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ABSTRACT
Background: Cerebral small vessel disease (CSVD) is a common incidental MRI finding in patients with transient ischemic 
attack (TIA) and stroke and has been linked to cognitive decline. This study investigated the prevalence of CSVD imaging bio-
markers in TIA patients and their association with cognitive performance over 3 years.
Methods: We included 246 TIA patients from the INSPiRE-TMS study (Clini​calTr​ials.​gov: NCT01586702). CSVD was assessed 
on baseline 3 T MRI using a composite score (0–4) including white matter hyperintensities (WMH), lacunes, cerebral microb-
leeds (CMBs), and enlarged perivascular spaces (PVS). Cognitive performance was evaluated using the Montreal Cognitive 
Assessment (MoCA) at baseline and annually for 3 years.
Results: At least one CSVD imaging biomarker was present in 58.5% of patients. Lacunes (36.6%) were the most common, fol-
lowed by PVS (28.1%), WMH (19.5%), and CMBs (17.9%). Higher CSVD-score was independently associated with greater cognitive 
decline over 3 years (β = −0.52, 95% CI −0.95– −0.08, p = 0.020), along with older age (β = −0.08, 95% CI −0.13 to −0.03, p = 0.001). 
CMB burden was the strongest predictive component of the CSVD-score (β = 0.42, 95% CI −0.63 to −0.22, p < 0.001). CSVD-score 
was particularly associated with decline in the memory domain (adjusted β of −0.18, 95% CI −0.32 to −0.04, p = 0.015).
Conclusion: CSVD imaging markers are present in over half of TIA patients and are independently associated with cognitive 
decline up to 3 years, with the strongest effect on memory. Whether the presence of CMBs is the strongest predictive imaging 
biomarker of cognitive decline in TIA patients requires confirmation in further studies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

Cognitive decline affects one in five patients globally and rep-
resents a significant global health challenge; not only does it 
negatively affect patient quality of life, but it also poses a sub-
stantial socioeconomic burden, especially in an aging global 
population [1]. Although cognitive decline can have many eti-
ologies—including neurodegenerative diseases, systemic condi-
tions, and vascular pathologies—cerebrovascular disease is one 
of the leading causes of cognitive impairment in patients over 
the age of 75 [2]. Cerebrovascular disease not only exacerbates 
neurodegenerative processes but also independently leads to 
cognitive deficits by impairing cerebral perfusion and affecting 
neural networks [3].

Cerebral small vessel disease (CSVD) is often an incidental find-
ing on cerebral magnetic resonance imaging (MRI) in patients 
following an acute cerebrovascular event [4]. Imaging biomark-
ers of CSVD include white matter hyperintensities (WMH), 
lacunes, cerebral microbleeds (CMBs), and enlarged perivascu-
lar spaces (PVS) [5]. Recent, large-scale studies including over 
70,000 stroke patients have found that concomitant CSVD is a 
significant predictor of future cognitive decline [6, 7]. This trend 
has also been observed in smaller cohorts of transient ischemic 
attack (TIA) patients [8].

Cognitive impairment after stroke is commonly attributed to 
ischemia–reperfusion injury, neuroinflammation and strategic 
infarctions. In these patients WMHs and lacunar strokes often 
contribute to the cognitive decline and correlate with severity 
[9]. In contrast, the exact pathophysiology of cognitive impair-
ment after TIA remains less well understood. Minor ischemic 
lesions (not visible on conventional imaging) and microvascular 
changes are suspected to play a central role, suggesting that cog-
nitive impairment after TIA is likely related to small vessel dis-
ease and underlying microstructural damage that persist after 
apparently complete clinical recovery [10].

Recent cohort studies including both stroke and TIA patients 
found that up to 35% of patients experience cognitive decline 
within 1 year depending on the severity of the initial cerebro-
vascular event [11, 12]. Previous population-based studies have 
shown that CSVD is an independent predictor of cognitive de-
cline, as well as overall long-term vascular risk and mortality 
[6, 7]. However, most studies include both ischemic stroke pa-
tients and TIA patients, with only a minority (< 30%) represent-
ing TIA patients [11, 12]. Although such studies are valuable 
because ischemic stroke and TIA patients have similar risk pro-
files, it does not allow for the distinction between the effect of 
the acute ischemic lesion on cognitive decline and CSVD alone. 
To the best of our knowledge, there have been no studies as of 
yet that have investigated the effect of CSVD on long-term cog-
nitive trajectory in a comprehensive cohort of TIA patients.

Early identification of patients at risk for cognitive decline in 
groups of TIA patients could lead to early initiation for sec-
ondary prevention such as intensified risk factor management, 
lifestyle interventions, cognitive monitoring and patient ed-
ucation and support. Therefore, we set out to investigate the 
prevalence of CSVD markers assessed on baseline MRI in a 
high-risk TIA population, and whether CSVD is associated with 

cognitive decline up to 3 years after the acute ischemic event. 
Furthermore, we investigated whether the severity of CSVD 
leads to differential decline across cognitive subdomains (i.e., 
visuospatial/executive abilities, naming, attention, abstraction, 
memory, and orientation) following TIA.

2   |   Materials and Methods

2.1   |   Participants

This is a post hoc analysis of a subset of data from the INSPiRE-
TMS study (Intensified Secondary Prevention Intending a 
Reduction of Recurrent Events in TIA and Minor Stroke Patients; 
Clini​calTr​ials.​gov: NCT01586702). Briefly, INSPiRE-TMS was 
an open-label, multicenter, randomized controlled trial that 
aimed to explore the effects of an intensified aftercare program 
in stroke and TIA patients. The main study inclusion criteria 
were patients with ischemic and hemorrhagic non-disabling 
stroke (modified Rankin Scale [mRS] score ≤ 2) or high-risk TIA 
(defined as ABCD2 score ≥ 3) [13] within 2 weeks of study enrol-
ment and the presence of at least one modifiable risk factor (i.e., 
arterial hypertension, diabetes, atrial fibrillation, or smoking). 
Patients were randomized either to an intensified support pro-
gramme including up to eight outpatient visits over 2 years in-
cluding motivational interviewing strategies or to conventional 
care alone. For a detailed description of the main trial inclusion 
and exclusion criteria, please refer to Ahmadi et al. 2020 [14].

For the current analysis, patients were included if they had (1) 
an available MRI (with at least complete T2* or SWI and FLAIR 
sequences) performed as part of the clinical routine diagnostic 
workup during the acute hospital stay, (2) the clinical diagno-
sis of a TIA with (3) no diffusion restriction present on baseline 
MRI and (4) received assessment of cognitive status on at least 
one time-point within 3 years following the index event.

Of the 2098 patients enrolled in the INSPiRE-TMS trial, 797 
were initially classified as a TIA based on initial clinical pre-
sentation and computed tomography (CT) imaging. Of those, 
365 received an MRI and 121 of these showed acute diffusion 
restriction on the MRI and were subsequently diagnosed with 
ischemic stroke. Two patients were initially diagnosed with 
ischemic stroke at the time of study enrolment but were then 
diagnosed with TIA following further diagnostic work-up. For a 
detailed flow-chart of patients included and excluded in the cur-
rent study, please refer to Figure 1. In total, 246 patients were in-
cluded in the final analysis. Out of 246 patients, 100 had at least 
one Montreal Cognitive Assessments (MoCA) during the 3 years 
follow-up. A total of 146 patients dropped out due to missing or 
not fully completed MoCA.

2.2   |   Outcome Assessment

Cognitive status was assessed using the MoCA score; the score 
ranges from 0 to 30 in which higher scores represent better cog-
nitive performance [15]. It assesses the subdomains visuospatial 
abilities/executive functions, naming, attention, abstract think-
ing, short-term memory, and orientation to time and place [16]. 
MoCA was assessed at baseline (during the acute hospital stay), 
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and at annual follow-up outpatient visits up to 3 years following 
the acute ischemic event [14]. All analyses involving assessment 
of cognitive decline were adjusted for age.

2.3   |   Cerebral Small Vessel Disease Score on 
Baseline MRI

Imaging was performed locally with a 3 Tesla MRI scanner 
(TimTrio; Siemens AG, Erlangen, Germany). To assess acute 
diffusion restriction, as well as the CSVD-score, we used 
axial diffusion-weighted imaging (DWI; scanning parameters: 
TE = 93.1 ms, TR = 7600 ms, FOV = 230 mm, matrix = 192 × 192, 
2.5 mm section thickness with no intersection gap), T1-, T2- and 
T2*-weighted imaging (scanning parameters: TE = 20.0 ms, 
TR = 620.0 ms, FOV = 220 mm, matrix = 256 × 192, 5.0 mm sec-
tion thickness with 0.5 mm intersection gap) and fluid attenuated 
inversion recovery (FLAIR) sequences (scanning parameters: 
TE = 100 ms, TR = 8000 ms, FOV = 220 mm, matrix = 256 × 256, 
5.0 mm section thickness with 0.5 mm intersection gap).

The MRIs were initially assessed independently by two board 
certified radiologists. CSVD features were rated independently by 
two raters (P.R. and H.F.A.) blinded to cognitive outcomes. All rat-
ings were supervised by a physician and imaging expert (A.Ku).

The CSVD-score is a score ranging from 0 to 4 where points 
are allocated for the presence of CMBs, lacunes, PVS, as well 
as relevant white matter hyperintensities (WMH) [17]. Cerebral 
microbleeds were defined as small areas of signal void with asso-
ciated blooming on T2* or SWI sequences [18]. The CMB distri-
bution was categorized according to the Microbleed Anatomical 
Rating Scale [19]. The WMH burden was assessed in FLAIR se-
quences with the Age-Related White Matter Changes (ARWMC) 
score by Wahlund et al. [20] The cutoff was predefined at 10 with 
ARWMC < 10 as non-relevant and MRIs with ARWMC ≥ 10 
were given a point in the CSVD-score for significant WMH [21]. 
The presence of lacunes was assessed on FLAIR, the presence 
of PVS (rated as relevant if ≥ 10 within the basal ganglia or cen-
trum semiovale) was assessed on T2 or FLAIR sequences using 
the STRIVE-2 criteria [18, 22].

2.4   |   Statistical Analysis

To assess factors associated with cognitive decline up to 3 years 
following the acute cerebrovascular event (TIA), we performed 
a linear mixed model in which the dependent variable was the 
MoCA score (continuous) and random intercepts for individuals. 
In the first linear mixed model, intervention group, age, sex, re-
current stroke (defined as ischemic stroke after enrollment up to 
3 years; included as a time dependent variable), time-point of as-
sessment (baseline, 1-, 2-, 3-year), and total CSVD-score (range 
0–4) were included as fixed effects. Models with and without 
interaction between time point and total CSVD score were com-
pared using Akaike Information Criterion (AIC) and Bayesian 
Information Criterion (BIC); the best model was selected based 
on the lowest AIC and BIC values. In this study, the best model 
was identified as the model in which no interaction effect be-
tween time point and CSVD score was assessed. Normality 
and homoscedasticity were examined, and we assumed that 
our models satisfied the key assumptions of the linear mixed 
model (Figures  S1 and S2). For cross-study comparability, we 
provided standardized coefficients from the mixed model and 
the variance-explained measures (marginal and conditional R2) 
using the package r2_mlm [23] in Stata.

In a linear mixed model for MoCA (continuous), the CSVD 
total score was replaced by individual CSVD component scores, 
namely CMB count (continuous), presence of enlarged PVS 
(binary), presence of lacunes (binary), and total WMH burden 
defined by ARWMH (continuous). To assess potential collinear-
ity among predictors, we ran separate mixed models for indi-
vidual predictors and compared the results with those from the 
full model. The consistency of the parameter estimates across 
these analyses indicated that collinearity was not an issue in 
our model. For all mixed models, the subjects were included as a 
random effect (random intercept). Furthermore, we performed a 
mixed model analysis for new onset MCI (mild cognitive impair-
ment, defined as MoCA< 26) including the following covariates: 
CSVD-score, age, timepoint, sex and intervention group as fixed 
effects [16].

FIGURE 1    |    Patient selection flow chart. DWI = diffusion-weighted 
imaging, INSPiRE-TMS = Intensified Secondary Prevention Intending 
a Reduction of Recurrent Events in TIA and Minor Stroke Patients, 
MoCA = Montreal Cognitive Assessment, MRI = magnetic resonance 
imaging, TIA = transient ischemic attack.
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In order to assess whether total CSVD-score leads to differen-
tial decline across cognitive sub-domains, we z-normalized the 
scores within each of the six cognitive sub-domains including 
visuospatial/executive, naming, attention, abstraction, mem-
ory, and orientation [16]. Subsequently, individual linear mixed 
models (random intercept models with random intercepts for 
individuals) were run on each normalized subcategory score 
used as the dependent variable; fixed effects included interven-
tion group, age, sex, recurrent stroke, time-point of assessment 
(baseline, 1-, 2-, 3-year), and total CSVD-score; subjects were in-
cluded as a random effect (random intercepts).

A two-sided significance level of α = 0.05 was used. Due to the ex-
ploratory nature of the current analysis, no adjustment was made 
for multiple testing; therefore, p-values should be interpreted with 
caution. Interpretation of findings is based on effect estimates and 
corresponding 95% confidence intervals (CI). All statistical analy-
ses were performed using Stata (StataCorp Version 17.0).

3   |   Results

3.1   |   Patient Cohort Description

Of the 246 patients included in the current study, mean age 
was 69.4 years (standard deviation [SD] 10.4) and 103 patients 

(41.9%) were female. Median ABCD2 score at baseline was 4 
(interquartile range [IQR] 3–5), median National Institutes of 
Health Stroke Scale (NIHSS) at the time of admission to the 
stroke unit was 0 (IQR 0–1) and baseline median mRS was 1 
(IQR 1–1). No patients had a MoCA of < 26 at baseline. A sub-
group of 100 patients had MoCA scores available for at least one 
time point during the 3-year follow-up. Specifically, 98 patients 
completed the baseline MoCA, 88 completed the 1-year assess-
ment, 79 completed the 2-year assessment, and 64 completed 
the 3-year assessment. This subgroup had similar patient de-
mographics, with a mean age of 67.1 (SD 10.5) and 43% female. 
The severity of initial symptoms, based on baseline NIHSS and 
mRS scores, as well as the distribution of cardiovascular risk 
factors, was comparable to that of the full cohort. A detailed 
description of patient characteristics for both the overall cohort 
and the MoCA-assessed subgroup is provided in Table  1 and 
Table S1.

3.2   |   Prevalence of Cerebral Small Vessel Disease

In the entire cohort (n = 246), 58.1% had a CSVD-score of ≥ 1; 
28.5% of the patients had a score of 1, 19.5% a score of 2, 7.7% 
a score of 3, and 2.9% a score of 4. The most prevalent CSVD 
marker was the presence of lacunes (36.6%), followed by en-
larged PVS (28.1%), WMH (19.5%), and CMBs (17.9%).

TABLE 1    |    Patient cohort characteristics.

Total patient cohort (n = 246) Patients with MoCA evaluation (n = 100)

Demographics

Age, mean (SD) 69.4 (10.4) 67.1 (10.5)

Sex, female, n (%) 103 (41.9) 43 (43.0)

Education level ≥ 10 years, n (%) 174 (72.8) 72 (74.2)

Baseline clinical characteristics

ABCD2 Score at admission, Median (IQR) 4 (3–5) 4 (3–4.5)

NIHSS at admission, Median (IQR) 0 (0–1) 0 (0–1)

mRS at admission, Median (IQR) 1 (1–1) 1 (1–1)

TOAST criteria, n (%)

Large-artery atherosclerosis 15 (6.1) 3 (3.0)

Cardioembolic stroke 39 (15.9) 15 (15.0)

Small-vessel occlusion 10 (4.1) 3 (3.0)

Other determined etiology 1 (0.4) 1 (1.0)

Undetermined etiology 180 (73.5) 78 (78.0)

Cardiovascular risk factors

Hypertension, n (%) 211 (93.7) 88 (91.7)

Diabetes, n (%) 57 (25.3) 20 (20.8)

Hypercholesterinemia, n (%) 203 (90.6) 87 (90.6)

Atrial fibrillation, n (%) 50 (22.4) 19 (20.2)

Current smoking, n (%) 25 (10.2) 7 (7)
Abbreviations: IQR = interquartile range, MoCA = Montreal Cognitive Assessment, mRS = modified Rankin Scale, NIHSS = National Institutes of Health Stroke Scale, 
SD = standard deviation, TOAST = Trial of Org 10,172 in acute stroke treatment.
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The CMB count ranged from 0 to 15 and the most common 
location was lobar (52.3%), followed by mixed locations with 
CMB scattered across lobar, deep gray matter, and infratento-
rial regions (36.4%). The median ARWMC score was 4 (IQR 
0–8) and 19.5% of the participants had a high enough score 
(ARWMC ≥ 10) to be relevant for the CSVD-score. Full CSVD 
imaging characteristics of the entire analyzed cohort and sub-
group are described in Table 2 and Table S2.

3.3   |   CSVD and Cognitive Trajectory

In the linear mixed model analysis for MoCA scores (treated 
as a continuous variable) assessed up to 3 years following TIA 
(n = 100), both baseline CSVD-score (range 0–4) and age were 
independently associated with cognitive performance. The ad-
justed β for CSVD-score was −0.52 (95% CI [confidence inter-
val] −0.95 to −0.08, p = 0.020), and for age, −0.08 (95% CI −0.13 
to −0.03, p = 0.001) (Table 3). Timepoint, sex, recurrent stroke 
and randomization group were not significantly associated with 
cognitive outcomes in this model (Table 3). The standardized 
effect size of approximately −0.21 in this model indicates that 
a 1SD increase in CSVD score was associated with a 0.21SD 
decrease in MoCA. This represents a small-to-moderate effect 
size relative to the variability in cognitive scores. The fixed 
effects explained 18.7% of the variance in MoCA scores (mar-
ginal R2), while the full model including both fixed and random 
effects explained 68.9% of the variance (conditional R2). In an 
additional mixed model analysis for new onset mild cognitive 
impairment (MCI; MoCA < 26), CSVD-score had an adjusted 
β of −0.37 (95% CI −0.79 to 0.03, p = 0.071; Table S4). At the 3-
year follow-up, 42 patients met criteria for MCI based on MoCA 
scores.

TABLE 2    |    Distribution of cerebral microbleeds, white matter 
hyperintensities, lacunes, perivascular spaces, and composite CSVD-
Scores in the total cohort (n = 246) and MoCA subgroup (n = 100).

Total patient 
cohort 

(n = 246)

Patients with 
MoCA evaluation 

(n = 100)

Cerebral microbleeds

Present, n (%) 44 (17.9) 17 (17.0)

Count

1 15 (6.2) 6 (6.0)

2–4 18 (7.3) 6 (6.0)

> 4 11 (4.5) 5 (5.0)

Location

Deep 0 (0) 0 (0)

Infratentorial 5 (11.4) 3 (17.7)

Lobar 23 (52.3) 5 (29.4)

Mixed 16 (36.4) 9 (52.9)

White matter hyperintensities

ARWMC score, 
Median (IQR)

4 (0–8) 4 (0–8)

Relevant for 
CSVD-score, n (%)

48 (19.5) 20 (20.0)

Lacunes

Present, n (%) 90 (36.6) 33 (33.0)

Perivascular spaces

Present, n (%) 69 (28.1) 21 (21.0)

Cerebral small vessel disease

CSVD-score, 
Median (IQR)

1 (0–2) 0 (0–2)

Total CSVD-score, n (%)

0 102 (41.5) 52 (52.0)

1 70 (28.5) 21 (21.0)

2 48 (19.5) 15 (15.0)

3 19 (7.7) 8 (8.0)

4 7 (2.9) 4 (4.0)

Abbreviations: ARWMC = Age-Related White Matter Changes, CSVD = cerebral 
small vessel disease, INSPiRE-TMS = Intensified Secondary Prevention 
Intending a Reduction of Recurrent Events in TIA and Minor Stroke Patients, 
IQR = interquartile range, TIA = transient ischemic attack.

TABLE 3    |    Linear mixed model for MoCA (continuous) assessed up 
to 3 years following TIA including intervention group, age, sex, time-
point of assessment (baseline as reference) and total CSVD-score (0–4) 
as fixed effects (npatients = 100, nobservertions = 329).

Dependent 
variable: 
overall MoCA 
result Coefficient 95% CI p

CSVD-score −0.52 −0.95 to −0.09 0.020

Timepoint

1 year FU 0.40 −0.09 to 0.88 0.108

2 years FU 0.44 −0.06 to 0.95 0.085

3 years FU 0.35 −0.20 to 0.89 0.210

Age −0.08 −0.13 to −0.03 0.001

Female sex 0.32 −0.60 to 1.25 0.493

Recurrent 
stroke

1.05 −0.48 to 2.57 0.177

Randomization 
group

0.08 −0.84 to 1.00 0.866

Random effects

Estimate SE 95% CI

Subject ID 4.39 0.78 3.10–6.21

Marginal 
R2 = 0.19
Conditional 
R2 = 0.69

Abbreviations: CI = confidence interval, CSVD = cerebral small vessel disease, 
FU = follow up, MoCA = Montreal Cognitive Assessment, TIA = transient 
ischemic attack.
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In an additional linear mixed model analysis for MoCA (contin-
uous) assessed up to 3 years after TIA, CSVD sub-components 
were included as individual fixed effects (Table 4). A significant 
negative association was found between CMB count and MoCA 
scores, with an adjusted β of −0.42 (95% CI −0.63 to −0.22, 
p < 0.001; Table 4). In this model, age was also negatively asso-
ciated with MoCA with an adjusted β of −0.09 (95% CI −0.13 to 
−0.04, p < 0.001). The other components of the CSVD-score were 
not significantly associated with the total MoCA score (Table 4).

3.4   |   Impact of CSVD-Score on Cognitive 
Sub-Domains

For all sub-domains of cognition except for orientation, higher 
CSVD-scores were associated with worse domain-specific per-
formance (Figure  2), however, the association with the total 
CSVD-score was strongest for the memory domain (β = −0.18, 
95% CI −0.32 to −0.04, p = 0.015). For the visuospatial/executive 
domain, total CSVD-score had an adjusted β of −0.12 (95% CI 
−0.26 to 0.02, p = 0.103); for naming, an adjusted β of −0.09 (95% 
CI −0.19 to 0.01, p = 0.088); for attention, an adjusted β of −0.05 
(95% CI −0.21 to 0.09, p = 0.476); and for abstract thinking, an 
adjusted β of −0.03 (95% CI −0.15 to 0.09, p = 0.633). For orienta-
tion, the CSVD-score had an adjusted β of 0.05 (95% CI −0.09 to 
0.18, p = 0.5171). Depending on which subdomain, confounding 

factors such as age and sex had differential effect sizes; the re-
sults of each specific mixed model can be found in Table S5.

4   |   Discussion

In this study, we found that not only was CSVD present on MRI 
in nearly 60% of TIA patients, but that the severity of CSVD—
as assessed via the CSVD-score—was independently associated 
with worse cognitive outcomes up to 3 years after the acute tran-
sient ischemic event, in addition to older age. Although CSVD 
severity was associated with poorer performance in the specific 
cognitive domain of memory, patients with higher CSVD-scores 
were more likely to experience decline in nearly all cognitive 
subdomains except orientation.

This study included 246 moderate-to-high-risk TIA patients 
(ABCD2 score ≥ 3) from the INSPiRE-TMS trial, with a mean 
age of 69 years. In terms of cerebrovascular risk profiles and 
stroke etiology, the study population is representative of a car-
diovascular high-risk population (Table 1) [24, 25]. More than 
half of the included TIA patients had a CSVD-score of ≥ 1, indi-
cating the presence of at least one imaging biomarker of CSVD 
and incipient cerebrovascular disease (Table 2) [17]. All features 
of the CSVD-score were higher in older-aged patients com-
pared to younger patients (Table S3). These findings align with 

TABLE 4    |    Linear mixed model for MoCA (continuous) assessed up to 3 years post TIA including intervention group, age, sex, time-point of 
assessment (baseline as reference) and individual CSVD component scores (CMB count, ARWMC score, presence of lacunes and PVS) as fixed effects 
(npatients = 100, nobservertions = 329).

Dependent variable: overall MoCA result Coefficient 95% CI p

CMB count (continuous) −0.42 −0.63 to −0.22 < 0.001

ARWMC score (continuous) 0.00 −0.12 to 0.12 0.958

Lacunes present (binary) −0.61 −1.75 to 0.53 0.295

PVS present (binary) 0.60 −0.51 to 1.71 0.291

Timepoint

1 year FU 0.40 −0.09 to 0.88 0.107

2 years FU 0.46 −0.04 to 0.96 0.074

3 years FU 0.34 −0.20 to 0.88 0.214

Age 0.09 −0.13 to −0.04 < 0.001

Female sex 0.58 −0.31 to 1.46 0.201

Recurrent stroke 1.26 −0.21 to 2.72 0.093

Randomization group 0.08 −0.80 to 0.91 0.901

Random effects

Estimate SE 95% CI

Subject ID 3.66 0.67 2.56–5.23

Marginal R2 = 0.26
Conditional R2 = 0.68

Abbreviations: ARWMC = Age-Related White Matter Changes, CI = confidence interval, CMB = cerebral microbleed, CSVD = cerebral small vessel disease, 
FU = follow up, MoCA = Montreal Cognitive Assessment, PVS = perivascular spaces, TIA = transient ischemic attack.
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existing literature that highlights the high prevalence of CSVD 
markers in populations with vascular risk factors and advanced 
age [26, 27].

CSVD can present with both occlusive markers—such as lacu-
nar infarcts and WMH, which result from reduced blood flow 
and subsequent tissue damage—and hemorrhagic markers, in-
cluding CMBs [28]. In this study, lacunes were the most prev-
alent imaging marker of CSVD. Previous research has shown 
that the presence of lacunes not only increases the risk of stroke 
but may also be associated with greater cognitive impairment 
[29]. Prominent PVS were the second most frequent MRI fea-
ture. Interestingly, previous studies have found that enlarged 
PVS may be an indicator of microvascular dysfunction and are 
likely also linked to cognitive decline [22, 30]. A high WMH 
burden, defined as an ARWMC score ≥ 10, was present in one-
fifth of patients in our study. Previous research has identified 
WMHs as a well-established risk factor for both recurrent vas-
cular events and cognitive decline in stroke populations [31, 32]. 
Hemorrhagic markers of CSVD, specifically CMBs, were the 
least prevalent imaging feature in this cohort, observed in 18% 
of TIA patients. CMBs have also been associated with an in-
creased risk of cognitive decline in both aging individuals and 
stroke survivors [33, 34].

In a linear mixed model analysis, higher total CSVD-scores 
were independently associated with poorer cognitive outcomes 
up to 3 years after the ischemic event (adjusted β = −0.52, 95% 
CI: −0.95 to −0.08, p = 0.020), alongside older age (Table  3). 
These findings are consistent with existing literature [8]. The 

raw beta coefficient of −0.52 corresponds to an estimated de-
crease of approximately 0.53 points on the MoCA score for each 
one-unit increase in the CSVD marker. To put this in clinical 
context, the minimal clinically important difference (MCID) for 
MoCA has been reported to be around 1 to 2 points [35]. In other 
words, a CSVD score increase from 2 would be considered clin-
ically relevant.

Notably, among the individual CSVD markers, CMBs demon-
strated the strongest association with cognitive decline (adjusted 
β = −0.42, 95% CI: −0.63 to −0.21, p < 0.001; Table 4). This aligns 
with evidence from animal models, where induced CMBs led 
to measurable impairments in cognitive performance [36, 37]. 
Although several studies have linked CMBs to cognitive dys-
function in mixed stroke and TIA populations [38–41], high 
WMH burden has traditionally been viewed as the strongest 
predictor of cognitive decline [21, 42, 43]. In our cohort, WMH 
burden was moderate to high (median ARWMC score of 4 [IQR 
0–8], with 20% of patients exhibiting a high burden, defined as 
ARWMC ≥ 10). However, WMH burden alone was not inde-
pendently associated with cognitive decline in this high-risk 
TIA population.

One possible explanation for this discrepancy is that most prior 
studies focused on stroke cohorts, where WMH burden is higher 
and likely has stronger prognostic effects. In contrast, among 
TIA patients, CMBs may serve as a more sensitive indicator of 
early small vessel pathology [21, 43]. Variations in imaging rat-
ing methods and our relatively small sample size could also ac-
count for the differing results.

FIGURE 2    |    Coefficient plot of impact of CSVD-score (0–4) on each z-normalized MoCA subdomain assessed up to 3 years post TIA (npatients = 100, 
nobservertions = 329); β coefficients and 95% confidence intervals of linear mixed model (subcategory score as the dependant variable; fixed effects in-
cluded intervention group, age, sex, time-point of assessment and total CSVD-score; subjects were included as a random effect) depicted. A negative 
β indicates that the more CSVD severity increases (i.e., higher CSVD-score), the more cognitive performance in the MoCA subdomain worsens (i.e., 
lower z-normalized score), whereas a positive β suggest that higher CSVD severity is associated with better cognitive performance. CI = confidence 
interval, CSVD = cerebral small vessel disease, MoCA = Montreal Cognitive Assessment, TIA = transient ischemic attack.
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These findings, although needing to be interpreted cautiously 
because no adjustment for multiple testing was made, highlight 
the potential importance of CMBs as a marker for identifying 
TIA patients at increased risk for long-term cognitive impair-
ment. These results suggest that cognitive dysfunction in TIA 
patients may stem from the combined burden of CSVD, in-
volving both occlusive and hemorrhagic vascular pathology. 
Occlusive features (e.g., WMH, lacunar infarcts) arise from 
chronic vessel narrowing and ischemia, while hemorrhagic fea-
tures (e.g., CMBs) result from vessel wall fragility and leakage. 
Both reflect underlying small vessel dysfunction, including im-
paired vascular reactivity and blood–brain barrier disruption, 
and can impact different cognitive domains [28].

Patients with more severe CSVD, as indicated by higher total 
CSVD-score, performed worse across nearly all cognitive subdo-
mains, with the exception of orientation. In this exploratory anal-
ysis, total CSVD-score was significantly associated with poorer 
memory function over the 3-year follow-up period (Figure  2). 
This aligns with the hypothesis that vascular contributions to 
cognitive impairment disproportionately affect memory and ex-
ecutive functions; possibly due to their reliance on the integrity 
of widespread neural networks that are particularly vulnerable 
to ischemic and hemorrhagic injury [3, 44]. Higher CSVD-scores 
were also associated with poorer performance in visuospatial/
executive functions, naming, attention, and abstract thinking, 
suggesting that increased vascular burden may particularly af-
fect these cognitive domains (Figure 2) [36]. In contrast, no sub-
stantial association was found with the orientation subdomain, 
likely reflecting its relative resilience in early cognitive decline 
and the known ceiling effect of MoCA orientation items, which 
may lack sensitivity to subtle deficits. Ultimately, these findings 
suggest that progressive CSVD likely causes differential decline 
in cognitive subdomains depending on overall burden, and the 
presence of occlusive as well as hemorrhagic imaging markers 
of CSVD [28]. Future larger, independent studies focusing exclu-
sively on TIA patients are needed to validate these findings and 
further investigate subdomain-specific cognitive trajectories in 
relation to CSVD imaging markers. Given the recognized ceil-
ing effects in the MoCA, our subdomain analyses (e.g., memory 
vs. attention) should be interpreted with caution and confirmed 
through more detailed neuropsychological testing [45, 46].

4.1   |   Limitations

There are several limitations of the current study that warrant dis-
cussion. First and foremost, the post hoc and observational design 
of the study increases the risk of Type II error and limits the abil-
ity to establish causality between CSVD and cognitive outcomes. 
Furthermore, the rather small sample size reduces the capability 
to detect subtle effects. Because the analyses were exploratory 
and based on a subset of the INSPiRE-TMS study, no a priori sam-
ple size calculation was possible, and post hoc power analyses are 
of limited value for model-based longitudinal analyses. As such, 
the results should be interpreted with caution and considered 
hypothesis-generating rather than confirmatory, and there was 
also no adjustment made for multiple testing in this exploratory 
study. Additionally, there is a selection bias, as only patients who 
received an MRI were included in the current analysis, hereby 
automatically excluding all patients with contraindications for 

MRI; patients with MRI contraindications often have more co-
morbidities, including cardiac pre-existing conditions [47]. In 
other words, the generalizability of our findings may be limited. 
Furthermore, over 30% of the cohort had lacunes—small, chronic 
ischemic lesions (note: lesion location was not assessed)—which 
may independently contribute to cognitive impairment, compli-
cating the interpretation of CSVD-specific effects [44].

Another limitation is the selective inclusion of only high-risk 
TIA patients (ABCD2 score ≥ 3), which was intended to en-
sure diagnostic certainty by capturing clinically probable TIAs. 
However, this selection bias trade-off may have come at the cost 
of generalizability, as it likely excluded patients with lower-risk 
profiles or atypical presentations—some of whom may have ex-
perienced true TIAs—thus limiting the applicability of our find-
ings to the broader TIA population.

Notably, in this study, CMBs were predominantly located in 
lobar or mixed regions (Table  2). This distribution raises the 
possibility that a subset of patients may have had underlying ce-
rebral amyloid angiopathy (CAA), a condition known to present 
with lobar microbleeds and transient focal neurological episodes 
(TFNEs) that can mimic TIA. However, CAA was not systemat-
ically assessed in this cohort. Therefore, we cannot fully exclude 
the possibility that some patients had CAA-related events rather 
than classical ischemic TIAs. That said, within the MoCA sub-
group, only five patients had lobar CMBs, which may limit the 
potential impact of this confounder on the observed associations 
with cognitive outcomes. Also, PVS were only rated visually 
based on their presence and not directly quantified. Although 
the use of two independent neuroimaging raters partly compen-
sates for this, it does not fully address the limitation of lacking a 
standardized quantitative assessment.

Additionally, the reliance on MoCA as the primary cogni-
tive assessment tool, while a well-established and widely used 
screening tool for cognitive function, may have underestimated 
deficits in specific domains especially in executive function and 
processing speed and might have a learning effect when used 
repeatedly [48–50]. Larger prospective studies with more in-
depth neuropsychological assessments of cognitive function are 
needed to validate these findings and address these limitations.

A major strength of this study is the inclusion of TIA patients 
without acute diffusion restriction on MRI exclusively, reducing 
the confounding acute lesion effect on cognition [44]. In other 
words, this design allows for a more precise assessment of the 
association of CSVD alone on cognitive outcomes. Another 
strength of the study is the domain-specific cognitive analysis, 
combined with its longitudinal design with annual follow-ups 
up to 3 years following the index event. In addition to that, this 
study uses patient data stemming from a large, multicenter ran-
domized controlled trial with comprehensive, longitudinal long-
term follow-up data. Lastly, all results were reported according 
to the STROBE criteria (Table S6).

5   |   Conclusion

At the time of a TIA, more than half of patients already show 
imaging signs of CSVD, which likely influences their long-term 
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cognitive trajectory. Beyond targeting the cause of the TIA to 
prevent stroke recurrence, clinicians should consider the pres-
ence of CSVD markers—particularly CMBs—as early indicators 
of cognitive vulnerability. Recognizing and addressing mod-
ifiable vascular risk factors associated with CSVD could help 
shape personalized secondary prevention strategies. If validated 
in larger, independent cohorts, early MRI-based assessment of 
CSVD may become a valuable tool for identifying TIA patients 
at highest risk of cognitive decline and tailoring interventions 
accordingly.

Author Contributions

A.K. and P.R. jointly conceived the study. A.K., P.R., U.G., C.C., L.P., 
A.R., and P.G. designed and performed data analysis and interpreted 
the results. P.R. wrote the manuscript. P.R. pre-processed the MRI 
data. A.K., U.G., and P.G. gave conceptual and analytical advice. H.F.A. 
gathered neuroimaging data and helped with image pre-processing. 
A.K. performed language assessment and preprocessed the data. U.G. 
and P.G. helped with statistical analyses. H.J.A. was the Principal 
Investigator of the INSPiRE-TMS study. All authors discussed the re-
sults and critically revised the manuscript.

Acknowledgments

M.E. received DFG funding under Germany's Excellence Strategy—
EXC-2049–390688087, Collaborative Research Center ReTune TRR 
295-424778381, Clinical Research Group KFO 5023 BeCAUSE-Y, project 
2 EN343/16-1. BMBF, DZNE, DZHK, DZPG, EU, Corona Foundation, 
and Fondation Leducq. A.K. received funding and support from the 
NeuroCure Research Fellowship Program and the Hertie Network. 
Open Access funding enabled and organized by Projekt DEAL.

Funding

The INSPiRE-TMS study was funded within the grant of the German 
Federal Ministry of Education and Research (BMBF) for the Center 
for Stroke Research Berlin and co-funded with unrestricted grants of 
Pfizer. This project was supported by ERA-NET NEURON (COHDICH 
Project, PI: C.C.); Call for Joint Transnational Research Projects 2022; 
Multinational and translational research projects on Cerebrovascular 
Diseases including Small Vessel and Brain Barrier Dysfunction and the 
Bundesminesterium für Forschung, Technologie und Raumfahrt ERA-
NET Neuron 2023-2026 (01EW2302).

Conflicts of Interest

M.E. reports grants from Bayer and Ipsen and fees paid to the Charité 
from Amgen, AstraZeneca, Bayer Healthcare, BMS, Daiichi Sankyo, 
all outside the submitted work. H.J.A. reports grants from Pfizer 
and fees paid for lectures and consultancy or data safety boards from 
AstraZeneca, Bayer Healthcare, Boehringer Ingelheim, BMS, Novo 
Nordisk, Pfizer, and Roche, all outside the submitted work. L.P. declares 
the following type of interests: speaker fees (Novonordisk). C.C. reports 
fees for steering committees from Biogen, Bayer, and for national advi-
sory board from Boehringer-Ingelheim, all outside the submitted work. 
She serves as associate editor of the Stroke journal.

Data Availability Statement

Data supporting the results of this study can be provided upon request.

References

1. K. M. Langa and D. A. Levine, “The Diagnosis and Management 
of Mild Cognitive Impairment: A Clinical Review,” Journal of the 

American Medical Association 312, no. 23 (2014): 2551–2561, https://​doi.​
org/​10.​1001/​jama.​2014.​13806​.

2. C. Iadecola, M. Duering, V. Hachinski, et al., “Vascular Cognitive Im-
pairment and Dementia: JACC Scientific Expert Panel,” Journal of the 
American College of Cardiology 73, no. 25 (2019): 3326–3344, https://​doi.​
org/​10.​1016/j.​jacc.​2019.​04.​034.

3. J. T. O'Brien and A. Thomas, “Vascular Dementia,” Lancet 386, 
no. 10004 (2015): 1698–1706, https://​doi.​org/​10.​1016/​s0140​-​6736(15)​
00463​-​8.

4. J. Chojdak-Łukasiewicz, E. Dziadkowiak, A. Zimny, and B. Parad-
owski, “Cerebral Small Vessel Disease: A Review,” Advances in Clinical 
and Experimental Medicine 30, no. 3 (2021): 349–356, https://​doi.​org/​10.​
17219/​​acem/​131216.

5. J. M. Wardlaw, C. Smith, and M. Dichgans, “Mechanisms of Sporadic 
Cerebral Small Vessel Disease: Insights From Neuroimaging,” Lan-
cet Neurology 12, no. 5 (2013): 483–497, https://​doi.​org/​10.​1016/​s1474​
-​4422(13)​70060​-​7.

6. M. K. Georgakis, M. Duering, J. M. Wardlaw, and M. Dichgans, 
“WMH and Long-Term Outcomes in Ischemic Stroke: A Systematic 
Review and Meta-Analysis,” Neurology 92, no. 12 (2019): e1298–e1308, 
https://​doi.​org/​10.​1212/​wnl.​00000​00000​007142.

7. E. L. Ball, M. Shah, E. Ross, et al., “Predictors of Post-Stroke Cogni-
tive Impairment Using Acute Structural MRI Neuroimaging: A System-
atic Review and Meta-Analysis,” International Journal of Stroke 18, no. 
5 (2023): 543–554, https://​doi.​org/​10.​1177/​17474​93022​1120349.

8. G. Banerjee, E. Chan, G. Ambler, et al., “Effect of Small-Vessel Dis-
ease on Cognitive Trajectory After Atrial Fibrillation-Related Isch-
aemic Stroke or TIA,” Journal of Neurology 266, no. 5 (2019): 1250–1259, 
https://​doi.​org/​10.​1007/​s0041​5-​019-​09256​-​6.

9. N. L. Ja'afar, M. Mustapha, M. Mohamed, and S. Hashim, “A Review 
of Post-Stroke Cognitive Impairment and the Potential Benefits of Sting-
less Bee Honey Supplementation,” Malaysian Journal of Medical Sci-
ences 31, no. 3 (2024): 75–91, https://​doi.​org/​10.​21315/​​mjms2​024.​31.3.​5.

10. F. G. van Rooij, R. P. Kessels, E. Richard, F. E. De Leeuw, and E. J. 
van Dijk, “Cognitive Impairment in Transient Ischemic Attack Patients: 
A Systematic Review,” Cerebrovascular Diseases 42, no. 1–2 (2016): 1–9, 
https://​doi.​org/​10.​1159/​00044​4282.

11. S. T. Pendlebury and P. M. Rothwell, “Incidence and Prevalence 
of Dementia Associated With Transient Ischaemic Attack and Stroke: 
Analysis of the Population-Based Oxford Vascular Study,” Lancet Neu-
rology 18, no. 3 (2019): 248–258, https://​doi.​org/​10.​1016/​s1474​-​4422(18)​
30442​-​3.

12. N. S. Rost, A. Brodtmann, M. P. Pase, et al., “Post-Stroke Cognitive 
Impairment and Dementia,” Circulation Research 130, no. 8 (2022): 
1252–1271, https://​doi.​org/​10.​1161/​circr​esaha.​122.​319951.

13. A. Bhatt and V. Jani, “The ABCD and ABCD2 Scores and the Risk 
of Stroke Following a TIA: A Narrative Review,” ISRN Neurology 2011 
(2011): 518621, https://​doi.​org/​10.​5402/​2011/​518621.

14. M. Ahmadi, I. Laumeier, T. Ihl, et  al., “A Support Programme for 
Secondary Prevention in Patients With Transient Ischaemic Attack and 
Minor Stroke (INSPiRE-TMS): An Open-Label, Randomised Controlled 
Trial,” Lancet Neurology 19, no. 1 (2020): 49–60, https://​doi.​org/​10.​1016/​
s1474​-​4422(19)​30369​-​2.

15. N. Islam, R. Hashem, M. Gad, et al., “Accuracy of the Montreal Cog-
nitive Assessment Tool for Detecting Mild Cognitive Impairment: A 
Systematic Review and Meta-Analysis,” Alzheimer's & Dementia 19, no. 
7 (2023): 3235–3243, https://​doi.​org/​10.​1002/​alz.​13040​.

16. Z. S. Nasreddine, N. A. Phillips, V. Bédirian, et al., “The Montreal 
Cognitive Assessment, MoCA: A Brief Screening Tool for Mild Cogni-
tive Impairment,” Journal of the American Geriatrics Society 53, no. 4 
(2005): 695–699, https://​doi.​org/​10.​1111/j.​1532-​5415.​2005.​53221.​x.

 14681331, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.70578 by D

eutsches (D
Z

N
E

) - D
eutsches Z

entrum
 fur N

eurodegenera E
rkrankungen e. V

. (D
Z

N
E

) , W
iley O

nline L
ibrary on [16/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1001/jama.2014.13806
https://doi.org/10.1001/jama.2014.13806
https://doi.org/10.1016/j.jacc.2019.04.034
https://doi.org/10.1016/j.jacc.2019.04.034
https://doi.org/10.1016/s0140-6736(15)00463-8
https://doi.org/10.1016/s0140-6736(15)00463-8
https://doi.org/10.17219/acem/131216
https://doi.org/10.17219/acem/131216
https://doi.org/10.1016/s1474-4422(13)70060-7
https://doi.org/10.1016/s1474-4422(13)70060-7
https://doi.org/10.1212/wnl.0000000000007142
https://doi.org/10.1177/17474930221120349
https://doi.org/10.1007/s00415-019-09256-6
https://doi.org/10.21315/mjms2024.31.3.5
https://doi.org/10.1159/000444282
https://doi.org/10.1016/s1474-4422(18)30442-3
https://doi.org/10.1016/s1474-4422(18)30442-3
https://doi.org/10.1161/circresaha.122.319951
https://doi.org/10.5402/2011/518621
https://doi.org/10.1016/s1474-4422(19)30369-2
https://doi.org/10.1016/s1474-4422(19)30369-2
https://doi.org/10.1002/alz.13040
https://doi.org/10.1111/j.1532-5415.2005.53221.x


10 of 11 European Journal of Neurology, 2026

17. J. Staals, S. D. Makin, F. N. Doubal, M. S. Dennis, and J. M. Wardlaw, 
“Stroke Subtype, Vascular Risk Factors, and Total MRI Brain Small-
Vessel Disease Burden,” Neurology 83, no. 14 (2014): 1228–1234, https://​
doi.​org/​10.​1212/​wnl.​00000​00000​000837.

18. M. Duering, G. J. Biessels, A. Brodtmann, et  al., “Neuroimaging 
Standards for Research Into Small Vessel Disease-Advances Since 
2013,” Lancet Neurology 22, no. 7 (2023): 602–618, https://​doi.​org/​10.​
1016/​s1474​-​4422(23)​00131​-​x.

19. S. M. Gregoire, U. J. Chaudhary, M. M. Brown, et  al., “The Mi-
crobleed Anatomical Rating Scale (MARS): Reliability of a Tool to Map 
Brain Microbleeds,” Neurology 73, no. 21 (2009): 1759–1766, https://​doi.​
org/​10.​1212/​WNL.​0b013​e3181​c34a7d.

20. L. O. Wahlund, F. Barkhof, F. Fazekas, et al., “A New Rating Scale 
for Age-Related White Matter Changes Applicable to MRI and CT,” 
Stroke 32, no. 6 (2001): 1318–1322, https://​doi.​org/​10.​1161/​01.​str.​
32.6.​1318.

21. H. F. Ali, L. Fast, A. Khalil, et al., “White Matter Hyperintensities 
Are an Independent Predictor of Cognitive Decline 3 Years Following 
First-Ever Stroke-Results From the PROSCIS-B Study,” Journal of Neu-
rology 270, no. 3 (2023): 1637–1646, https://​doi.​org/​10.​1007/​s0041​5-​022-​
11481​-​5.

22. J. M. Wardlaw, H. Benveniste, M. Nedergaard, et al., “Perivascular 
Spaces in the Brain: Anatomy, Physiology and Pathology,” Nature Re-
views. Neurology 16, no. 3 (2020): 137–153, https://​doi.​org/​10.​1038/​s4158​
2-​020-​0312-​z.

23. A. J. Gambino, “R2_MLM: Stata Module to Compute r-Squared 
Measures for Models Estimated by Mixed,” Version S459218. Boston 
College Department of EconomicsA1, 2023, https://​ideas.​repec.​org/c/​
boc/​bocode/​s4592​18.​html.

24. P. L. Kolominsky-Rabas, M. Weber, O. Gefeller, B. Neundoerfer, and 
P. U. Heuschmann, “Epidemiology of Ischemic Stroke Subtypes Accord-
ing to TOAST Criteria: Incidence, Recurrence, and Long-Term Survival 
in Ischemic Stroke Subtypes: A Population-Based Study,” Stroke 32, no. 
12 (2001): 2735–2740, https://​doi.​org/​10.​1161/​hs1201.​100209.

25. H. P. Adams, Jr., B. H. Bendixen, L. J. Kappelle, et  al., “Classifi-
cation of Subtype of Acute Ischemic Stroke. Definitions for Use in a 
Multicenter Clinical Trial. TOAST. Trial of Org 10172 in Acute Stroke 
Treatment,” Stroke 24, no. 1 (1993): 35–41, https://​doi.​org/​10.​1161/​01.​
str.​24.1.​35.

26. A. A. Gouw, A. Seewann, W. M. van der Flier, et al., “Heterogeneity 
of Small Vessel Disease: A Systematic Review of MRI and Histopathol-
ogy Correlations,” Journal of Neurology, Neurosurgery, and Psychiatry 
82, no. 2 (2011): 126–135, https://​doi.​org/​10.​1136/​jnnp.​2009.​204685.

27. K. A. Jellinger, “Pathology and Pathogenesis of Vascular Cogni-
tive Impairment-A Critical Update,” Frontiers in Aging Neuroscience 5 
(2013): 17, https://​doi.​org/​10.​3389/​fnagi.​2013.​00017​.

28. M. E. Gurol, G. J. Biessels, and J. R. Polimeni, “Advanced Neuro-
imaging to Unravel Mechanisms of Cerebral Small Vessel Diseases,” 
Stroke 51, no. 1 (2020): 29–37, https://​doi.​org/​10.​1161/​strok​eaha.​119.​
024149.

29. L. Pantoni, “Cerebral Small Vessel Disease: From Pathogenesis and 
Clinical Characteristics to Therapeutic Challenges,” Lancet Neurology 
9, no. 7 (2010): 689–701, https://​doi.​org/​10.​1016/​s1474​-​4422(10)​70104​-​6.

30. J. M. Wardlaw, E. E. Smith, G. J. Biessels, et  al., “Neuroimaging 
Standards for Research Into Small Vessel Disease and Its Contribution 
to Ageing and Neurodegeneration,” Lancet Neurology 12, no. 8 (2013): 
822–838, https://​doi.​org/​10.​1016/​s1474​-​4422(13)​70124​-​8.

31. J. H. Park, S. H. Heo, M. H. Lee, H. S. Kwon, S. U. Kwon, and J. 
S. Lee, “White Matter Hyperintensities and Recurrent Stroke Risk in 
Patients With Stroke With Small-Vessel Disease,” European Journal 
of Neurology 26, no. 6 (2019): 911–918, https://​doi.​org/​10.​1111/​ene.​
13908​.

32. J. Filler, M. K. Georgakis, and M. Dichgans, “Risk Factors for Cog-
nitive Impairment and Dementia After Stroke: A Systematic Review 
and Meta-Analysis,” Lancet Healthy Longevity 5, no. 1 (2024): e31–e44, 
https://​doi.​org/​10.​1016/​s2666​-​7568(23)​00217​-​9.

33. C. Lei, S. Lin, W. Tao, Z. Hao, M. Liu, and B. Wu, “Association Be-
tween Cerebral Microbleeds and Cognitive Function: A Systematic 
Review,” Journal of Neurology, Neurosurgery, and Psychiatry 84, no. 6 
(2013): 693–697, https://​doi.​org/​10.​1136/​jnnp-​2012-​303948.

34. A. Charidimou and D. J. Werring, “Cerebral Microbleeds and Cog-
nition in Cerebrovascular Disease: An Update,” Journal of the Neuro-
logical Sciences 322, no. 1–2 (2012): 50–55, https://​doi.​org/​10.​1016/j.​jns.​
2012.​05.​052.

35. E. Lindvall, T. Abzhandadze, T. J. Quinn, K. S. Sunnerhagen, 
and E. Lundström, “Is the Difference Real, Is the Difference Rele-
vant: The Minimal Detectable and Clinically Important Changes in 
the Montreal Cognitive Assessment,” Cerebral Circulation - Cognition 
and Behavior 6 (2024): 100222, https://​doi.​org/​10.​1016/j.​cccb.​2024.​
100222.

36. S. Bergeron, Y. Chen, F. Auger, et al., “Role of Cortical Microbleeds 
in Cognitive Impairment: In Vivo Behavioral and Imaging Character-
ization of a Novel Murine Model,” Journal of Cerebral Blood Flow and 
Metabolism 39, no. 6 (2019): 1015–1025, https://​doi.​org/​10.​1177/​02716​
78x17​752765.

37. L. Puy, M. Pasi, M. Rodrigues, et al., “Cerebral Microbleeds: From De-
piction to Interpretation,” Journal of Neurology, Neurosurgery, and Psy-
chiatry 92 (2021): 598–707, https://​doi.​org/​10.​1136/​jnnp-​2020-​323951.

38. Z. Wang, A. Wong, W. Liu, et al., “Cerebral Microbleeds and Cog-
nitive Function in Ischemic Stroke or Transient Ischemic Attack Pa-
tients,” Dementia and Geriatric Cognitive Disorders 40, no. 3–4 (2015): 
130–136, https://​doi.​org/​10.​1159/​00037​9744.

39. D. J. Werring, D. W. Frazer, L. J. Coward, et al., “Cognitive Dysfunc-
tion in Patients With Cerebral Microbleeds on T2*-Weighted Gradient-
Echo MRI,” Brain 127, no. Pt 10 (2004): 2265–2275, https://​doi.​org/​10.​
1093/​brain/​​awh253.

40. Y. Yakushiji, M. Nishiyama, S. Yakushiji, et al., “Brain Microbleeds 
and Global Cognitive Function in Adults Without Neurological Disor-
der,” Stroke 39, no. 12 (2008): 3323–3328, https://​doi.​org/​10.​1161/​strok​
eaha.​108.​516112.

41. X. Li, J. Yuan, L. Yang, et al., “The Significant Effects of Cerebral 
Microbleeds on Cognitive Dysfunction: An Updated Meta-Analysis,” 
PLoS One 12, no. 9 (2017): e0185145, https://​doi.​org/​10.​1371/​journ​al.​
pone.​0185145.

42. V. C. T. Mok, B. Y. K. Lam, Z. Wang, et al., “Delayed-Onset Dementia 
After Stroke or Transient Ischemic Attack,” Alzheimer's & Dementia 12, 
no. 11 (2016): 1167–1176, https://​doi.​org/​10.​1016/j.​jalz.​2016.​05.​007.

43. J. Molad, E. Kliper, A. D. Korczyn, et al., “Only White Matter Hyper-
intensities Predicts Post-Stroke Cognitive Performances Among Cere-
bral Small Vessel Disease Markers: Results From the TABASCO Study,” 
Journal of Alzheimer's Disease 56, no. 4 (2017): 1293–1299, https://​doi.​
org/​10.​3233/​jad-​160939.

44. R. N. Kalaria, R. Akinyemi, and M. Ihara, “Stroke Injury, Cogni-
tive Impairment and Vascular Dementia,” Biochimica et Biophysica 
Acta 1862, no. 5 (2016): 915–925, https://​doi.​org/​10.​1016/j.​bbadis.​2016.​
01.​015.

45. L. N. Ratcliffe, A. C. Hale, T. McDonald, et al., “The Montreal Cogni-
tive Assessment: Norms and Reliable Change Indices for Standard and 
MoCA-22 Administrations,” Archives of Clinical Neuropsychology 39, 
no. 6 (2024): 747–765, https://​doi.​org/​10.​1093/​arclin/​acae013.

46. B. H. B. Koshimoto, P. R. P. Brandão, V. Borges, et al., “Floor and 
Ceiling Effects on the Montreal Cognitive Assessment in Patients With 
Parkinson's Disease in Brazil,” Dementia & Neuropsychologia 17 (2023): 
e20230022, https://​doi.​org/​10.​1590/​1980-​5764-​dn-​2023-​0022.

 14681331, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.70578 by D

eutsches (D
Z

N
E

) - D
eutsches Z

entrum
 fur N

eurodegenera E
rkrankungen e. V

. (D
Z

N
E

) , W
iley O

nline L
ibrary on [16/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1212/wnl.0000000000000837
https://doi.org/10.1212/wnl.0000000000000837
https://doi.org/10.1016/s1474-4422(23)00131-x
https://doi.org/10.1016/s1474-4422(23)00131-x
https://doi.org/10.1212/WNL.0b013e3181c34a7d
https://doi.org/10.1212/WNL.0b013e3181c34a7d
https://doi.org/10.1161/01.str.32.6.1318
https://doi.org/10.1161/01.str.32.6.1318
https://doi.org/10.1007/s00415-022-11481-5
https://doi.org/10.1007/s00415-022-11481-5
https://doi.org/10.1038/s41582-020-0312-z
https://doi.org/10.1038/s41582-020-0312-z
https://ideas.repec.org/c/boc/bocode/s459218.html
https://ideas.repec.org/c/boc/bocode/s459218.html
https://doi.org/10.1161/hs1201.100209
https://doi.org/10.1161/01.str.24.1.35
https://doi.org/10.1161/01.str.24.1.35
https://doi.org/10.1136/jnnp.2009.204685
https://doi.org/10.3389/fnagi.2013.00017
https://doi.org/10.1161/strokeaha.119.024149
https://doi.org/10.1161/strokeaha.119.024149
https://doi.org/10.1016/s1474-4422(10)70104-6
https://doi.org/10.1016/s1474-4422(13)70124-8
https://doi.org/10.1111/ene.13908
https://doi.org/10.1111/ene.13908
https://doi.org/10.1016/s2666-7568(23)00217-9
https://doi.org/10.1136/jnnp-2012-303948
https://doi.org/10.1016/j.jns.2012.05.052
https://doi.org/10.1016/j.jns.2012.05.052
https://doi.org/10.1016/j.cccb.2024.100222
https://doi.org/10.1016/j.cccb.2024.100222
https://doi.org/10.1177/0271678x17752765
https://doi.org/10.1177/0271678x17752765
https://doi.org/10.1136/jnnp-2020-323951
https://doi.org/10.1159/000379744
https://doi.org/10.1093/brain/awh253
https://doi.org/10.1093/brain/awh253
https://doi.org/10.1161/strokeaha.108.516112
https://doi.org/10.1161/strokeaha.108.516112
https://doi.org/10.1371/journal.pone.0185145
https://doi.org/10.1371/journal.pone.0185145
https://doi.org/10.1016/j.jalz.2016.05.007
https://doi.org/10.3233/jad-160939
https://doi.org/10.3233/jad-160939
https://doi.org/10.1016/j.bbadis.2016.01.015
https://doi.org/10.1016/j.bbadis.2016.01.015
https://doi.org/10.1093/arclin/acae013
https://doi.org/10.1590/1980-5764-dn-2023-0022


11 of 11European Journal of Neurology, 2026

47. M. Ghadimi and A. Sapra, “Magnetic Resonance Imaging Contra-
indications,” in StatPearls (StatPearls Publishing Copyright 2025, Stat-
Pearls Publishing LLC, 2025).

48. L. K. S. Lei, B. Y. H. Lam, D. W. L. Lai, et al., “Stability of Montreal 
Cognitive Assessment in Individuals With Mild Cognitive Impairment: 
Potential Influence of Practice Effect,” Journal of Alzheimer's Disease 
87, no. 3 (2022): 1401–1412, https://​doi.​org/​10.​3233/​jad-​220003.

49. S. A. Cooley, J. M. Heaps, J. D. Bolzenius, et  al., “Longitudinal 
Change in Performance on the Montreal Cognitive Assessment in Older 
Adults,” Clinical Neuropsychologist 29, no. 6 (2015): 824–835, https://​
doi.​org/​10.​1080/​13854​046.​2015.​1087596.

50. T. Ihl, M. Ahmadi, I. Laumeier, et al., “Patient-Centered Outcomes 
in a Randomized Trial Investigating a Multimodal Prevention Program 
After Transient Ischemic Attack or Minor Stroke: The INSPiRE-TMS 
Trial,” Stroke 53, no. 9 (2022): 2730–2738, https://​doi.​org/​10.​1161/​strok​
eaha.​120.​037503.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Residuals versus fitted plot 
of linear mixed model. Figure S2: Normal Q-Q plot of residuals of lin-
ear mixed model. Table S1: Patient cohort characteristics in subgroups. 
Table  S2: Cerebral small vessel disease characteristics in subgroups. 
Table  S3: Cerebral small vessel disease markers by age. Table  S4: 
Mixed model for new onset dementia. Figure S3: Coefficient plot of 
impact of CSVD-score and its markers on MoCA. Table S5: Cerebral 
small vessel disease effect on MoCA subdomains. Table S6: STROBE 
checklist. 

 14681331, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.70578 by D

eutsches (D
Z

N
E

) - D
eutsches Z

entrum
 fur N

eurodegenera E
rkrankungen e. V

. (D
Z

N
E

) , W
iley O

nline L
ibrary on [16/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.3233/jad-220003
https://doi.org/10.1080/13854046.2015.1087596
https://doi.org/10.1080/13854046.2015.1087596
https://doi.org/10.1161/strokeaha.120.037503
https://doi.org/10.1161/strokeaha.120.037503

	Baseline Cerebral Small Vessel Disease Predicting Long-Term Cognitive Decline in Transient Ischemic Attack Patients
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Participants
	2.2   |   Outcome Assessment
	2.3   |   Cerebral Small Vessel Disease Score on Baseline MRI
	2.4   |   Statistical Analysis

	3   |   Results
	3.1   |   Patient Cohort Description
	3.2   |   Prevalence of Cerebral Small Vessel Disease
	3.3   |   CSVD and Cognitive Trajectory
	3.4   |   Impact of CSVD-Score on Cognitive Sub-Domains

	4   |   Discussion
	4.1   |   Limitations

	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


