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Objective: Atherosclerosis is the most common pathological change of cerebral
small vessel disease (CSVD). This study aimed to investigate correlations between
carotid atherosclerotic calcification and clinical outcomes of symptomatic
CSVD.

Methods: We retrospectively evaluated 210 symptomatic CSVD patients
who underwent carotid computed tomography angiography (CTA) and brain
magnetic resonance imaging (MRI). Clinical outcomes were evaluated using
modified Rankin Scale (mRS) at 90 days after acute event. The presence and
characteristics of carotid calcification (including size, number and location),
carotid plaque burden and CSVD markers were analyzed. Logistic regression
analysis was used to explore associations between carotid calcification and
CSVD outcomes. Key confounding variables (age, sex, hypertension, diabetes
mellitus, hyperlipidemia, coronary heart disease, smoking history, drinking
history, ulceration, positive remodeling and positive soft plaque) were adjusted
in multivariate analysis. The areas under the curve (AUC) of receiver operating
characteristic (ROC) curves were used to analyze predictive performance of
various radiological variables for CSVD outcomes.

Results: A total of 129 patients with poor outcomes and 81 with good outcomes
were analyzed. The incidence of calcification plague in poor outcome group
was higher than those in good outcome group (p = 0.001). Logistic regression
found that the presence of calcification, surface calcification, multiple
calcifications, thick/mixed calcifications, carotid stenosis degree and total CSVD
score were associated with adverse outcomes in symptomatic CSVD before and
after adjusting for confounding factors (all p < 0.05). ROC analysis showed that
the prediction model with integrated carotid calcification exhibited enhanced
performance with a sensitivity of 75.19% and specificity of 70.37% (AUC = 0.752,
p < 0.001).

Conclusion: Carotid calcification characteristics were associated with clinical
outcomes of symptomatic CSVD, which could be used as predictive indicators
of CSVD outcomes.
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1 Introduction

Cerebral small vessel disease (CSVD) refers to a group of
pathological processes affecting the small arteries, venules, and
capillaries of the brain (1). With a high prevalence in the elderly,
CSVD accounts for approximately one-quarter of all strokes (2).
Typical neuroimaging markers of CSVD include recent small
subcortical infarct (RSSI), lacune, white matter hyperintensity
(WMH), enlarged perivascular space (EPVS), cerebral microbleed
(CMB) and brain atrophy (3). Among various subtypes, symptomatic
CSVD is a clinical presentation of a lacunar syndrome, confirmed by
anatomically corresponding lacunar infarction on brain MRI (4). The
clinical manifestation of symptomatic CSVD is complicated, and its
clinical outcomes vary substantially among individuals (5). Therefore,
early detection of symptomatic CSVD patients with a high risk of
developing adverse outcomes is essential.

Atherosclerosis of carotid arteries was a well-established cause of
ipsilateral ischemic stroke and was also one of the most common
pathological changes of CSVD (1, 6). Arterial calcification, which was
an indicator of advanced atherosclerosis (7), has been recognized as
an easily identifiable and highly specific imaging feature reflecting
atherosclerosis. Historically, calcification has been considered
protective and a marker of plaque stability (8, 9). However, several
recent studies have emphasized that calcification in specific sizes and
locations was associated with increased plaque vulnerability (10, 11),
which in turn is related to CSVD (12, 13).

Lots of studies have identified that carotid calcification was an
adverse factor for cerebrovascular ischemic events (e.g., stroke, transient
ischemic attack) (14-17). However, most of these studies focused on the
calcification volume or subtype, and few studies focused on the
characteristics of carotid artery calcification. Compared with previous
studies, characteristics of carotid artery calcified plaques could
comprehensively depict the distribution, shape, stability and other
factors of calcification, which may better evaluate the prognosis of
patients with cerebrovascular ischemic events. Additionally, prior
research has shown that carotid diseases (e.g., carotid vulnerable plaque,
carotid stenosis) were associated with poor post-stroke outcomes (18,
19). Nevertheless, it is uncertain whether characteristics of carotid artery
calcification are correlated with clinical outcomes of symptomatic CSVD.

Therefore, this study aimed to explore the potential link between
carotid atherosclerotic calcification and the clinical outcomes of
symptomatic CSVD patients, as well as to determine whether this
correlation is dependent on the specific feature of calcification.

Abbreviations: AUC, areas under the curve; CMB, cerebral microbleed; CSVD,
cerebral small vessel disease; CTA, computed tomography angiography; DCA,
Decision curve analysis; EPVS, enlarged perivascular space; (MRI), magnetic
resonance imaging; mRS, modified Rankin scale; NIHSS, National Institutes of
Health Stroke Scale; OR, odds ratio; RI, remodeling index; ROC, receiver operating
characteristic; RSSI, recent small subcortical infarct; ST, slice thickness; TE, time

echo; TR, time repetition; WMH, white matter hyperintensity.
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2 Materials and methods
2.1 Study population

This study was approved by the Ethical Committee of Shandong
Provincial Hospital Affiliated to Shandong First Medical University
(SWYX: No. 2024-072), and informed consent was waived due to the
retrospective nature of the study. We retrospectively analyzed 305
patients diagnosed with symptomatic CSVD defined as a clinical
presentation of lacunar syndrome confirmed by anatomically
corresponding lacunar infarct on brain MRI from January 2016 to
January 2024. Inclusion criteria: (1) MRI-verified symptomatic
lacunar ischemic stroke; (2) typical MRI findings of CSVD, including
RSSI, lacune, WMH, EPVS, and CMB; (3) carotid CTA and brain MRI
were conducted successively in the short term (< 3 months).
Exclusion criteria were: (1) absence of acute infarct or acute infarct
with diameter > 20 mm (n = 53); (2) extracranial or intracranial
macrovascular stenosis > 70% (n = 33); (3) intracranial hemorrhage
(n =2); (4) cardiogenic infarction (n = 3); (5) WMH unrelated to
CSVD, such as multiple sclerosis (1 = 1); (6) comorbid with other
neurological disorders, such as Parkinson’s disease (n=1); (7)
comorbid with systemic diseases, such as tumors (n = 1). (8) Renal
dysfunction (n = 1). The patients” selection flow chart is shown in
Figure 1.

Comprehensive data including demographics, clinical features
and risk factors were gathered. Patient demographics and clinical data
are listed in Table 1. Clinical outcomes were based on the modified
Rankin Scale (mRS) score at 90 days after acute event. A good
outcome was classified as mRS < 2, while mRS > 2 was considered as
a poor outcome.

2.2 CTA and MRI protocols

Carotid CTA was performed with a third-generation dual-source
CT scanner (SOMATOM Force, Siemens Healthcare). Contrast
medium (Omnipaque-350, GE Healthcare) was injected at 4 mL/s
with a volume of 60-80 mL, followed immediately by 40 mL of saline
solution at the same injection rate. Bolus tracking was utilized to start
the acquisition 5 s after the aortic arch attenuation reached the 100
HU threshold. The following parameters were set for the examination:
Tube voltage, 80 kV for BMI < 25 kg/m* and 100 kV for BMI > 25 kg/
m? pitch, 1.0; rotation time, 350 ms; reconstructed slice thickness,
1.5 mm; reconstructed slice interval, 1.0 mm.

The brain MRI examination was performed using a 3.0 Tesla
MRI system (Magnetom Prisma, Siemens Healthineers, Erlangen,
Germany). The scan sequence included: T1-weighted images
(T1WI), T2-weighted images (T2WI), T2 -weighted fluid-
attenuated inversion recovery (T2-FLAIR), diffusion-weighted
imaging (DWI) and susceptibility- weighted imaging (SWI). The
sequence parameters are as follows: T1WI: time repetition
(TR) = 2000 ms, time echo (TE)=7.4ms, and slice thickness
(ST) = 5.0 mm. T2WI: TR/TE = 4,300 ms/109 ms, ST = 5.0 mm;
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Patients with carotid CTA and brain MRI within 3 months
(n=305)

Excluded patients (n = 95)

- absence of acute infarct or acute infarct with
diameter > 20 mm (n = 53)

< extracranial or intracranial macrovascular stenosis
>70% (n=33)

Included patients (n = 210)

Good clinical outcome group

(n=81) (n=129)

FIGURE 1

Poor clinical outcome group

Flow chart for patient selection. CTA, computed tomography angiography; mRS, modified Rankin Scale.

+ intracranial hemorrhage (n=2)

« cardiogenic infarction (n = 3)

» comorbid with other neurological or systemic
diseases (n = 3)

- renal dysfunction (n = 1)

TABLE 1 Baseline characteristics of the study population.

Variables Patients (n = 210)

Clinical risk factors

Age, median (IQR) 61 (54-68)
Sex, male, n (%) 159 (75.7)
Hypertension, 1 (%) 158 (75.2)
Diabetes mellitus, 7 (%) 66 (31.4)
Hyperlipidemia, n (%) 88 (41.9)
Coronary heart disease, 1 (%) 30 (14.3)
Smoking history, n (%) 85 (40.5)
Drinking history, n (%) 97 (46.2)
Medication, n (%)

Antiplatelet therapy 201 (95.7)
Statins 192 (91.4)
Antihypertensive therapy 137 (65.2)
Antidiabetic therapy 61 (29.0)
Clinical variable

NIHSS, median (IQR) 3(2-5)
mRS score at baseline, median (IQR) 3(3-4)
mRS score at 90 days, median (IQR) 3(2-3)

mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; IQR,
interquartile range.

T2-FLAIR: TR/TE = 8,000 ms/81 ms, ST =5.0 mm; DWI: TR/
TE = 2,680 ms/57 ms, ST = 1.5 mm; SWI: TR/TE = 27 ms/20 ms,
ST = 1.5 mm.
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2.3 Imaging assessment

The CTA and MRI images were independently evaluated by two
experienced radiologists (JZ and SZ), each with more than 5 years of
specialized experience in neurovascular imaging. Any disagreement
was referred to a senior radiologist (XW) for a final decision. All
image assessments were performed blinded to clinical data.

2.3.1 Carotid artery CTA

Carotid arteries analyzed mainly included common carotid
arteries, extracranial internal carotid arteries, and intracranial internal
carotid arteries. Using a postprocessing workstation (Syngovia,
Siemens Force, Germany) to analyze and record the presence, number,
location, maximum thickness and rim sign of calcified plaques on
unilateral or bilateral carotid arteries. Depending on the quantity of
plaques, calcified plaques were classified as either single (< 2) or
multiple (> 2). Based on the location of calcified plaques, they were
categorized as surface, deep, or mixed (presence of both surface and
deep calcification). Surface calcification was identified when it was
situated at or adjacent to the intimal surface, whereas deep calcification
was defined when it was positioned at or near the medial/adventitial
border with complete encasement by fibrous tissue (20). According to
the maximum thickness of the calcified plaque, the morphology of
calcification was divided into thin (< 2 mm), thick (>2 mm), and
mixed (both thin and thick calcification were present) (21). The rim
sign was defined as a thick soft plaque (>2 mm) surrounded by thin
calcium (< 2 mm) (22). Examples of various imaging characteristics
of calcification were shown in Figure 2.

Additionally, the degree of carotid artery stenosis, plaque
ulceration, plaque remodeling index (RI) and positive soft plaque were
recorded. A maximum soft plaque thickness of more than 2 mm was
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FIGURE 2

ulceration (arrow) of carotid plaque.

Imaging characteristics of carotid calcified plaque, positive remodeling and ulceration. Arrows show plaque with various characteristics: (A-C) illustrate
the different positions of calcified plaques in carotid artery. (A), surface calcification; (B), deep calcification; (C), mixed calcification. Panel (D) indicates
calcification with a positive rim sign. Panel (E) presents an example of positive remodeling; remodeling index (RI) was computed as a/b. Panel (F) shows

considered positive soft plaque (21). According to the North American
Symptomatic Carotid Endarterectomy Trial criteria (23), the degree
of carotid artery stenosis is classified as mild (0-49.9%), moderate
(50-69.9%), or severe (70-99.9%). The last group was excluded
because of severe stenosis. Ulceration was defined as contrast media
protrusion into the plaque, measuring at least 2 mm (24). RI was
defined as the ratio of the maximum wall thickness at the most
stenotic location to the wall thickness at the normal proximal vessel
and RI > 1.05 indicates positive remodeling (25).

2.3.2 Assessment of MRI markers of CSVD

Imaging features of CSVD are assessed in accordance with the
Standards for Reporting Vascular Changes on Neuroimaging
consensus. (1) Lacune, a round or oval structure with a diameter of
3-15mm located subcortically. The signal of lacune is similar to
cerebrospinal fluid on TIWI and T2WTI; it exhibits hyperintensity
surrounding rims on FLAIR (26). (2) WMH, shown as isointensity or
hypointensity on TIWI while displaying hyperintensity on FLAIR and
T2WI. 1t is classified as periventricular WMH (PWMH) and deep
WMH (DWMH) according to the Fazekas scale and graded from 0 to
3(27). (3) CMB, a small round or ovoid low signal on SWT sequences,
with a diameter of 2 to 10 mm (28). (4) EPVS, presented as round or
linear cerebrospinal fluid signals on TIWI, T2WI and FLAIR
sequences with a diameter of < 3 mm. A validated four-point visual
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assessment scale (score 0: none; score 1: 1-10; score 2: 11-20; score 3:
21-40; score 4: > 40) was used to assess the EPVS of the basal ganglia
(29). The overall CSVD score was assessed by utilizing an established
scale ranging from 0 to 4 (30). The presence of the manifestations
listed below earned one point: (1) > 1 lacuna; (2) Fazekas score with
deep WMH > 2 points and/or periventricular WMH score of 3 points;
(3) > 1 deep or infratentorial CMB; (4) severe PVS in the basal ganglia
(> 2 points).

2.4 Statistical analysis

The Kolmogorov-Smirnov test was used to determine the
variable’s normality. Continuous quantitative data was presented as
mean * standard deviation (SD) or median [interquartile range, IQR]
based on distribution, and Student’s t-test or Mann-Whitney U test
were used for comparison. Categorical variables were described as
frequencies (percentages), and intergroup differences are compared
using the y* test or Fisher’s exact test. Univariate and multivariate
logistic regressions were used to explore associations between
calcification characteristics, plaque burden, CSVD markers and
outcomes in symptomatic CSVD patients. In multivariate analysis,
commom clinical risk factors and carotid plauge burden were
adjusted. Interaction terms were used to investigate whether the
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association between carotid calcification and outcomes of
symptomatic CSVD differed according to clinical covariates. The
areas under the curve (AUC) of the receiver operating characteristic
(ROC) curves were reported to evaluate the possible incremental
contribution of carotid calcification features (p value < 0.05 in
multivariate regression analysis) to identify poor outcomes. Bootstrap
method was used to internally validate models with 500 resamples
(31). Calibration curves and Decision curve analysis (DCA) were
used to evaluate the calibration ability and net benefits of models.
Two-sided p values < 0.05 were considered to be statistically
significant. The interobserver agreements for CTA data and CSVD
markers were assessed using Kappa test, with values greater than 0.75
considered excellent reproducibility. All statistical analyses were
conducted using SPSS software (IBM, Inc., version 26.0).

3 Results
3.1 Baseline characteristics

A total of 210 patients (median age 61 years, IQR 54-68) were
enrolled; 159 (75.7%) were men; 158 (75.2%) had hypertension, 66
(31.4%) had diabetes mellitus, 88 (41.9%) had hyperlipidemia and 30
(14.3%) had coronary heart disease. More baseline characteristics are
presented in Table 1.

TABLE 2 Baseline characteristics between groups with good and poor
outcomes.

Good
outcome
group
(mRS <2,
n = 81)

Poor
outcome
group
(mRS > 2,
n =129)

Variables

p value

Clinical risk factors

Age (> 60), n (%) 37 (45.7) 81 (62.8) 0.015%
Sex, male, n (%) 56 (69.1) 103 (79.8) 0.078
Hypertension, 1 (%) 56 (69.1) 102 (79.1) 0.104
Diabetes mellitus, 7 (%) 22 (27.2) 44 (34.1) 0.291
Hyperlipidemia, n (%) 38 (46.9) 50 (38.8) 0.244
Coronary heart disease, 7 (8.6) 23(17.8) 0.064
n (%)

Smoking history, n (%) 29 (35.8) 56 (43.4) 0.274
Drinking history, n (%) 39 (48.1) 58 (45.0) 0.652
Medication, n (%)

Antiplatelet therapy 78 (96.3) 123 (95.3) 0.741
Statins 71 (87.7) 121 (93.8) 0.122
Antihypertensive 52 (64.2) 85 (65.9) 0.802
therapy

Antidiabetic therapy 18 (22.2) 43 (33.3) 0.084
Clinical variable

NIHSS, median (IQR) 1(1-2) 5(3-6) <0.001 %%

Bold values indicate statistical significance. *p < 0.05, **¥p < 0.001.
mRS, modified Rankin scale; NTHSS, National Institutes of Health Stroke Scale; IQR,
interquartile range.

Frontiers in Neurology

10.3389/fneur.2025.1628353

The distribution of mRS scores at baseline and at 90 days were
shown in Supplementary Figure S1. As shown in Table 2, 129 patients
were identified as having poor outcomes 90 days after acute event and
81 had good outcomes. Compared with patients without good
outcomes, those with poor outcomes were more likely to be older
(p = 0.015) and to have higher NIHSS scores at admission (p < 0.001).
No significant difference was found in other clinical risk factors
between two groups (all p > 0.05).

3.2 Comprision of imaging characteristics

Imaging parameters were compared between two groups and
exhibited in Table 3. Patients with poor outcomes tended to develop
lacune (p < 0.001), severe periventricular and deep WMH (ps <
0.001), CMB (p = 0.003) and higher total CSVD burden (p < 0.001).
As for plaque burden, severe carotid stenosis (p < 0.001) and positive
remodeling (p = 0.031) were frequently observed in poor outcome
group. Moreover, the incidence of calcification (p = 0.001), surface
calcification (p = 0.001), multiple calcifications (p < 0.001) and thick/
mixed calcifications (p < 0.001) were significantly higher in patients
with adverse outcomes compared to those with good outcomes.
However, ulceration, the incidence of positive soft plaque, deep/
mixed calcifications, single calcification, thin calcification and rim
sign showed no significant difference between two groups (all
p>0.05).

Besides, excellent inter-reader agreements were obtained in CSVD
markers and CTA variables as well (lacune: k = 0.875; periventricular
WMH: k=0.795; deep WMH: k =0.836; EPVS: k =0.894; CMB:
k =0.857; CSVD total score: k = 0.840; carotid stenosis: k = 0.864;
ulceration: k = 0.773; positive remodeling: k = 0.773; positive soft
plaque: k =0.886; presence of calcification: k=1.000; surface
calcification: k = 0.800; deep/mixed calcification: k = 0.802; single
calcification: k=0.828; multiple calcificationsrim sign; thin
calcification: k = 0.765; thick/mixed calcifications: k = 0.783; rim sign:
k=0.828).

3.3 Logistic regression analyses for poor
clinical outcomes

In univariate logistic regression analyses, clinical risk factors did
not significantly modify the associations between carotid calification
interaction p > 0.05)
(Supplementary Table S1); the presence of calcification [odds ratio
(OR) = 3.647; 95% ClI, 1.598-8.321], surface calcification (OR = 2.648;
95% CI, 1.481-4.735), multiple calcifications (OR = 2.886; 95% ClI,
1.574-5.290), thick/mixed calcifications (OR = 3.062; 95% CI, 1.721-
5.451), total CSVD score (OR =2.983; 95% CI, 2.042-4.359) and
carotid stenosis degree (OR = 5.300; 95% CI, 2.763-10.166) all showed
significant associations with poor outcomes in symptomatic CSVD

features and clinical oucomes (all

(Table 4; Figure 3A). After adjusting for sex, age, hypertension,
diabetes mellitus, hyperlipidemia, coronary heart disease, smoking
history, drinking history and carotid plaque burden (for ulceration,
positive remodeling and positive soft plaque), the associations
remained (all p < 0.05) (Table 4; Figure 3B).
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TABLE 3 Comparisons of CSVD markers, plaque burden and calcification.

Variables Good outcome group

Poor outcome group

(MRS <2,n=281) (mRS >2, n =129)

CSVD markers
Lacunes, n (%) 29(35.8) 92(71.3) < 0.001%**
Periventricular WMH, # (%) < 0.001%**
Grade 0 1(1.2) 0(0.0)
Grade 1 17 (21.0) 8(6.2)
Grade 2 45 (55.6) 63 (48.8)
Grade 3 18 (22.2) 58 (45.0)
Deep WMH, n (%) < 0.001%#%*
Grade 0 9(11.1) 0(0.0)
Grade 1 20 (24.7) 18 (14.0)
Grade 2 42 (51.9) 69 (53.5)
Grade 3 10 (12.3) 42 (32.6)
EPVS, median (IQR) 2(2-3) 2(2-3) 0.434
CMB, 1 (%) 4(4.9) 25 (19.4) 0.003%%
Total CSVD score, median (IQR) 2(1-3) 3(2-3) < 0.001 %%
Plaque burden, n (%)
Stenosis degree < 0.001%%#%
None 18(22.2) 10(7.8)
<30% 62 (76.5) 77 (59.7)
30-69% 1(1.2) 42 (32.6)
Ulceration 2(2.5) 2 (1.6) 0.640
Positive remodeling 1(1.2) 11(8.5) 0.031*
Positive soft plaque 24 (29.6) 47 (36.4) 0.310
Calcification, n (%)
Presence 62 (76.5) 119 (92.2) 0.001%*
Location
Surface 40 (49.4) 93 (72.1) 0.001%*
Deep/mixed 22(27.2) 27(20.9) 0.299
Number
Single 17 (21.0) 18 (14.0) 0.183
Multiple 45 (55.6) 101 (78.3) < 0.001%##%*
Size
Thin 30 (37.0) 33 (25.6) 0.078
Thick/mixed 32(39.5) 86 (66.7) < 0.001%#%%*
Rim sign (+) 3(3.7) 10(7.8) 0.236

Bold values indicate statistical significance. *p < 0.05, **p < 0.01, **¥p < 0.001.
CMB, cerebral microbleed; CSVD, cerebral small vessel disease; EPVS, enlarged perivascular space; mRS, modified Rankin scale; WMH, white matter hyperintensity. IQR, interquartile range.

3.4 Predictive value of carotid calcification respectively. When adding calcification into Model B, the
characteristics in clinical outcome prediction model (Model C) reached an AUC of 0.752 (95% ClI,
0.684-0.820, p < 0.001), with a bootstrap-corrected AUC of

As shown in Figure 4, three prediction models including  0.752(95% CI,0.681-0.819,p < 0.001) (Supplementary Figure S2).
variables of clinical covariates, non-calcified plaque featuresand =~ Moreover, Model C had higher sensitivity (75.19% vs. 47.29%)
calcified plaque features were constructed. The AUC for Model ~ but lower specificity (70.37% vs. 91.36%) compared to Model B
A and Model B was 0.683 (p <0.001) and 0.701 (p <0.001)  (Table 5). As shown in Supplementary Figure S3, Model C
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FIGURE 3

(A) Univariable logistic regression results. (B) Multivariate logistic regression results. “The results were adjusted for age, sex, hypertension, diabetes
mellitus, hyperlipidemia, coronary heart disease, smoking history, drinking history and carotid plaque characteristics (for ulceration, positive remodeling
and positive soft plaque). *p < 0.05, **p < 0.01, ***p < 0.001. Cl, confidence interval; CSVD, cerebral small vessel disease; OR, odds ratio.
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FIGURE 4
ROC curves for prediction of poor outcomes at 90 days after stroke. Model A: Clinical variables; Model B: Clinical variables + non-calcified plaque
features; Model C: Clinical variables + non-calcified + calcified plaque features. AUC, areas under the curve; ROC, receiver operating characteristics.

exhibited good consistency between predicted and actual 4 Discussion

risks. Moreover, DCA curves suggested that Model C

could provide better clinical benefits than other models In this study, we observed that the presence of calcification,
(Supplementary Figure S4). specifically surface, multiple and thick/mixed calcifications, was
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TABLE 4 Association between imaging characteristics and outcomes of symptomatic CSVD.

Variables Univariate Multivariate
OR (95% Cl) OR (95% ClI)?

Presence 3.647 (1.598-8.321) 0.0027% 2.832 (1.078-7.442) 0.035%
Location

Surface 2.648 (1.481-4.735) 0.0017%* 2.884 (1.513-5.495) 0.001%*

Deep/mixed 0.710 (0.371-1.357) 0.300 0.473 (0.219-1.021) 0.057
Number

Single 0.610 (0.294-1.268) 0.186 0.785 (0.359-1.716) 0.544

Mutiple/mixed 2.886 (1.574-5.290) 0.0017 2.343 (1.110-4.945) 0.026*
Size

Thin 0.584 (0.321-1.065) 0.079 0.736 (0.387-1.401) 0.351

Thick/mixed 3.062 (1.721-5.451) <0.0017%% 2.427 (1.216-4.846) 0.012%
Rim sign 2.185 (0.583-8.191) 0.246 1.083 (0.206-5.708) 0.925
Stenosis degree 5.300 (2.763-10.166) <0.0017%% 5.988 (2.732-13.123) <0.0017%%
Total CSVD score 2.983 (2.042-4.359) <0.0017% 2.936 (1.926-4.478) <0.0017%%%

Bold values indicate statistical significance. *p < 0.05, **p < 0.01, **¥p < 0.001.

“The results were adjusted for age, sex, hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, smoking history, drinking history and carotid plaque characteristics (for
ulceration, positive remodeling and positive soft plaque).

CSVD, cerebral small vessel disease; OR, odds ratio; CI, confidence interval.

TABLE 5 Influence of variables on predictive accuracy of models.

Models Included variables AUC (95% CI) Sensitivity (%) Specificity (%)
A Clinical variables 0.683 (0.611-0.755) < 0.001%%* 46.51 87.65
B Clinical variables + non-calcified 0.701 (0.631 ~ 0.772) < 0.001%** 47.29 91.36
plaque features
C Clinical variables + non-calcified + calcified 0.752 (0.684-0.820) < 0.001%** 75.19 70.37
plaque features

Bold values indicate statistical significance. **¥p < 0.001.

Model A: Clinical variables (age, sex, hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, smoking history, drinking history); Model B: Clinical variables + non-calcified

plaque features (ulceration, positive remodeling, positive soft plaque); Model C: Clinical variables + non-calcified + calcified plaque features (presence of calcification, surface, mutiple and

thick/mixed calcifications).
AUCG, areas under the curve; CI, confidence interval; CSVD, cerebral small vessel disease.

associated with clinical outcomes of symptomatic CSVD before and
after adjusting for confounding factors. It is suggested that the
presence and features of carotid atherosclerotic calcification may
be independent risk factors for predicting poor outcomes of
symptomatic CSVD.

Atherosclerosis was intrinsically linked to alterations in the
microvasculature, which contributed to CSVD development (32,
33). Carotid artery calcification, as an important marker of large
artery atherosclerosis, could lead to arterial stiffness, reduced
arterial compliance, increased pulse pressure and perfusion
pressure in downstream small cerebral vessels. This resulted in
damage to the cerebral microcirculation (20, 34-36). Additionally,
atherosclerotic calcification was considered as a risk factor
associated with plaque instability (37); vascular inflammation was
prominent during the early stage of calcification (38) and could also
instability.  The
pathophysiological changes may potentially lead to the formation

contribute to  plaque aforementioned
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of microemboli (39), thereby causing the occurrence of brain
parenchymal injury, which may contribute to adverse outcomes of
symptomatic CSVD.

Our findings indicated that individuals with surface, multiple
and thick/mixed calcifications had a higher likelihood of
experiencing poor outcomes. Although relationships between
carotid calcification and CSVD markers were gradually established
(40, 41), the mechanism underlying associations between
characteristics of calcification and clinical outcomes of CSVD was
still unclear. Prior research has indicated that the location, amount
and size of calcification can influence the mechanical stress of
plaque and alter the stability of the cap, potentially shedding light
on this connection (42). Specifically, surface calcification will
enhance the risk of neovascular rupture and thrombosis by
prominently increasing plaque surface stress (43-45). In contrast,
deep/mixed calcification has a negligible impact on plaque
maximum stress (21, 46).
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Multiple calcified plaques exhibit similar mechanisms.
Compared with the soft compositions, the region of calcification
showed a lower strain rate. This stress imbalance may lead to
rupture of neovascularization at the interface between calcification
and soft components. In contrast to single calcification, multiple
calcifications may increase the interface surface area, thereby
potentially elevating the risk of neovessel rupture (46).
Additionally, several studies have demonstrated that surface,
multiple and thick calcifications are independent risk predictors
of intraplaque hemorrhage (21, 47, 48). These calcification
features may reflect plaque vulnerability. Vulnerable plaques may
cause oxidative stress, inflammation and microembolic
dislodgement, leading to cerebral infarction and functional
impairment (12, 19). To some extent, these studies support our
observation that surface, multiple and thick calcification is an
important determinant of plaque vulnerability, which could lead
to adverse outcomes for symptomatic CSVD.

In addition to characteristics of calcification plaques,
we found that total CSVD load and degree of carotid stenosis
could also predict clinical outcomes of symptomatic CSVD. This
finding is consistent with prior studies (49-51). These
associations can be explained through several underlying
mechanisms. Firstly, when individual neuroimaging markers are
taken into account, total CSVD burden can dependably represent
the extent of brain tissue affected by ischemia or other forms of
injury. Chronic ischemia may lead to stroke, gait impairment,
and dementia, which can be attributed to a reduced neural
reserve capacity. Secondly, carotid artery stenosis may lead to
micro infarctions via artery-to-artery embolization (33). When
blood flows through the narrow arteries, it could generate
turbulence and low vascular wall shear stress (52). These changes
may facilitate the formation of microthrombi and subsequent
embolism in small perforating arteries, thereby increasing the
risk of cerebrovascular accidents and contributing to
adverse outcomes.

We observed that Model C exhibited higher AUC (0.752) and
sensitivity (75.19%) than Model B, suggesting that adding calcification
into model might possess higher predictive performance and lower
rates of missed diagnosis.

Moreover, Moldel C achieved good calibration ability and clinical
applicability. This study indicates the potential of utilizing carotid
calcification features as clinically practical tools for risk stratification
of symptomatic CSVD.

In clinical practice, patients with carotid calcification may require
intensified anti-atherosclerotic treatment. Strategies including
lifestyle modifications (e.g., quitting smoking, limiting alcohol intake,
and engaging in regular moderate exercise), stricter management of
blood pressure, glucose, and blood lipid level as well as the use of
medications to protect blood vessels, should be implemented to
improve prognosis.

This study also has a few restrictions. Firstly, this is a retrospective
study and thus only functional outcomes were collected. It is widely
recognized that CSVD is a primary cause of vascular cognitive
impairment and dementia (53). Therefore, future prospective studies
with cognitive outcomes are necessary. Secondly, an independent
external validation cohort was not conducted due to single-center
nature of current study. Internal validity was assessed through
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bootstrap resampling methods. Thirdly, the present study did not
comprehensively consider mRS score variations during 90 days after
stroke. Categorizing CSVD patients based on mRS score changes
(deterioration vs. improvement) would be an innovative method.
Finally, it should be noted that the clinical outcomes were only
followed up 90 days after stroke, and long-term outcomes (e.g., 1 year)
need to be further validated.

In conclusion, carotid calcification was observed to
be correlated with clinical outcomes of symptomatic CSVD. This
association was determined by the location, quantity, and size of
calcification. Evaluation of carotid artery calcification may
provide a strategy for clinical prevention and treatment of
symptomatic CSVD patients.
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