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1 | INTRODUCTION

The ever-growing proportion of stroke survivors worldwide® has
shifted attention from early complications in the acute phase to long-
term consequences after stroke.2"4 Cognitive and functional deficits
are present in up to 80% of stroke survivors, depending on the
definition and timepoint of assessment.3>~7 These deficits are associ-
ated with disability,®? dependency,’® and morbidity,>>12 thus posing
a major burden to patients, caregivers, and health care systems. A
more detailed understanding of the factors that predispose to long-
term outcomes is required to counsel patients and to identify high-risk
individuals who might benefit from targeted interventions.

Cerebral small vessel disease (SVD) accounts for ~25% of all
strokes!®14 and is the leading cause of vascular dementia.’®> Imaging
features of SVD on magnetic resonance imaging (MRI) include lacunes,
white matter hyperintensities (WMHs), cerebral microbleeds (CMBs),
and enlarged perivascular spaces (PVSs).1¢17 Compared to the general
population, stroke patients have a higher burden of SVD.181? Individ-
ual SVD markers are associated with worse outcomes including higher

risk for dementia, disability, stroke recurrence, and death,2?-21 but

should integrate lesion severity.

their combined predictive value has not been explored systematically.
As such, SVD measures have attracted attention both as a traceable
risk factor and a predictor of poor outcomes post-stroke.

More recent studies have focused on integrative measures of
global SVD burden, which are generated by quantifying the burden
of individual lesions (lacunes, WMHs, CMBs, and enlarged PVSs) and
combining them into a single score.?2-2 The MRI-based global SVD?%>
score ranges from O to 4 (one point awarded for presence of each
of the four SVD markers) and is strongly associated with cognitive
performance?® and risk of dementia in the general population.?’ Yet
its performance for predicting cognitive and functional outcomes in
stroke patients remains poorly defined. Previous studies focused on
specific patient subgroups, such as patients with lacunar stroke?®
or those receiving thrombolysis,2? used cognitive screening instru-
ments rather than detailed neuropsychological testing for outcome

assessments, 3031

and had a short follow-up interval of 6 months
post-stroke when recovery is still underway.2827:31 |n addition, the
predictive performance of assessing a global SVD score has not
been compared to visual rating scores for the severity of individual

SVD markers.3031
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Here we set out to determine whether the global burden of
SVD assessed on baseline MRI predicts cognitive and functional out-
comes up to 12 months after stroke. We explored the associations
of the global SVD score, as well as individual SVD markers, with
cognitive and functional end points. Furthermore, we tested the pre-
dictive value of the global SVD score for cognitive and functional
impairment beyond known outcome predictors post-stroke and com-
pared it to the predictive value gained by individual SVD markers.
To address these aims, we used data from a prospective multicen-
ter study in 736 ischemic and hemorrhagic stroke survivors, which
was designed to identify predictors of long-term cognitive outcomes

post-stroke.

2 | METHODS
2.1 | Study population

Participants for the current study were drawn from the DEM-
DAS study (DZNE [German Center for Neurodegenerative Disease]-
Mechanisms of Dementia After Stroke), a multicenter prospective
hospital-based cohort study conducted across seven tertiary stroke
centers in Germany. The study began as a single-center pilot study
at Ludwig-Maximilians-University (LMU) Munich, Germany (DEDE-
MAS [Determinants of Dementia After Stroke]; NCT01334749), which
enrolled 136 patients between May 2011 and November 2013 and
was subsequently expanded to the multicenter study (DEMDAS)
with enrollment of an additional 600 patients between January
2014 and January 2019. Details on the study protocol and DEDE-
MAS have been published previously.3233 A detailed description
of the clinical and imaging protocols of the two studies is pro-
vided in the Supplement (Supplementary methods, Tables S1, S2,
Figures S1,52).

We recruited patients >18 years of age who were hospitalized
for acute stroke with symptom onset within the last 5 days before
admission, as defined by an acute focal neurological deficit in com-
bination with an acute ischemic infarct and as documented by either
a diffusion-weighted imaging (DWI)-positive lesion on cranial MRI,
a new lesion on a delayed computed tomography (CT), or a hem-
orrhagic stroke as documented on CT or MRI. Eligible patients
needed to have an available informant. Because the target popu-
lation was patients with acute stroke and no pre-stroke dementia,
prior stroke was not an exclusion criterion for this study. Patients
were excluded if they had a diagnosis of dementia or if they scored
>64 on a screening Informant Questionnaire on Cognitive Decline
in the Elderly (IQCODE)3* with the informant at recruitment. Fur-
thermore, we excluded patients with shortened life expectancy due
to a diagnosis of a malignant disease; patients with contraindica-
tions for MRI; and patients with cerebral venous thrombosis, trau-
matic cerebral hemorrhage, intracerebral hemorrhage because of
a vascular malformation, or purely meningeal or intraventricular

hemorrhage.

RESEARCH IN CONTEXT

1. Systematic review: Our search in MEDLINE yielded
multiple studies that have shown associations between
neuroimaging markers of cerebral small vessel disease
(SVD) and poor post-stroke outcomes. However, whether
a global score of SVD burden that integrates differ-
ent individual markers is associated with cognitive and
functional outcomes after stroke has not been explored
systematically.

2. Interpretation: Beyond individual lesions, SVD burden is
associated with worse cognitive and functional outcomes
12 months after stroke. However, our results indicate that
the currently used global SVD score does not improve the
prediction of poor outcomes, partly because it does not
consider the severity of individual SVD lesions.

3. Future directions: To add predictive value in assessing
SVD burden in patients with stroke and to improve prog-
nostication of poor cognitive and functional outcomes,
future studies should aim to develop a global SVD score
that integrates individual lesion severity.

2.2 | Standard protocol approvals, registrations,
patient consent, and data availability

The current study follows the Strengthening the Reporting of Obser-
vational Studies in Epidemiology (STROBE) guidelines.3> DEDEMAS
and DEMDAS were conducted according to the Declaration of Helsinki
and were approved by the local ethics committees of all participating
sites. All patients or their legal guardians provided written informed
consent prior to study inclusion. Anonymized data are available upon

reasonable request to the corresponding author.

2.3 | Baseline assessments

Study participants underwent a comprehensive interview using stan-
dardized questionnaires as well as clinical, cognitive, and laboratory
assessments. Detailed information on sociodemographic data, fam-
ily and medical history, and prescribed medications were recorded.
Assessments further included physiological (e.g., blood pressure and
body mass index measurement), clinical (e.g., National Institutes of
Health Stroke Scale [NIHSS], Modified Rankin Scale [mRS], Glasgow
Coma Scale [GCS]), and cognitive screening tests (Mini-Mental State
Examination [MMSE] and Montreal Cognitive Assessment [MoCA]).
Peripheral blood was drawn from all enrolled patients within a median
of 1 day (interquartile range: 1—2 days) after stroke (>85% of sam-
ples were drawn in the morning) and biochemical assessments were

performed as part of clinical routine.
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2.4 | MRI acquisition, stroke lesion volume, and
SVD score

Patients underwent cranial 3-Tesla MRI examinations within 3 (DEDE-
MAS) or 5 (DEMDAS) days of stroke onset. Details on the imaging pro-
tocols are provided in the Supplement (Supplementary methods, Table
S2). Acute stroke lesions were segmented on DWI images using a semi-
automated procedure detailed in the Supplementary methods. Stroke
lesion volume was normalized by total intracranial volume as mea-
sured from T1 images. We semi-quantitatively assessed SVD markers
on baseline MRI using widely accepted consensus criteria.}”2> The fol-
lowing individual SVD markers were assessed: (1) lacunes: a lacune
was defined as a round or ovoid, subcortical, cerebrospinal fluid (CSF)-
like signal lesion with an axial diameter between 3 mm to 15 mm on
fluid-attenuated inversion recovery (FLAIR) and T1-weighted images;
(2) white matter hyperintensities (or WMHSs): periventricular and deep
WMH lesions were graded from O to 3 according to the Fazekas scale3®
on FLAIR images; (3) cerebral microbleeds (or CMBs): small (2-10 mm),
round signal voids on T2*-weighted images; (4) enlarged perivascular
spaces (PVSs) in basal ganglia: PVSs are fluid-filled spaces that are vis-
ible as either linear or round/ovoid high signals on T2-weighted and
low-signals on T1-weighted images (CSF-like signal) of an axial diame-
ter <3 mm that follow the orientation of penetrating arterioles in basal
ganglia and centrum semiovale.®” PVSs were counted bilaterally in the
basal ganglia, and the side with the higher number on T2-weighted and
T1-weighted images was used for scoring, in line with Staals et al.?
and according to a method first proposed by MacLullich et al.%: 0 = no
PVSs, 1 = < 10 PVSs, 2 = 11 to 20 PVSs, 3 = 21 to 40 PVSs, and
4 => 40 PVSs.%” Lacunes, WMHSs, CMBs, and PVSs within the stroke
lesion were not considered when rating the images. All images were
rated by an experienced, trained rater (R.F.) without knowledge of the
clinical data, and doubtful cases were discussed with a senior imag-
ing specialist (M.Dur.) in regular consensus meetings. To ensure the
reproducibility of the ratings, inter-rater reliabilities were assessed by
two trained raters (R.F. and A.D.) in a sub-sample of the images: x for
lacunes = 0.720, x for WMHs = 0.795, x for CMBs = 0.725, and « for
PVSs = 0.815. For each participant, we quantified the global cerebral
SVD burden using a previously validated score ranging from 0 to 4.25:37
One point was allocated for each of the following lesions (Table S3): (1)
presence of lacunes, (2) periventricular WMH Fazekas grade 3 or deep
WMH Fazekas grade 2 or 3, (3) presence of CMBs, and (4) PVS grade 2
or higher.

2.5 | Follow-up outcomes

Study participants underwent comprehensive cognitive and functional
assessments by face-to-face interviews at 6 and 12 months post-
stroke. A comprehensive neuropsychological battery of tests was
performed and classified in five domains (executive function, memory,
language, attention, and visuospatial function; Table S1, Supplemen-
tary methods). The memory domain was a composite of word-learning,

recall, recognition, and figure-immediate and delayed recall tests. Miss-
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ing values for individual tests, along with reasons for missingness are
presented in Tables S4-S6. We calculated test-specific z-scores based
on published norms corrected for age, sex, and education (“Neuropsy-
chological test battery” section in Supplementary methods). We then
calculated domain-specific z-scores by averaging the available test-
specific z-scores per domain, as well as an average global cognitive
score by averaging z-scores of five domains.3? A z-score of < —1.5 in
any of five domains was used to define cognitive impairment.®? Def-
initions of domain-specific cognitive impairment were likewise based
on domain-specific z scores of < —1.5. Functional outcomes were
assessed with the modified Rankin scale (or mRS), a global functional
scale focused on motor recovery (score range from O [no symptoms]
to 5 [serious functional impairment]), the Barthel index (BI), which
evaluates functional dependence (score range from O [fully depen-
dent] to 100 [fully independent]),*°*! and the instrumental activities
of daily living (IADLs), which evaluates independence in eight daily
activities (score range from O [no independence at any task] to 8 [full
independence)).® For all tests, information from the patients and their
informants was considered. We used two independent definitions of
different levels of functional impairment based on two widely applied
cutoffs of mRS (>1 and >2).124243

2.6 | Statistical analysis

We compared baseline characteristics of study participants using x2
or Fisher exact test for categorical variables, a two-tailed t-test for
variables following a normal distribution (age and body mass index) or
Mann-Whitney U test for other continuous variables. To account for
the repeated assessments of the main outcomes at two follow-up time-
points, we applied generalized estimating equations (GEE) models to
explore associations between baseline SVD lesions and cognitive and
functional outcomes at 6 and 12 months after stroke. We tested (1)
the global SVD score (range 0-4), (2) the four constituent sub-scores
(O or 1 for lacune presence, periventricular WMH grade >2 or deep
WMH grade >2, CMB presence, PVS grade >2), and (3) the five individ-
ual SVD markers in their entire range (lacune counts, periventricular
WMH grade, deep WMH grade, CMB counts, PVS grade). Using GEE,
we fit generalized linear regression models for continuous cognitive
and functional outcomes (z-scores for global cognitive performance
and the five individual domains, mRS, IADL, Bl) and logistic regression
for binary outcomes (cognitive impairment: z-score < —1.5 in global
cognitive performance or individual domains; functional impairment:
mRS >1 and mRS >2). To explore the associations between baseline
global SVD score and cognitive and functional outcomes at individ-
ual timepoints, we applied multiple linear and multivariable logistic
regression analyses. We adjusted for age, sex, and educational years
(basic model), as well as for cardiovascular risk factors (history of
hypertension, diabetes, atrial fibrillation, prior stroke, current smok-
ing, alcohol consumption, body mass index, circulating low-density
lipoprotein cholesterol [LDL-C] levels), stroke severity (NIHSS score
at baseline), pre-stroke mRS, cognitive impairment in the acute post-
stroke phase (MoCA <26 or MMSE <24 if MoCA not available), and
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normalized stroke lesion volume at baseline (main model). These fac-
tors were selected, as they have previously been reported to be
associated with post-stroke outcomes.®31:334445 |n sensitivity analy-
ses we also adjusted for apolipoprotein E (APOE) genotype (0, 1,or 2 ¢4
alleles).

To examine the value of assessing the global SVD score for pre-
dicting cognitive and functional impairment at 6 and 12 months after
stroke,*® we compared the performance of different logistic regres-
sion models: Model 1 included age, sex, education, vascular risk factors,
NIHSS, and cognitive impairment in the acute phase; pre-stroke mRS;
and normalized stroke lesion volume. Model 2 additionally included
the global SVD score. Model 3 included individual SVD markers
instead of the global SVD score. We tested model calibration with
the Hosmer-Lemeshow test and compared the models with the inte-
grated calibration index (IC1),*” which is a commonly used method,
derived by Loess-based smoothing function between the observed
frequency of events and predicted risk from the models.*” For discrimi-
nation, we compared areas under the receiver-operating characteristic
(ROC) curves. Finally, we tested changes in reclassification between
the models with the Net Reclassification Index (NRI).*8 We considered
individuals at high risk for cognitive or functional impairment when
their predicted risk was >30% and at low risk when their predicted risk
was <10%. To account for multiple comparisons, we adjusted P-values
using the false discovery rate (FDR) method and set statistical signifi-
cance at an FDR-adjusted P < .05. Statistical analyses were performed
with Rv4.0.4.

3 | RESULTS
3.1 | Baseline characteristics and imaging features

A total of 736 participants were recruited at admission (for baseline
characteristics see Table S7); 666 of them had baseline MRI scans suit-
able for a complete assessment of SVD lesions and were thus included
in the current analyses (Figure 1). The most common reasons for miss-
ing MRI scans were unavailability of the scanner or patient refusal
(Table S8). We found no significant differences at baseline between
participants with and without a baseline MRI (Table S9).

The baseline characteristics of study participants entering the anal-
yses are presented in Table 1 (mean age 67.9 + SD 11.4 years, 66.7%
men). Of the study participants, 10.7% had a prior history of stroke
and their median mRS before the index event was 0 (IQR 0-0). The
vast majority of index events represented ischemic strokes (97.3%),
with a median NIHSS score at admission of 2 (IQR 1-5). The distribu-
tion of stroke lesions across vascular territories and the distribution
of normalized lesion volumes are presented in Table S10 and Figure
S3, respectively. Differences in demographics and cardiovascular risk
profile between male and female study participants are presented in
Table S11. Baseline characteristics were largely similar between the
run-in DEDEMAS study and the multicenter expansion of DEMDAS,
as well as across centers (Table S12), except for higher LDL-C levels in
participants recruited to DEDEMAS.

Study participants included in DEDEMAS-DEMDAS
(n=736)

No MRI or insufficient quality of the MRI scans (n=70)
¢ Detailed reasons in Table S4

A
Available MRI-based SVD score after stroke
(n=666)

¢ Death (n=13)
o Lost to follow-up (n=58)

A
Patients at 6-month follow-up (n=595)

« With available cognitive outcomes (n=562)

« With available functional outcomes (n=584)

* Death (n=5)
o Lost to follow-up (n=27)

Patients at 12-month follow-up (n=563)
« With available cognitive outcomes(n=525)
« With available functional outcomes (n=540)

FIGURE 1 Flowchart of study participants and follow-up in the
current study. DEDEMAS, Determinants of Dementia After Stroke;
DEMDAS, DZNE (German Center for Neurodegenerative
Diseases)-Mechanisms of Dementia After Stroke; MRI, magnetic
resonance imaging; SVD, small vessel disease.

The frequency and burden of individual SVD markers is displayed in
Figure 2. The most common SVD marker was WMH (46.8% of study
participants had a Fazekas grade of >2 for deep lesions or >2 for
periventricular lesions) followed by PVS (35.6% had a grade of >2 inthe
basal ganglia), lacunes (12.8%) and CMB (9.8%). When combined into
the global SVD score, 38.9% of the participants had an overall score of
0 (no SVD lesions fulfilling the score criteria), 30.2% had a score of 1 (a
single lesion type), 20.4% had a score of 2 (two lesion types), and only

8.1% and 2.4% of the participants had scores of 3 and 4, respectively.

3.2 | Association between global SVD score and
cognitive and functional outcomes

A total of 595 (89%) and 563 (85%) participants were followed up at
6 or 12 months, respectively, after stroke and were thus included in
our analyses (Figure 1, Method S1). Patients who died or were lost to
follow-up were older, had a higher systolic blood pressure at baseline,
and had a higher rate of cognitive impairment, as defined by their base-
line MoCA scores (MoCA <26) (Table S13). At 6 months, 148 (27.6%)
of the study participants met the criteria for cognitive impairment, 127
(21.7%) had an mRS score >1, and 50 (8.6%) had an mRS score >2,

thus meeting one of the criteria for functional impairment. Cognitive
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TABLE 1 Baseline characteristics of patients included in the
analysis

Variables n=666
Demographic variables
Age,y 67.9+114
Male, n (%) 444 (66.7)
Education, y 13(12-16)
Cardiovascular risk factors
Hypertension, n (%) 515(77.3)
Diabetes mellitus, n (%) 131(19.7)
Current smoking, n (%) 155(23.3)
Regular alcohol consumption,? n (%) 498 (74.8)
Atrial fibrillation, n (%) 133(20.0)
Prior history of stroke, n (%) 71(10.7)
BMI, kg/m? 27.0+4.3
SBP, mm Hg 140(129-150)
DBP, mm Hg 80 (72-87)
HbA1c, % 5.7 (5.4-6.1)
LDL-C, mg/dL 126 (103, 154)
HDL-C, md/dL 48 (40-58)

Triglycerides, mg/dL

122 (92-170)

APOE genotype (n =529),n (%)

0¢4 allele 421(79.6)

1edallele 107 (20.2)

2 4 alleles 6(1.1)
Index stroke classification, n (%)

Ischemic stroke 648(97.3)
TOAST subtype, n (%)

Large artery atherosclerosis 172 (26.5)

Cardioembolism 144 (22.2)

Small artery occlusion 77 (11.9)

Other etiology 30(4.6)

Undefined etiology 224 (34.6)

Hemorrhagic stroke 18(2.7)
Clinical/cognitive assessment

NIHSS score 2(1-5)

mRS before stroke 0(0-0)

Bl score 100 (80-100)

IQCODE score 48 (48-49)

Baseline cognitive impairment.? (n = 643), n (%) 337(52.4)
MRl variables

2248 (520, 11760)
0.15(0.03-0.77)

Stroke lesion volume (mm3)

Normalized stroke lesion volume® (%)

Note: Values are expressed as n (%), mean + SD, or median (interquartile
range).

Abbreviations: APOE, apolipoprotein E; Bl, Barthel index; BMI, body mass
index; DBP, diastolic blood pressure; HbAlc, hemoglobin Alc; HDL-C,
high-density lipoprotein cholesterol; IQCODE, Informant Questionnaire on
Cognitive Decline in the Elderly; LDL-C, low-density lipoprotein choles-
terol; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance
imaging; mRS, modified Rankin scale; NIHSS, National Institutes of Health
Stroke Scale; SBP, systolic blood pressure.

2From a self-reported questionnaire.

bMoCA <26 or Mini-Mental Status Examination (MMSE) <24 when MoCA
was not available (5.3% of total).

¢Stroke lesion volume/total intracranial volume.
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and functional outcomes both improved between 6 and 12 months
after stroke. The proportion of individuals with cognitive impairment,
an mRS >1, and an mRS >2 at 12 months, was 19.2% (N = 97), 19.8%
(N = 107), and 5.9% (N = 32), respectively. As illustrated in Figure 3,
patients with a higher global SVD score at baseline also scored lower in
cognitive tests and higher in mRS at both 6 and 12 months after follow-
up. Notably, the improvement from 6 to 12 months was evident across
patient subgroups stratified by global SVD.

Baseline global SVD score was associated with both a worse cog-
nitive performance and a higher mRS score across the 12 months of
follow-up after adjustment for demographic characteristics, vascular
risk factors, and index stroke features (beta for cognitive performance:
—0.08, 95% confidence interval [Cl]: —0.14 to —0.03, P = .005; beta for
mRS:0.14,95% Cl:0.06 to 0.22, P=.0006, Figure 3C). Looking at binary
outcomes, we likewise found significant associations between the
baseline SVD score and global cognitive impairment (odds ratio [OR]:
1.31, 95% Cl: 1.09, 1.58; P = .005), as well as functional impairment,
defined either as mRS >1 (OR: 1.34, 95% Cl: 1.13 to 1.60, P = .0009) or
mRS >2 (OR: 1.42, 95% Cl: 1.08 to 1.86, P = .01, Figure 3D). The anal-
yses for individual cognitive domains revealed significant associations
between the baseline global SVD score and performance in execu-
tive function and attention (Figure S4). Looking at binary outcomes,
we found the baseline global SVD score to be significantly associ-
ated with impairment in all of the examined domains except memory
(Figure S5).

The results were largely consistent across sensitivity analyses
(Figures S4-S7). Specifically, the significant associations remained sta-
ble when adjusting only for age, sex, and education; when adjusting
for APOE genotype on top of demographic, clinical, and imaging pre-
dictors; and when examining associations with the study outcomes at
6 and 12 months separately. The baseline global SVD score was not
associated with changes in global cognitive performance or mRS from
6 to 12 months after stroke (P = .8183 and P = .1969, respectively;
Figure S8).

3.3 | Individual SVD markers in association with
cognitive and functional outcomes

We next explored the associations between the presence and extent
of individual SVD lesions and cognitive and functional outcomes
post-stroke (Figure 4). Following correction for multiple testing, no
significant associations were noted between any of the four con-
stituent sub-scores of the global SVD score (binary variables for
each SVD marker) and any of the continuous or binary cognitive
and functional outcomes across the first 12 months of follow-up.
In contrast, there were multiple significant associations between
individual SVD markers and study outcomes when SVD mark-
ers were analyzed in their entire severity range. Overall, lacune
count showed the strongest associations, with significant associa-
tions for global cognitive score, domain-specific cognitive scores,
mRS score, and the corresponding binary outcomes (all except mem-

ory). Both deep and periventricular WMH grades showed significant
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FIGURE 2 Magnetic resonance imaging (MRI) markers of cerebral small vessel disease (SVD) and the distribution of individual lesion types
across the study population. (A) Representative images from patients included into the DEDEMAS (Determinants of Dementia After
Stroke)-DEMDAS (DZNE [German Center for Neurodegenerative Diseases]-Mechanisms of Dementia After Stroke) study showing a lacune on
axial fluid-attenuated inversion recovery (FLAIR) sequences, extensive white matter hyperintensities (WMHSs) on FLAIR sequences, cerebral
microbleeds (CMBs) on gradient echo T2-weighted (T2*) axial sequences, and enlarged perivascular spaces (PVSs) on T2-weighted images. The
lesions are indicated by the arrowheads and also shown in enlargement in the upper corners of the respective images. (B) Distribution of individual
lesion types across the study participants. Red bars represent the values that are given a point in the global SVD score (range of total score 0-4).
WMHs were rated with the Fazekas scale and PVSs as recommended by Doubal et al.3”

associations with worse outcomes in global cognition, executive func-
tion, attention, visuospatial ability, and functional status. CMB count
was associated with a worse score in executive function on a con-
tinuous scale, whereas PVS grade was associated with functional
impairment (Figure 4).

We further explored associations between SVD and cognitive and
functional outcomes separately for strokes in the left and right hemi-
spheres, which showed similar results (Figures S9, S10). When we
adjusted additionally for a surrogate lesion location score capturing
the impact of strategic stroke locations on risk of post-stroke cogni-
tive impairment,49 the results were still consistent with those derived
from our main models (Figure S11). To explore whether our results are
robust to the presence of brain atrophy at the time of the stroke, we
also adjusted our models for normalized whole brain volume, which
returned highly consistent estimates (Figure S12). Excluding patients
with a history of pre-stroke mood, anxiety, or psychotic disorders
or further adjusting for depression (the Center for Epidemiological
Studies-Depression) and apathy (Starkstein Apathy Scale), scores at 6
and 12 months after stroke also did not materially influence our results
(Figures S13—S15). Finally, adjustments for study site did not change

our main findings (Figure S16).

Predictive value of SVD burden for cognitive and
functional outcomes

As a final step, we explored the value of assessing the global SVD score
for predicting binary outcomes beyond well-established predictors,
and how predictive models including the global SVD score perform
in comparison with models considering the severity of individual SVD
lesions. We compared the calibration, discrimination, and classifica-
tion change between a model of established demographic, clinical, and
imaging predictors (model 1), a model also including the global SVD
score (model 2), and a model including all individual SVD markers
across their severity range instead of the global SVD score (model 3).
Although the overall calibration of all models was good (all Hosmer-
Lemeshow-derived goodness-of-fit P > .05, Table S19), model 3 that
included the individual SVD markers showed a significantly better
calibration for the prediction of both cognitive and functional impair-
ment (defined by an mRS >1) at 12 months when compared to both
model 1 and model 2 (Figure 5A). Similarly, model 3 improved dis-
crimination significantly for prediction of cognitive impairment at
12 months post-stroke, as demonstrated by areas under the curve
when compared to model 1 (c = 0.72, 95% Cl: 0.66 to 0.78 vs 0.69,
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FIGURE 3 Associations between baseline global cerebral small vessel disease (SVD) score (1-point increment, range 0-4) and cognitive and
functional outcomes across 12 months of follow-up after stroke. (A) Mean composite z-score of global cognitive performance at 6 (Mé) and 12
months (M12) after stroke across categories of the global SVD score as assessed at baseline magnetic resonance imaging (MRI). Error bar
represents standard error (SE) of the mean in each bar. (B) Distribution of the modified Rankin scale (mRS) scores across study participants at M6
and M12 across categories of the global SVD score as assessed at baseline MRI. (C) Associations of global SVD scores with global cognitive scores
(composite z-score across five cognitive domains) and modified Rankin scale (mRS) scores across 12 months of follow-up incorporating both 6- and
12-month outcomes in linear generalized estimating equation (GEE) models adjusted for age, sex, education, vascular risk factors, National
Institutes of Health Stroke Scale (NIHSS), and Montreal Cognitive Assessment (MoCA\) in the acute phase, pre-stroke mRS, and normalized stroke
lesion volume (stroke lesion volume/total intracranial volume). The association estimates represent betas (8’s) and their 95% confidence intervals
(Cls). (D) Associations of global SVD scores with cognitive impairment (composite z-score < —1.5 or z < —1.5 in any individual cognitive domain)
and functional impairment (mRS >1 or mRS >2) across 12 months of follow-up after stroke incorporating both 6- and 12-month outcomes in
logistic GEE models adjusted for the abovementioned variables. The association estimates represent odds ratios (ORs) and their 95% Cls. P-values
are corrected for multiple comparisons with the false discovery rate (FDR) method. *Pcorr. < .05, **Pcorr. < .01

95% Cl: 0.63 to 0.75; P = .036, Figure 5B). In contrast, we found
no evidence of improved calibration or discrimination for cognitive
impairment or functional impairment at 6 or 12 months when compar-
ing model 2 that included the global SVD score with model 1 (Figure 5B,
Figure S17, Table S20). Finally, we tested the reclassification changes
between the three models Tables (521, S22). Again, model 3 including
individual SVD lesions outperformed model 1 and model 2 includ-
ing the global SVD score in correctly reclassifying patients between
low (<10%), intermediate (10% to <30%), and high risk (>30%) for

cognitive and functional impairment at 12 months.

4 | DISCUSSION

In this multicenter cohort of acute stroke patients, we found that the
presence and severity of SVD burden on baseline MRI is associated

with poor post-stroke cognitive and functional outcomes. Specifically,

we found that both a global SVD burden score and individual SVD
markers (lacune count, WMH grade, CMB count, PVS grade) are asso-
ciated with cognitive and functional impairment up to 12 months
after stroke. Patients with a higher SVD burden at baseline performed
worse in executive function, attention, language, and visuospatial abil-
ity across 12 months after stroke. Although the global SVD score did
not improve prediction on top of demographic, clinical, and imaging
factors, we found that considering individual SVD markers through-
out their severity range led to better calibration, discrimination, and
reclassification of predictive models for post-stroke cognitive and func-
tional impairment. Collectively, our results provide further evidence
for a detrimental role of SVD for post-stroke outcomes, but also high-
light the need for a more accurate assessment of global SVD burden to
improve prognostication for acute stroke patients.

Our findings extend the previous literature on the prognostic role
of SVD markers in stroke patients.22-2* Specifically, they support an

additive effect of individual SVD lesions on post-stroke cognitive and
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FIGURE 4 Heatmaps of the associations of global cerebral small vessel disease (SVD) score (1-point increment, range 0-4), individual
components of the score (presence vs absence), and individual SVD lesion burden with cognitive and functional outcomes over 12 months of
follow-up after stroke. (A) Associations with continuous outcomes: global cognitive score (composite z-score across five cognitive domains),
individual cognitive domain scores, modified Rankin scale (mRS), Barthel index (Bl), and instrumental activities of daily living (IADLs) across 12
months of follow-up after stroke. The heatmap includes standardized betas (8's) and their 95% confidence intervals (Cls) derived from generalized
linear generalized estimating equation (GEE) models adjusted for age, sex, education, vascular risk factors, National Institutes of Health Stroke
Scale (NIHSS), and Montreal Cognitive Assessment (MoCA) in the acute phase, pre-stroke mRS, and normalized stroke lesion volume (stroke lesion
volume/total intracranial volume). (B) Associations with binary outcomes: global cognitive impairment (composite z-score < —1.5or z< —1.5 in any
individual cognitive domain) or cognitive impairment across each individual domains and functional impairment (mRS >1 or mRS >2) across 12
months of follow-up after stroke. The heatmap includes standardized odds ratios (ORs) and their 95% confidence intervals (Cls) derived from
logistic GEE models adjusted for the abovementioned variables. P-values are corrected for multiple comparisons with the false discovery rate
(FDR) method. NIHSS, National Institutes of Health Stroke Scale; MoCA, Montreal Cognitive Assessment. *P.,,. < .05, **P,, <.01, and

**Peorr, <001

functional outcomes, as captured by a widely used global SVD score.>®
Despite the significant associations, this score did not add value for
predicting cognitive and functional outcomes up to 12 months, in line
with a previous study examining outcomes at 6 months post-stroke.!
However, a deeper exploration revealed that a model considering the
severity rather than presence of individual SVD lesions improves pre-
diction. This suggests that a simple approach of awarding one point for
the presence of each of the four hallmarks of SVD without consider-
ing the severity of individual lesion types results in a loss of relevant
information. The finding has implications for future research, as it
highlights the requirement to develop more efficient tools for SVD
burden quantification. Such tools should ideally be both convenient to
use in clinical practice and informative, including, for example, accu-
rate and automated segmentation by machine-learning technologies,
or a more detailed visual-rating scale that considers lesion severity.
Such tools could inform analyses in observational studies that test pre-
dictive models for vascular cognitive impairment and the design of
clinical trials that target SVD progression to ameliorate poor long-term
outcomes.

Beyond clinical predictive purposes, our results provide further

support that SVD is an independent risk factor for post-stroke out-

comes. Individual lesions contribute independently to poor outcomes
and there seems to be a dose-response relationship for all lesion
types, with the strongest dose relationship seen for lacune count.
Although these results from an observational analysis cannot provide
evidence of causality, we believe that the high consistency of these
associations with the results from previous studies!?29 is an indica-
tion that targeting SVD progression in stroke patients with SVD lesions
at baseline might favorably influence cognitive outcomes. This is not
yet part of post-stroke clinical care, but the Systolic Blood Pressure
Intervention Trial-Memory and cognition IN Decreased hypertension
(SPRINT-MIND) trial demonstrated that intensive blood pressure low-
ering in hypertensive adults without a history of diabetes or stroke can
halt the progression of WMH volume>? and lower the risk of mild cog-
nitive impairment.>2 Studies incorporating serial imaging are needed
to examine the associations between SVD progression and post-stroke
cognitive outcomes.

Our study has several methodological strengths. The results were
derived from a prospective multicenter study that was designed specif-
ically to identify predictors of post-stroke cognitive impairment and
disability. As such, all enrolled patients underwent a 3-Tesla MRI exam-

ination using a state-of-the-art, high-quality imaging protocol that
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FIGURE 5 Calibration curves and receiver-operating characteristic (ROC) curves for predicting cognitive and functional impairment at 12
months post-stroke derived from models not considering cerebral small vessel disease (SVD), including the global SVD score, and including
individual SVD lesions and their burden. The (A) calibration curves and (B) ROC curves were derived from three models predicting cognitive
impairment (composite z-score < —1.5 or z < —1.5 in any individual cognitive domain) (left panel), and functional impairment defined by the
modified Rankin scale (mRS) scores <1 (middle panel) and <2 (right panel). Model 1 includes age, sex, education, vascular risk factors, National
Institutes of Health Stroke Scale (NIHSS) and Montreal Cognitive Assessment (MoCA\) in the acute phase, pre-stroke mRS, and normalized stroke
lesion volume (stroke lesion volume/total intracranial volume). Model 2 includes the global SVD score on top of these predictors. Model 3 includes
individual SVD markers instead of the global SVD score on top of these predictors (lacune count, deep and periventricular white matter
hyperintensity (WMH) Fazekas grades, cerebral microbleed counts, and grade of perivascular spaces). The calibration curves are derived from
Loess-based smoothing functions of the observed frequency against the predicted risk. Curves closer to the midline are indicative of better
calibration. The integrated calibration index (ICl) indicates the deviation of the curves from the midline and as such lower values are indicative of
better calibration. On the contrary, higher area under the ROC curve (AUC) values are indicative of better discrimination. 95% confidence
intervals are presented in brackets. AUC, area under the ROC curve; ICI, integrated calibration index; NIHSS, National Institutes of Health Stroke
Scale; MoCA, Montreal Cognitive Assessment. *P < .05 when compared to model 1

was standardized across all participating sites, allowing a compre-
hensive and detailed assessment of both stroke and SVD markers
with high reliability. The standardized protocol across centers enabled
us to pool data from more than 650 participants at an individual
patient level, thereby maximizing statistical power. Furthermore, we
examined patients over serial in-person follow-up visits with an exten-
sive neuropsychological battery, which resulted in a comprehensive
assessment of cognitive outcomes across multiple domains.

Our study also has limitations. First, because of the extensive imag-

ing and neuropsychological protocol, our cohort consisted primarily

of patients with mild stroke (median NIHSS 2), who were more likely
to consent to inclusion. This is reflected by the relatively low burden
of SVD lesions and favorable cognitive and functional outcomes, when
compared to previous studies. Consequently, our study might not be
representative of the larger stroke population, where more severe
stroke might be associated with challenges in assessing both SVD
lesions due to masking by large infarcts and cognitive outcomes due
to stroke-related motor and non-motor deficits. It is important to
note, however, that it represents a population of less severely affected

patients, who might benefit most from preventive interventions. Along
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the same lines, the majority of the participants (97%) had an ischemic
stroke, possibly as a result of an under-representation of patients
with hemorrhagic stroke, who are usually more severely affected. In
addition, there was an over-representation of male patients (67%),
whereas the average level of education was generally high (median
of 13 educational years), thus possibly limiting the generalizability of
the study findings to the general stroke population. Second, we had a
lost-to-follow-up rate of 15.5% across the first year after stroke, which
might introduce attrition bias in our results. Yet, these patients did not
significantly differ from the patients ultimately included in the anal-
yses. Third, for 9.5% of the patients it was not possible to obtain MRI
imaging at baseline, despite our efforts to be as inclusive as possible.
Again, these events were related primarily to technical issues and these
patients did not differ with regard to their baseline demographic and
clinical characteristics when compared to patients included in the anal-
yses. Fourth, the neuropsychological test battery at 6- and 12-month
follow-up visits included identical test material, which may have led
to some improvements at 12 months because of practice effects, and
thus to an underestimation of the rates of cognitive impairment at 12
months after stroke. Fifth, the available SVD burden scores are surro-
gate markers of SVD lesions that are visible on MRI and do not capture
the real burden of SVD pathology at the level of the microvasculature.
Sixth, we acknowledge that we needed to adjust our analyses for a
large number of potential confounders, which have been associated
previously with both SVD burden and post-stroke outcomes. Although
this could theoretically have introduced instability in our main models,
the consistency of the association estimates for SVD markers with
those derived from models only adjusted for demographic variables
(age, sex, education) is reassuring. Finally, the classification of indi-
vidual neuropsychological tests under specific cognitive domains,
although standard in the field, is an inherent limitation because several
tests require input from different domains, but also an intact motor
output, which might not be the case for patients with a recent stroke.
In conclusion, our results support that both the presence and sever-
ity of SVD in patients with acute stroke are associated with poor
cognitive and functional outcomes across 12 months after stroke.
They further suggest that the development of an aggregate SVD bur-
den score capturing the severity of individual lesion types would be

necessary to improve clinical prognostication of stroke patients.
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