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Background and purpose: Patients with transient ischemic attacks (TIA) have a 
significant risk of developing acute ischemic strokes (AIS), emphasizing the critical 
need for hierarchical management. This study aims to develop a clinical-imaging 
model utilizing multimodal magnetic resonance imaging (mMRI) and the revised 
Framingham Stroke Risk Profile (FSRP) to predict AIS and achieve early secondary 
prevention.

Methods: mMRI scans were conducted on patients with symptomatic intracranial 
atherosclerotic disease (ICAD) to assess vascular wall features and cerebral 
perfusion parameters. Based on diffusion-weighted imaging (DWI), patients were 
divided into two groups: TIA and AIS. Clinical data were evaluated to calculate 
the FSRP score. Differences in clinical and imaging characteristics between the 
groups were analyzed, and a predictive model for AIS probability in patients with 
ICAD was established.

Results: A total of 112 TIA and AIS patients were included in the study. The 
results showed that the AIS group had higher proportions of FSRP-high risk, 
hyperhomocysteinemia, and higher value of low-density lipoprotein (LDL), 
standardized plaque index (SQI), and enhancement rate (ER) compared to the TIA 
group (p  <  0.05). Mean transit time (MTT) and time to peak (TTP) in the lesion area 
were significantly longer in the AIS group (p  <  0.05). Multivariate analysis identified 
FSRP-high risk (p  =  0.027) and high ER (p  =  0.046) as independent risk factors for 
AIS. The combined clinical and mMRI model produced an area under the curve 
(AUC) of 0.791 in receiver operating characteristic (ROC) analysis. The constructed 
nomogram model combining clinical and mMRI features demonstrated favorable 
clinical net benefits.

Conclusion: FSRP-high risk and high ER were confirmed as independent risk 
factors for AIS. The combined prediction model utilizing clinical and imaging 
markers effectively predicts stroke risk in symptomatic ICAD patients.

KEYWORDS

atherosclerosis, plaque, cerebral perfusion, high-resolution vascular wall imaging, 
revised Framingham stroke risk profile (FSRP) atherosclerosis

OPEN ACCESS

EDITED BY

Anke Wouters,  
KU Leuven, Belgium

REVIEWED BY

Jixian Lin,  
Fudan University, China  
Chrysi Bogiatzi,  
Western University, Canada

*CORRESPONDENCE

Wei Wang  
 2447@hrbmu.edu.cn

RECEIVED 21 July 2023
ACCEPTED 06 September 2023
PUBLISHED 28 September 2023

CITATION

Sun J, Sui Y, Chen Y, Lian J and Wang W (2023) 
Predicting acute ischemic stroke using the 
revised Framingham stroke risk profile and 
multimodal magnetic resonance imaging.
Front. Neurol. 14:1264791.
doi: 10.3389/fneur.2023.1264791

COPYRIGHT

© 2023 Sun, Sui, Chen, Lian and Wang. This is 
an open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic practice. 
No use, distribution or reproduction is 
permitted which does not comply with these 
terms.

TYPE Original Research
PUBLISHED 28 September 2023
DOI 10.3389/fneur.2023.1264791

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2023.1264791﻿&domain=pdf&date_stamp=2023-09-28
https://www.frontiersin.org/articles/10.3389/fneur.2023.1264791/full
https://www.frontiersin.org/articles/10.3389/fneur.2023.1264791/full
https://www.frontiersin.org/articles/10.3389/fneur.2023.1264791/full
https://www.frontiersin.org/articles/10.3389/fneur.2023.1264791/full
mailto:2447@hrbmu.edu.cn
https://doi.org/10.3389/fneur.2023.1264791
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2023.1264791


Sun et al. 10.3389/fneur.2023.1264791

Frontiers in Neurology 02 frontiersin.org

1. Introduction

Intracranial atherosclerotic disease (ICAD) is a common cause of 
ischemic stroke in individuals of Asian descent (1), accounting for 
approximately 50% of strokes in China and Southeastern Asia (2). 
ICAD is a chronic and progressive disease that can affect multiple 
intracranial arteries simultaneously. Although patients may exhibit no 
clinical symptoms in the early stages of the disease, there is a risk of 
developing neurological deficits. As the disease progresses, transient 
ischemic attacks (TIAs) or even acute ischemic strokes (AISs) may 
occur. TIA and AIS can be considered successive manifestations of 
acute cerebrovascular events. Patients with TIA experience transient 
and sudden onset of focal neurological symptoms, which are usually 
quickly and completely relieved (3). TIA represents brain tissue 
hypoperfusion, and severe hypoperfusion can eventually result in 
irreversible ischemic necrosis of brain tissue, significantly increasing 
the disability and mortality risk for patients with ICAD (4). TIA is 
considered the most valuable early warning sign prior to the onset of 
stroke. Studies have shown that the proportion of TIA patients who 
experience a stroke within 90 days is as high as 20% (5, 6). In a large-
scale international study involving 3,847 patients with TIA or minor 
strokes, it was found that the incidence of cardiovascular events 
(including stroke) was 6.4% in the first year and 6.4% from the second 
to fifth years (7). Yang et  al. (8) discovered that asymptomatic 
intracranial arterial plaques are more stable than symptomatic 
intracranial arterial plaques, as quantified by the degree of plaque 
enhancement. Therefore, asymptomatic intracranial arterial plaques 
are less likely to rupture and block distal blood vessels, often resulting 
in less severe clinical consequences. Symptomatic ICAD indicates that 
patients have already experienced neurological deficits. Studies have 
shown that the annual stroke recurrence rate for symptomatic ICAD 
is as high as 12.6% (9), with a high likelihood of progressing to 
irreversible AIS. Thus, active prevention and treatment are necessary 
for these patients.

The Framingham Stroke Risk Profile (FSRP) is a commonly used 
scale for predicting the risk of stroke in the next decade (10). FSRP 
takes into account various clinical risk factors that can exacerbate 
arteriosclerosis and accelerate the progression of atherosclerosis. 
Additionally, high-resolution vascular wall imaging (HR-VWI) 
technology has been widely employed in the clinical diagnosis of 
ICAD, enabling the analysis of plaque composition, measurement of 
stenosis, assessment of remodeling patterns, and evaluation of plaque 
stability (11). Dynamic susceptibility contrast-enhanced perfusion 
imaging (DSC-PWI) can be  utilized for qualitative analysis and 
quantitative measurement of ischemic lesions. Studies have 
demonstrated that PWI can identify more than 50% of ischemic 
lesions in patients with suspected hemispheric TIA (12). It can provide 
objective evidence for the diagnosis and treatment of symptomatic 
ICAD patients.

Risk assessment of stroke can significantly impact the management 
of risk factors. The pathogenesis of AIS involves perforating artery 
occlusion, arterial–arterial embolism, hypoperfusion, and mixed 
mechanisms (13), which encompass plaques and hypoperfusion. Most 
existing models used for predicting AIS only focus on clinical risk 
factors and macroangiopathy, neglecting the influence of cerebral 
perfusion status (14). Studies on TIA risk stratification often overlook 
the causes of macroangiopathy and solely concentrate on perfusion 
changes (15). Currently, clinical risk factor models combined with 

multimodal MRI (mMRI) do not consider the comprehensive impact 
of multiple clinical risk factors on ICAD (16); the FSRP score can 
address this limitation. The goal of this study is to develop a clinical-
imaging model for predicting AIS utilizing mMRI in conjunction with 
the FSRP in patients with ICAD to achieve accurate risk stratification 
and early secondary stroke prevention.

2. Materials and methods

2.1. Patient population selection

This study is a prospective case-series study that continuously 
recruited patients with cerebral ischemic symptoms from the 
neurology department (including both outpatients and inpatients) at 
the First Affiliated Hospital of Harbin Medical University from 
January 2021 to June 2023. The study received approval from the 
Ethics Committee of the First Affiliated Hospital of Harbin Medical 
University (approval number 201989), and all patients or their 
guardians provided informed consent by signing the consent forms.

The inclusion criteria were as follows: (1) clinical diagnosis of TIA 
or AIS with symptoms of cerebral ischemia; (2) mMRI scan conducted 
within 7 days after the onset of symptoms; (3) presence of ICAD in the 
blood supply vessels of the ischemic areas; and (4) age ≥ 18 years old. 
The exclusion criteria were as follows: (1) cerebral ischemic changes 
caused by non-ICAD, such as moyamoya disease, arteritis, 
thromboembolism, etc.; (2) patients who have undergone brain 
surgery, experienced cerebral hemorrhage, or have cerebral tumors; 
(3) lesions that are inconsistent with the arterial blood supply area of 
the responsible artery; (4) contraindications for MRI; and (5) poor 
image quality that prevents proper analysis.

2.2. Scanning protocol

A 3.0 T MRI scanner (Ingenia Elition; Philips Healthcare, Best, 
the Netherlands).

with 32-channel head orthogonal coils was used. The scanning 
sequences and parameters were as follows: (1) Diffusion-weighted 
imaging (DWI): repetition time (TR) /echo time (TE) =.

2,851 ms/47 ms; thickness = 4 mm; Gap = 1 mm; field of view 
(FOV) = 230 mm × 230 mm × 119 mm; Voxel = 2.05 × 2.56; 
Matrix = 112 × 90; (2) Three-dimension time of flight magnetic 
resonance angiography (3D-TOF-MRA): TR/TE = 25 ms/3.5 ms; 
thickness = 1.4 mm; Gap = −0.7 mm; FOV = 194 mm × 194 mm × 84 mm; 
Voxel = 0.7 × 0.7; Matrix = 275 × 275; (3) T1-weighted three-dimension 
volumetric isotropic turbo spin echo acquisition (T1W-3D-VISTA): 
TR/TE = 800 ms/19 ms; thickness = 0.6 mm; Gap = −0.3 mm; 
FOV = 200 mm × 181 mm × 36 mm; Voxel = 0.6 × 0.6; Matrix = 332 × 300; 
(4) T2-weighted three-dimension volumetric isotropic turbo spin echo 
acquisition (T2W-3D-VISTA): TR/TE = 2,400 ms/90 ms; 
thickness = 0.6 mm; Gap = −0.3 mm; FOV = 200 mm × 200 mm × 40 mm; 
Voxel = 0.6 × 0.6; Matrix = 332 × 332; and (5) simultaneous non-contrast 
angiography and intraplaque hemorrhage (SNAP): TR/
TE = 10 ms/5.8 ms; thickness = 0.6 mm; Gap = −0.3; 
FOV = 200 mm × 181 mm × 36 mm; Voxel = 0.8 × 0.8; Matrix = 200 × 196; 
(6) DSC-PWI: TR/TE = 1795/40 ms, thickness = 0.6 mm; 
Gap = 0 mm;FOV = 224 mm × 224 mm × 120 mm; Voxel = 2.33 × 2.33; 
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Matrix = 96 × 94, T2*-EPI technology was used for image acquisition, 
and a contrast agent (gadolinium gluconate) was injected through the 
elbow vein with a high-pressure syringe at a dose of 0.1 mL/Kg and a 
speed of 5 mL/s, scanning 50 phases in total, and finally scanning after 
enhanced T1W-VISTA. The total scanning time was 
approximately 40 min.

2.3. Clinical data analysis

The clinical baseline characteristics and laboratory examinations 
of the patients were collected, including sex, age, height, weight, body 
mass index (BMI), presence of hypertension, diabetes, smoking 
history, drinking history, and previous stroke history. Additionally, the 
levels of systolic blood pressure (SBP), diastolic blood pressure (DBP), 
homocysteine (Hcy), total cholesterol, triglycerides, low-density 
lipoprotein (LDL), high-density lipoprotein (HDL), apoprotein (apo) 
A, and apoB were recorded.

FSRP score (17): The evaluation items include age, sex, SBP, 
smoking history, diabetes history, cardiovascular history, atrial 
fibrillation history, and left ventricular hypertrophy history. Based on 
age and sex, scores were assigned, and the total FSRP score was 
calculated by summing all the scores. The total score corresponds to 
the corresponding 10-year stroke risk (Supplementary Table S1). A 
risk of less than 10% is classified as low-medium risk, while a risk of 
10% or higher is defined as high risk.

2.4. Image analysis

The image data were transferred to a Philips IntelliSpace Portal 
(ISP, V10; Philips Healthcare, Best, The Netherlands) workstation for 
analysis. All quantitative data were measured by two neuroradiologists, 
and the final results were the average of their assessments. In cases 
where there was any ambiguity in the qualitative data, a consensus was 
reached through discussion.

2.4.1. HR-VWI
All patients were categorized into two groups, the AIS group and 

the TIA group, based on the presence or absence of diffusion-limited 
areas in the DWI images. An atherosclerotic plaque was defined as 
an eccentric thickening of the blood vessel wall. The responsible 
blood vessels were determined based on the patient’s clinical 
symptoms and the location of the DWI diffusion limitation. The 
location of the responsible plaque was defined as the plaque at the 
same layer as the lesion or at the adjacent upper/lower layer (18), or 
the plaque at the narrowest point of the blood vessel. The presence 
or absence of intraplaque hemorrhage (IPH) and plaque 
enhancement were analyzed, and the signal intensity (SI) of the 
plaque and brain gray matter before and after enhancement was 
measured. IPH was defined as an SI of the plaque that was greater 
than 1.5 times that of adjacent muscles on the T1W-3D-VISTA 
image before enhancement, and the SNAP image displayed a 
significantly high signal (19). Plaque enhancement was classified into 
three grades (grade 0: signal lower than or equal to the vascular wall 
before enhancement; grade 1: signal higher than the vascular wall 
before enhancement but lower than that of the pituitary stalk; and 
grade 2: signal higher than the pituitary stalk) (20). The standardized 

plaque index (SQI) and plaque enhancement ratio (ER) were 
calculated according to the following formulas: SQI = SI post-plaque/SI 
post-gray matter, ER = [SI post-plaque/SI post-gray matter – SI pre-plaque/SI pre-gray matter]/(SI 
pre-plaque/SI pre-gray matter) (21). The lumen area (LA) and vascular area 
(VA) of the stenosis level and the reference level were measured, and 
the reference level selected the non-diseased area closest to the 
proximal end of the stenosis level. The wall area (WA = VA MLN- LA 
MLN) (16), normative wall index (NWI = WA MLN/VA MLN) (16), 
stenosis rate (Stenosis rate = [1- LA MLN/LA reference] × 100%) (22), and 
remodeling index (RI=VA MLN/VA reference) (23) were calculated. 
Remodeling index (RI) ≥ 1.5 was defined as positive remodeling 
(PR), 0.95 < RI < 1.05 was non-remodeling, and RI ≤ 0.95 was 
negative remodeling (NR) (23).

2.4.2. DSC-PWI
According to the PWI source image, a pseudocolor image was 

generated for visual analysis of abnormal perfusion areas. Taking the 
diseased area as the region of interest (ROI), the contralateral region 
of interest was mirrored. The relative cerebral blood flow (rCBF), 
relative cerebral blood volume (rCBV), time to peak (TTP), and 
mean transit time (MTT) values were measured for the lesion area. 
The ROI size was approximately 15 mm2. If the patient did not 
exhibit a local abnormal perfusion area, the average perfusion 
parameters of the blood supply area of the responsible artery were 
measured. The average perfusion parameters of the anterior 
circulation included the average values of the frontal lobe (near the 
anterior horn of the lateral ventricle), parietal lobe (near the 
posterior horn of the lateral ventricle), temporal lobe (near the 
temporal horn of the lateral ventricle), hippocampus, and basal 
ganglia. The average perfusion parameters of the posterior circulation 
included the average values of the brainstem (midbrain, pons, and 
medulla oblongata levels) and the bilateral cerebellar hemispheres 
(fourth ventricle level).

2.5. Statistical analysis

Statistical analysis was conducted using IBM SPSS version 26.0. 
Count data were presented as numbers and percentages (n/%), and 
the chi-square (χ2) test was employed to compare count data 
between groups. The one-sample Kolmogorov–Smirnov test was 
used to assess the normality of continuous variables. If the data 
followed a normal distribution and exhibited homogeneous 
variances, they were expressed as mean ± standard deviation, and 
dependent sample t-tests were used for between-group 
comparisons. If the data did not conform to a normal distribution, 
they were represented as the median and interquartile range (IQR 
[Q1-Q3]), and the Mann–Whitney U test was used for between-
group comparisons. Risk factors with a value of p <0.1 were 
included in multivariate logistic regression analysis to identify 
independent risk factors for AIS. Receiver operating characteristic 
(ROC) curves were constructed to determine the area under the 
curve (AUC). The diagnostic performance of different models’ 
ROC curves was compared using Delong’s test (MedCalc Statistical 
Software Version 22.007). R software (version 4.0.1) was utilized to 
generate the nomogram model and assess the clinical net benefit 
of the model. A value of p <0.05 was considered 
statistically significant.
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TABLE 1 Comparison of clinical data between the TIA group and AIS group.

TIA group (n  =  65) AIS group (n  =  47) x2/t/Z p

Male (n/%) 35/53.8 33/70.2 3.063a 0.08

Age (years) 57.00 ± 11.50 56.19 ± 11.31 -0.037b 0.712

Hypertension (n/%) 49/ 75.4% 38/ 80.9% 0.470a 0.493

SBP (mmHg) 133.00 (121.50, 143.50) 139.00 (125.00, 155.00) −2.021c 0.043*

DBP (mmHg) 81.00 (77.50, 93.50) 85.00 (78.00, 95.00) −1.205c 0.228

Diabetes (n/%) 23/ 35.4% 21/ 44.7% 0.988a 0.320

BMI (kg/m2) 25.27 ± 3.17 24.88 ± 3.09 0.655b 0.514

Hyperhomocysteinemia (n/%) 37/ 56.9 38/ 80.9 7.069a 0.008*

Hcy (umol/L) 10.44 (7.99, 12.50) 12.20 (10.30, 13.79) −2.532c 0.011*

Cholesterol (mmol/L) 3.63 (3.17, 4.44) 4.13 (3.16, 4.66) −1.350c 0.177

Triglyceride (mmol/L) 1.49 (1.10, 1.86) 1.46 (1.04, 2.08) −0.301c 0.764

LDL (mmol/L) 2.03 (1.67, 2.56) 2.53 (1.99, 2.79) −2.232c 0.026*

HDL (mmol/L) 1.03 ± 0.24 1.06 ± 0.20 −0.804b 0.423

L/H 2.29 ± 0. 69 2.38 ± 0.71 −0.733b 0.465

apoA (g/L) 1.19 (105, 1.30) 1.15 (1.00, 1.31) −0.398c 0.691

apoB (g/L) 0.77 (0.59, 0.91) 0.83 (0.65, 1.01) −1.454c 0.146

A/B 1.62 (1.33, 1.94) 1.37 (1.10, 1.87) −1.722c 0.085

Smoking history (n/%) 23/ 35.4 22/4 6.8 1.481a 0.224

Drinking history (n/%) 10/ 15.4 9/ 19.1 0.274a 0.600

Stroke history (n/%) 15/ 23.1 13/ 27.1 0.306a 0.580

FSRP(high risk) (n/%) 24/ 36.9 29/ 61.7 6.718a 0.010*
a, x2 value; b, t value; c, Z value; *, the difference was statistically significant. 
BMI, body mass index; Hcy: Homocysteine; LDL, low-density lipoprotein; HDL, high-density lipoprotein; FSRP, revised Framingham Stroke Risk Profile.

3. Results

From January 2021 to May 2023, a total of 189 patients with 
symptomatic ICAD were enrolled in this study, while 77 patients who 
did not meet the research criteria were excluded. As a result, 112 patients 
were included in the final analysis. Among them, there were 65 patients 
(53.8% men and 46.2% women) in the TIA group, with an average age 
of 57.00 ± 11.50 years, and 47 patients (70.2% men and 29.8% women) in 
the AIS group, with an average age of 56.19 ± 11.31 years. Figure 1 shows 
the flowchart illustrating the patient recruitment and exclusion process.

3.1. Clinical data between the TIA group 
and AIS group

In the AIS group, the proportion of patients with 
hypercholesterolemia, high LDL levels, and elevated SBP  
was higher compared to the TIA group, and these differences 
were statistically significant (p < 0.05 for all) (Table  1). 
Additionally, the proportion of patients classified as  
FSRP-high risk was higher in the AIS group than in the TIA 
group (p = 0.01).

FIGURE 1

Flowchart of patient intake and discharge.
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3.2. Comparison of vascular wall 
characteristics and perfusion parameters 
between the two groups

It was observed that plaque enhancement was more 
pronounced in the AIS group, with higher values of SQI 

(p = 0.025) and ER (p = 0.029) compared to the TIA group. 
Furthermore, the MTT (p = 0.005) and TTP (p = 0.001) of the 
lesion area were longer in the AIS group than in the TIA group. 
There were no significant differences in other plaque 
characteristics and cerebral perfusion parameters between the 
two groups (Table 2; Figure 2).

FIGURE 2

A patient with left MCA plaque was admitted to the hospital because of weakness in the right lower limb and was clinically diagnosed with anterior 
circulation TIA. DWI image shows that there is no diffusion restriction in the blood supply area of left MCA (A), 3D-TOF-MRA shows local stenosis of 
left MCA (B, as shown by the arrow), T1W-VISTA image (C) shows thickening of MCA wall (short axis view of MCA in the lower left corner, as shown by 
the arrow) and plaque formation, and obvious enhancement can be seen in enhanced scanning (D). DSC-PWI pseudocolor image (E–H) shows 
abnormal perfusion in the right basal ganglia.

TABLE 2 Comparison of vascular wall characteristics and perfusion parameters between the TIA group and AIS group.

TIA group (n  =  65) AIS group (n  =  47) x2/t/Z p

IPH (n/%) 22/ 33.8 15/ 31.9 0.046a 0.830

SQI 1.36 ± 0.41 1.55 ± 0.46 −2.268b 0.025*

ER 0.63 ± 0.51 0.85 ± 0.54 −2.215b 0.029*

Enhancement grade (n/%) 5.874a 0.053

0 12/ 18.5 2/ 4.3

1 45/ 69.2 35/ 74.5

2 8/ 12.3 10/ 21.3

WA 4.67 (3.46, 6.87) 5.23 (3.00, 6.92) −0.024c 0.981

NWI 0.84 (0.74, 0.91) 0.83 (0.54, 0.93) −0.027c 0.979

Remodeling mode (n/%) 0.700a 0.403

PR

Non-PR

28/ 43.1

37/ 56.9

24/ 51.1

23/ 48.9

Stenosis rate 0.73 (0.45, 0.88) 0.74 (0.46, 0.92) 0.027c 0.979

Perfusion of lesion area

rCBF 39.59 (25.02, 51.16) 30.62 (12.06, 43.68) −1.630c 0.103

rCBV 436.83 (296.66, 552.53) 403.96 (194.73, 653.36) −0.345c 0.730

MTT (s) 11.10 (8.99, 15. 52) 15.20 (10.18, 19.96) −2.792c 0.005*

TPP (s) 25.19 (21.92, 28.85) 28.49 (25.93, 34.79) −3.381c 0.001*

a, x2 value; b, t value; c, Z value; *, the difference was statistically significant. 
IPH, intraplaque hemorrhage; SQI, standardized plaque index; ER, enhancement ratio; WA, wall area; NWI, normative wall index; RI, remodeling index; rCBF, relative cerebral blood flow; 
rCBV, relative cerebral blood volume; MTT, mean transit time; TPP, time to peak.
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3.3. Multivariate logistics analysis to 
determine the independent risk factors 
leading to AIS

After adjusting for confounding factors, multivariate logistic 
regression analysis revealed that FSRP-high risk and high ER 
(p = 0.046) are independent risk factors for AIS (Figure 3).

3.4. Establishment of AIS prediction models

The variables with p < 0.05 in the univariate analysis were included 
in the logistic regression analysis to construct the ROC curve 
(Figure 4). When combining the ROC curve with various clinical risk 
factors and imaging markers, the area under the curve (AUC) was 
0.791, with a sensitivity of 85.11% and specificity of 66.15%. The 
results of the Delong test indicated that the diagnostic efficiency of this 
combined ROC curve was superior to that of ROC curves constructed 
using each variable alone, and the differences were statistically 
significant (p < 0.05).

An example of using the nomogram model to determine the 
probability of AIS in a specific patient is illustrated in Figure 5. The 
total score is calculated by summing the scores of individual variables 
using the nomogram, and the corresponding incidence probability 
indicates the likelihood of AIS in a specific patient with ICAD. The 
decision curve analysis (DCA) curve demonstrates that the model can 
generate better clinical net benefits when the threshold probability 
ranges from 0.16 to 0.82 (Figure 5).

4. Discussion

The study applied mMRI and traditional clinical risk factors to 
analyze the clinical and imaging markers in patients with ICAD. The 
results showed that in the AIS group, the proportion of FSRP-high 
risk, hyperhomocysteinemia, LDL, SQI, and ER were higher compared 
to the TIA group. Additionally, the MTT and TTP values in the lesion 
area of AIS patients were significantly longer than those in the TIA 

FIGURE 3

Forest map shows the independent risk factors of AIS.

FIGURE 4

ROC curve for predicting AIS is constructed by combining clinical risk factors and imaging features.
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group. FSRP-high risk and higher ER were identified as independent 
risk factors for AIS. ROC and nomogram models combining clinical 
and imaging features were established, demonstrating good diagnostic 
efficacy and clinical practicability in predicting the possibility of AIS 
in patients with ICAD.

This study revealed that FSRP-high risk is an independent risk 
factor for AIS, indicating a higher burden of cardiovascular risk 
factors. The evaluation criteria of FSRP encompass various 
cardiovascular risk factors, which may increase the incidence of 
dominant cerebrovascular diseases, including stroke, through their 
detrimental effects on neurovascular function (24). Notably, the SBP 
in AIS patients was significantly higher than that in TIA patients, and 
increased SBP has been linked to an elevated risk of cardiovascular 
events-related mortality (25, 26). High Hcy levels, hypertension, and 
hyperhomocysteinemia are recognized as traditional cardiovascular 
risk factors and the study found that in AIS patients, the combination 
of high Hcy levels and hypertension can double the risk of 
cardiovascular disease (27). Moreover, the study revealed higher LDL 
levels in the AIS group compared to the TIA group. LDL, as a key 
factor in plaque lipid core, plays a crucial role in atherosclerotic 
cardiovascular disease (ASCVD) induction and is a primary target for 
ASCVD prevention (28). Therefore, relying solely on FSRP for stroke 
risk prediction may not be sufficient. Evaluating Hcy and blood lipid 
levels as complementary factors to FSRP can provide clinicians with a 
more comprehensive assessment of stroke risk in patients, enabling 
targeted secondary prevention measures.

The secondary prevention of ischemic stroke relies on identifying 
the cause of the initial stroke (29). The clinical application of HR-VWI 
and PWI has improved the ability to diagnose the etiology of patients 
with ICAD, including macroangiopathy and microcirculation 
ischemia. The study showed that the SQI and ER of plaque were 
higher in the AIS group compared to the TIA group. SQI and ER are 
quantitative indices representing plaque enhancement, which aligns 
with the findings of this study. Numerous studies have confirmed that 
enhanced intracranial atherosclerosis plaques are associated with 
recent ischemic events and can serve as indicators of plaque stability 
(8, 30, 31). Therefore, anti-inflammatory interventions may be the 
optimal clinical approach for stabilizing plaques and preventing AIS 
in ICAD patients with significantly enhanced plaques. The study also 

found that the extension of MTT and TTP was more significant in the 
AIS group compared to the TIA group, while no differences were 
observed in rCBF and rCBV between the two groups. MTT and TTP 
are time parameters, and their increased values indicate a slowdown 
in blood flow and decreased perfusion levels in brain tissue. This 
change occurs before the decrease in rCBF and rCBV, reflecting 
adjustments in cerebral hemodynamic reserve (32). Therefore, MTT 
and TTP serve as more sensitive indicators for detecting abnormal 
cerebral perfusion, assisting clinicians in identifying subclinical 
cerebral ischemia and providing timely treatment to improve 
microcirculation, ultimately preventing persistent cerebral 
hypoperfusion and stroke.

Previous studies have focused on comparing risk factors between 
AIS and non-AIS individuals. Non-AIS individuals often include 
asymptomatic volunteers, making it challenging to identify them in 
clinical practice unless they undergo physical examinations. This 
study emphasizes patients with symptomatic cerebral ischemia, who 
are considered to be at high risk of stroke, making it crucial to evaluate 
their AIS risk and implement effective prevention strategies.

Based on the clinical and imaging risk factors identified for AIS, a 
ROC model was established to predict AIS with an AUC value of 0.791, 
sensitivity of 85.11%, and specificity of 66.15%. Currently, numerous 
studies have been conducted to predict future stroke risk in TIA patients 
using various scoring and imaging techniques. Hayashi T et al. found 
that the AUC of ABCD2 in predicting future stroke in TIA patients was 
0.662 (33). They developed a prediction model based on age, hemiplegia, 
macrovascular risk characteristics, and previous cerebral infarction, 
which improved the prediction ability of TIA stroke risk with an AUC 
value of 0.804. In contrast to our study, Hay T et al. only studied arterial 
lesions >50% as variable values, while our study did not limit the stenosis 
degree of the responsible artery, as even mild stenosis may 
be  accompanied by unstable plaques. Ren et  al. (34) established a 
prediction model for the recurrence of symptomatic ICAD patients 
(including AIS and TIA) by combining clinical risk factors and plaque 
enhancement, achieving an AUC value of only 0.685. Although their 
predicted recurrence population differed from our study, their results 
indicated limited predictive capability for ICAD recurrence using clinical 
risk factors and plaque enhancement alone. Previous studies have 
demonstrated a relationship between perfusion defects and ipsilateral 

FIGURE 5

Nomogram model and DCA curve for predicting AIS.
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AIS in TIA patients (35), suggesting that the addition of perfusion 
parameters to the model could further improve prediction performance. 
Furthermore, to facilitate a more intuitive and convenient assessment of 
stroke risk in specific patients with ICAD, we developed a nomogram 
chart that demonstrates superior clinical net benefits by enhancing the 
efficiency of clinical decision-making, avoiding inadequate or excessive 
medical treatment, and facilitating early clinical intervention for patients 
with ICAD, and, therefore, reducing the risk of AIS.

There are several limitations to this study. First, the sample size 
was small, so there is a need for larger prospective studies to further 
validate the findings. Second, Tmax, one of the commonly used 
perfusion parameters with high sensitivity in evaluating changes in 
cerebral perfusion, was not obtained in this study. Calculating Tmax 
requires expensive commercial software, making it inaccessible for 
many smaller medical institutions. Therefore, we believe that rCBF, 
rCBV, MTT, and TTP are more practical parameters than Tmax. 
Lastly, long-term patient follow-up is essential to verify the model’s 
ability to distinguish stroke. As we  did not conduct long-term 
follow-ups of symptomatic ICAD patients, future investigations will 
focus on the prognosis and recurrence in these patients.

5. Conclusion

FSRP-high risk and high ER are identified as independent risk 
factors for AIS. The combined prediction model, integrating clinical 
and imaging markers, can effectively predict stroke risk in 
symptomatic ICAD patients.
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