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BACKGROUND: White matter hyperintensities (WMH) are associated with cognitive dysfunction after ischemic stroke. Yet, 
uncertainty remains about affected domains, the role of other preexisting brain injury, and infarct types in the relation between 
WMH burden and poststroke cognition. We aimed to disentangle these factors in a large sample of patients with ischemic 
stroke from different cohorts.

METHODS: We pooled and harmonized individual patient data (n=1568) from 9 cohorts, through the Meta VCI Map consortium 
(www.metavcimap.org). Included cohorts comprised patients with available magnetic resonance imaging and multidomain 
cognitive assessment <15 months poststroke. In this individual patient data meta-analysis, linear mixed models were used 
to determine the association between WMH volume and domain-specific cognitive functioning (Z scores; attention and 
executive functioning, processing speed, language and verbal memory) for the total sample and stratified by infarct type. 
Preexisting brain injury was accounted for in the multivariable models and all analyses were corrected for the study site as 
a random effect.

RESULTS: In the total sample (67 years [SD, 11.5], 40% female), we found a dose-dependent inverse relationship between 
WMH volume and poststroke cognitive functioning across all 4 cognitive domains (coefficients ranging from −0.09 [SE, 
0.04, P=0.01] for verbal memory to −0.19 [SE, 0.03, P<0.001] for attention and executive functioning). This relation was 
independent of acute infarct volume and the presence of lacunes and old infarcts. In stratified analyses, the relation between 
WMH volume and domain-specific functioning was also largely independent of infarct type.

CONCLUSIONS: In patients with ischemic stroke, increasing WMH volume is independently associated with worse cognitive 
functioning across all major domains, regardless of old ischemic lesions and infarct type.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: brain ◼ cerebral small vessel diseases ◼ cognition ◼ infarcts ◼ ischemic stroke ◼ neuroimaging
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Poststroke cognitive impairment (PSCI) is a major 
cause of long-term morbidity and mortality and 
occurs in about half of patients with ischemic 

stroke.1–3 PSCI occurrence is likely determined by fea-
tures of the acute infarct, such as infarct location and 
size, against the background of preexisting brain injury 
and other patient-related factors, such as age and edu-
cational level.4 In this context, cerebral small vessel dis-
ease (cSVD) is of particular interest as white matter 
hyperintensities (WMH), a key manifestation of cSVD, 
have been linked to PSCI risk (systematic review5).

The relationship between WMH and PSCI may be 
influenced by multiple factors, including infarct type. For 
example, the burden of WMH is known to be larger in 
patients with recent small subcortical infarcts compared 
with those with large thrombo-embolic infarcts.6 Yet, 
patients with large infarcts are more likely to develop 
PSCI than those with small subcortical infarcts.1,7 This 
interplay between infarct type, WMH burden, and PSCI 
needs further evaluation, also considering other common 
preexisting brain injury, in particular lacunes, old infarcts, 
and brain atrophy.8,9

PSCI is a complex construct and can involve multiple 
cognitive domains, with substantial interindividual varia-
tion.1,7 Conventionally, WMH are often primarily linked to 
deficits in executive functioning and processing speed 
(PS). Yet, such domain specificity for WMH has recently 
been questioned (systematic review10) and has not been 
sufficiently studied after ischemic stroke. Furthermore, 
PSCI is mostly operationalized in a dichotomous fash-
ion, in terms of presence or absence, whereas cognitive 
functioning after stroke clearly is a continuum.

In this study, we aimed to determine the relation 
between WMH volume and domain-specific cognitive 
functioning, also considering infarct type and other pre-
existing brain injury, in a large sample of patients with 
ischemic stroke from different cohorts.

METHODS
The data that support the findings of this study are available 
from the corresponding author/project leads on reasonable 
request. Restrictions related to privacy and personal data shar-
ing regulations and informed consent may apply.

Patient Selection
We pooled and harmonized individual patient data from 9 isch-
emic stroke cohorts: France (STROKDEM [Study of Factors 
Influencing Post-Stroke Dementia]), Germany (DEDEMAS 
[Determinants of Dementia After Stroke]), the Netherlands 
(CASPER [Cognition and Affect after Stroke: A Prospective 
Evaluation of Risks], CODECS [Cognitive Deficits in Cerebellar 
Stroke], PROCRAS [Prediction of Cognitive Recovery After 
Stroke], USCOG [Utrecht Stroke and Cognition]), Singapore 
(COAST [Cognitive Outcome After Stroke]), and South Korea 
(Bundang VCI [Vascular Cognitive Impairment], Hallym VCI; 
cohort details in Supplemental Material). Eligible cohorts 
were derived from either the Meta VCI Map consortium PSCI 
pilot study11 or strategic infarct location study.7 For the cur-
rent study, 9 cohorts with domain-specific neuropsychologi-
cal assessment within 15 months of the index stroke were 
included. Individual patients were selected from these cohorts 
according to the availability of the following: (1) acute infarct 
segmentations in Montreal Neurological Institute (MNI) space, 
(2) magnetic resonance imaging (MRI) with fluid-attenuated 
inversion recovery and T1 sequences and (3) cognitive test 
results on preselected domain-specific tests. Note that in 
some cohorts, few patients remained due to the limited avail-
ability of MRI. The flowchart of the final patient selection is 
shown in Figure 1. Central data processing and analysis were 
done at the University Medical Center Utrecht (Utrecht, the 
Netherlands). For all cohorts, ethical and institutional approval 
was obtained as required by local regulations to allow data 
acquisition, including informed consent, and data sharing. 
Background and organization of the Meta VCI Map consor-
tium are described in a design article11 and on the consortium 
website www.metavcimap.org.

Harmonization of Clinical Characteristics
Geographic region was dichotomized as Europe (The 
Netherlands, Germany, France) or Asia (South Korea, 
Singapore). Harmonization of educational level was done as 
described previously, by recoding the original education data 
into a 4-category variable according to the approach in the 
Stroke and Cognition consortium.7

Cognitive Data Harmonization
All 9 cohorts provided individual norm-referenced neuropsycho-
logical test scores. Tests for the pooled analyses were selected 
based on availability between cohorts and were assigned to 
4 cognitive domains: (1) attention and executive functioning 
(AEF); (2) PS; (3) language; and (4) verbal memory (VM). 
Assignment of tests to specific cognitive domains was based 
on prior work.7 Mean cognitive domain Z scores were created 
(see Supplemental Material for details), where, for example, a 
mean Z score of −1 implies that patients perform on average 1 
SD (ie, at the 16th percentile) below the normative mean.

Image Processing
Details on image processing steps and visual ratings are 
described in the Supplemental Material. In short, WMH seg-
mentations were performed in Utrecht for 8 cohorts12 and 
provided by the participating center for 1 cohort (CASPER).13 
WMH maps were registered to the 1×1×1 mm resolution 

Nonstandard Abbreviations and Acronyms

AEF attention and executive functioning
cSVD cerebral small vessel disease
MNI Montreal Neurological Institute
PS processing speed
PSCI poststroke cognitive impairment
VM verbal memory
WMH white matter hyperintensities
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MNI-152 brain template14 for spatial normalization, using 
RegLSM.15 An expert (M.C.) with extensive experience in WMH 
segmentations visually inspected all segmentations and regis-
trations. Failed segmentations (n=93, 5.3%) and registrations 
(n=89, 5.3%) were excluded. Acute infarct segmentations 
in MNI space, available from prior Meta VCI Map projects,7,11 
were subtracted from the derived WMH maps. Normalized 
volumes for the acute infarct and WMH were calculated on 
the MNI-152 template. Figure S1 shows 3 examples of WMH 
lesion maps and corresponding acute infarct lesion maps in 
the MNI-152 template. The large sample size enabled strati-
fied analyses for different acute infarct types, defined as the 
following: (1) small subcortical infarcts (supratentorial infarcts 
with a lesion volume of ≤4.19 mL, compatible with diameter 
≤2 cm, following Standards for Reporting Vascular Changes 
on Neuroimaging criteria16); (2) larger supratentorial infarcts 
with or without cortical involvement, henceforth, referred to as 
large infarcts; and (3) infratentorial infarcts (any infarct involv-
ing brainstem or cerebellum regardless of size). Patients with 
acute infarcts in both supratentorial and infratentorial regions 
were included in both subgroup analyses (n=69). Lacunes and 
old infarcts were rated visually by 2 independent raters (F.K. 
and J.M.B. or F.K. and G.J.B) and processed centrally for all but 
1 cohort (CASPER). Because intracranial volume/whole brain 
segmentations failed in a substantial number of patients, brain 

parenchymal fraction calculations, as a substitute for atrophy, 
were only available for 27% of participants.

Statistical Analyses
In this individual patient data meta-analysis, linear mixed models 
were used to assess the independent effect of WMH volume 
on cognitive domain Z scores across the 4 tested domains in 
the total dataset. First, univariate models were used with WMH 
volume as the independent variable (log10-transformed, fixed 
effect) and cognitive domain Z scores as the dependent vari-
able. Subsequently, multivariable models were used to enable 
correction for possible confounders. Covariates were selected 
based on literature rather than significant relations with cogni-
tion and included clinical variables: age, sex, educational level, 
geographic region, and imaging parameters: acute infarct vol-
ume (log10-transformed), presence of old infarcts, and pres-
ence of lacunes. Categorical variables were treated as dummy 
variables. Covariates were checked for colinearity and were 
entered into the model as fixed effects. All univariate and multi-
variate analyses were corrected for the study site as a random 
effect. A P value of <0.05 was considered statistically signifi-
cant. To determine whether the obtained results were affected 
by infarct type, we performed stratified analyses for large, small 
subcortical, and infratentorial infarcts. Finally, we performed 

Figure 1. Flowchart of patient selection.
*Cohorts previously participating in the pilot study11 or study on strategic infarct locations7 and with available domain-specific cognitive testing. 
**White matter hyperintensities (WMH) segmentations performed by cohort. CASPER indicates Cognition and Affect after Stroke: A Prospective 
Evaluation of Risks; COAST, Cognitive Outcome After Stroke; CODECS, Cognitive Deficits in Cerebellar Stroke; DEDEMAS, Determinants of 
Dementia After Stroke; NPA, neuropsychological assessment; PROCRAS, Prediction of Cognitive Recovery After Stroke; STROKDEM, Study of 
Factors Influencing Post-Stroke Dementia; USCOG, Utrecht Stroke and Cognition; and VCI, Vascular Cognitive Impairment.
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supplementary analyses taking into account the location of the 
acute infarct (by stratifying for the location impact score7) and 
atrophy (see Supplemental Material for details). All analyses 
were performed using glmnet (v4.1.3) and lme4 (v1.1.26) in 
R (v4.1.2), https://cran.r-project.org/. This article follows the 
PRISMA (Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses) Individual Patient Data statement.17

RESULTS
Study Population
We included 1568 patients from 9 cohorts (Figure 1). 
The mean age was 67.3 years (SD, 11.5), 626 (39.9%) 
were women, 69% of patients were Asian, and others 
were European. On MRI, old infarcts were present in 
19.3% of patients and ≥1 lacunes in 36.5%. Mean norm-
referenced Z scores on all cognitive domains were nega-
tive, with VM being the most affected domain (mean Z 
score, −0.95; Table 1). There was heterogeneity in patient 
characteristics between cohorts, reflecting differences in 
inclusion and exclusion criteria. The median normalized 
WMH volume was 7.1 mL and increased exponentially 

across WMH deciles (Table S3). Patients in the upper 
deciles of WMH volume were more likely to be women 
and older. Proportions of patients with hypertension, 
and diabetes also increased across deciles. Smoking 
(past or present) was less common in the upper deciles 
and this effect could not be attributed to sex (stratified 
analysis, data not shown). Patients in the upper deciles 
more often had a medical history of stroke or transient 
ischemic attack as well as old infarcts and in particular, 
lacunes on MRI. With regards to acute infarcts, patients 
in the upper deciles had higher scores on the National 
Institutes of Health Stroke Scale and were more likely to 
have a recent small subcortical infarct on MRI (Table S3).

Relation Between WMH Volume and Cognitive 
Functioning in the Total Sample
There was a significant inverse relationship between 
WMH volume and poststroke cognitive functioning 
across all 4 tested domains. Effect estimates were lower 
for VM compared with the other domains (Table 2, uni-
variate analysis). Figure 2A (total sample) shows the 

Table 1. Baseline Characteristics

 
Total sample 
(n=1568) 

Large infarcts 
(n=759) 

Small subcortical 
infarcts (n=517) 

Infratentorial 
infarcts (n=361) 

Demographical and clinical characteristics

  Geographic region

   Asia, n (%) 1082 (69) 504 (66.4) 358 (69.2) 278 (77.0)

   Europe, n (%) 486 (31) 255 (33.6) 159 (30.8) 83 (23.0)

  Age, y, mean (SD) 67.3 (11.5) 67.7 (11.7) 66.3 (11.6) 68.1 (11.4)

  Sex, female, n (%) 626 (39.9) 290 (38.2) 235 (45.5) 121 (33.5)

  Education level (STROKOG), n (%)*

   Lower than secondary school 816 (52) 398 (52.5) 265 (51.3) 188 (52.1)

   Secondary school 343 (21.9) 164 (21.6) 122 (23.6) 71 (19.7)

   Technical school or college 153 (9.8) 65 (8.6) 57 (11.0) 33 (9.1)

   University or higher 256 (16.3) 132 (17.4) 73 (14.1) 69 (19.1)

  NIHSS at baseline, median (IQR)† 2 (1–4) 3 (1–6) 2 (1–3) 2 (1–4)

  History of stroke and TIA, n (%)‡ 217 (14.4) 114 (15.0) 64 (12.9) 51 (14.1)

Imaging parameters

  WMH volume, mL, median (IQR) 7.1 (2.8–19.2) 6.0 (2.2–17.6) 8.3 (3.2–20.2) 8.6 (3.1–21.8)

  Acute infarct volume, mL, median (IQR) 2.6 (1.0–12.3) 11.2 (4.7–26.8) 1.1 (0.6–1.8) 1.7 (0.7–7.5)

  Presence of old infarct(s), n (%) 302 (19.3) 177 (23.3) 73 (14.1) 73 (20.2)

  Presence of lacune(s), n (%) 572 (36.5) 228 (30.0) 233 (45.1) 134 (37.1)

Cognitive domain Z scores

  Attention and executive functioning, mean (SD); n −0.75 (1.0); 1470 −0.90 (1.1); 707 −0.62 (1.0); 485 −0.61 (0.9); 342

  Processing speed, mean (SD); n −0.64 (1.2); 1467 −0.81 (1.2); 705 −0.49 (1.1); 487 −0.51 (1.0); 339

  Language, mean (SD); n −0.72 (1.1); 1537 −0.86 (1.1); 742 −0.58 (1.0); 510 −0.66 (1.0); 353

  Verbal memory, mean (SD); n −0.95 (1.2); 1545 −1.08 (1.3); 750 −0.79 (1.1); 514 −0.94 (1.1); 349

IQR indicates interquartile range; NIHSS, National Institutes of Health Stroke Scale; STROKOG, Stroke and Cognition; TIA, transient ischemic 
attack; and WMH, white matter hyperintensities.

*Education categories as defined by the STROKOG consortium1.
†Missing in 2%–5%.
‡Missing in 5%–10%.
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unadjusted relation between WMH volume (divided into 
quartiles for visualization), and domain-specific cogni-
tive functioning (mean differences of cognitive Z scores 
between lowest and highest quartile: 0.64, 0.66, 0.67, 
and 0.57 for AEF, PS, language, and VM, respectively).

The relation between WMH volume and cognitive 
functioning across domains was independent of acute 
infarct volume, presence of old infarcts, and lacunes, 
age, sex, educational level, geographic region, and 
study site (Table 2, multivariate analysis). The random 
effect terms showed cohort-cohort variability, with 
coefficients ranging from 0.05 for AEF to 0.34 for VM. 
In sensitivity analyses in participants with available data 
on brain parenchymal fraction (n=422; 27%), effect 
sizes remained largely unchanged after adding brain 
parenchymal fraction to the model for the domains 
of AEF and PS. The influence of atrophy on the rela-
tion between WMH volume and the domains of lan-
guage and VM could not be reliably assessed, details 
in Appendix S4.

Results Stratified by Infarct-Subtype
Seven hundred fifty-nine patients had large infarcts, 517 
patients had small subcortical, and 361 patients had 
infratentorial infarcts on MRI. Patients with large infarcts 
had higher acute infarct volumes, lower median WMH 
volumes, and lower mean cognitive Z scores compared 
with patients with small subcortical infarcts and infraten-
torial infarcts (details in Table 1).

In univariate analyses, effect sizes were mostly con-
sistent with the overall analyses for each of the 3 infarct 
types, with the exception of the relation between WMH 
volume and VM performance which was not significant 
for infratentorial infarcts (Table 2). The unadjusted rela-
tion between WMH volume (divided into quartiles) and 

domain-specific functioning for each infarct type is also 
visualized in Figure 2.

For subgroups with large infarcts and small subcor-
tical infarcts, results were independent of acute infarct 
volume, presence of old infarcts and lacunes, age, sex, 
educational level, and geographic region, consistent 
with the overall analyses, largely with similar effect sizes. 
For the subgroup with infratentorial infarcts, we did not 
find an independent relation between WMH volume and 
poststroke cognitive functioning after adjusting for con-
founders (multivariate analyses, Table 2).

In stratified analyses, according to the location of 
the acute infarct (using the location impact score7), the 
relation between WMH volume and cognition was stron-
gest in those with the most strategic infarcts (details in 
Appendix S5).

DISCUSSION
In this large-scale multicenter study of patients with isch-
emic stroke, we found a dose-dependent inverse rela-
tionship between WMH volume and poststroke cognitive 
functioning across all tested cognitive domains (AEF, 
PS, language, and VM). This relation was independent of 
acute infarct volume, presence of old infarcts and lacu-
nes, and also largely independent of infarct type.

In contrast to the traditional view that WMH and other 
manifestations of cSVD primarily affect PS and AEF, we 
did not observe a specific cognitive profile associated 
with WMH volume, but rather found significant associa-
tions with all tested cognitive domains. Previous studies 
in patients with ischemic stroke often had limited sample 
size (ie, n<200),18–21 used visual rating scales to assess 
WMH burden9,20–23 and tested a limited number of cog-
nitive domains.18–20,23 Across these studies, WMH burden 
was consistently found to be associated with deficits in 

Table 2. WMH Volume and Cognition

 
Attention and executive 
functioning* Processing speed* Language* Verbal memory*

 Model n Coef SE P value n Coef SE P value n Coef SE P value n Coef SE P value 

Total sample WMH volume (univariate†) 1470 −0.21 0.03 <0.001 1467 −0.24 0.03 <0.001 1537 −0.17 0.03 <0.001 1545 −0.06 0.03 0.034

WMH volume (multivariate‡) −0.19 0.03 <0.001 −0.17 0.04 <0.001 −0.16 0.03 <0.001 −0.09 0.04 0.01

Large infarcts WMH volume (univariate) 707 −0.27 0.04 <0.001 705 −0.30 0.05 <0.001 742 −0.13 0.04 0.002 750 −0.07 0.04 0.1

WMH volume (multivariate) −0.28 0.05 <0.001 −0.23 0.06 <0.001 −0.15 0.05 0.002 −0.12 0.05 0.02

Small subcorti-

cal infarcts

WMH volume (univariate) 485 −0.20 0.05 <0.001 487 −0.27 0.05 <0.001 510 −0.27 0.04 <0.001 514 −0.14 0.05 0.006

WMH volume (multivariate) −0.15 0.06 0.008 −0.17 0.06 0.006 −0.20 0.05 <0.001 −0.13 0.06 0.04

Infratentorial 

infarcts

WMH volume (univariate) 342 −0.25 0.05 <0.001 339 −0.19 0.06 <0.001 353 −0.18 0.05 <0.001 349 0.03 0.06 0.56

WMH volume (multivariate) −0.09 0.07 0.16 −0.06 0.07 0.35 −0.10 0.06 0.09 0.08 0.07 0.20

Univariate and multivariate linear mixed models to determine the independent association between WMH volume and cognitive functioning on the 4 cognitive domains.
Coef indicates coefficient and WMH, white matter hyperintensities.
*Outcomes are mean Z scores.
†Log10-transformed, standardized.
‡Fixed effects: age (standardized), sex (reference: female, category: male), education (reference: lower than secondary school, categories: secondary school, technical 

school/college completion, university or higher), geographic region (reference: Asia, category: Europe), acute infarct volume (log10-transformed, standardized), pres-
ence of lacune(s; yes vs no), presence of old infarct(s; yes vs no). All results were corrected for the study site using random effects. A P value of <0.05 was considered 
statistically significant.
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AEF9,18,19,21–23 and PS.9,18,21,22 Associations with visuo-
spatial functions9,19,21–23 and language9,20 have also been 
reported. About VM, 3 studies19,22,23 did report an associa-
tion with the total burden of WMH, whereas 3 other stud-
ies, 1 of which included 648 patients with ischemic stroke, 
did not.9,18,21 Notably, the latter study did report an associa-
tion between the number of lacunes and memory. In the 
current study, the effect estimate for the relation between 
WMH volume and VM was significant, albeit smaller, and 
with a higher cohort–cohort variability compared with the 
other domains. Yet, the overall picture of cross-domain 

cognitive deficits in relation to WMH burden that emerges 
is consistent with our results in, to our knowledge, the 
largest cohort of patients with ischemic stroke. Of note, 
comparable results of cross-domain cognitive deficits in 
relation to WMH volume were reported in a large memory-
clinic-based study24 and this lack of domain specificity for 
cognitive deficits has also been noted in 2 large system-
atic reviews in patients with sporadic cSVD,10 and patients 
with vascular cognitive impairment not demented.25 Dis-
ruption of large-scale functional networks by WMH might 
underlie these cognitive deficits across domains.26

Figure 2. Quartiles of unadjusted white matter hyperintensities (WMH) volume vs domain-specific cognitive functioning.
A, Total sample (n=1568), B, large infarcts (n=759), C, small subcortical infarcts (n=517), and D, infratentorial infarcts (n=361). Cognitive 
functioning is shown as mean Z score for each cognitive domain. AEF indicates attention and executive functioning; PS, processing speed; VM, 
verbal memory. All images were created using ggplot2 (v3.4.0) in R (v4.1.2).
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The association of WMH with cognitive outcomes was 
also robust when considering lacunes and old infarcts, 
despite these lesions being common in the included 
patients. We are not aware of any previous studies that 
adjusted for these prior injuries. Unfortunately, we could 
not obtain atrophy measures for all our participants, but the 
available results suggest a limited effect of global atrophy 
on the relation between WMH and cognitive outcomes, at 
least for the domains of AEF and PS. Previous research 
reported associations between markers of neurodegen-
eration itself, such as medial temporal lobe atrophy, and 
PSCI.27–29 One study showed an association between 
medial temporal lobe atrophy and WMH burden in patients 
with stroke.30 The possible interplay between WMH and 
markers of neurodegeneration in relation to cognition 
after ischemic stroke requires further exploration.4,31 The 
increasing availability of fluid and imaging-based markers 
of neurodegeneration may facilitate such efforts.

Effect estimates of the relation between WMH and 
cognition appeared to be largely consistent across infarct 
types. The cSVD burden, that is, WMH and lacunes, was 
relatively comparable between patients presenting with 
small subcortical and infratentorial infarcts, but lower in 
patients with large infarcts, in line with previous litera-
ture.6,32 Moreover, cognitive performance across domains 
was worse in patients with large infarcts than in patients 
with other infarct types, also consistent with prior observa-
tions.1 These interconnections between infarct type, cSVD, 
and cognitive outcomes underline the importance of our 
stratified analyses. The additional stratified analyses tak-
ing into account the strategic location of the acute infarct 
showed that effect estimates of the relation between 
WMH volume and cognition were highest for those with 
strategic infarcts. This may reflect a multihit effect, where 
the combination of 2 adverse factors synergistically affect 
the outcome, possibly by exhausting brain reserve.

Strengths of our study are the large sample size, which 
enabled stratification for infarct type, the availability of mul-
tidomain, norm-referenced cognitive assessment, and the 
uniform output of imaging data benefitting from central 
processing and rigorous quality controls. Furthermore, the 
volumetric quantification of WMH burden in combination 
with the continuous range of cognitive outcome scores 
enabled an in-depth analysis of the relation between the 
2. Several potential limitations should also be noted. First, 
post hoc pooling of data from multiple cohorts inherently 
resulted in data heterogeneity. We, therefore, chose to 
select only cognitive tests that were available in multiple 
cohorts, but differences in timing may still have influenced 
our results. Nearly, all imaging data were processed cen-
trally, with the use of previously published processing pipe-
lines that can handle data from different scanners and 
sequences.12 Nevertheless, variability in the data would 
have been less if we could have used a single predefined 
scan protocol across centers. To account for differences 
between cohorts, we treated the study site as a random 

effect in all analyses. Second, some cohorts preselected 
patients with milder strokes. Moreover, extensive neuro-
cognitive testing requires certain basic motor skills, lan-
guage, and visual abilities that patients with severe stroke 
mostly lack, resulting in an overrepresentation of patients 
with mild to moderate stroke severity in our sample, also 
reflected by the average National Institutes of Health 
Stroke Scale on admission. Third, although patients with 
prestroke dementia were mostly excluded, that is, based 
on the Informant Questionnaire for Cognitive Decline in the 
Elderly score or prehospital diagnosis,7 prestroke cogni-
tive functioning could have influenced our findings. Fourth, 
with the current selection criteria, some cohorts had few 
remaining patients. Finally, the subtraction of acute infarct 
maps from WMH maps might underestimate preexisting 
WMH volume, particularly in case of large infarcts. An 
alternative approach is to focus on WMH burden contra-
lateral of the acute infarct,20 but this assumes symmetrical 
WMH distribution and cannot deal with bilateral infarcts. 
Nevertheless, our findings in the group with large infarcts 
were comparable to other infarct types suggesting no 
major impact of this subtraction effect.

Over the past years, there has been an extensive focus 
on the association between burden of WMH and poor 
outcomes after ischemic stroke, such as an increased 
risk of functional impairment,33 dementia, and mortality, 
as also illustrated in the systematic review and meta-
analysis by Georgakis et al.5 On top of this evidence, 
the present study shows that increasing WMH volume 
is independently associated with worse cognitive func-
tioning across all major domains, regardless of old isch-
emic lesions and infarct type. The diversity of our study 
population enhances the generalizability of our findings, 
at least to those with mild to moderately severe stroke. 
Our results underline the importance of preventive strat-
egies and interventions that target cSVD progression in 
populations at risk for stroke. Furthermore, WMH volume 
can support personalized prediction of PSCI and may 
be considered when setting rehabilitation goals.4 Future 
research could focus on the improvement of current pre-
diction models for PSCI, by adding WMH volume and 
possibly other vascular lesions to the model. Precise 
quantification and uniform definitions of imaging mark-
ers might facilitate such efforts.9,16,31
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