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Purpose: To investigate the relationship between calcification characteristics of carotid
atherosclerotic plaque and lipid rich necrotic core (LRNC) and intraplaque hemorrhage
(IPH).

Methods: Patients with severe carotid stenosis undergoing carotid endarterectomy (CEA)
were selected. Ultrasound and CT angiography (CTA) were performed to evaluate the
calcification characteristics of the plaque before the surgery.

Results: A total of 142 patients were included and 142 pathological specimens of post-
operative plaque were obtained accordingly. There were 78 plaques (54.9%) with LRNC and
41 (28.9%) with IPH. The plaque with LRNC had higher calcification rate (93.6%) compared
with the plaque with IPH (87.8%). LRNC was often found in multiple calcification (P =
0.003) and mixed type calcification (P = 0.001). Multiple calcification was more likely to
combine with IPH (P = 0.008), while simple basal calcification was not likely to combine
IPH (P = 0.002). Smaller granular calcification was more likely to be associated with IPH (P
< 0.05). In multivariate regression analysis of IPH and calcification characteristics, simple
basal calcification was still a protective factor for IPH (OR, 0.25; 95% CI, 0.09-0.66; P =
0.005), while multiple calcification was closely related to the occurrence of IPH (OR, 3.58;
95% CI, 1.49-8.61; P = 0.004).

Conclusion: Calcification characteristics of carotid atherosclerotic plaques are closely
related to the vulnerability of plaques, especially multiple calcification and mixed type
calcification.
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Introduction

Carotid atherosclerotic plaque is the main risk factor of ischemic cerebrovascular
disease." The mechanisms of ischemic stroke induced by carotid atherosclerotic
plaque are as follows: 1) severe carotid stenosis leads to distal hypoperfusion; 2) the
thrombus shedding caused by plaque rupture causes artery blockage, which leads to
the decrease of blood perfusion in the distal artery; 3) thrombosis secondary to plaque
ulceration; 4) the volume of the plaque increases and the vascular lumen is occluded
suddenly.” Most previous studies have focused on the relationship between vascular
stenosis and ischemic stroke. With the deepening of the study, it is found that cerebral
infarction caused by carotid artery stenosis due to ischemia or hypoperfusion only
accounts for a small part of clinical events, and most of them are vulnerable plaques
(VP) rupture, secondary thrombosis and embolism, which lead to the occurrence of
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stroke.** Therefore, early identification of VP is very impor-
tant to prevent ischemic cerebrovascular disease.

Plaque morphology components indicating plaque vulner-
ability are a thin or disrupted fibrous cap, a large lipid-rich
necrotic core (LRNC), neovascular growth and intraplaque
haemorrhage (IPH),>* whereas calcification is considered as
a component of plaque stability.” Many studies have also
shown that the intraplaque IPH and LRNC are important
predictors of plaque vulnerability, which will greatly increase
the risk of stroke.*'® However, the effect of other plaque
components, especially calcification, on plaque vulnerability
is still controversial. It has been reported that calcification is
a “protective” factor of VP, which can stabilize plaque and
greatly reduce the risk of stroke.'""'? In recent years, with the
deepening of research and the progress of detection methods of
calcified plaque, the results show that with the increase of the
amount of calcification in the plaque, the probability of intra
plaque hemorrhage may also increase, and some calcification
or large volume calcification are more likely to be complicated
with intra plaque hemorrhage, which is easy to cause plaque
rupture.’>™'> Tt has been shown that the stability of plaque
cannot be evaluated simply based on the presence or absence
of calcification, but more detailed observation of calcification
features, such as calcification location, calcification type or
calcification volume, etc., which will play a more important
role in promoting the assessment of plaque vulnerability.”'®
Therefore, we should pay more attention to the composition of
plaque, which may provide necessary information for the pre-
vention and management of cerebrovascular diseases.

Computed tomographic angiography (CTA) provides
valuable information not only about luminal stenosis but
also about plaque characteristics.'” Therefore, in current
study, LRNC and IPH of the carotid atherosclerotic plaque
evaluated by histopathological examination and calcifica-
tion characteristics using CTA and ultrasound were com-
pared and influence of calcification characteristics on
plaque vulnerability was investigated.

Materials and Methods

Patients

This is a retrospective study. From February 2016 to
December 2016, the patients diagnosed with severe carotid
stenosis, hospitalized in the Department of Vascular surgery
or Neurosurgery of our hospital were continuously included.
Inclusion criteria: All patients were diagnosed with severe
carotid stenosis by color Doppler ultrasound (CDU).
Computed tomography angiography (CTA) or digital

subtraction angiography (DSA) was used to confirm the
diagnosis of severe carotid stenosis. Carotid endarterectomy
(CEA) was further performed in these patients. Culprit plaque
of all patients was evaluated by CTA and ultrasonography
within 48 hours before surgery. The exclusion criteria were:
Patients have received carotid artery surgery or other special
treatment, such as carotid artery stent implantation, carotid
endarterectomy, long-term neck radiotherapy, etc. Patients
with severe calcification or calcification accompanied by
wide sound shadow cannot be evaluated. This study was
approved by the Ethics Committee of the Xuanwu Hospital,
Capital Medical University, Beijing, China. All patients gave
informed written consent to participate in the study.

Observation Index

The basic clinical data include gender, age, body mass
index (BMI), smoking status, hypertension, diabetes,
hyperlipidemia and related laboratory tests were recorded.

Assessment

Hypertension was defined as systolic blood pressure >140
mmHg or diastolic blood pressure >90 mmHg and/or use of
antihypertensive drugs according to 2013 ESC/ESH
Guidelines for the management of arterial hypertension.'®
Hyperlipidemia was defined as serum total cholesterol level
>220mg/dL or low-density lipoprotein cholesterol level
>140mg/dl and/or the use of lipid-lowering drugs according
to 2016 ESC/EAS Guidelines for the Management of
Dyslipidaemias.'® Diabetes is defined as the use of insulin
or hypoglycemic agents and/or non-fasting blood glucose
level >200 mg/dl, and/or fasting blood glucose level
>126 mg/dl according to Standards of Medical Care in
Diabetes 2014.° Smoking status was defined as never
smoking (never smoking or less than 100 cigarettes in
a lifetime), current smokers (still smokers or patients who
quit smoking for less than half a year), and former smokers
(who quit smoking at least six months before the start of the
study). Smoking was defined as smoking at least one cigar-
ette a day or at least seven cigarettes a week for half a year.”'

Preoperative Evaluation of Plaque

Characteristics

CTA Examination

CTA was performed with 64 slice CT scanner (Somatom
Sensation 64, Siemens, Forchheim, Germany). The
patients were divided into calcified plaque group and non-

calcified plaque group according to the difference of
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responsible plaque image and HU value (the area above
130 HU in plain scan image is calcified plaque, while <50
Hu is non-calcified plaque).?

Ultrasonic Examination

Philips EPIQ7 Doppler ultrasound (Philips EPIQ7, Bothell
Everett Highway, Washington, USA) with probe frequency
set as 3.0-9.0 MHz, 2.0-5.0 MHz, and Hitachi Preirus
(Hitachi, Tokyo, Japan) with the probe frequency set as 4.0—
8.0 MHz were used. The patient’s head was slightly tilted back
to fully expose the neck. The head was slightly inclined to the
side opposite to the side under examination. The responsible
plaque was examined. High-resolution dynamic ultrasound
images of all patients were saved, including transverse and
longitudinal scanning. The characteristics of calcified plaque
were evaluated by dynamic image playback, and the propor-
tion of calcification in plaque was measured.

Calcification Evaluation

The characteristics of calcification include the location
and size of calcification. According to the location of
calcification in the plaque, the plaque can be divided
into four types: basal type, top type, internal type and
multi-position type (including more than two positions,
Figure 1). According to the size of calcification, calcifi-
cation types can be divided into three types: patchy
calcification (diameter greater than 3mm), granular cal-
cification (diameter less than 3mm); mixed type (includ-
types) (Figure 1). The
calcification in the plaque was measured by the largest

ing two proportion of
longitudinal section of the responsible plaque to mea-
sure the percentage of calcification in the plaque area.
The diameter and area of calcification were measured by
Unisight 4.2

software (DJ health union systems,

Shanghai, China).

Figure | Calcification characteristics. (A) Plaque internal patchy calcification; (B) Patchy calcification in the base, internal and top of plaque; (C) Patchy calcification in base,
internal of plaque; (D) Patchy calcification in the top of plaque and granular calcification in the base of plaque.
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Quality Control of Plaque assessment

The consistency of CTA and ultrasound in the evaluation
of responsible plaque for calcified plaque was evaluated.
CT and ultrasound images were evaluated by four experi-
enced physicians, each of whom evaluated at least 2000
carotid plaque images per year. The doctors were divided
into two groups, and the consistency test of reliability
between groups was conducted.

Surgical and Pathological Examination of

Plaque

Surgery

All operations were performed under general anesthesia,
and TCD was used to continuously monitor the changes of
cerebral blood flow during the operation. Carotid sheath
was exposure, the common carotid artery external carotid
artery and internal carotid artery were separated. The wall
of common carotid artery and internal carotid artery was
cut longitudinally, and the responsible plaque of carotid
artery was dissected carefully to keep the integrity of
plaque as much as possible. If the blood circulation is
unobstructed, the internal carotid artery was clamped. If
there is thrombosis, balloon catheter was used to remove
the thrombus. Remove the attached plaque tissue carefully
until the vascular wall is smooth, trim the distal intima
neatly, and suture the vascular wall continuously under the
operating microscope. After suturing, the blocking forceps
on external carotid artery, common carotid artery and
internal carotid artery were opened successively. If TCD
monitoring showed that the flow of middle cerebral artery
increased by 150% after opening, the common carotid
artery was partially closed and then gradually opened to
prevent cerebral blood perfusion. After TCD monitoring
confirmed that the blood flow of the middle cerebral artery
on the operative side returned to normal, the carotid artery
incision was sutured in sequence.

Pathological Evaluation of Plaque After Carotid
Endarterectomy

After the operation, the plaques were fixed in neutral
formalin solution, then decalcified with EDTA solution,
dehydrated routinely, and embedded in paraffin. Slices
with thickness of 4 pm were obtained at the interval of
1 mm, and then stained with HE. Two experienced pathol-
ogists evaluated and recorded IPH and LRNC. The two
pathologists were not aware of the imaging results of the
patients, and they evaluated results with double-blind
method.

Statistical Analysis

Continuous variables are expressed as mean £+ SD, while
categorical variables are expressed as percentages. Paired
t-test or ANOVA was used for comparison of continuous
variable groups, and chi-square test was used for comparison
of categorical variable groups. Multivariate logistic regres-
sion model was used to evaluate the relationship between
calcification and major risk factors. Kappa test was used to
test the consistency of two imaging and physician assessment
of plaque calcification. The normal distribution of continuous
variable distribution was evaluated by Shapiro Wilk test. All
statistical analyses were performed using IBM SPSS statis-
tics 23.0 software (International Business Machines
Corporation, Armonk, New York, N.Y., USA). P < 0.05
was considered as statistically significant difference.

Results

Basic Characteristics

A total of 142 patients were included in the study. There
were 119 males (83.8%) and 23 females (16.2%), aged
38-82 years (mean age 63.6 + 7.2 years). There were 96
cases (67.6%) with hypertension, 45 cases (31.7%) with
diabetes and 43 cases (30.3%) with hyperlipidemia. There
were 55 non-smokers (38.7%), 56 smokers (39.4%) and 31
former smokers (21.8%).

Ultrasonography and CTA were used to evaluate the
calcification of responsible plaque in 142 cases, including
119 (83.8) calcified plaque and 23 (16.2) non-calcified
plaque. The calcification characteristics of 119 cases of
calcified plaque were as follows: basal calcification in 49
cases (41.2%), internal calcification in 19 cases (16.0%),
top calcification in 14 cases (11.8%), multi-location calci-
fication in 37 cases (31.1%); patchy calcification in 45
cases (37.8%), granular calcification in 29 cases (22.7%),
and mixed type calcification in 45 cases (37.8%).

There was a good consistency between groups and
within groups in the evaluation of calcification. The con-
sistency between groups was, calcification (k = 0.96), cal-
cification location (k = 0.92) and calcification type (k =
0.90). The intra-group consistency was as follows, calcified
plaque (k = 0.94), calcification location (k = 0.89) and
calcification type (k = 0.88).

Correlation Between LRNC, IPH and

Clinical Risk Factors
Of the 142 plaque specimens, 78 (54.9%) had LRNC and 41
(28.9%) had IPH (Table 1). It was found that plaque with
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Table 1 Comparison of Clinical Risk Factors Between Patients with LRNC and IHP and without LRNC and IHP
With LRNC Without LRNC P With IPH Without IPH P
(n=78) (n=64) (n=41) (n=101)

Gender (male) 68(87.2) 51(79.7) 0.228 34(82.9) 85(84.2) 0.857
Age (years) 65.4+7.1 61.5+6.9 0.001* 64.01£6.2 63.5%7.6 0.726
BMI (kg/mz) 24.9+2.6 252429 0.635 24.6%2.9 25.2%2.6 0.245
Smoking history 31731716 24/25/15 0.910 31/31/16 24/25/15 0910
Smoking, pack-year 21.1£249 16.8+20.6 0.265 15.6+20.0 20.6124.1 0.243
Hypertension 56(71.8) 40(62.5) 0.239 56(71.8) 40(62.5) 0.239
Diabetes 25(32.1) 20(31.3) 0919 25(32.1) 20(31.3) 0919
Hyperlipidemia 25(32.1) 18(28.1) 0612 25(32.1) 18(28.1) 0612
Fasting blood glucose 6.0+2.0 5.6x1.7 0.219 5.5%1.5 5.9+£2.0 0.326
(mmol/L)

Triglyceride (mmol/L) 1.6x1.4 1.6+0.9 0.981 1.9£1.8 1.5+0.8 0.123
Cholesterol (mmol/L) 3.3£1.0 3.5%0.9 0.370 3.5+£0.9 3.3£1.0 0.342
High density lipoprotein 1.3£0.4 1.3+0.4 0.563 1.24£0.3 1.3+0.4 0.200
(mmol/L)

Low density lipoprotein 2.0+0.8 2.1+£0.7 0.404 2.1+0.7 2.0+0.8 0.618
(mmol/L)

Note: *P < 0.05 was considered as statistically significant difference.

LRNC was more common in older people (65.4 + 7.1 years
vs 61.5 + 6.9 years; P = 0.001), but other risk factors were
not significantly different from those without LRNC (all P >
0.05). There was no significant difference in clinical risk
factors between IHP group and non-IHP group (all P > 0.05).

Correlation Between LRNC and Plaque

Calcification
93.6% of the 78 plaques in LRNC group had calcification,
while it was 71.9% in non-LRNC group (P = 0.000), indicat-
ing that LRNC was more likely to appear in calcified plaques
(Table 2). LRNC was often found in multiple calcification (P
=0.003) and mixed type calcification (P = 0.001) (Figure 2).
However, there was no significant difference in the presence
or absence of LRNC in other single position calcified pla-
ques and single size of calcified plaques (P > 0.05) (Table 2).
In univariate regression analysis, it was found that the
presence or absence of intraplaque calcification (OR, 5.71;
95% CI, 2.0-16.44; P = 0.001), multiple intra plaque calci-
fication (OR, 3.82; 95% CI, 1.65-8.84; P = 0.002) and
mixed types of calcification (OR, 3.72; 95% CI, 1.69-8.19;

P =0.001) were significantly associated with LRNC, but not
with other calcification features (all P <0.05) (Table 3).

In order to exclude the influence of other interference
factors, we included the characteristics of plaque calcifica-
tion and other factors that may affect LRNC into the
multiple factor regression equation. The results showed
that LRNC was still significantly associated with the pre-
sence of intraplaque, multiple intra plaque calcification
and mixed types of calcification (all P <0.05). Multi-
location calcification and mixed type calcification in pla-
que were independent risk factors of LRNC.

Correlation Between IPH and Plaque

Calcification

The incidence of calcification in IPH group was lower than
that in LRNC group (87.8%), and there was no significant
difference between IPH group and non-IPH group (P =
0.410). However, in the comparison of calcification sites
between the two groups, it was found that multiple calcifica-
tion was also easy to merge with IPH (P = 0.008) (Figure 3),
which was similar with LRNC group. In contrast, basal
calcification was not associated with IPH (P = 0.002).
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Table 2 Comparison of Calcification Characteristics Between LRNC Group and Non LRNC Group

With LRNC (n=78) Without LRNC (n=64) P

Calcification (%) 73(93.6) 46(71.9) 0.000%*
Amount of calcification (%) 13.7x16.2 18.0+17.3 0.132
Calcification location

Basal calcification (%) 22(28.2) 27(42.2) 0.08

Internal calcification (%) 14(17.9) 5(7.8) 0.078

Top calcification (%) 9(11.5) 5(7.8) 0.459

Multiple calcification (%) 28(35.9) 9(14.1) 0.003*
Size of calcification

Patchy calcification (%) 23(29.5) 22(34.4) 0.533

Granular calcification (%) 16(20.5) 13(20.3) 0.976

Mixed type calcification (%) 34(43.6) 11(17.2) 0.001*

Note: *P < 0.05 was considered as statistically significant difference.

In the comparison of calcification types, smaller gran- In univariate regression analysis of IPH and calcifica-
ular calcification was easier to merge with IPH, while the  tion characteristics, simple basal calcification was still
larger patchy calcification and mixed type calcification a protective factor for IPH (OR, 0.23; 95% CI, 0.09—
were not associated with IPH (P > 0.05) (Table 4). 0.60; P = 0.003), while multiple location calcification

A

\\\\\K\\\\\‘

—

Figure 2 A 66 years old female patient with severe stenosis near the bifurcation of left carotid artery before and after CEA. (A) CTA showed calcification in the left
responsible plaque; (B) High resolution ultrasound showed calcification at the top and the base, with calcification diameter > 3 mm, which was classified as multi location,
patchy calcified plaque; (C) Intraoperative hemorrhage was found in the plaque (white arrow); (D) A large number of red blood cells were seen on the pathological section.
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Table 3 Regression Analysis of Plaque Calcification Characteristics and LRNC
Single Factor Regression Analysis Multivariate Regression Analysis
OR ClI (95%) P OR Cl (95%) P
Calcification 5.71 2.0-16.44 0.001 9.02 2.63-30.96 0.000%*
Basal calcification 0.47 0.23-0.96 0.039 0.51 0.23-1.13 0.097
Internal calcification 2.58 0.88-7.60 0.085 2.63 0.8-8.63 0.110
Top calcification 1.54 0.49—4.85 0.461 201 0.58-6.90 0.269
Multiple calcification 3.82 1.65-8.84 0.002 3.78 1.51-9.5 0.005*
Patchy calcification 0.80 0.39-1.62 0.534 0.93 0.42-2.04 0.846
Granular calcification 1.01 0.45-2.3 0.976 1.21 0.49-3.0 0.684
Mixed type calcification 3.72 1.69-8.19 0.001 337 1.44-7.88 0.005*

Notes: Adjusted for age, gender, diabetes, hypertension, hyperlipidemia, smoking, *P < 0.05 was considered as statistically significant difference.

(OR, 2.87; 95% CI, 1.30-6.33; P = 0.009) and granular
calcification (OR, 2.47; 95% CI, 1.06-5.76; P = 0.037)
were associated with the occurrence of IPH (Table 5).

However, in the multivariate regression analysis, after

Figure 3 A 70 years old male patient with severe stenosis of the carotid bulb of the left superficial femoral artery before and after CEA. (A) CTA showed calcified plaque in
the left bulb; (B) High resolution ultrasound showed that there were multiple calcification sites and different sizes, which were classified as multi location and mixed
calcification plaque; (C) During the operation, a large number of lipid dead bodies were found in the plaque; (D) The pathological section showed lipid accumulation
(cholesterol crystal) accompanied by degeneration of fiber and collagen and inflammatory cells.

adjusting other influencing factors, granular calcification
was not significantly correlated with IPH (P = 0.058),
indicating that the location of calcification may be related

to the occurrence of IPH.
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Table 4 Comparison of Calcification Characteristics Between Patients with and without IPH

With IPH (n=41) Without IPH (n=101) P
Calcification (%) 36(87.8) 83(82.2) 0.410
Amount of calcification 15.1£17.1 16.4£16.8 0.676
Basal calcification (%) 6(14.6) 43(42.6) 0.002%*
Internal calcification (%) 7(17.1) 12(11.9) 0.410
Top calcification (%) 8(14.6) 6(7.9) 0.224
Multiple calcification (%) 17(41.5) 20(19.8) 0.008*
Patchy calcification (%) 9(22.0) 36(35.6) 0.112
Granular calcification (%) 13(31.7) 16(15.8) 0.034*
Mixed type calcification (%) 14(34.1) 31(30.7) 0.689

Note: *P < 0.05 was considered as statistically significant difference.

Table 5 Regression Analysis of Plaque Calcification Characteristics and IPH

Single Factor Regression Analysis Multivariate Regression Analysis

OR Cl (95%) P OR Cl (95%) P
Calcification 1.56 0.54-4.53 0412 1.87 0.61-5.73 0.271
Basal calcification 0.23 0.09-0.60 0.003 0.25 0.09-0.66 0.005*
Internal calcification 1.53 0.56—4.2 0413 1.25 0.42-3.71 0.685
Top calcification 1.99 0.65-6.15 0.231 2.03 0.62-6.69 0.244
Multiple calcification 2.87 1.30-6.33 0.009 3.58 1.49-8.61 0.004*
Patchy calcification 0.51 0.22-1.18 0.116 0.50 0.20-1.24 0.135
Granular calcification 2.47 1.06-5.76 0.037 2.39 0.97-5.86 0.058
Mixed type calcification 1.17 0.54-2.53 0.689 1.33 0.57-3.09 0.506

Notes: Adjusted for age, gender, diabetes, hypertension, hyperlipidemia, smoking, *P < 0.05 was considered as statistically significant difference.

Discussion

In current study, we found that the calcification character-
istics in carotid plaques were closely related to LRNC and
IPH. The pathological features of LRNC are accumulation
of cell debris and lipid in necrotic cells, accompanied by
a large number of macrophage infiltration and inflamma-
tory reaction, which is a marker change of vulnerable
plaque.”® The formation and expansion of LRNC play
a key role in the pathology of unstable atherosclerotic
plaque.®* In this study, we found that the presence of
plaque calcification is closely related to LRNC, especially
multi-location calcification and mixed type calcification.
The amount of calcification in plaque and single location
or single type of calcification were not significant corre-
lated with LRNC. Some histological evidence might
explain the association between calcification in plaques
and LRNC. It was found that the increase of intracellular
calcium level could induce plaque cell necrosis.”> Once
plaque cells were necrotic, they released their cytoplasm
into large lipid masses. At the same time, it was reported
that a large number of calcification could be detected in

the lipid core.? Proudfoot et al*” considered that calcifica-
tion was the terminal state of tissue in the pathological
process of atherosclerosis, while necrosis was the end
point. In addition, macrophages and inflammatory changes
in LRNC may be the relational factors between calcifica-
tion and necrosis. Ikeda et al showed that macrophages
could induce osteogenic expression in vascular smooth
muscle cells and promote the formation of calcification
in vascular wall.*®*’ Other studies have also showed that
atherosclerotic calcification is driven by apoptotic inflam-
matory cells and is a powerful indicator of chronic inflam-
matory diseases.>*>!

Our results showed that multiple calcification and
mixed calcification were closely related to the presence
of LRNC in plaques classified according to the location
and size of calcification. These two calcification character-
istics reveal the complex distribution and size heterogene-
ity of calcification in the plaque. However, the mechanism
of this phenomenon is not clear. We speculate that these
two calcification characteristics increase the internal com-

plexity of the plaque and change the stress in the plaque
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compared with single location and single type of calcifica-
tion. Studies have shown that the hardness of calcification
in plaques is at least 4-5 times higher than that of cellular
components,*® and its internal stress tends to concentrate
on the interface between calcified and non-calcified
areas.”® The complex distribution and uneven size of cal-
cification increase the interface between the soft and hard
tissues in the plaque, resulting in the local concentration of
unstable force in the plaque and the asymmetry in the
plaque, which may contribute to the progress of inflamma-
tion and the formation of lipid core.**

The pathogenesis of IPH is still unclear. Most research-
ers believe that immature neovascularization rupture may
be the pathological basis. Under the effect of inflammation
and hypoxia, immature neovascularization gradually
increases and invades into the plaque from the adventitia,
which is called intraplaque neovascularization. After the
rupture of neovascularization due to various reasons,
hemorrhage in the plaque results in rapid increase of
plaque volume and obvious increase of instability.*>°
Takaya et al’” have shown that the risk of stroke is greatly
increased by more than 5 times due to intra plaque hemor-
rhage. Our study found that multiple location calcification
was closely related to IPH, which was consistent with
previous studies.'**® The mechanism of IPH may be simi-
lar to that of LRNC. It is speculated that biomechanical
changes are the important reason. Compared with the soft
surrounding components, such as neovascularization, cal-
cification has higher hardness and less possibility of defor-
mation. Therefore, there may be destructive stress at the
interface between calcification and soft components,
which may lead to the rupture of new blood vessels.
Compared with single-site calcification, if there are multi-
ple position calcifications in the plaque, the interface of
different density tissues will increase, and the tissue
between them will bear higher mechanical load,'¢*
resulting in the formation and distortion of new blood
vessels, thus increasing the possibility of new blood vessel
rupture. Our results were consistent with a previous study,
which pointed out that local stress and tensile changes in
plaque tended to appear around vulnerable new vessels in
carotid plaques, that might lead to the deformation of the
region, which leaded to the occurrence of IPH due to
vascular rupture.’® Unlike the results of multi-location
calcification, we found that simple basal calcification
could reduce the occurrence of intra plaque hemorrhage.
On one hand, basal calcification is far away from the
lumen and has little effect on plaque stress. On the other

hand, the base of the plaque is close to the intima, which
may hinder the growth of neovascularization from adven-
titia to intima, thus preventing the formation of IPH. For
the size of calcification, this study found that small gran-
ular calcification in the plaque was correlated with IPH. It
was speculated that the smaller calcification was related to
more angulation of surrounding tissues. However, its OR
value was relatively low. After adjusting for other clinical
risk factors, this correlation had no statistical significance.

Nandalur et al*® measured the calcified components
and non-calcified components of plaque by CTA, and the
results showed that the proportion of calcified components
rather than calcified volume in patients with carotid artery
stenosis was correlated with plaque stability. When calci-
fication accounted for more than 45% of the total volume,
and the occurrence of clinical symptoms was significantly
reduced. However, another study emphasized that the
more calcified plaques were associated with IPH, while
LRNC was less common, which indicated that the larger
amount of calcification in the plaque did not mean that it
was more stable."* In our study, we found that the propor-
tion of calcification in plaques was not significantly corre-
lated with LRNC and IPH, but only related to specific
calcification characteristics. Although the conclusions of
previous studies were different from our results, we con-
cluded that the assessment of plaque vulnerability could be
based on the characteristics of calcification, while the
location and type of calcification were related to the pla-
que vulnerability, which was more important.®'®

In current study, we observed the relationship between
gender, age, body mass index, hypertension, hyperglyce-
mia, hyperlipidemia, smoking and LRNC, IPH. It was
found that the older population was closely related to the
occurrence of LRNC, which was consistent with the pre-
vious study. Gennaro et al*' showed that with the growth
of age, the normal apoptosis mechanism of vascular
smooth muscle cells would be damaged, and the process
of apoptosis would be accompanied by the formation of
large necrotic core in plaque.** We found that there was no
significant correlation between other risk factors and the
occurrence of LRNC and IPH. A previous study showed
that hypertension, and male were independent risk factors
for IPH.*> In order to exclude the influence of these
potential risk factors, we included them together with
calcification characteristics in multivariate regression ana-
lysis. The results showed that the correlation between
calcification characteristics and LRNC and IPH still
existed.
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Many studies have also shown that the intraplaque
IPH and LRNC are important predictors of plaque vul-
nerability. The effect of other plaque components, espe-
cially calcification, on plaque vulnerability is still
controversial. More detailed observation of calcification
features, such as calcification location, calcification type
or calcification volume, etc., which will play a more
important role in promoting the assessment of plaque
vulnerability. In current study, we found that the calcifi-
cation characteristics in carotid plaques were closely
related to LRNC and IPH. Multiple calcification and
mixed calcification were closely related to the presence
of LRNC in plaques classified according to the location
and size of calcification. Moreover, we observed the
relationship between gender, age, body mass index,
hypertension, hyperglycemia, hyperlipidemia, smoking
and LRNC, IPH.

There are still some limitations in this study. First, this
is a retrospective study. There was no analysis of clinical
symptoms and medication. Second, we use the proportion
of calcification in the largest longitudinal section of the
plaque to estimate the proportion of calcification in the
whole plaque. There may be some deviation, which may
lead to the deviation of the results. Multisection function
of three-dimensional volume probe should be used in
further study. In addition, the patients included in this
study were all patients with severe stenosis, and some
cases might have plaque ulcer and plaque surface throm-
bosis, which were also important characteristics of vulner-
able plaque. We did not conduct detailed subgroup
analysis, which might have an impact on the evaluation
of the results, which needed to be further investigated after
refinement. The history of stroke/TIA of the patients
undergoing CAE and the history of myocardial infarction
of the patients were not recorded and analyzed in this
study. Other important morphological features, such as
thrombus, fibrin, inflammatory infiltration have not been

evaluated in this study.

Conclusions

In conclusion, calcification characteristics of carotid ather-
osclerotic plaques are closely related to the vulnerability of
plaques, especially multi-location calcification and mixed
type calcification. This is of great significance for the
detection of vulnerable plaques and may provide new
insights into the pathogenesis of LRNC and IPH.
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