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Preliminary study on the differentiation of vulnerable
carotid plaques via analysis of calcium content and spectral
curve slope by using gemstone spectral imaging
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Abstract. Growing evidence indicates that vulnerable carotid
plaque rupture is an important cause of stroke. However,
the role of novel gemstone spectral imaging (GSI) in the
assessment of vulnerable carotid plaques has remained to
be sufficiently explored. Therefore, the aim of the present
study was to provide a comprehensive evaluation of carotid
atherosclerotic plaques using both GSI imaging biomarkers
and serological biomarkers, and further explore their possible
roles in the atherogenic process. The present study analyzed
GSI data, including calcium content of carotid atherosclerotic
plaques and spectral curve slope, as well as serum high-sensi-
tivity C-reactive protein (Hs-CRP) and monocyte chemotactic
protein-1 (MCP-1) levels in patients with a carotid atheroscle-
rotic plaque using GSI-computed tomographic angiography
and immunoturbidimetry. Patients with unstable plaque
exhibited a significantly lower calcium content and higher
spectral curve slope than those of the stable plaque group. In
addition, patients with unstable plaque exhibited an increase
in Hs-CRP and MCP-1 levels compared with those of the
stable plaque and normal control groups. The alteration in GSI
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calcium content and spectral curve slope reflects a close link
between calcification and plaque instability, while aberrant
Hs-CRP and MCP-1 expression are involved in the forma-
tion or development of vulnerable plaques. Taken together,
the present results strongly support the feasibility of using
these serological and newly identified imaging parameters as
multiple potential biomarkers relevant to plaque vulnerability
or stroke progression.

Introduction

Atherosclerosis is a lipid-driven chronic disease that leads
to plaque formation in the arterial wall through intimal
inflammation, necrosis, fibrosis and calcification. As one
of the critical factors of ischemic stroke, an atherosclerotic
carotid plaque contains a lipid-rich necrotic core (LRNC),
areas of intraplaque hemorrhage (IPH), calcification and
fibrous components, and vulnerable carotid plaques tend to
consist of an LRNC and areas of IPH, rather than of calci-
fication and fibrous components. Of note, growing evidence
indicates that vulnerable plaque rupture, beyond perfusion
defects caused by luminal stenosis, is an important cause of
stroke (1). Two distinct studies reported that in patients with
mild to moderate stenosis, vulnerable plaques were associated
with the occurrence of subsequent cerebrovascular events,
which was markedly higher than in patients with severe
stenosis (>70%) (2,3). Furthermore, a previous histopatho-
logic assessment also suggested that certain plaque elements
known as hallmarks of unstable plaque, independent of arte-
rial narrowing, were more likely to cause cerebrovascular or
cardiovascular disorders (4). Thus, when designing therapeutic
interventions for effective stroke prevention, it is crucial
to identify carotid atherosclerotic plaques and high-risk
determinants as early as possible.

So far, various plaque imaging techniques [ultrasound,
computed tomography (CT) and magnetic resonance
imaging (MRI)] and serological biomarkers of vulnerability
[high-sensitivity C-reactive protein (Hs-CRP), MMP-9 and
sCD40 ligand] have been adopted to predict the risk of cerebro-
vascular events (5). In addition, as a key chemokine, monocyte
chemotactic protein-1 (MCP-1) has been demonstrated to have
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important roles in atherosclerosis by promoting the migra-
tion and infiltration of monocytes into the plaque through
its receptor C-C motif chemokine receptor 2 (6). Among
the neuroimaging technologies, a novel gemstone spectral
imaging (GSI) technique that incorporates CT angiography
(CTA) with a gemstone detector has received increasing atten-
tion in recent years (7). Although conventional CT and CTA
have been widely used for quantitative measurement of tissue
composition and grading of the severity of stenosis in patients
with stroke, they exhibit deficiencies in the ability to charac-
terize different components of mixed or noncalcified plaques,
particularly in smaller plaques and vessels. Unlike conven-
tional CT and CTA, GSI further improves the characterization
and quantification of plaque components, since it collects data
using multiple single-source spectra to generate additional
material-differentiating information via the combination of
CT techniques with the measurement of spectral attenuation
properties of the examined tissue to achieve material decom-
position (MD).

Hence, GSI holds great potential to better characterize
and quantify the concentration of plaque components, such
as lipids, calcification and fibrous tissues (8), in order to
accurately distinguish vulnerable plaques from stable plaques
in carotid arteries. A recent study by Shinohara et al (9)
compared the applicability of GSI to that of 3D time-of-flight
magnetic resonance angiography (MRA) in patients with
carotid artery stenosis, revealing that the effective Z-value
of noncalcified carotid plaques was markedly lower in the
group with high signal intensity than that in the group with
low signal intensity on MRA. Taken together with another
study revealing a high concordance between GSI and virtual
histology-intravascular ultrasound in the assessment of carotid
plaque composition using effective Z-maps (10), these find-
ings indicate the potential use of GSI for the identification of
vulnerable carotid plaques. Therefore, the aim of the present
study was to provide a comprehensive evaluation of carotid
atherosclerotic plaques using both GSI imaging biomarkers
and serological biomarkers, and further explore their possible
roles in the atherogenic process. GSI-CTA data, as well as
serum Hs-CRP and MCP-1 levels were analyzed in patients
with this disease in an attempt to establish a novel strategy for
the comprehensive assessment of vulnerable carotid plaques
by integrating the GSI variables along with the serological
parameters.

Patients and methods

Subjects. A total of 42 cases of asymptomatic carotid plaque
(27 males and 15 females; mean age, 63.6+10.4 years) were
enrolled in the present study. All patients were diagnosed
based on their medical history, clinical examination and
results of carotid duplex sonography, brain MRI and MRA
scans. Ultrasound assessment was performed for carotid artery
segmentation, in which the carotid artery was divided into
four different segments: i) Common carotid artery, ii) carotid
bulb, iii) external carotid artery and iv) internal carotid
artery. Carotid plaques were detected by ultrasound and
characterized according to the Mannheim consensus as focal
structures encroaching into the arterial lumen by =0.5 mm or
50% of the surrounding intima-media thickness value, or a

thickness =1.5 mm (11). Furthermore, these patients with carotid
plaques underwent GSI scan and were then further divided
into an unstable plaque group (n=17; 5 males and 12 females;
mean age, 63.29+11.91 years) and stable plaque group (n=25;
10 males and 15 females; mean age, 63.80+9.57 years). A total
of 19 healthy individuals (10 males and 9 females; mean age,
60.3+11.8 years), who received carotid ultrasound examination
and exhibited no large-vessel atherosclerosis, were included
as normal controls (NCs). The study protocol was reviewed
and approved by the Ethics Committee of Beijing Anzhen
Hospital (Beijing, China). All diagnostic procedures were
performed in accordance with relevant guidelines and regula-
tions, and written informed consent was obtained from all of
the participants of the study.

None of the participating individuals had i) stroke,
myocardial infarction, brain tumors, blood diseases or
other abnormal coagulation diseases, rheumatic heart
disease, infectious endocarditis, arrhythmia, serious liver
or kidney diseases, acute or chronic inflammatory diseases
or autoimmune diseases; ii) disturbance of consciousness
or severe cognitive impairment; nor iii) other reasons to
prevent them from undergoing GSI. The following diagnostic
tests were performed in both patients and NCs: Complete
blood count, blood chemistry, Hs-CRP, electrocardiogram,
posterior-anterior chest radiography, transthoracic cardiac
echocardiography, transcranial Doppler ultrasonography and
carotid duplex sonography.

Sample collection. Whole blood samples were drawn between
9:00 a.m. and 12:00 p.m. After centrifugation, the serum was
collected and stored at -70°C in small aliquots for further use.

CT protocols. Upon injection of nonionic contrast agent
(iopamidol; Bracco Imaging), GSI-CTA was performed
with a scan delay of 5 sec using a 64-slice spiral CT scanner
with a gemstone detector (GE Discovery CT 750 HD;
GE Healthcare). The flow rates and volume of contrast mate-
rial were determined based on a fixed duration (12 sec) of
injection and dose tailored to the bodyweight of each patient
(252 mgl/kg). A total of 65 ml iopamidol (30 gI/100 ml) was
intravenously injected at a flow rate of 3.5 ml/sec, followed
by administration of 30 ml saline chaser at the same flow
rate. Scanning was performed using the 0.6x0.625 mm GSI
mode. The scanning parameters employed in GSI mode
were as follows: Tube voltage, 80/140 kV and 0.5-msec
instantaneous switch; tube current, 600 mA; slice thickness,
0.625 mm; rotation speed, 0.8 sec; helical pitch, 1.375; and
matrix, 512x512.

Image evaluation. After scanning, GSI viewer 4.5
(GE Healthcare) was utilized for further analysis. GSI
plaque imaging was initially quantified for carotid athero-
sclerotic plaque characterization. The images were reviewed
in a blinded fashion by two radiologists who are experts in
carotid plaque imaging. They participated in the interpreta-
tion of the data, discussing and reaching a consensus if any
disagreement occurred. To avoid potential radiation damage
to X-ray-sensitive organs such as the lens and thyroid gland
in the head and neck, the middle part of the ascending aorta
was selected as the region of interest (ROI), where a threshold
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Figure 1. Gemstone spectral imaging of carotid plaque in a 64-year-old woman. (A) CTA source image presents a calcified plaque (indicated by pink dot).
(B) Plaque energy spectrum shows a bow curve with negative slope and CT value >220 HU. (C) CTA source image presents a fibrous plaque (indicated by red
cross). (D) Plaque energy spectrum displays a bow curve with negative slope and CT value between 30 and 150 HU. CTA, computed tomographic angiography;

HU, hounsfield units.

value of 100 Hounsfield units (HU) was established for trig-
gering the contrast-enhanced scan (12). The area of ROI is
~10 mm?. The minimum ROI volume was set on the plaque
through post-processing techniques and a characteristic
spectral attenuation curve in HU of the corresponding region
was acquired. The points on the curve represent the average
CT values of tissues at different keV levels.

The ROI was then placed in the fat tissue, muscle fiber tissue
and bone structure, and three distinctive attenuation curves
with different colors were obtained to determine the nature of
the plaques (Fig. 1). Three categories of plaques were defined
according to their average CT values: i) Lipid cores plaques,
non-calcified plaques (NCPs)<30 HU; ii) fibrous plaques,
30 HU<NCP<150 HU; and iii) calcified plaques, >220 HU.
Furthermore, the calcified plaques were divided into spotty or
large calcification. The former refers to plaques of <3 mm in
size on curved multiplanar reformation images and 1-sided on
axial images, while the latter refer to plaques with calcification
greater than the spotty calcification (13). Large calcified and
fibrous plaques were recognized as stable plaques, whereas
lipid and spotty calcified plaques were regarded as unstable
plaques (13,14).

Upon qualitative analysis of the atherosclerotic plaques,
MD analysis was selected for measurement of the intra-
plaque calcium content. In brief, the energy range was set at
65 keV, followed by placing of the minimum ROI volume on
the target plaque, ensuring that the ROI was placed on the
images with the original scanning layer thickness, particularly
those with a relatively uniform density, in order to detect the
tissue content (g/1) of the corresponding intraplaque struc-
ture. Calcium (water)-based MD analysis was performed as
described previously (15) to measure intraplaque calcium
content in the selected ROI using an extracted calcium map.
In addition, the slope of the spectral curve associated with
the CT value of the plaque was calculated and the difference
between the CT values of two measured points on the energy
spectrum curve was divided by the energy difference between
these two points. In the present study, since the single-energy
CT values at 40 and 110 keV were selected as reference points,
the value of the slope K of the spectrum curve was equivalent
to (CTa-CTb)/70.

Immunoturbidimetry. Serum MCP-1 levels were determined
with a commercial immunoturbidimeter (cat. no. EK0441;
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Wuhan Boster Biological Technology, Co. Ltd.) according
to the supplier's instructions, with a detection limit of
15.6 pg/ml. All assays were performed simultaneously in a
blinded manner.

Follow-up. To explore the difference in short-term prognosis
between stable and unstable plaques, trained investigators
collected patients' data through telephone or face-to-face
interviews at 1, 3 and 12 months after baseline measurements.
Clinical events and medical therapy were evaluated at each
follow-up visit among all patients. The primary outcome
measures were a composite of stroke (either ischemic or
hemorrhagic) or transient ischemic attack (TIA), whichever
occurred first. All of the primary outcome events and medical
therapies were reviewed by TTN and LM.

Statistical analysis. Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software Inc.). Quantitative
data are presented as the mean + standard deviation (age,
leukocyte, monocyte, calcium content, MCP-1 level) or as
the median with interquartile range (Hs-CRP level and spec-
tral curve slope). Normally distributed data were analyzed
by one-way ANOVA for multiple-group comparison and
the Student-Newman-Keuls post-hoc test for intergroup
comparison, or with a Pearson's correlation test. Non-normally
distributed data were analyzed with the Kruskal-Wallis test
or Spearman's correlation analysis. The ¥ test was used to
compare differences in qualitative data (sex, diabetes, coro-
nary artery disease, dyslipidemia, hypertension, smoking,
peripheral artery disease and carotid stenosis) between groups.
Receiver operating characteristic (ROC) curve analysis was
also performed for quantitative slope of spectral curve, calcium
content, serum Hs-CRP and MCP-1 level, and areas under the
ROC curve (AUC) were calculated. P<0.05 was considered to
indicate statistical significance.

Results

Baseline characteristics. Patient characteristics, including
risk factors and laboratory data, obtained on the first day
of sampling, are presented in Table I. No significant differ-
ences were observed between NCs and either of the carotid
atherosclerosis groups.

Carotid atherosclerotic plaque characterization by using
GSI. CTA source image presents a stable plaque in the left
carotid bulb, and the energy spectrum curve of plaque
displays a bow-down curve with a negative slope (Fig. 1).
Among the 42 patients with carotid atherosclerosis, a total of
22 unstable plaques were detected in 17 cases, while a total
of 30 stable plaques were detected in 25 cases by using GSI.
In the unstable plaque group, the position of the atheroscle-
rosis plaque was the carotid bulb (12/22, 54.5%), common
carotid artery (5/22, 22.7%) and external carotid artery
(5/22,22.7%). In the stable plaque group, there were 15 cases
in the carotid bulb (15/30, 50%), 8 cases in the common
carotid artery (8/30,26.7%) and 7 cases in the external carotid
artery (7/30, 23.3%). However, no plaques were identified in
the internal carotid artery in both carotid plaque groups. No
significant differences in the location of the plaques in the

different carotid segments were observed between the stable
and unstable plaque groups (Fig. 2).

Calcium content in plaques and slope of spectral curve via
GSI. In the selected ROI, the calcium content was significantly
lower in the unstable plaque group (47.53+37.17 g/1) than in
the stable plaque group (147.85+49.54 g/1; P<0.001), while
the slope of the spectral curve was significantly higher in
the unstable plaque group [0.29 (interquartile range: -3.86,
3.00)] than in the stable plaque group [-6.55 (interquartile
range: -14.55, -4.50); P<0.001] (Fig. 3). Additional data are
presented in Table SI.

Serum Hs-CRP and MCP-1 levels. Patients with unstable
plaques exhibited increased Hs-CRP levels [15.33 (interquar-
tile range: 10.65, 17.35) mg/l] compared with those of the
stable plaque and NC groups [2.38 (interquartile range: 1.23,
3.75) mg/1 and 1.21 (interquartile range: 0.76, 1.50) mg/l,
respectively; both P<0.001]. Similarly, there were significantly
elevated MCP-1 levels in patients with unstable plaques
(467.13+£66.28 pg/ml) compared with those in the stable plaque
and NC groups (351.84+81.89 and 153.64+49.79 pg/ml, respec-
tively; both P<0.001) (Fig. 3). Additional data are presented
in Table SI.

ROC of calcium content, spectral curve slope and serum
levels of Hs-CRP and MCP-1 in the plaque groups. In general,
the ROC curves were constructed for calculation of the AUC
at the optimal cut-off value along with maximum sensitivity
and specificity. As a result, the generated AUC of the calcium
content in carotid plaque was 0.938 and the assumed cut-off
calcium content for discriminating stable and unstable plaque
was 101.5 pg/ml, with a sensitivity of 73.33% and a specificity
of 100%. The generated AUC of the slope of the spectral curve
was 0.942 and the assumed cut-off slope of the spectral curve
for differentiating stable from unstable plaque was 3.835,
with a sensitivity of 96.67% and a specificity of 77.27%. The
generated AUC of serum Hs-CRP was 1 and the optimal
Hs-CRP threshold cutoff was determined to be 7.14 mg/1, with
a sensitivity and specificity of 100 and 100%, respectively. The
generated AUC of serum MCP-1 was 0.901 and the optimal
MCP-1 threshold cutoff was determined to be 392.3 pg/ml,
with a sensitivity and specificity of 84 and 100%, respec-
tively (Fig. 4). Additional data are presented in Table SII.

Correlation analysis. Age, complete blood counts (leukocytes
and monocytes) and calcium content were not significantly
correlated with the serum levels of Hs-CRP or MCP-1 in
either the patients or NC groups. No obvious correlation was
observed between the calcium content, serum levels of Hs-CRP
or MCP-1 in either patients with unstable plaques nor those
with stable plaques (data not shown). No obvious correlation
was obtained between the calcium content and spectrum curve
slope in patients with unstable plaques (r=-0.236, P=0.291;
data not shown), but the calcium content was significantly
negatively correlated with spectrum curve slope in patients
with stable plaques (r=-0.494, P=0.006) (Fig. S1).

Medication use and cerebrovascular events. During the 1-year
follow-up, no significant differences were observed in the
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Table I. Baseline characteristics of patients and NC.
Parameter Unstable plaque (n=17) Stable plaque (n=25) NC (n=19) P-value
Age, years 63.30+11.90 63.80+9.60 60.20+11.80 0.555
Female sex 12.00 (70.60) 15.00 (60.00) 10.00 (52.60) 0.543
Diabetes 3.00 (17.70) 5.00 (20.00) - 0.849
Coronary artery disease 3.00 (17.70) 2.00 (8.00) - 0.343
Hypercholesterolemia 10.00 (58.80) 9.00 (36.00) 4.00 (21.10) 0.064
Hypertension 7.00 (41.20) 9.00 (36.00) - 0.735
Smoking 7.00 (41.20) 7.00 (28.00) 4.00 (21.10) 0.665
Peripheral artery disease 7.00 (41.20) 8.00 (32.00) - 0.542
Leukocytes, x10%/ul 7.01+2.12 7.06+1.65 6.86+1.92 0.935
Carotid stenosis, % 0.318

>50 6.00 (35.30) 11.00 (44.00) -

<50 11.00 (64.70) 14.00 (56.00)
Monocytes, x10%/ul 0.39+0.11 0.38+0.09 0.35+0.10 0.450

Values are expressed as n (%) or the mean + standard deviation. NC, normal controls.
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Figure 2. Different locations of plaques in the carotid artery. The distribu-
tion of unstable plaque and stable plaque in different carotid segments
were compared. The vertical axis indicates the proportion of the plaque
distribution. CCA, common carotid artery; ECA, external carotid artery.

medication use between the two carotid atherosclerosis groups,
with the exception of higher use of lipid-lowering drugs in the
unstable plaque group than in the stable plaque group (P<0.001).
No deaths occurred in the present study cohort. Ischemic stroke
occurred in 2 patients with unstable plaques (2/17, 11.8%) due
to artery-to-artery embolism from the carotid artery origin and
in 2 patients with stable plaques (2/25, 8%) in the absence of
TIA or intracranial hemorrhage (Table II), but no statistically
significant difference in the occurrence rate of ischemic stroke
was obtained between these two groups (P>0.05).

Discussion

In the present study, patients with unstable plaques exhibited
a decrease in calcium content compared with that of the calci-
fied plaques group. Together with a previous study suggesting
that less calcification was associated with clinically symp-
tomatic plaques rather than with asymptomatic plaques (16),

this finding indicates that the GSI calcium content may be
associated with plaque instability. This is noteworthy because
recent data have demonstrated that atherosclerotic plaque
calcification is a complex, active biological process involving
plaque vulnerability to rupture, consequently leading to
major cardiovascular events such as myocardial infarction. At
present, clinical imaging modalities, including non-invasive
methods such as CT or invasive methods such as intravascular
US or optical coherence tomography, are utilized for the
characterization of calcified carotid plaques (17). To the best
of our knowledge, the present study is the first time the GSI
technique has been adopted to analyze the calcium content in
carotid atherosclerotic plaque. In the present study, this novel
technique was selected because, inheriting the detection sensi-
tivity of CT towards calcium, GSI uses X-rays and expresses
the absorption of the energy spectrum based on tissue compo-
sition and lesions, performing quantitative analysis via the
MD technique, where the calcium map displays only calcium
density and enables measurement of calcium content in
plaques (7,8). Of note, the present study also indicated that the
spectral curve slope of the CT value of the plaque in patients
with stable plaques was significantly lower than that of patients
with unstable plaques, which is in agreement with a previous
study by Kargaaltincaba and Aktas (18), who reported that
vulnerable plaques were rich in lipid cores and their energy
spectrum curve exhibited a bow-up curve with a positive slope,
whereas stable plaques had a bow-down curve with a negative
slope. Of note, in the present study, ROC curve analyses were
performed, which revealed the optimal diagnostic threshold
values of calcium content and spectral curve slope for differ-
entiating vulnerable from stable plaques, as well as their
distinctive specificity and sensitivity, indicative of different
roles of these parameters in the assessment of carotid plagues.
Indeed, an obvious correlation was observed between the
calcium content and spectrum curve slope in the patients with
stable plaques, but not in the patients with unstable plaques,
further supporting the present viewpoint. Taken together, the
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Figure 3. Serum levels of Hs-CRP and MCP-1 in the three groups, spectral curve slope and calcium content in the plaque groups. The serum levels of
(A) Hs-CRP and (B) MCP-1 determined using immunoturbidimetry were compared among patients with stable plaques, unstable plaques and NC. (C) Calcium
contents in plaque and (D) spectral curve slope of plaque are compared between patients with stable plaques and unstable plaques using gemstone spec-
tral imaging. Horizontal lines indicate mean values with standard deviation or median values, while numerals on top are P-values. NC, normal controls;
Hs-CRP, high-sensitivity C-reactive protein; MCP-1, monocyte chemotactic protein-1.
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Figure 4. ROC curve analysis of spectral curve slope, calcium content in
plaque and serum levels of Hs-CRP, MCP-1 in the plaque groups. Quantitative
analysis for curve slope of plaque (green line), calcium content in plaque
(orange line), serum MCP-1 level (blue line) and serum Hs-CRP level (red
line) in plaque groups was performed using ROC curve analysis. The AUC
for the calcium content in the plaque was 0.938 and the assumed cut-off for
the calcium content for discriminating between stable and unstable plaque
was 101.5 (g/1), with a sensitivity of 73.33% and a specificity of 100%. The
AUC of the slope of the spectral curve was 0.942 and the assumed cut-off for
the slope of the spectral curve for differentiating stable from unstable plaque
was 3.835, with a sensitivity of 96.67% and a specificity of 77.27%. The AUC
of serum Hs-CRP levels was 1 and the optimal Hs-CRP threshold cutoff was
determined to be 7.14 mg/1, with associated sensitivity and specificity of 100
and 100%, respectively. The AUC of serum MCP-1 levels was 0.901 and the
ideal MCP-1 threshold cutoff was determined to be 392.3 pg/ml, with associ-
ated sensitivity and specificity of 84 and 100%, respectively. ROC, receiver
operating characteristic; AUC, area under the curve; Hs-CRP, high-sensitivity
C-reactive protein; MCP-1, monocyte chemotactic protein-1.

present results indicated that these two GSI parameters may
serve as potential imaging biomarkers relevant to plaque
vulnerability or disease progression.

As the most promising indicator for vascular inflammation,
CRP is one of the acute-phase proteins mainly produced in
the liver during episodes of acute inflammation or infection.
Hs-CRP assay methods are capable of detecting small changes
in CRP concentrations. Hs-CRP is currently considered a
predictor of future cardiovascular events and was classified as
class III B level of evidence in the 2016 European guidelines
on cardiovascular disease prevention (19), albeit controversy on
the validity of this biomarker still exists. Various studies have
provided strong evidence that CRP inhibits endothelial nitric
oxide production and contributes to plaque instability by acti-
vating NF-«B, inducing the expression of MMP-2 and -9 (20).
In line with these previous studies, the present study indicated
that, compared with those in the stable plaque or NC groups,
patients with unstable plaques had markedly elevated serum
Hs-CRP levels. Furthermore, optimal diagnostic threshold
values were also obtained for separating vulnerable from
stable plaques with higher specificity and sensitivity than
either calcium content or spectral curve slope, supporting
the view that alterations in this inflammatory biomarker
are closely associated with the formation or development of
vulnerable carotid plaques. This is noteworthy, since a novel
strategy for multiplying individual profiles has been proposed
by Nederkoorn (21) for the selection of patients with the
highest risk and for the selection of the best treatment. For
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Table II. Medication use and cerebrovascular events during 1-year follow-up in the unstable and stable plaque groups.

Item Unstable plaque (n=17) Stable plaque (n=25) P-value
=1 antiplatelet agent 15/17 24/25 0.556
=1 antihypertensive agent 717 7/25 0.508
=1 lipid-lowering agent 16/17 10/25 <0.001
=1 glucose-lowering agent 3/17 4/25 >0.999
=1 anticoagulant agent 0 0
Quitting smoking 0 0
CEA/CAS 0 0
Outcome of stroke or TIA 2/17 2/25 >0.999
Ischemic stroke 2/17 2/25
TIA 0 0
Intracranial hemorrhage 0 0

CEA, carotid endarterectomy; CAS, carotid artery stenting; TIA, transient ischemic stroke.

instance, along with the Reynolds risk score (22), the addi-
tion of Hs-CRP as well as family history and traditional risk
factors was reported to efficiently improve the overall future
risk prediction of cardiovascular events (23). However, further
studies are required to address these issues.

To date, limited data are available concerning the roles of
MCP-1 in vulnerable carotid plaques. Of note, in an in vivo
animal study on apolipoprotein E” mice, site-specific delivery
of adenoviral-mediated small hairpin RNA targeting mouse
MCP-1 downregulated MCP-1 expression, which turned a
vulnerable plaque into a more stable plaque phenotype and
prevented plaque disruption, suggesting its detrimental effects
on plaque stability (24). In parallel with these findings, the
present study suggested that patients with unstable plaques had
higher serum MCP-1 levels than patients with stable plaques
or NCs. Together with the ROC analysis of calcium content
or spectral curve slope, the present findings strongly suggest
that MCP-1 may potentially be involved in carotid plaque
instability and therefore utilized for the assessment of plaque
vulnerability.

Although CT is relatively inexpensive as compared to MRI,
the ionizing radiation of CT scanning has raised increasing
concern in recent years. To reduce the risk of CT radiation,
two strategies are proposed: One is justification, which refers
to CT scans only when medically necessary; another is opti-
mization, which refers to adjusting and operating a CT scanner
to obtain images adequate for diagnosis at the lowest possible
dose. Considering the great potential of GSI in detecting
carotid atherosclerotic plaque components, appropriate use
on patients requiring screening is thought to be necessary
and beneficial. In addition, compared to conventional CT, the
dose of X-ray radiation and contrast agent is decreased since
GSI may achieve comparable contrast-to-noise ratios with
lower dose efficiency. In any case, when choosing to perform
CTA, the most suitable patients should be selected to gain the
greatest benefit with minimum risk (25).

In the present study, although the incidence of ischemic
stroke in the unstable plaque group was slightly higher than
that in the stable plaque group (11.8 vs. 8.0%), no statistically

significant difference was observed between these two groups
during the l-year follow-up, possibly due to the better compli-
ance in the administration of lipid-lowering drugs in the
former group (26). However, the association between these
two GSI parameters and the risk of ischemic stroke was not
investigated in the present study, mainly due to the small
sample size and a short-term follow-up (at 1 year). However, a
multicenter prospective study using a larger sample size will
help determine the role of plaque features by GSI as possible
clinical predictors of future ipsilateral cerebrovascular events.
In conclusion, the present study suggested that patients with
unstable plaque exhibited a significantly lower calcium content
and higher spectral curve slope than those of the stable plaque
group. A marked alteration in GSI calcium content and spectral
curve slope in patients with unstable plaque was observed,
reflecting a close link between calcification and plaque
instability. These two imaging parameters are of powerful
diagnostic value in the determination of unstable plaques
with different threshold values, indicating that they may serve
as valuable biomarkers related to atherosclerosis and plaque
vulnerability in clinical practice. However, the small sample
size is a major limitation of the present study and larger-scale
comparisons with histopathological specimens are required to
validate the reliability of GSI-based CT carotid plaque imaging
in the future. The present study also demonstrated altered
serum levels of Hs-CRP and MCP-1 proteins in patients with
unstable plaques, as well as their optimal diagnostic threshold
values for determining unstable plaques, thus supporting the
hypothesis that these pro-inflammatory molecules may be
implicated in the process of plaque instability and may there-
fore serve as potential serological biomarkers for the prediction
of vulnerable carotid plaques. In summary, the present findings
support the feasibility of using these serological and imaging
parameters as multiple potential biomarkers relevant to plaque
vulnerability or stroke progression. However, these findings
of GSI calcium content and spectral curve slope in vulnerable
carotid plaques pave the way for identifying valuable candidate
biomarkers in atherothrombotic stroke and for exploring novel
therapeutic strategies for effective stroke prevention.
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