]. Our previous study also showed that patients
with large-vessel cerebral infarction elicit higher platelet activation compared to small-
vessel infarction [36]. Therefore, platelet activation markers can serve as reliable markers
for increased risk of ischemic stroke in those patients with radiation-related extracranial
vasculopathy. The CD62P level in our study was significantly higher in NPC patients after
a 9-year follow-up (p = 0.007).

4.4. Risk of Cerebrovascular Events

Late effects on “bystander” organs (e.g., extracranial arteries) among survivors of
the NPC patients after radiotherapy have become increasingly prevalent, with secondary
increasing cerebrovascular events [12–14,39]. Several large epidemiological studies showed
an increased ischemic stroke or transient ischemic attack rate after irradiation for head
and neck cancer. Most of these studies were national database epidemiological studies [3],
and systematic review and meta-analyses [12,18], and had variable follow-up periods
with a cross-sectional study [13,15–17], or were a discussion under the topic of head and
neck cancer [13,27]. However, big data epidemiological studies cannot really assess the
discrepancy between radiation-related extracranial vasculopathy and symptomatic cerebral
infarction and reflect the real world of NPC survivorship. A multicenter, prospective,
hospital-based epidemiological study may provide accurate information about the effect of
the radiotherapy dose–response relationship on radiation-related extracranial vasculopathy
and clinical symptomatic stroke.

4.5. Management of Radiation-Related Extracranial Vasculopathy

Therapeutic guidelines for the prevention of cerebral infarction or transient ischemic
attack in extracranial carotid disease recommend optimal medical therapy, including an-
tiplatelet therapy, statin therapy, and risk factor modification [40], while interventional
approaches including carotid endarterectomy, carotid angioplasty, and stenting are rec-
ommended to those patients with symptomatic extracranial carotid stenosis (>70%) [18].
However, no clinical trial to date has adequately assessed the medical treatment options
in primary or secondary stroke prevention in this selected group of patients. The effect of
antiplatelet, anticoagulant, antihypertensive, or lipid-lowering therapy in limiting disease
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progression is therefore unclear and highlights the need for more clinical studies to develop
additional drugs.

4.6. Study Limitation

Our study had several limitations. First, several underlying diseases and vascular risk
factors (e.g., hypertension, DM and hyperlipidemia) and drugs (e.g., statins) could influence
the carotid IMT progression, and the annual increase in carotid IMT in each patient could
be different. Besides radiotherapy, the only patient who received carotid stenting for critical
carotid stenosis was a heavy smoker but without other common vascular risk factors
(e.g., hypertension, diabetes, and hyperlipidemia). Cigarette smoking is a well-known
vascular risk factor for atherosclerosis. Although one meta-analysis showed a nonlinear
dose–response relationship between the number of cigarettes smoked per day and the risk
of cardiovascular events [41], the other study showed smoking is associated with dose-
related increase of carotid IMT [42]. Second, radiation-related extracranial vasculopathy is a
progressive process. Although most of our patients received annual ECCS examination, the
timing of the carotid IMT increase in accelerated phases in those patients who had critical
stenosis remains undetermined. Third, this study proceeded and followed up ECCS in the
NPC group for nearly one decade. The healthy control group only received an annual ECCS
study but biomarkers for oxidative stress, antioxidative capacity, and platelet function
were only obtained at baseline. Finally, although chronic inflammation and oxidative stress
might be involved in the process, as well as increased platelet activation, a causal link
between chronic oxidative stress and radiation-related extracranial vasculopathy remains
to be established.

5. Conclusions

Based on our results, radiation-related extracranial vasculopathy is a progressive
process that begins immediately after radiotherapy with significantly increased carotid
IMT than the control group during the 9-year follow-up. Chronic inflammation and
oxidative stress might serve to drive the process and also contribute to increased platelet
activation. ECCS may be added in annual screenings in NPC patients to early detection
of radiation-related extracranial vasculopathy and also to assess the discrepancy between
radiation-related extracranial vasculopathy and symptomatic cerebral infarction. Although
no clinical trial to date has adequately assessed the medical treatment options in primary
or secondary prevention in radiation-related extracranial vasculopathy, optimal medical
therapy, including antiplatelet therapy, statin therapy, and risk factor modification could
be effective.

Author Contributions: Conceptualization, C.-H.L.; methodology, Y.-R.L. and C.-H.L.; formal analysis,
Y.-R.L. and C.-H.L.; investigation, Y.-R.L., T.-Y.T., F.-M.F., W.-C.C., D.-Y.H., C.-C.H., C.-Y.L., B.-C.C.,
C.-Y.C., T.-L.H. and C.-T.K.; resources, C.-H.L.; writing—original draft preparation, C.-H.L.; writing—
review and editing, C.-H.L.; supervision, C.-H.L.; project administration, C.-H.L.; funding acquisition,
C.-H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the Ministry of Science and Technology (Grants
NSC 99-2314-B-182A-065-MY2). The funders had no role in study design, data collection, and analysis,
decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Chang Gung Medical
Foundation (IRB 98-3911B).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.



Cancers 2022, 14, 1234 11 of 12

Acknowledgments: We are grateful to the patients and their families for participating in this study.
We also thank all of the clinicians, nurses, pathologists, and study coordinators for their contributions
to the work.

Conflicts of Interest: The authors declare that they have no competing interests.

References
1. Chang, E.T.; Adami, H.-O. The enigmatic epidemiology of nasopharyngeal carcinoma. Cancer Epidemiol. Prev. Biomark. 2006, 15,

1765–1777. [CrossRef]
2. Grégoire, V.; Lefebvre, J.-L.; Licitra, L.; Felip, E.; EHNS–ESMO–ESTRO Guidelines Working Group. Squamous cell carcinoma of

the head and neck: EHNS–ESMO–ESTRO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2010,
21, v184–v186. [CrossRef]

3. Chen, M.C.; Kuan, F.C.; Huang, S.F.; Lu, C.H.; Chen, P.T.; Huang, C.E.; Wang, T.Y.; Chen, C.C.; Lee, K.D. Accelerated Risk
of Premature Ischemic Stroke in 5-Year Survivors of Nasopharyngeal Carcinoma. Oncologist 2019, 24, e891–e897. [CrossRef]
[PubMed]

4. Robbins, M.; Zhao, W. Chronic oxidative stress and radiation-induced late normal tissue injury: A review. Int. J. Radiat. Biol. 2004,
80, 251–259. [CrossRef]

5. Nakashima, Y.; Raines, E.W.; Plump, A.S.; Breslow, J.L.; Ross, R. Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone
sites on the endothelium in the ApoE-deficient mouse. Arterioscler. Thromb. Vasc. Biol. 1998, 18, 842–851. [CrossRef]

6. Okada, Y.; Copeland, B.R.; Mori, E.; Tung, M.M.; Thomas, W.S.; del Zoppo, G.J. P-selectin and intercellular adhesion molecule-1
expression after focal brain ischemia and reperfusion. Stroke A J. Cereb. Circ. 1994, 25, 202–211. [CrossRef] [PubMed]

7. Chen, C.C.; Rosenbloom, C.L.; Anderson, D.C.; Manning, A.M. Selective inhibition of E-selectin, vascular cell adhesion molecule-
1, and intercellular adhesion molecule-1 expression by inhibitors of I kappa B-alpha phosphorylation. J. Immunol. 1995, 155,
3538–3545. [PubMed]

8. Minoguchi, K.; Yokoe, T.; Tazaki, T.; Minoguchi, H.; Tanaka, A.; Oda, N.; Okada, S.; Ohta, S.; Naito, H.; Adachi, M. Increased
carotid intima-media thickness and serum inflammatory markers in obstructive sleep apnea. Am. J. Respir. Crit. Care Med. 2005,
172, 625–630. [CrossRef] [PubMed]

9. Ciccone, M.M.; Scicchitano, P.; Zito, A.; Cortese, F.; Boninfante, B.; Falcone, V.A.; Quaranta, V.N.; Ventura, V.A.; Zucano, A.; Di
Serio, F.; et al. Correlation between inflammatory markers of atherosclerosis and carotid intima-media thickness in Obstructive
Sleep Apnea. Molecules 2014, 19, 1651–1662. [CrossRef] [PubMed]

10. Crossen, J.R.; Garwood, D.; Glatstein, E.; Neuwelt, E.A. Neurobehavioral sequelae of cranial irradiation in adults: A review of
radiation-induced encephalopathy. J. Clin. Oncol. 1994, 12, 627–642. [CrossRef]

11. Pourcelot, L.; Tranquart, F.; De, J.B.; Philippot, M.; Bonithon, M.; Salez, F. Ultrasound characterization and quantification of
carotid atherosclerosis lesions. Minerva Cardioangiol. 1999, 47, 15–24. [PubMed]

12. Plummer, C.; Henderson, R.D.; O’Sullivan, J.D.; Read, S.J. Ischemic stroke and transient ischemic attack after head and neck
radiotherapy: A review. Stroke A J. Cereb. Circ. 2011, 42, 2410–2418. [CrossRef]

13. Elerding, S.C.; Fernandez, R.N.; Grotta, J.C.; Lindberg, R.D.; Causay, L.C.; McMurtrey, M.J. Carotid artery disease following
external cervical irradiation. Ann. Surg. 1981, 194, 609–615. [CrossRef] [PubMed]

14. Dorresteijn, L.D.; Kappelle, A.C.; Boogerd, W.; Klokman, W.J.; Balm, A.J.; Keus, R.B.; van Leeuwen, F.E.; Bartelink, H. Increased
risk of ischemic stroke after radiotherapy on the neck in patients younger than 60 years. J. Clin. Oncol. 2002, 20, 282–288.
[CrossRef] [PubMed]

15. Huang, T.L.; Hsu, H.C.; Chen, H.C.; Lin, H.C.; Chien, C.Y.; Fang, F.M.; Huang, C.C.; Chang, H.W.; Chang, W.N.; Huang, C.R.
Long-term effects on carotid intima-media thickness after radiotherapy in patients with nasopharyngeal carcinoma. Radiat. Oncol.
2013, 8, 261. [CrossRef] [PubMed]

16. So, N.M.; Lam, W.W.; Chook, P.; Woo, K.S.; Liu, K.H.; Leung, S.F.; Wong, K.S.; Metreweli, C. Carotid intima-media thickness in
patients with head and neck irradiation for the treatment of nasopharyngeal carcinoma. Clin. Radiol. 2002, 57, 600–603. [CrossRef]
[PubMed]

17. Ye, J.; Rong, X.; Xiang, Y.; Xing, Y.; Tang, Y. A study of radiation-induced cerebral vascular injury in nasopharyngeal carcinoma
patients with radiation-induced temporal lobe necrosis. PLoS ONE 2012, 7, e42890. [CrossRef]

18. Fokkema, M.; den Hartog, A.G.; Bots, M.L.; van der Tweel, I.; Moll, F.L.; de Borst, G.J. Stenting versus surgery in patients with
carotid stenosis after previous cervical radiation therapy: Systematic review and meta-analysis. Stroke A J. Cereb. Circ. 2012, 43,
793–801. [CrossRef] [PubMed]

19. O’Leary, D.H.; Polak, J.F.; Kronmal, R.A.; Manolio, T.A.; Burke, G.L.; Wolfson, S.K., Jr. Carotid-artery intima and media thickness
as a risk factor for myocardial infarction and stroke in older adults. Cardiovascular Health Study Collaborative Research Group.
N. Engl. J. Med. 1999, 340, 14–22. [CrossRef]

20. O’Leary, D.H.; Polak, J.F. Intima-media thickness: A tool for atherosclerosis imaging and event prediction. Am. J. Cardiol. 2002, 90,
18L–21L. [CrossRef]

http://doi.org/10.1158/1055-9965.EPI-06-0353
http://doi.org/10.1093/annonc/mdq185
http://doi.org/10.1634/theoncologist.2018-0747
http://www.ncbi.nlm.nih.gov/pubmed/30898891
http://doi.org/10.1080/09553000410001692726
http://doi.org/10.1161/01.ATV.18.5.842
http://doi.org/10.1161/01.STR.25.1.202
http://www.ncbi.nlm.nih.gov/pubmed/7505494
http://www.ncbi.nlm.nih.gov/pubmed/7561050
http://doi.org/10.1164/rccm.200412-1652OC
http://www.ncbi.nlm.nih.gov/pubmed/16120716
http://doi.org/10.3390/molecules19021651
http://www.ncbi.nlm.nih.gov/pubmed/24481114
http://doi.org/10.1200/JCO.1994.12.3.627
http://www.ncbi.nlm.nih.gov/pubmed/10356937
http://doi.org/10.1161/STROKEAHA.111.615203
http://doi.org/10.1097/00000658-198111000-00009
http://www.ncbi.nlm.nih.gov/pubmed/7294930
http://doi.org/10.1200/JCO.2002.20.1.282
http://www.ncbi.nlm.nih.gov/pubmed/11773180
http://doi.org/10.1186/1748-717X-8-261
http://www.ncbi.nlm.nih.gov/pubmed/24196030
http://doi.org/10.1053/crad.2001.0746
http://www.ncbi.nlm.nih.gov/pubmed/12096858
http://doi.org/10.1371/journal.pone.0042890
http://doi.org/10.1161/STROKEAHA.111.633743
http://www.ncbi.nlm.nih.gov/pubmed/22207504
http://doi.org/10.1056/NEJM199901073400103
http://doi.org/10.1016/S0002-9149(02)02957-0


Cancers 2022, 14, 1234 12 of 12

21. Touboul, P.J.; Hennerici, M.G.; Meairs, S.; Adams, H.; Amarenco, P.; Bornstein, N.; Csiba, L.; Desvarieux, M.; Ebrahim, S.;
Hernandez Hernandez, R.; et al. Mannheim carotid intima-media thickness and plaque consensus (2004-2006-2011). An update
on behalf of the advisory board of the 3rd, 4th and 5th watching the risk symposia, at the 13th, 15th and 20th European Stroke
Conferences, Mannheim, Germany, 2004, Brussels, Belgium, 2006, and Hamburg, Germany, 2011. Cereb. Dis. 2012, 34, 290–296.
[CrossRef]

22. Lu, C.-H.; Lin, H.-C.; Huang, C.-C.; Lin, W.-C.; Chen, H.-L.; Chang, H.-W.; Friedman, M.; Chen, C.T.; Tsai, N.-W.; Wang, H.-C.
Increased circulating endothelial progenitor cells and anti-oxidant capacity in obstructive sleep apnea after surgical treatment.
Clin. Chim. Acta 2015, 448, 1–7. [CrossRef] [PubMed]

23. Schmitz, G.; Rothe, G.; Ruf, A.; Barlage, S.; Tschope, D.; Clemetson, K.J.; Goodall, A.H.; Michelson, A.D.; Nurden, A.T.; Shankey,
T.V. European Working Group on Clinical Cell Analysis: Consensus protocol for the flow cytometric characterisation of platelet
function. Thromb Haemost 1998, 79, 885–896. [CrossRef]

24. Liao, W.; Zhou, H.; Fan, S.; Zheng, Y.; Zhang, B.; Zhao, Z.; Xiao, S.; Bai, S.; Liu, J. Comparison of significant carotid stenosis for
nasopharyngeal carcinoma between intensity-modulated radiotherapy and conventional two-dimensional radiotherapy. Sci. Rep.
2018, 8, 1–7. [CrossRef] [PubMed]

25. Lam, W.W.m.; Yuen, H.y.; Wong, K.s.; Leung, S.f.; Liu, K.h.; Metreweli, C. Clinically underdetected asymptomatic and symptomatic
carotid stenosis as a late complication of radiotherapy in Chinese nasopharyngeal carcinoma patients. Head Neck J. Sci. Spec. Head
Neck 2001, 23, 780–784. [CrossRef] [PubMed]

26. Zhou, L.; Xing, P.; Chen, Y.; Xu, X.; Shen, J.; Lu, X. Carotid and vertebral artery stenosis evaluated by contrast-enhanced MR
angiography in nasopharyngeal carcinoma patients after radiotherapy: A prospective cohort study. Br. J. Radiol. 2015, 88,
20150175. [CrossRef]

27. Eisenberg, R.L.; Hedgcock, M.W.; Wara, W.M.; Jeffrey, R.B. Radiation-induced disease of the carotid artery. West. J. Med. 1978, 129,
500–503.

28. Lam, W.W.; Leung, S.F.; So, N.M.; Wong, K.S.; Liu, K.H.; Ku, P.K.; Yuen, H.Y.; Metreweli, C. Incidence of carotid stenosis in
nasopharyngeal carcinoma patients after radiotherapy. Cancer 2001, 92, 2357–2363. [CrossRef]

29. Lam, W.W.; Liu, K.H.; Leung, S.F.; Wong, K.S.; So, N.M.; Yuen, H.Y.; Metreweli, C. Sonographic characterisation of radiation-
induced carotid artery stenosis. Cereb. Dis. 2002, 13, 168–173. [CrossRef] [PubMed]

30. Murros, K.E.; Toole, J.F. The effect of radiation on carotid arteries: A review article. Arch. Neurol. 1989, 46, 449–455. [CrossRef]
[PubMed]

31. Huang, M.P.; Fang, H.Y.; Chen, C.Y.; Tan, T.Y.; Kuo, Y.L.; Hsieh, I.C.; Yip, H.K.; Wu, C.J. Long-term outcomes of carotid artery
stenting for radiation-associated stenosis. Biomed. J. 2013, 36, 144–149. [PubMed]

32. Crohns, M.; Liippo, K.; Erhola, M.; Kankaanranta, H.; Moilanen, E.; Alho, H.; Kellokumpu-Lehtinen, P. Concurrent decline of
several antioxidants and markers of oxidative stress during combination chemotherapy for small cell lung cancer. Clin. Biochem.
2009, 42, 1236–1245. [CrossRef] [PubMed]

33. Perillo, B.; Di Donato, M.; Pezone, A.; Di Zazzo, E.; Giovannelli, P.; Galasso, G.; Castoria, G.; Migliaccio, A. ROS in cancer therapy:
The bright side of the moon. Exp. Mol. Med. 2020, 52, 192–203. [CrossRef] [PubMed]

34. Shrivastava, A.; Mishra, S.P.; Pradhan, S.; Choudhary, S.; Singla, S.; Zahra, K.; Aggarwal, L.M. An assessment of serum oxidative
stress and antioxidant parameters in patients undergoing treatment for cervical cancer. Free Radic. Biol. Med. 2021, 167, 29–35.
[CrossRef] [PubMed]

35. Greten, F.R.; Grivennikov, S.I. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity 2019, 51, 27–41.
[CrossRef] [PubMed]

36. Tsai, N.W.; Chang, W.N.; Shaw, C.F.; Jan, C.R.; Chang, H.W.; Huang, C.R.; Chen, S.D.; Chuang, Y.C.; Lee, L.H.; Wang, H.C.; et al.
Levels and value of platelet activation markers in different subtypes of acute non-cardio-embolic ischemic stroke. Thromb Res.
2009, 124, 213–218. [CrossRef] [PubMed]

37. Cha, J.K.; Jeong, M.H.; Jang, J.Y.; Bae, H.R.; Lim, Y.J.; Kim, J.S.; Kim, S.H.; Kim, J.W. Serial measurement of surface expressions of
CD63, P-selectin and CD40 ligand on platelets in atherosclerotic ischemic stroke. A possible role of CD40 ligand on platelets in
atherosclerotic ischemic stroke. Cereb. Dis. 2003, 16, 376–382. [CrossRef] [PubMed]

38. Marquardt, L.; Ruf, A.; Mansmann, U.; Winter, R.; Schuler, M.; Buggle, F.; Mayer, H.; Grau, A.J. Course of platelet activation
markers after ischemic stroke. Stroke A J. Cereb. Circ. 2002, 33, 2570–2574. [CrossRef] [PubMed]

39. Smith, G.L.; Smith, B.D.; Buchholz, T.A.; Giordano, S.H.; Garden, A.S.; Woodward, W.A.; Krumholz, H.M.; Weber, R.S.; Ang,
K.-K.; Rosenthal, D.I. Cerebrovascular disease risk in older head and neck cancer patients after radiotherapy. J. Clin. Oncol. 2008,
26, 5119. [CrossRef] [PubMed]

40. Kernan, W.N.; Ovbiagele, B.; Black, H.R.; Bravata, D.M.; Chimowitz, M.I.; Ezekowitz, M.D.; Fang, M.C.; Fisher, M.; Furie, K.L.;
Heck, D.V. Guidelines for the prevention of stroke in patients with stroke and transient ischemic attack: A guideline for healthcare
professionals from the American Heart Association/American Stroke Association. Stroke A J. Cereb. Circ. 2014, 45, 2160–2236.
[CrossRef] [PubMed]

41. Law, M.R.; Wald, N.J. Environmental tobacco smoke and ischemic heart disease. Prog. Cardiovasc. Dis. 2003, 46, 31–38. [CrossRef]
42. Poredos, P.; Orehek, M.; Tratnik, E. Smoking is associated with dose-related increase of intima-media thickness and endothelial

dysfunction. Angiology 1999, 50, 201–208. [CrossRef] [PubMed]

http://doi.org/10.1159/000343145
http://doi.org/10.1016/j.cca.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26093341
http://doi.org/10.1055/s-0037-1615088
http://doi.org/10.1038/s41598-018-32398-y
http://www.ncbi.nlm.nih.gov/pubmed/30224668
http://doi.org/10.1002/hed.1111
http://www.ncbi.nlm.nih.gov/pubmed/11505489
http://doi.org/10.1259/bjr.20150175
http://doi.org/10.1002/1097-0142(20011101)92:9&lt;2357::AID-CNCR1583&gt;3.0.CO;2-K
http://doi.org/10.1159/000047771
http://www.ncbi.nlm.nih.gov/pubmed/11914533
http://doi.org/10.1001/archneur.1989.00520400109029
http://www.ncbi.nlm.nih.gov/pubmed/2650664
http://www.ncbi.nlm.nih.gov/pubmed/23806885
http://doi.org/10.1016/j.clinbiochem.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19445914
http://doi.org/10.1038/s12276-020-0384-2
http://www.ncbi.nlm.nih.gov/pubmed/32060354
http://doi.org/10.1016/j.freeradbiomed.2021.02.037
http://www.ncbi.nlm.nih.gov/pubmed/33705962
http://doi.org/10.1016/j.immuni.2019.06.025
http://www.ncbi.nlm.nih.gov/pubmed/31315034
http://doi.org/10.1016/j.thromres.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19233449
http://doi.org/10.1159/000072560
http://www.ncbi.nlm.nih.gov/pubmed/13130179
http://doi.org/10.1161/01.STR.0000034398.34938.20
http://www.ncbi.nlm.nih.gov/pubmed/12411644
http://doi.org/10.1200/JCO.2008.16.6546
http://www.ncbi.nlm.nih.gov/pubmed/18725647
http://doi.org/10.1161/STR.0000000000000024
http://www.ncbi.nlm.nih.gov/pubmed/24788967
http://doi.org/10.1016/S0033-0620(03)00078-1
http://doi.org/10.1177/000331979905000304
http://www.ncbi.nlm.nih.gov/pubmed/10088799

	Introduction 
	Materials and Methods 
	Study Design and Patient Selection 
	Diagnostic Criteria and Therapeutic Regimens 
	Clinical Assessment 
	Assessment of Atherosclerosis 
	Biochemical Analysis 
	Biomarkers for Oxidative Stress and Anti-Oxidative Capacity 
	Statistical Analysis 

	Results 
	Baseline Characteristics of the Study Patients 
	Serial Changes of Carotid IMT and Plaques between NPC and Control Groups 
	Assessment of the Relationship between the Radiation Dose and the CCA IMT Change 
	Serial Changes of Biochemical Data, Oxidative Stress, and Platelet Activation Markers between NPC and Control Groups 

	Discussion 
	Major Findings of Our Study 
	Prevalence and Locations of Radiation-Related Vasculopathy 
	The Role of Inflammation, Oxidative Stress and Platelet Activation in Patients with NPC 
	Risk of Cerebrovascular Events 
	Management of Radiation-Related Extracranial Vasculopathy 
	Study Limitation 

	Conclusions 
	References

