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Background: This study investigated the feasibility of using a computer-assisted method to evaluate and
differentiate the carotid plaque characteristics in radiation-induced and non-radiation-induced carotid
atherosclerosis.

Methods: This study included 107 post-radiotherapy (post-RT) nasopharyngeal carcinoma (NPC) patients
and 110 subjects with cardiovascular risk factors (CVRFs). Each participant had a carotid ultrasound
examination, and carotid plaques and carotid intima-media thickness (CIM'T) were evaluated with grey scale
ultrasound. The carotid plaque characteristics were evaluated for grey-scale median (GSM) and detailed
plaque texture analysis (DPTA) using specific computer software. In DPTA, five different intra-plaque
components were colour-coded according to different grey scale ranges. A multivariate linear regression
model was used to evaluate the correlation of risk factors and carotid plaque characteristics.

Results: Post-RT NPC patients have significantly higher CIMT (748+15.1 pm, P=0.001), more patients
had a plaque formation (80.4%, P<0.001) and more plaque locations (2.3+0.2, P<0.001) than CVRF subjects
(680.4£10.0 pm, 38.2% and 0.5+0.1 respectively). Among the five intra-plaque components, radiation-
induced carotid plaques had significantly larger area of calcification (4.8%+7.7%, P=0.012), but lesser area
of lipid (42.1%x16.9%, P=0.034) when compared to non-radiation-induced carotid plaques (3.0%=5.7%
and 46.3%+17.9% respectively). Age, radiation and number of CVRF were significantly associated with the
carotid atherosclerosis burden (P<0.001). Besides, age was significantly associated with the amount of lipid
and calcification within carotid plaques (P<0.001).

Conclusions: Radiation caused more severe carotid artery disease than CVRF with larger CIMT and
more prevalent of carotid plaque. Radiation-induced carotid plaques tended to have more intra-plaque
calcifications, whereas non-radiation-induced carotid plaques had more lipids. Ultrasound aided by

computer-assisted image analysis has potential for more accurate assessment of carotid atherosclerosis.
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Introduction

Nasopharyngeal carcinoma (NPC) is a common head and
neck cancer in Southeast Asia. In 2018, there were 129,079
new NPC cases globally, and 76.7% of the cases were in Asia,
of which 26.9% were in Southeast Asia (1). Nodal metastasis
is common in NPC patients, and about 60% to 85% of
the patients present neck lymph node metastasis (2). For
NPC, radiotherapy (RT) is the common treatment method
for both the primary tumour and metastatic neck lymph
nodes, and chemotherapy may be used in conjunction with
RT for patients in advanced stages of the disease (3). Since
extracranial carotid arteries are in close proximity to neck
lymph nodes, they are unavoidably irradiated during the RT
of neck lymph nodes (4,5).

Carotid atherosclerosis is a late post-RT complication
in patients who have received external irradiation to
the head and neck. As a chronic inflammatory disease,
subclinical vascular disease is identified by the increased
carotid intima-media thickness (CIMT) and the formation
of carotid atherosclerotic plaque (6-8). The development
of carotid atherosclerosis is a progressive process, and
therefore different characteristics of carotid plaques
represent different stages of atherosclerotic development.
It is generally believed that atherosclerosis is initiated
by endothelial dysfunction on the inner surface of artery
wall. The injured endothelium elicits the sub-endothelial
accumulation of cholesterol, namely oxidized low-density
lipoprotein (LDL) (9-11).

The composition of carotid plaque is largely
associated with the risk of stroke of patients. Advanced
atherosclerotic lesion forms a thrombus, which can
occlude the blood vessel. Rupture and erosion of carotid
plaque may form emboli in the circulation which lead
to stroke and cerebrovascular events. Therefore, carotid
atherosclerosis and the plaque formation increase the risk of
cerebrovascular diseases (8,10,12,13).

Clinically, ultrasound is a non-invasive imaging tool
and is commonly used to evaluate carotid artery disease
by examining various parameters including CIMT, carotid
arterial stiffness and carotid plaque score. Nevertheless, the
difference of radiation-induced and non-radiation-induced
carotid atherosclerosis was not comprehensively investigated.
Computer-aided assessment of carotid plaque characteristics
on ultrasound images is recently available (14,15). However,
there is no previous studies used this method to assess
radiation-induced and non-radiation-induced carotid plaques,
and compare their differences.
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In the present study, we aimed to evaluate the degree
of carotid atherosclerosis of NPC patients with previous
RT and subjects with cardiovascular risk factor (CVRF) by
evaluating their CIMT and carotid plaque formation using
ultrasonography. This study also investigated the differences
in carotid plaque characteristics in radiation-induced and
non-radiation-induced carotid atherosclerosis by using a
computer-assisted ultrasound assessment method.

Methods
Subject recruitment

Post-RT NPC patients treated with intensity-modulated
radiation therapy were recruited in the Department of
Clinical Oncology of Queen Mary Hospital during follow
up. The inclusion criteria of post-RT NPC patients were
Chinese NPC patients, 18 years old or above, a single
completed RT course for the primary tumour and neck
lymph nodes, and a post-RT duration of 4 years or more.
The exclusion criteria were a known history of leukopenia,
thrombocytopenia, severe hepatic or renal dysfunction,
an evidence for inflammatory or other malignant diseases,
and a known history of carotid atherosclerosis prior to RT,
previous carotid endarterectomy or stenting.

Subjects with CVRF were recruited by poster
advertisement in the Hong Kong Polytechnic University.
The inclusion criteria of CVRF subjects were Chinese,
older than 40 years, and at least having one CVRE,
including smoking (current smoker), diabetes mellitus
(DM), hypertension, hypercholesterolemia or coronary
heart disease. The criteria for identifying these CVRFs
were the same as described in our previous study (16). The
exclusion criteria were a known history of leukopenia,
thrombocytopenia, severe hepatic or renal dysfunction, an
evidence for inflammatory or other malignant diseases, and
a known history of carotid atherosclerosis and underwent
RT, carotid endarterectomy or stenting previously.

Study design and ultrasound examination

The Human Subject Ethics Subcommittee of the Hong
Kong Polytechnic University (HSEARS20160930001)
and the Institutional Review Board of the University of
Hong Kong/Hospital Authority Hong Kong West Cluster
approved this study (HA RE001F3). All participants
(recruited post-RT NPC patients and CVRF subjects) were
provided an information sheet with detailed information of
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the study and the rights of participants. Informed written
consent was obtained from all participants before the
commencement of the examinations.

All recruited participants had a carotid ultrasound
examination. All ultrasound examinations were performed
by a single dedicated ultrasound researcher with 5 years of
carotid ultrasound experience using the Esaote MyLab™
Twice eHD CrystaLine ultrasound unit in conjunction
with a 3-13 MHz linear transducer (Esaote, Genoa, Italy).
In order to ensure measurements were obtained with the
subjects at resting state, all subjects were allowed to rest for
at least 10 minutes before the ultrasound examination. In
the carotid ultrasound examination, the subject lay supine
on the examination couch with the shoulders and neck
supported by a pillow so that the neck was slightly extended
and the head turned away from the side under examination.
On each side of the neck, the CIMT was evaluated using
the automated quantification programs of the ultrasound
unit: radiofrequency-based quality intima-media thickness
(RF-QIMT).

For each subject, the presence or absence of carotid plaque
in the internal, external and common carotid arteries was
assessed. Carotid plaque was identified as focal arterial wall
thickening >50% of the adjacent intima-media layer (17). In
any cases that the carotid plaque was not clearly demonstrated
on grey scale ultrasound such as hypoechoic plaque, colour
Doppler ultrasound was used to demonstrate the vessel lumen
at the stenosis for identify the carotid plaque.

In the evaluation of grey-scale median (GSM) and
detailed plaque texture analysis (DPTA), archived digital
images were reviewed and analysed using image-processing
software Adobe Photoshop CS v.8.0 (Adobe, San Jose, CA,
United States) and Image Pro Plus v.6.0 (Media Cybernetics,
Rockville, MD, United States). For each carotid plaque, five
longitudinal sonograms which clearly demonstrating the
borders and internal echotexture of the plaque were selected
to evaluate the GSM and DPTA. Image normalization
was performed before the evaluations. With the use of the
histogram facility of the software, the grey scale value of
two reference areas (blood and adventitia) in the image
were adjusted to standardise the grey scale value of blood
as 0 and adventitia as 190. All the pixels of the image were
adjusted accordingly based on the standard linear scale, and
a normalized image was produced (18-20).

For the evaluation of GSM, the carotid plaque was
outlined manually on the normalized grey scale ultrasound
image using software Adobe Photoshop CS, v.8.0 (Adobe,
San Jose, CA, United States) using the function “Lasso
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Tool”. The software then calculated the median of the grey
scale value of pixels (i.e., GSM) within the region of interest
(ROI) and the GSM value was displayed in the Histogram
window.

For the DPTA, the software Image Pro Plus v.6.0 (Media
Cybernetics, Rockville, MD, United States) was used to
analyse the normalized grey scale ultrasound images. In the
image analysis, the different components of carotid plaque
were color-coded by the software based on the different grey
scale ranges as suggested by a previous literature (14,15):
yellow for blood (grey scale ranges, 0-9), orange for lipid
[10-31], red for muscle [32-74], light blue for fibrous
tissue [75-111] and dark blue for calcium [112-255]. On
ultrasound, the blood, lipid and muscle appeared hypoechoic,
while fibrous tissue and calcification were hyperechoic [75-
255] (15). Each carotid plaque component was evaluated
by three parameters, namely average pixel density, area
percentage and integrated optical density IOD). Average
pixel density (or intensity) indicated the mean value of pixel
densities of each component. Area percentage indicated the
percentage that the area of each component relative to the
area of the entire plaque. IOD indicated integration of pixel
density of each component, which was also equal to area x
average pixel density. Thus, it was an accumulative factor
account for both pixel density and area percentage of each
component.

Data analysis

Basic information of the subjects and plaque characteristics
were expressed as mean = SD or SEM for the continuous
data; counts and percentage were presented for categorical
data. Normal distribution of the data was evaluated by
Shapiro-Wilk test. The difference between post-RT
NPC group and CVRF group were evaluated using Mann
Whitney U test and Chi-square test for nonparametric
variables (number of CVRFs, plaque number per subject,
plaque formation, CIMT and GSM), and unpaired Student
t-test for parametric variables (age). Comparisons among
groups were evaluated by one-way ANOVA. The effects
of age, sex, number of CVRFs and exposure to radiation
on carotid plaque characteristics were analysed by multiple
linear regression models. The risk factors regarded as
candidate variables were age, sex, number of CVRFs and
radiation. We used multivariate linear regression model
to analyse the effects of different risk factors on plaque
characteristics (CIM'T| plaque formation, number of plaques
per subject, plaque components). All statistical analyses
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Parameters Post-RT NPC (n=107) CVRF (n=110) P value
Age, yrs 58.4+1.1 60.7+0.7 0.069
Sex (female/male), n 39/68 66/44 <0.001***
Chemotherapy 59 (65.1) - -
Post-RT duration 15+8.9 - -
Number of CVRF

0 57 (53.3) - -

1 31 (28.9) 58 (52.7) <0.001***

>2 19 (17.8) 52 (47.3) <0.001***
CVRF

Hypertension 40 (37.4) 74 (67.3) <0.001***

Hyperlipidaemia 17 (15.9) 69 (62.7) <0.001***

Diabetes 6 (5.6) 23 (20.9) <0.001***

Current smoking 6 (5.6) 9(8.2) 0.455

Heart disease 4 (3.7) - 0.041*

Values are expressed as mean = SD or n (%). *, P<0.05; ***, P<0.001. RT, radiotherapy; NPC, nasopharyngeal carcinoma; CVRF, cardio-

vascular risk factor.

were performed using SPSS 22 (IBM Corporation, Armonk,
NY, United States) and Prism 7.0 (GraphPad Software, San
Diego, CA, United States). P value <0.05 was considered to
be significant.

Results
Demographic information

From April 2017 to May 2018, a total of 111 post-RT NPC
patients and 110 CVRF subjects were recruited. Four post-
RT patients were excluded from the study because two of
them did not have comprehensive clinical information,
and two were unsatisfied to the inclusion criteria, because
the post-RT duration of one patient was less than 4 years,
and another patient was treated with stenting without
informing the researcher during the face-to-face interview.
Finally, 107 post-RT NPC patients and 110 CVRF subjects
were included in the study. The demographic and clinical
information of the post-RT NPC patients and CVRF
subjects are summarized in Table 1. There was no significant
difference in the age of the post-RT NPC patients and
CVRF subjects (58.4«1.1 vs. 60.7+0.7 respectively, P>0.05).
There were significantly more males among the post-RT
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NPC patients when compared to the CVRF group (68/107
vs. 44/110, P<0.001). Among the post-RT NPC patients,
57 of them (53.3%) had no CVRFs, 31 patients (28.9%)
had one CVRF and 19 patients (17.8%) had two or more
CVRFs.

In the CVRF group, 58 out of 110 subjects (52.7%)
had only one CVRF and the remaining subjects had at
least two CVRFs (47.3%). The most prevalent CVRF was
hypertension (n=74, 67.3%), followed by dyslipidemia
(n=69, 62.7%), diabetes (n=23, 20.9%) and current smoker
(n=9, 8.2%).

Carotid plaque assessment

Table 2 shows the comparison of the characteristics of
radiation-induced and non-radiation-induced carotid
atherosclerosis. Results showed that post-RT NPC patients
were more likely to have carotid plaques when compared to
the CVRF subjects (80.4% wvs. 38.2%, P<0.001). Regardless
of the presence or absence of CVRE, the mean number of
carotid plaques in post-RT NPC patients was significantly
higher than that in CVRF subjects (P<0.001). There was
no significant difference in the number of carotid plaques
between post-RT NPC patients with or without CVRF
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Figure 1 The comparison of CIMT between post-RT NPC and CVRF subjects. Longitudinal sonograms show CIMT of 1-cm segment
in 1 em proximal to the inferior end of the carotid bulb of a post-RT NPC patient (A) and of a CVREF subject (B). Noted the radiation-
induced CIMT is higher (A) than the non-radiation-induced one (B). CIMT, carotid intima-media thickness; RT, radiotherapy; NPC,

nasopharyngeal carcinoma; CVRE, cardiovascular risk factor.

Table 2 Comparison of the characteristics between radiation-induced and non-radiation-induced carotid atherosclerosis

Parameters Post-RT NPC (total) U/ (':V?frf'gJRNFT ¢ (I(I\zv:ir?zb-tRC-:rV,\Fl%PF? (Ill) CVRF pT p FE:)‘;T”%L
Number of SUbjeCt with 86 (804), N=107 _ - 42 (382), N=110 <0.001*** - -
plaque (%), N'
Plaque numbers per 03:02,N=107  2.6+0.3 N=50  2.00.2,N=57  05:0.1,N=110 <0.001"* <0.001"* I>III*",
subject, N 1> e
CIMT (pm), N 748.0+15.1 , N=107 74_0_4120_07 N=50 756.7123.0, N=57 680.4+1 0.0, 0.001*** 0.004** | > |||*,
N=110 1>
GSM of plaque, n 29.1+18.0, n=247 28.7+16.7, n=131 29.6+19.4,n=116 25.5+15.0, n=59 0.087 0.229 -

Values are mean = SEM. ', N = total number of subject in the corresponding analysis; n = total number of carotid plaque in the
corresponding analysis; P" = comparison between total post-RT NPC patients and CVRF subjects; P = multiple comparison among post-
RT NPC patients with CVRF, post-RT NPC patients without CVRF, and CVRF subjects. *, P<0.05; **, P<0.01; ***, P<0.001. RT, radiotherapy;

NPC, nasopharyngeal carcinoma; CVRF, cardiovascular risk factor; CIMT, carotid intima-media thickness; GSM, grey-scale median.

(P>0.05). Among the 247 carotid plaques in the post-RT
NPC patients, 7 (2.8%) were located in internal carotid
artery (ICA), 160 (64.8%) were in carotid bulb, and 80
(32.4%) were in common carotid artery (CCA). Among the
59 carotid plaques in the CVRF subjects, 3 (5.1%) were
found in ICA, 2 (3.4%) were in external carotid artery, 45
(76.3%) were in carotid bulb, and 9 (15.2%) in CCA.

CIMT assessment

As shown in the Figure I and Table 2, post-RT NPC patients
had significantly larger CIMT (748+15.1 pm) than CVRF
subjects (680.4+10 pm, P=0.001). Besides, both post-RT
NPC patients with CVRF (740.4£20 pm) and those without
CVRF (756.7+23 pm) had significantly larger CIMT than
subjects in CVRF group (680.4£10 pm, P=0.004). However,
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the difference in the CIMT between post-RT NPC patients
with CVRF and those without CVRF was not statistically
significant (P>0.05).

GSM assessment

Results showed that there was no significant difference
in the GSM of carotid plaque in post-RT NPC patients
and CVRF subjects (P=0.087), nor among post-RT NPC
patients with or without CVRF and CVRF subjects
(P=0.229) (Tuble 2).

Carotid plaque component assessment

Tables 3,4 show the DPTA results in terms of the presence
of different components within the carotid plaque of post-
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Table 3 Comparison of the presence of different components within the carotid plaques in post-RT NPC patients and CVRF subjects

Number of carotid plaques (%)

Components P value'
Post-RT NPC (n=247) CVRF (n=59)

Blood 229 (92.7) 55 (93.2) 0.885

Lipid 246 (99.6) 59 (100.0) 0.625

Muscle 247 (100.0) 59 (100.0) >1.000

Fibrous tissue 231 (93.5) 52 (88.1) 0.159

Calcification 182 (73.7) 34 (57.6) 0.015*

T, P value = difference between post-RT NPC patients and CVRF subjects. *, P<0.05. RT, radiotherapy; NPC, nasopharyngeal carcinoma;

CVRF, cardiovascular risk factor.

Table 4 Comparison of the presence of different components within the carotid plaques among post-RT NPC patients (with or without CVRF)

and CVRF subjects
Number of plaques (%)

Components P value'

Post-RT NPC with CVRF (n=131) Post-RT NPC without CVRF (n=116) CVRF (n=59)
Blood 112 (93.1) 107 (81.7) 55 (93.2) 0.955
Lipid 131 (100.0) 115 (99.1) 59 (100.0) 0.379
Muscle 131 (100.0) 116 (100.0) 59 (100.0) -
Fibrous tissue 123 (93.9) 108 (93.1) 52 (88.1) 0.360
Calcification 99 (75.6) 83 (71.6) 34 (57.6) 0.041*

', P value = difference in post-RT NPC patients (with/without CVRF) and CVRF subjects. *, P<0.05. RT, radiotherapy; NPC, nasopharyngeal

carcinoma; CVREF, cardiovascular risk factor.

RT NPC patients and CVRF subjects. Results showed
that carotid plaques in post-RT NPC patients, regardless
the patients had CVRF or not, were more often to have
calcification (total, 73.7%; with CVRE, 75.6%; without
CVRE, 71.6%) when compared to carotid plaques in CVRF
subjects (57.6%), and the differences were statistically
significant (P=0.015, P=0.041, respectively). By contrast,
no significant differences were observed in the other four
plaque components (blood, lipid, muscle and fibrous tissue)
among the study groups (P>0.05).

Carotid plaque components were further evaluated for
average pixel density, area percentage and 10D. Table 5
shows the differences of these plaque component parameters
between post-RT NPC patients and CVRF subjects. Table 6
compares the plaque component parameters among the post-
RT NPC patients with or without CVRF and CVRF subjects.
There was no significant difference in the average pixel
density of the five plaque components between post-RT NPC
and CVRF groups (P>0.05).

For the area percentage of different components within
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carotid plaque, CVRF subjects had significantly larger area
of lipid (46.3%=17.9%) than all the post-RT NPC patients
(42.1%£16.9%, P=0.034, 1able 5, Figure 2) and post-RT
NPC padents with CVRF (40.5%=16.1%; P=0.020, Table 6).
Conversely, carotid plaques in CVREF subjects had significantly
lesser calcification (3.0%+5.7%) than post-RT NPC patients
(4.8%=7.7%, P=0.012, Table 5, Figure 2) and post-RT NPC
patients with CVRF (4.4%6.6%, P=0.030, Table 6). No
significant differences were found between post-RT NPC
patients and CVRF subjects in the area percentage of blood,
muscle and fibrous tissue within carotid plaque (P>0.05).

For the IOD of carotid plaque components, the
aggregate post-RT NPC patients had a significantly higher
value than CVREF subjects in both muscle (3,086.0+3,121.0
and 2,392.0£1,911.0 respectively, P=0.043) and calcification
(4,073.0+6,667.0 and 2,675.0+6,615.0 respectively,
P=0.007) (Table 5). Carotid plaques in post-RT NPC
patients with CVRF had significant higher IOD of muscle
(3,416.0£3,106.0) when compared to those in post-RT
NPC patients without CVRF (2,712+3,108) and CVRF
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Table 5 Difference of carotid plaque component parameters between post-RT NPC patients and CVREF subjects

Parameters Post-RT NPC (n=247) CVRF (n=59) P value'
Average pixel density
Blood 7.5+£2.9 7.3+1.0 0.316
Lipid 22.1+3.7 21.4+4.5 0.432
Muscle 44.6+6.4 43.2+6.4 0.072
Fibrous tissue 86.6+4.1 86.5+4.7 0.973
Calcification 129.5+11.8 130.2+13.36 0.851
Area percentage (%)
Blood 14.8+14.1 15.0+13.4 0.720
Lipid 42.1+16.9 46.3+17.9 0.034*
Muscle 31.0+13.4 29.2+15.3 0.249
Fibrous tissue 7.4+7.6 6.6+8.3 0.176
Calcification 4.8+7.7 3.0+5.7 0.012*
10D
Blood 224.4+938.0 143.3+197.4 0.802
Lipid 1,986.0+2,157.0 2,056.0+1,967.0 0.498
Muscle 3,086.0+3,121.0 2,392.0+1,911.0 0.043*
Fibrous tissue 1,147.0+1,112.0 1,090.0+1,181.0 0.278
Calcification 4,073.0+6,667.0 2,675.0+6,615.0 0.007*

Values are presented as mean + SD. ', P value = difference between total post-RT NPC patients and CVRF subjects. *, P<0.05; **, P<0.01.
RT, radiotherapy; NPC, nasopharyngeal carcinoma; CVRF, cardiovascular risk factor; IOD, integrated optical density.

subjects (2,392.0+1,911.0) (P=0.004) (1uble 6). Additionally,
carotid plaques in post-RT NPC patients with CVRF had
significant higher IOD of calcification (3,767.0+5,593.0)
when compared to carotid plaques in CVRF subjects

(2,675.0£6,615.0) (P=0.018) (Tuble 6).

Association of carotid atherosclerosis parameters and
various visk factors in post-RT NPC

Carotid atherosclerosis parameters that showed significant
difference between post-RT NPC patients and CVRF
subjects in the previous analyses were further evaluated
for their associations with different risk factors. Tuble
7 summarises the effects of various risk factors on
atherosclerosis related parameters in post-RT NPC
patients. The patients were divided into three subgroups:
(I) without CVRE, (Il) with one CVRF, and (III) with more
than one CVRFs. After adjustment of age and sex, results
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showed that age and radiation had significantly impact on
the CIMT, the plaque formation and number of carotid
plaque (P<0.001). The number of CVRF was significantly
associated with CIMT and number of carotid plaque
(P<0.05). The elder subjects tended to have a higher CIM'T
[r=0.36; 95% CI: (0.23 to 0.47)] and larger number of
plaques [r=0.25; 95% CI: (0.12 to 0.37)].

Among the risk factors studied, age played a significant
role in the area percentage of lipid and calcification within
a plaque (P<0.001, Table 8). Results show that advancing
age of patient decrease the area percentage of intra-plaque
lipid [r=-0.27; 95% CI: (-0.43 to -0.10)], but increases
the area percentage of calcification within carotid plaque
[r=—0.29; 95% CI: (0.12 to 0.44)]. Additionally, radiation
has significant influence on the IOD of intra-plaque muscle
component (P=0.046) in a positive correlation pattern
(r=0.116). However, results indicated that none of the risk
factors played statistically significant role on the IOD of
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Table 6 Differences of carotid plaque component parameters among post-RT NPC patients (with or without CVRF) and CVREF subjects

Post-RT NPC

Parameters
(I) With CVRFs (n=131)

(Il CVRF (n=59) P value' Dunnett post-hoc

(Il) Without CVRFs (n=116)

Average pixel density

Blood 7.8+£3.9 7.2+0.8 7.3+1.0 0.160 -
Lipid 22.3+4.0 21.9+3.5 21.4+4.5 0.259 -
Muscle 44.8+6.5 44.4+6.4 43.2+6.4 0.167 -
Fibrous tissue 86.6+3.8 86.5+4.4 86.5+4.7 0.994 -
Calcification 128.3+10.6 131.0+13.0 130.2+13.36 0.432 -
Area percentage (%)
Blood 15.9+15.2 13.6+12.8 15.0+13.4 0.640 -
Lipid 40.5+16.1 43.8+17.8 46.3+17.9 0.020* <
Muscle 31.3+13.5 30.6+13.4 29.2+15.3 0.460 -
Fibrous tissue 7.8+8.1 6.9+7.1 6.6+8.3 0.220 -
Calcification 4.4+6.6 5.1+8.8 3.0+5.7 0.030* 1>~
10D
Blood 313.2+1,276.0 124.1+148.1 143.3+197.4 0.194 -
Lipid 1,503.0+1,097.0 1,581.0+1,171.0 2,056.0+1,967.0 0.966 -
Muscle 3,416.0+£3,106.0 2,712.0+3,108.0 2,392.0+1,911.0 0.004** > 1% 1> 1+
Fibrous tissue 1,299.0+1,334.0 975.3+760.0 1,090.0+1,181.0 0.065 -
Calcification 3,767.0+5,593.0 4,419.0+7,714.0 2,675.0+6,615.0 0.018* 1> *

Values are presented as mean + SD. ', P value = difference among post-RT NPC patients with/without CVRF vs. CVRF subjects. *, P<0.05;
**, P<0.01. RT, radiotherapy; NPC, nasopharyngeal carcinoma; CVRF, cardiovascular risk factor; 10D, integrated optical density.

calcification (Tuble §).

Discussion

In this study, we investigated the difference in CIMT and
carotid plaque components in post-RT NPC patients
and CVRF subjects respectively. For unveiling the plaque
components characteristics, we used computer-assisted
methods to evaluate the plaque GSM (21) and perform
DPTA (14). Besides, we also investigated the effects of
common risk factors on plaque constituents. The major
findings of the present study are as follows: (I) radiation leads
to higher CIMT and likelihood to develop carotid plaques;
(II) there is no significant difference in the GSM between
radiation-induced and non-radiation-induced carotid plaques;
(IIT) DPTA results indicated that radiation-induced carotid
plaques tend to have more calcification, while non-radiation-
induced carotid plaques have more lipid contents, and thus

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

are more unstable; (IV) the plaque components are affected
by the age of patient and exposure to radiation.

Carotid intima-media thickness

In this study, we examined CIMT at the far wall of CCA
and with the ultrasound beam perpendicular to the CCA.
This scanning method allowed accurate measurement and
had high measurement reliability (22-24).

The difference in radiation-induced atherosclerosis and
spontaneous atherosclerosis was rarely studied. A previous
study reported that there was no significantly difference
in CIMT between post-RT NPC patients and diabetes
patients (P.,=0.732) (13). The study also found that the
males and elderly tended to have higher CIMT (13).
However, our study showed that post-RT NPC patients,
regardless of the presence of CVRE, had a higher CIMT
than CVRF subjects. This result was consistent with the
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Figure 2 Grey scale ultrasound and DPTA of carotid plaque. Longitudinal sonograms show carotid plaques (large arrows) in the carotid
bifurcation of a post-RT NPC patient (A) and in the CCA of a CVRF subject (B). In image (A), note the intra-plaque calcification that

appears hyperechoic (small arrow) with acoustic shadowing (arrowhead). Images (C,D) show the detailed plaque texture analysis of the

two carotid plaques. Noted the radiation-induced carotid plaque has more calcification (C) than the non-radiation-induced carotid plaque

(D). DPTA, detailed plaque texture analysis; RT, radiotherapy; NPC, nasopharyngeal carcinoma; CCA, common carotid artery; CVRE,

cardiovascular risk factor.

existed studies that found the increased CIMT as an early
alteration after irradiation, when compared to the carotid
artery without irradiation (25,26). However, with respect
to the comparison of radiation-induced atherosclerosis and
spontaneous atherosclerosis, this finding was inconsistent
with the results of the previous study. The discrepancy
of the two studies may mainly arise from different study
subjects. Previous study demonstrated the comparison
of CIMT between post-RT patients (>4 yrs) and type-2
diabetics, while our study compared CIMT value of post-
RT patients (>4 yrs) and subjects commonly with multiple
CVRFs. More CVRFs exerted cumulative stress on vessel
wall, and thus led to a greater CIMT.

Moreover, in post-RT patients, CIMT was noted to have
significant association with previous history of radiation
therapy, patient’s age, and number of CVRF by present
study. The CIMT increased with the previous irradiation,
advancing age and more CVRFs. Result of the present

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

study was consistent with previous studies which found that
radiation, patient’s age and the presence of CVRF played an
important role in carotid artery wall thickening (27-31).
The radiation-induced carotid artery wall thickening
could be explained from two aspects. The first one is
the direct injury to endothelium, resulting in a series
of biological responses of endothelial cells to ionizing
radiation. In patients with previous irradiation, CIMT
was the manifestation of endothelial impairment caused
by ionizing radiation. Exposure to the ionizing radiation
caused double strands DNA damage of endothelial cells.
When the rate of DNA repair was not high enough to
suppress the damage, the accumulated injury induced the
expression of adhesion molecules, and thereby promoted
the atherosclerosis by facilitating the circulating immune
cells anchoring on the endothelium. This eventually
resulted in the advanced atherosclerosis through
inflammation, cell apoptosis, proliferation and fibrosis
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Table 7 Effects of various risk factors on plaque characteristics by multivariate analysis, with the adjustment of age and sex
CIMT Plaque formaXtion Number of plaque per subject Overall P

Risk factors

Partial n°[df,, df,] F P Partial n° [df,, df,] F P Partial n’ [df,, df,)] F P value
Age 0.181[1,210] 46.510 <0.001** 0.136[1,210] 13.442 <0.001*** 0.060[1,210] 33.090 <0.001*** <0.001***
Sex 0.008 [1,210] 1.717 0.192 0.004 [1,210] 0.935 0.335 0.006 [1,210]  1.341 0.248 0.346
Number of CVRF 0.029 [2,210] 3.018 0.048*  0.006 [2,210] 0.638 0.529 0.024 [2,210] 2.616 0.075 0.025*
Radiation 0.052 [1,210] 11.423 0.001**  0.143[1,210] 35.055 <0.001*** 0.260[1,210] 73.967 <0.001*** <0.001***

Number of CVRFs were grouped by subjects without CVRF, with one CVRF or at least two CVRFs. *, P<0.05; **, P<0.01; ***, P<0.001.
CIMT, carotid intima-media thickness; CVRF, cardiovascular risk factor.

Table 8 Effects of various risk factors on plaque components characteristics by multivariate analysis

Area percentage-lipid Area percentage-calcification IOD-muscle I0OD-calcification
Risk factors
Partialn> F P Partial n° F P Partial 1 F P  Partialy? F P
Age 0.063 20.121 <0.001**  0.056 17.802 <0.001*** 0.002 0.625 0.430 0.011 3.448 0.064
Sex 0.001  0.156 0.694 0.003 0.875 0.350 0.004 1280 0.259 0.006 1.728 0.190
Number of CVRF  0.006  0.855 0.426 0.005 0.717 0.489 0.014 2109 0.123 0.013 1.955 0.143
Radiation 0.012  3.699 0.055 0.002 0.750 0.387 0.013 4.012 0.046* 0.001 0.383 0.536

Number of CVRFs were grouped by subjects without CVRF, with one CVRF or > two CVRFs. *, P<0.05; ***, P<0.001. CVREF, cardiovascular

risk factor.

in the artery wall (13,32). Subsequently, the intima was
thickened because of the deposition of lipids, and the
accumulation of macrophages, smooth muscle cells and
extracellular matrix. The second one is the impairment
of vasa vasorum caused by radiation. Vasa vasorum was
microvascular network and vulnerable to radiation. Elevated
vascular oxidative stress due to diabetes and hypertension
induced posttranslational oxidative modification of proteins,
resulting cellular damage and vascular dysfunction,
which initiated the early atherosclerosis. CVRF (such
as hypertension) could also cause the hypertrophy and
hyperplasia of SMC, as well as increase density of collagen
and elastin in media of an artery (33). These events
eventually resulted in a thickening of CIMT.

Carotid plaque formation

Given that plaque formation is a consequence of carotid
atherosclerosis, the presence of carotid plaque was a
useful indicator to monitor the progression of carotid
atherosclerosis and predict cerebrovascular disease. Some
studies found post-RT head and neck cancer patients were
more likely to suffer from stroke/transient ischemic attack

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(TIA) (34-36). In a mean of 9.5 years follow-up study,
with 6,700 participates and >500 cardiovascular disease
events, carotid plaque formation was found to be a strong
predictor of stroke/TTA in asymptomatic subjects (P=0.045),
compared with coronary artery calcium (P=0.438) and high
CIMT (P=0.160) (37). Therefore, the combined assessments
of CIMT and carotid plaque might provide more
comprehensive assessment of radiation-induced carotid
atherosclerosis for early detection of carotid atherosclerosis
and better predicting the future cerebrovascular disease.

In this study, result showed that more carotid plaques were
formed in radiation-induced carotid atherosclerosis when
compared to non-radiation-induced carotid atherosclerosis,
and the number of carotid plaques in post-RT NPC patients
increased with advancing age. Besides, radiation-induced
carotid atherosclerosis, regardless of the presence of CVRFs,
had a higher carotid plaque formation than non-radiation-
induced carotid atherosclerosis. The finding was consistent
with that of previous study, which found that post-RT NPC
patients had more carotid plaques than the health, and higher
plaque burden than DM patients (13).

Although the pathogenesis of radiation-induced carotid
plaque has not been fully revealed, the carotid plaque
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formation caused by radiation was a consequence of
the combination of direct vascular injury, inflammatory
and accelerated atherosclerosis (25,38,39). Endothelial
dysfunction was the primary response to radiation eliciting
direct injury on vascular. Endothelium barrier was
destructed and permitted oxidative-LDL accumulation in
the sub-endothelial space, as well as migration of circulating
lymphocytes and monocytes to intima. Monocytes derived
to macrophages scavenging lipids and formed foam cells.
Meanwhile, SMCs migrated to intima and proliferated in
media, which caused by platelet-derived growth factor and
basic fibroblast growth factor released by platelets. The
accumulation of lymphocytes, macrophages, foam cells and
SMC:s formed an early lesion of carotid artery (40).

Accelerated atherosclerosis was promoted by
inflammation and endothelial-to-mesenchymal transition.

Thus, to assess carotid plaque vulnerability, GSM is more
commonly used in conjunction with other parameters such
as degree of carotid artery stenosis and CIMT (28,41-43).
A previous study demonstrated that there was no significant
difference in GSM between radiation-induced and non-
radiation-induced carotid plaques (28). Result of the present
study was consistent with the previous study. We found that
the GSM of radiation-induced and non-radiation-induced
carotid plaques were not significantly different. To further
evaluate the difference of these two types of carotid plaque
in detail, a DPTA of carotid plaques was conducted in the
present study.

Numerous studies have reported the application of
different medical imaging techniques in carotid plaque
component analysis. Magnetic resonance imaging (MRI)
is a robust imaging tool for soft tissue examination
and has been used for the evaluation of carotid plaque
composition (44-46). Intravascular ultrasound (IVUS)
elastography (47,48) and acoustic radiation force impulse
(ARFI) elastography ultrasound (49,50) can be used to
estimate the carotid plaque stiffness and assess the plaque
composition. Multi-detector computed tomography
angiography (CTA) can assess carotid plaque complicated
with intraplaque haemorrhage with high sensitivity (100%)
and inter-observer reliability (64.7%) (51). Meanwhile,
some drawbacks should be aware when using these imaging
modalities for carotid plaque assessment. MRI is not
suitable for patients with metal implants or pacemakers.
MRI examination is costly and time-consuming. IVUS
is an invasive procedure and the clinical value of ARFI
elastography for investigation of carotid plaque composition
is uncertain due to the unavailability of comprehensive
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study. CTA cannot distinguish intra-plaque haemorrhage
and lipids, and the examination involves ionizing radiation
and administration of iodinated contrast agent which is not
suitable for patients with deteriorated renal function (52).

In the DPTA of carotid plaques in the present study,
there were more radiation-induced plaques contained
calcification than non-radiation-induced plaques. Radiation-
induced carotid plaque tended to be more hyperechoic. The
results are consistent with a previous study which found that
calcified carotid plaques were common in post-RT head and
neck cancer patients (26).

The causes of radiation-induced atherosclerosis with
more calcification in carotid plaques may be resulted from
the serial responses of mesenchymal stem cells (MSCs) after
ionizing radiation. Under the process of atherosclerosis, the
existed osteo-like cells could induce MSC differentiation,
and the MSCs would differentiate into calcified vascular
smooth muscle cells, which facilitate the progress of
vascular calcification (53). Although the conditioned medium
of MSCs (medium harvest from cultured MSCs) plays
the protective role by anti-inflammation, anti-apoptosis,
regulating the Wnt signal in a negative way and inhibiting
the combination of BMP2 signal, the excessive oxidative
stress could still trigger the amplified atherosclerosis
responses. Moreover, previous studies found the progression
of radiation-induced carotid atherosclerosis was involved in
caspase-mediated apoptosis (54,55) and excessive production
of reactive oxidative species (ROS) (54,56,57). Results of
these previous studies demonstrated that lipid peroxidation
was more likely to be triggered in the radiation-induced
atherosclerotic lesion with abundant of ROS. Therefore,
lipids peroxidation may account for the lesser lipid
deposition within the plaques in radiation-induced carotid
atherosclerosis.

Limitations

The sample size of the two patient/subject group was small,
further studies with a larger sample size are suggested. In the
study, we only used one image analysis method, i.e., DPTA,
to evaluate the plaque texture. However, newer image analysis
methods for carotid plaque texture evaluation and new plaque
texture features for predicting risk of stroke are available (58,59).

Conclusions

Radiation caused more severe carotid artery disease than
CVRF with larger CIMT and more prevalent of carotid
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plaque. The presence or absence of CVRF in post-RT
NPC patients might not affect the degree of carotid
atherosclerosis. Radiation-induced carotid plaques tended
to have more intra-plaque calcifications, whereas non-
radiation-induced carotid plaques seemed to have more
lipids. Ultrasound aided by computer-assisted image
analysis has potential for more accurate assessment of
carotid atherosclerosis.
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