www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Association of carotid
atherosclerosis, perivascular
adipose tissue, and stiffness by
ultrasound assessment in young
adults with ischemic stroke
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In the last decade, the incidence of stroke among young adults has risen globally. The relevance of
carotid intima-media thickness (IMT) and plaque in predicting ischemic stroke (IS) in this population
remains uncertain. This study investigated the relationship between ultrasound-evaluated carotid wall
properties and occurrence and severity of IS in young adults. Young adults (n=147) aged 18-50 years
with IS and 294 age- and sex-matched controls were included. Ultrasound-assessed variables included
carotid atherosclerosis, perivascular adipose tissue, and arterial stiffness. Ultrasound parameters
included IMT, plaque presence, extra-media thickness (EMT), and flow augmentation index (FAI).
Multivariate and ROC curve analyses were conducted. All ultrasound parameters were elevated

in the IS group. Carotid EMT and FAI were associated with IS, while IMT and plaque were not. The
multivariate model combining carotid EMT and FAI showed a superior area under the curve compared
to models incorporating either parameter alone. Plaque presence and increased EMT thickness
correlated with higher scores on the National Institutes of Health Stroke Scale. Carotid EMT and FAI
are independent vascular risk factors for IS in young adults. The potential of EMT and plaque presence
as biomarkers for assessing disease severity warrants further investigation.
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Ischemic stroke (IS) is a significant cause of death and disability worldwide, impacting individuals across all age
groups, from neonates to older individuals'. The global incidence of IS among young adults (aged 18-50 years)
has surged by 40% over the past decade®. This significant increase suggests that traditional risk factors used to
screen for IS may not fully apply to younger populations.

Computed tomography angiography (CTA) and magnetic resonance angiography (MRA) are widely
recommended for diagnosing cerebrovascular diseases®. As a screening tool, carotid ultrasound is ideal for
detecting atherosclerosis. It is non-invasive and highly sensitive, with better spatial resolution compared to other
methods. It is considerably less costly and can be performed at the bedside without requiring a specific location.
These attributes make carotid ultrasound particularly suitable for large-scale screenings.

The common carotid artery (CCA) intima-media thickness (IMT) and the presence of carotid plaque,
especially vulnerable plaque, are established predictors of ischemic stroke in extensive atherosclerosis of the
large arteries®. Yet, most existing research focuses on older adults, typically those aged 60 years or older ;7 the
applicability of these findings to younger adults remains uncertain. The impact of carotid perivascular adipose
tissue and arterial stiffness on IS in young adults has been minimally explored despite their known roles in
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vascular dysfunction®’. Studies have shown that ultrasound measurements of perivascular adipose tissue (extra-
media thickness; EMT) relate to vascular aging and coronary artery disease!’, while measurements of arterial
stiffness (flow augmentation index; FAI) may be linked to minor cerebral vascular injuries!!.

Therefore, we conducted a prospective observational case-control study to investigate carotid ultrasound
parameters for identifying IS and their association with disease severity in young adults.

Methods

The ethics committee of the First Affiliated Hospital of Fujian Medical University approved this study for
medical research. The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013).
Informed written consent was obtained from each patient or their relatives before participation. We adhered to
the Strengthening the Reporting of Observational Studies in Epidemiology reporting guidelines.

Study design and participant recruitment

This prospective observational case-control study took place at the First Affiliated Hospital of Fujian Medical
University in Fuzhou, China, from March 2021 to May 2024. We recruited 147 patients with IS from the
Department of Neurology, which includes the Main and the Binhai Campuses of the First Affiliated Hospital,
designated as a National Regional Medical Center. Additionally, 294 control participants were recruited from the
Health Management Center at these locations (Supplementary File 1, Fig. S1).

Patients with IS were diagnosed based on any sudden and persistent neurological deficit resulting from an
infarction, confirmed by neuroimaging. Each patient underwent an etiological examination that included a
comprehensive history and physical examination, as well as additional tests, encompassing a complete blood
count, biochemistry, coagulation tests, a 24-h ECG, carotid ultrasound, transcranial Doppler, transthoracic and
transesophageal echocardiography, and CTA and MRA to assess extracranial and intracranial vessels>!>!3. The
inclusion criteria were patients aged 18-50 years at the time of examination, with a definitive first occurrence, <
50% carotid stenosis, and complete imaging results. Exclusion criteria included IS in the posterior circulation,
cerebral hemorrhages, coronary atherosclerotic heart disease, atrial fibrillation, mitral stenosis, cardiac
thrombosis, prior carotid endarterectomy or carotid artery stenting, a family history of hypercholesterolemia,
systemic vasculitis (including Takayasu arteritis, lupus vasculitis, and rheumatoid vasculitis), and abnormal
kidney or hepatic function.

Control participants were matched with the IS group at a 2:1 ratio based on sex and age at the time of
examination. Control participants were identified as those with at least one traditional risk factor (TRF) for IS
during the same period as IS participants. Exclusion criteria for controls included cardiovascular, cerebrovascular,
and peripheral artery diseases; malignant tumors; history of head and neck surgery, radiotherapy, or
chemotherapy; a family history of hypercholesterolemia; systemic vasculitis (including Takayasu arteritis, lupus
vasculitis, rheumatoid vasculitis); and abnormal kidney or hepatic function.

Demographic characteristics

During the enrollment process, we collected information from participants, including age at examination, sex,
BMI, SBP, DBP, smoking status, and diabetes mellitus. Serum biochemical indicators, including TC, TG, LDL,
and HDL, were also analyzed.

Ultrasound parameters measurement

Participants underwent vascular ultrasound examinations, with data collection occurring at least two hours after
their last meal. They were advised to avoid coffee, tea, alcohol, and vigorous exercise for at least 12 h before the
test.

Imaging of the common carotid artery was performed using a Resona 7 S/9 ultrasonic diagnostic instrument
(Mindray, Shenzhen, China) with transducers of L14-5WU (5-14 MHz)/L15-3WU (3-15 MHz) and a Hi-
Vision Preirus ultrasonic diagnostic instrument (Hitachi, Tokyo, Japan) with a transducer of L74M (5-13 MHz).

Intima-media thickness (IMT) measurement IMT is visualized as a double-line pattern on ultrasound,
representing the lumen-intima and media-adventitia interfaces of the CCA in a longitudinal view (Fig. 1a).
IMT was measured on the far wall of the CCA, at least 5 mm below the bifurcation, over a 10-mm length of a
straight arterial segment. This segment needed to be plaque-free to ensure the high-quality image acquisition
necessary for reproducible measurements. Three IMT measurements were taken at 1-mm increments along the
far wall of the CCA, and the average of these measurements was calculated.

Extra-media thickness (EMT) measurement EMT was defined as the distance between the media-adventitia
interface of the CCA and the lumen of the internal jugular vein (IJV). This measurement was manually taken on
the near wall of the CCA in the longitudinal view at the segment where the IJV and CCA were the closest and
visible, approximately 1-1.5 cm proximal to the carotid bulb (Fig. 1a)'. Three frames from each side were used
for these measurements. The average of the EMT measurements from both sides was calculated.

Flow augmentation index (FAI) measurement FAI was calculated using at least three stable waveforms of
standard carotid artery flow velocity. These waveforms allowed for the determination of the following parameters:
peak systolic flow velocity (Vs), end-diastolic flow velocity (Ved), and the peak flow velocity of the secondary
rise in the standard carotid flow velocity waveform (Vsr) (Fig. 1b)'°. FAI was defined as (Vsr—Ved)/(Vs—Ved).
Three frames from each side were used for these measurements. The average of the FAI measurements from both
sides was computed.

The measurements were performed by ultrasonographers with over 10 years of experience in vascular
ultrasound.
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Fig. 1. (a, b) Carotid ultrasound images were used to measure carotid atherosclerosis, perivascular adipose
tissue, and stiffness. (a) The measurement of IMT demonstrates the distance between the short blue equal-like
lines representing the lumen-intima interface and the media-adventitia interface at the 10-mm length segment
starting 5 mm proximal to the bulb of the carotid artery. The measurement of EMT demonstrated the distance
between the short, orange, equal-like lines representing the carotid media—adventitia interface and the jugular
lumen at the segment where the carotid artery and jugular vein are closest. (b) The calculation method of FAI
was defined as (Vsr—Ved)/(Vs—Ved). At least three common carotid artery flow velocity waveforms obtained
from a stable area of the record were analyzed to determine the following parameters: peak systolic flow
velocity (Vs); end-diastolic flow velocity (Ved); and peak flow velocity of the secondary rise in the common
carotid flow velocity waveform (Vsr). EMT, extra-media thickness; IMT, intima-media thickness; FAI, flow
augmentation index.

Statistical analysis

Continuous variables were summarized using mean or median, as appropriate. The normality of continuous
data was tested using the Kolmogorov-Smirnov test. Categorical variables were presented as frequency and
percentage (%). Comparisons of non-parametric continuous variables were conducted using the Mann-Whitney
U test for two groups. Categorical variables were compared using the chi-square (x) or Fisher’s exact tests when
the expected value was less than 5.

Logistic regression was used to assess associations between carotid ultrasound parameters, TRFs, and IS.
Linear regression was utilized to evaluate associations between carotid ultrasound parameters, TRFs, and
National Institutes of Health Stroke Scale (NIHSS) scores in terms of disease severity.

The area under the curve (AUC) of the receiver operating characteristic (ROC) curve was used to assess the
prognostic ability of carotid ultrasound parameters for IS in young adults.

Statistical analyses were performed using SPSS 25.0 and GraphPad Prism 9.0. A P-value of less than 0.05 was
considered statistically significant.
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Results

Baseline characteristics of study participants

A total of 441 participants were included in the study: 147 were case patients with IS, and 294 were control
participants without IS. The median BMI for control participants was 25.3 (24.8-25.8) kg m~2, which was lower
than that of patients with IS (P<0.0001). TRFs, including SBP, DBP, diabetes mellitus, smoking, TC, TG, LDL,
and HDL, were higher in patients with IS than in control participants (all P<0.0001) (Table 1).

Comparison of carotid ultrasound parameters between patients with IS and control
participants

In this study, the median IMT was 0.9 mm in patients with IS, significantly thicker than that in control participants
(P<0.0001). The frequency of plaque was also markedly higher in patients with IS than in control participants
(P<0.0001). The EMT in patients with IS was significantly thicker than that in control participants (P <0.0001).
The FAI of the former was considerably larger than that of the latter (P <0.0001).

Association between carotid ultrasound parameters and TRFs and IS
In this study, carotid ultrasound parameters, including the presence of plaque, IMT, EMT, and FAI, were
associated with young patients with IS according to univariable logistic regression (Table 2).

We also observed that TRFs, including high BMI, SBP, DBP, TC, TG, LDL levels, low HDL levels, diabetes
mellitus, and smoking, were significantly associated with IS in young adults, as determined by univariate logistic
regression analysis. Multivariate logistic regression analysis revealed a significant association between high BMI,
SBP, DBP, TC, LDL and HDL levels, and IS in young adults (Table 2).

After adjusting for BMI, SBP, DBP, TC, LDL, and HDL, both EMT and FAI remained significantly associated
with young patients with IS in the multivariate logistic regression. However, no significant associations were
observed between IMT or the presence of plaque and IS in young adults (Table 2).

Identifiable ability of carotid ultrasound parameters for young adults with IS

ROC analysis of EMT and FAI showed a large AUC for predicting IS in young adults, ranging from 0.800 to
0.900, with corresponding cut-off values of 0.98 mm and 0.48, respectively (Table 3). However, the sensitivity
of EMT and the specificity of FAI were only 64.6% and 74.8%, respectively. The combination of EMT and FAI
performed well in identifying IS in young adults, with an AUC of 0.907 (0.878-0.935) and improved sensitivity
and specificity of 80.3% and 81.3%, respectively (Table 3; Fig. 2).

‘ IS group (n=147) ‘ Control group (n=294) ‘ P- Value

Risk factors

Age at examination, y,

median (IQR) 46 (42,48) 45 (41, 49) 0.933
Man, n(%) 110 (74.8) 220 (74.8) 1.000
BMI, kg/m?,

median (IQR) 26.1(25.7,26.7) 25.3(24.8,25.8) <0.0001
SBP, mm Hg,

median (IQR) 148 (144, 154) 131 (125, 142) <0.0001
DBP, mm Hg,

median (IQR) 96 (94, 100) 85 (80, 93) <0.0001
Diabetes mellitus, n (%) 34 (23.1) 26 (8.8) <0.0001
Smoking, n (%) 66 (44.9) 77 (26.2) <0.0001

Biochemical index
TC, mmol/L, median (IQR) | 5.27 (4.89, 5.68) 4.45 (4.06,4.97) <0.0001
TG, mmol/L, median (IQR) | 1.85 (1.45, 2.24) 1.44 (1.20, 1.95) <0.0001
( )
( )

HDL, mmol/L, median (IQR) | 0.99 (0.95, 1.06) 1.04 (0.97, 1.11 <0.0001
LDL, mmol/L, median (IQR) | 3.43 (2.96, 3.90) 2.48 (2.29,2.90 <0.0001

Carotid measurements

The presence of plaque, n (%) 81 (55.1%) 55 (18.7%) <0.0001
IMT, mm, median (IQR) 0.9 (0.8,1.0) 0.8 (0.7,0.9) <0.0001
EMT, mm, median (IQR) 1.1(0.9,1.3) 0.8 (0.7, 0.9) <0.0001
FAL median (IQR) 0.52 (0.48,0.56) | 0.41 (0.37, 0.46) <0.0001
NIHSS score, median (IQR) 8(5,12)

Table 1. Characteristics of the study population and comparison of carotid properties between the IS and
control group. The Mann-Whitney U test was used for comparing two groups, while categorical variables

were analyzed using the y? test. IS, ischemic stroke; IQR, interquartile range; BMI, body mass index; SBP,
systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; LDL, low density
lipoprotein; HDL, high density lipoprotein; EMT, extra-media thickness; IMT, intima-media thickness; FAI,
flow augmentation index; NIHSS, National Institutes of Health Stroke Scale.
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Univariate Multivariate
OR | 95% CI P-value* | OR | 95% CI P-value

Risk factors
Age at examination 0.995 | 0.961-1.030 | 0.777

Sex 1.000 | 0.634-1.578 | 1.000

BMI 4.681 | 3.339-6.564 | <0.0001 | 2.764 | 1.697-4.503 | <0.0001"
SBP 1.202 | 1.160-1.246 | <0.0001 | 1.131 | 1.074-1.192 | <0.0001"
DBP 1.267 | 1.208-1.329 | <0.0001 | 1.148 | 1.062-1.241 | <0.0001"
Diabetes mellitus 3.101 | 1.779-5.408 | <0.0001 | 2.036 | 0.606-6.839 | 0.250°
Current smoker 2.296 | 1.515-3.482 | <0.0001 | 1.737 | 0.854-3.531 | 0.127°
Biochemical index

TC 7.808 | 5.085-11.991 | <0.0001 | 3.446 | 1.755-6.767 | <0.0001"
TG 2262 | 1.645-3.109 | <0.0001 | 1.162 | 0.638-2.118 | 0.624°
LDL 5292 | 3.713-7.543 | <0.0001 |2.416 | 1.324-4.408 | 0.004®
HDL 0.161 | 0.033-0.781 | 0.023 0.022 | 0.001-0.359 | 0.007°

Carotid measurements

The presence of plaque | 5.333 | 3.443-8.261 | <0.0001 | 1.448 | 0.721-2.909 | 0.298¢

IMT 1.506 | 1.310-1.732 | <0.0001 | 0.996 | 0.769-1.291 | 0.977¢
EMT 2.755 | 2.257-3.364 | <0.0001 | 2.118 | 1.612-2.782 | <0.0001°¢
FAI 1.253 | 1.200-1.307 | <0.0001 | 1.070 | 1.005-1.138 | 0.033¢

Table 2. Association between carotid properties, TRFs, and IS. Values in bold indicate a P-value of less than
0.05. OR, odds ratio; CI, confidence interval; IS, ischemic stroke; BMI, body mass index; SBP, systolic blood
pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; LDL, low density lipoprotein;
HDL, high density lipoprotein; EMT, extra-media thickness; IMT, intima-media thickness; FAI, flow
augmentation index; TRE, traditional risk factor. *The univariate logistic regression models were constructed to
assess the association between all the TRFs and IS in young adults. "The multivariate logistic regression models
were constructed to assess the association between TRFs associated with IS and IS in young adults. “The
multivariate logistic regression models (adjusted for BMI, SBP, DBP, TC, LDL, and HDL) were constructed to
assess the association between all the carotid measurements obtained by ultrasound and IS in young adults.

Variable Cut-off value | P-value | AUC (95% CI) Sensitivity | Specificity
EMT* 0.980 <0.0001 | 0.885(0.851-0.919) | 64.60% 94.90%
FAT* 0.480 <0.0001 | 0.834 (0.796-0.872) | 79.60% 74.80%
EMT +FAT <0.0001 | 0.907 (0.878-0.935) | 80.30% 81.30%

Table 3. Carotid ultrasound parameters for predicting IS in young adults. IS, ischemic stroke; AUC, area
under the curve; CI, confidence interval; EMT, extra-media thickness; FAI, flow augmentation index. *The
different univariable logistic regression models predict IS in young adults with a P value. Sensitivity and
specificity values were calculated using the Youden Index. ®The multivariable logistic regression model,
including EMT and FAI, predicts IS in young adults with a P value. Sensitivity and specificity values were
calculated using the Youden Index.

Association between carotid properties and disease severity in young adults with IS
We investigated the association between carotid properties assessed by ultrasound and disease severity in
young patients with IS. We observed significant associations between the NIHSS score and the following
carotid ultrasound parameters: the presence of plaque (f=0.279, P=0.001), IMT ($=0.297, P<0.0001), EMT
(8=0.546, P<0.0001), and FAI (8=0.516, P<0.0001) (Table 4). Several traditional risk factors, including age
at examination, BMI, and the presence of diabetes mellitus, were significantly associated with NIHSS scores in
these young patients (all P<0.05) (Table 4).

The multivariate linear regression model revealed that thicker EMT (=0.458, P<0.0001), the presence of
plaque ($=0.166, P<0.0001), and older age at examination (3=0.456, P=0.005) were significantly associated
with higher NIHSS scores in young patients with IS (Table 4).

Discussion

This study provides a detailed assessment of the association of carotid atherosclerosis, stiffness, and perivascular
adipose tissue in young adults with ischemic stroke (IS). We found that carotid atherosclerosis (i.e., presence
of plaque) was not associated with IS in young patients, however, perivascular adipose tissue (i.e., EMT) and
carotid stiffness (i.e., FAI) were associated with IS in young patients, independently of conventional vascular
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Fig. 2. The receiver operating characteristic curve showed that the multivariate models of EMT and FAI can
better predict IS in young adults with AUC, sensitivity, and specificity than univariate models of EMT or FAIL
AUCG, area under the curve; CI, confidence interval; EMT, extra-media thickness; FAI, flow augmentation
index.

risk factors and carotid atherosclerosis. When combining FAI and EMT this association was even stronger.
Additionally, EMT was associated with disease severity in young patients with IS.

The measurement of carotid EMT was first proposed by Skilton et al. as an ultrasound parameter to investigate
the association of arterial adventitia with cardiovascular risk'®. In this study, we observed that CCA EMT was a
vascular risk factor for IS in young adults, with thicker EMT correlating with more severe ischemic stroke. The
main component in the EMT region is considerable amounts of adipose tissue'®. The perivascular adipose tissue
(PVAT) around the carotid artery is white adipose tissue®. The metabolic activity of PVAT may act systemically
or locally'”. During obesity and hypertension, the paracrine effects of PVAT, particularly on vascular tone and
inflammation, are significantly altered. Cytokines and classical adipokines dysregulate critical genes involved
in vascular redox balance, leading to endothelial dysfunction and vascular stiffness®. Our results suggest that
increased EMT can be a surrogate marker of arterial dysfunction and a vascular risk factor for stroke in young
adults. This information underscores the potential for targeted medical interventions for PVAT in preventing IS
in young adults.

We observed an association between carotid stiffness and IS in young adults, which is consistent with previous
findings'®!°. Kozo Hirata et al. reported that flow waves exhibited a strong correlation with pressure waves,
closely approximating the line of identity'®. In our study, we used the FAI instead of the augmentation index
(Aix), which is a recognized indicator for atherothrombotic strokes?, to calculate carotid stiffness. We found
that FAI was significantly larger in patients with IS than in control participants. Junichiro Hashimoto et al. also
reported that carotid FAI was associated with age, aortic stiffness, and cerebral white matter hyperintensities,
suggesting that increased cerebral flow pulsations may cause microcerebrovascular injury?!.

Hypertension is a traditional risk factor for IS. It exerts pulsatile shear stress on the carotid and cerebral
microvasculature due to increased pulsatile flow velocity, leading to vascular wall remodeling and damage?*?2%3,
In this study, SBP and DBP were higher in the young adults with IS than in the control participants, reinforcing
the relevance of hypertension as a risk factor for IS in young adults.

Previous studies have shown that CCA IMT and carotid plaque are conventional vascular risk factors for
myocardial infarction and stroke in older adults*?*-2°. In our study, no association was observed between CCA
IMT, carotid plaque, and IS in young adults (* 50 years). Although CCA IMT was thicker in the young adults
with IS than in control participants, the median CCA IMT was 0.9 mm in the young patients with IS, which was
lower than the reference values of 0.9-1.0 mm?”2%, This suggests that CCA IMT may not be a useful indicator of
increased risk of IS in young adults.

Regarding carotid plaque, Mathiesen et al. reported that carotid plaque was a strong predictor for first-ever
ischemic stroke in a healthy population aged 25-84 years over a 10-year follow-up period®. Our findings in
young adults were inconsistent with these results?. Although carotid plaque was more frequent in young adults
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Univariable Multivariable

B E [ 95% CI P-value* | B E [ 95% cI P-valueb
Risk factors
Age at examination | 0.354 | 0542 | 0.264 to0.444 | <0.0001 | 0298 | 0.456 | 0.202t00.394 | <0.0001
Sex 0547 | 0.058 | —1.001 t02.095 | 0.486
BMI 2078 | 0390 | 1273t02.883 | <0.0001 | — 0.425 | —0.080 | — 1.192t0 0.342 | 0.275
SBP 0.067 | 0.131 | -0.016t00.150 | 0.114
DBP ~0.008 | —0.012 | —0.125t00.108 | 0.886
Diabetes mellitus 1973 | 0203 | 0.4111t03.536 0.014 | 0420 | 0.343 |-0.692t01.531 | 0.457
Smoking 0585 | 0.071 | -0.764t01.935 | 0.393
Biochemical index
TC ~0.193 | —0.025 | — 1.484 0 1.098 | 0.768
TG 0250 | 0.044 | —0.689t0 1.188 | 0.600
HDL ~0.363 | —0.011 | —5.985t05.058 | 0.895
LDL 0347 | 0.059 | -0.6221t0 1.317 | 0.480
Carotid measurements
()Tfhrﬁf;zem 2302 | 0279 | 1.003 to 3.601 0.001 1370 | 0.166 | 0.414 to 2.326 0.005
IMT 0.800 | 0297 |0377t01223 |<0.0001 | 0248 | 0.092 | —0.084t00.581 | 0.141
EMT 0757 | 0546 | 0.566t00.947 | <0.0001 | 0.634 | 0.458 | 0.456t00.813 | <0.0001
FAI 0356 | 0516 | 0.259t00.453 | <0.0001 | 0.047 | 0.069 | - 0.053t00.147 | 0.350

Table 4. Association between carotid ultrasound parameters, TRFs, and NIHSS score. Values in bold indicate
a P-value of less than 0.05. CI, confidence interval; TRE, traditional risk factor; BMI, body mass index; SBP,
systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglycerides; LDL, low density
lipoprotein; HDL, high density lipoprotein; EMT, extra-media thickness; IMT, intima-media thickness; FAI,
flow augmentation index; NIHSS, National Institutes of Health Stroke Scale. *The univariate linear models were
constructed to assess the association between all TRFs, all the carotid measurements obtained by ultrasound,
and NTHSS scores of disease severity in young adults. ®The multivariate linear models (adjusted for age at
examination, BMI, and diabetes mellitus) were constructed to assess the association between all the carotid
measurements obtained by ultrasound and NTHSS scores of disease severity in young adults.

with IS than in control participants, only 55.1% of patients with IS had carotid plaques. Multivariate regression
analysis further suggested that carotid plaque was not an independent vascular risk factor for IS in young adults.

In studying IS disease severity, we observed that thicker EMT and the presence of carotid plaque were
significantly associated with higher NTHSS scores, suggesting that atherosclerosis may not be the primary cause
of IS in young patients but could exacerbate vascular damage. The inflammation of PVAT promotes the formation
and deep invasion of microvessels from the adventitia into the carotid plaque, contributing to vulnerable plaque
that could lead to multifocal 1S%*°.

We also investigated the ability of CCA EMT and FAI to identify IS in young adults, advancing their clinical
application. We found that their combined application demonstrated a strong ability to identify IS, as evidenced
by an AUC of 0.907, with sensitivities and specificities of 80.3% and 81.3%, respectively, and cut-off values of
0.97 mm for EMT and 0.45 for FAIL

There are some limitations to our study. First, we employed a case-control design, which allows for the
examination of associations; however, longitudinal studies are necessary to determine whether these associations
indicate causal relationships. Second, although our study investigated the association between ultrasound
parameters of carotid properties and disease severity in young adults with IS, the prognostic value of these
ultrasound parameters in young patients with IS has not yet been explored. Third, this study is a single-center
investigation with a small sample size, which may exclude young adults with carotid stenosis exceeding 50%,
potentially leading to selection bias. Multi-center, large-sample studies are essential for validating the findings.

Conclusions

In summary, our study provides evidence that carotid properties are correlated with IS in young adults. Our
findings emphasize the association between carotid PVAT, stiffness, and IS in this population. EMT and FAI,
serving as ultrasound markers for PVAT and carotid stiffness, respectively, exhibit robust capabilities to identify
IS in young adults. EMT and FAI can be easily and noninvasively quantified using ultrasound in a clinical setting.

Data availability
The dataset used in our study was not publicly available to ensure the privacy and confidentiality of the patients
involved. Interested parties can request access to the dataset by contacting the corresponding authors.
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