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ABSTRACT

Background: Post-stroke cognitive impairment (PSCI) is a common consequence of stroke. Accurate prediction of
PSCI risk is challenging. The recently developed network impact score, which integrates information on infarct
location and size with brain network topology, may improve PSCI risk prediction.

Aims: To determine if the network impact score is an independent predictor of PSCI, and of cognitive recovery or
decline.

Methods: We pooled data from patients with acute ischemic stroke from 12 cohorts through the Meta VCI Map
consortium. PSCI was defined as impairment in > 1 cognitive domain on neuropsychological examination, or
abnormal Montreal Cognitive Assessment. Cognitive recovery was defined as conversion from PSCI < 3 months
post-stroke to no PSCI at follow-up, and cognitive decline as conversion from no PSCI to PSCI. The network
impact score was related to serial measures of PSCI using Generalized Estimating Equations (GEE) models, and to
PSCI stratified according to post-stroke interval (<3, 3-12, 12-24, >24 months) and cognitive recovery or
decline using logistic regression. Models were adjusted for age, sex, education, prior stroke, infarct volume, and
study site.

Results: We included 2341 patients with 4657 cognitive assessments. PSCI was present in 398/844 patients (47%)
<3 months, 709/1640 (43%) at 3-12 months, 243/853 (28%) at 12-24 months, and 208/522 (40%) >24
months. Cognitive recovery occurred in 64/181 (35%) patients and cognitive decline in 26/287 (9%). The
network impact score predicted PSCI in the univariable (OR 1.50, 95%CI 1.34-1.68) and multivariable (OR 1.27,
95%CI 1.10-1.46) GEE model, with similar ORs in the logistic regression models for specified post-stroke in-
tervals. The network impact score was not associated with cognitive recovery or decline.

Conclusions: The network impact score is an independent predictor of PSCIL. As such, the network impact score
may contribute to a more precise and individualized cognitive prognostication in patients with ischemic stroke.
Future studies should address if multimodal prediction models, combining the network impact score with de-
mographics, clinical characteristics and other advanced brain imaging biomarkers, will provide accurate indi-
vidualized prediction of PSCI. A tool for calculating the network impact score is freely available at https
://metavcimap.org/features/software-tools/lsm-viewer/.

1. Introduction

Post-stroke cognitive impairment (PSCI) occurs in approximately
half of stroke survivors and is a leading cause of disability and reduced
quality of life (Weaver et al., 2021; Barbay et al., 2019). Clinical pre-
dictors and imaging characteristics, in particular infarct location and
size, have prognostic value (Weaver et al., 2021), but accurate PSCI risk
prediction remains challenging. Improving PSCI risk prediction is
considered an important step towards developing and implementing
disease-modifying therapies in patients at risk (Biesbroek, 2022; Vinci-
guerra et al., 2020).

A major source of prognostic uncertainty after stroke is the marked
heterogeneity in terms of underlying disease mechanisms, premorbid
brain function and comorbidity, impact on brain connectomics, and
brain plasticity (Biesbroek, 2022; Vinciguerra et al., 2020). As a
consequence, two patients with an infarct that appears similar on
routine brain imaging may have different cognitive outcomes. Prom-
ising approaches to improving prediction of PSCI focus on developing
diagnostic and prognostic biomarkers that support biological definitions
of disease mechanisms and quantitative, multimodal assessment of
vascular brain injury and its impact on brain function (Biesbroek, 2022;
Vinciguerra et al., 2020).

One specific approach to improve prediction of cognitive outcome
after stroke may be to take the degree to which the infarct disrupts the
brain’s network into account. Lesions in critical brain regions that have a
central position in the brain network and relay information to many
connected regions (i.e. network hubs) will disrupt the brain network to a
larger degree than randomly located lesions (Crossley et al., 2014).
Based on this concept, we recently developed the ‘network-based lesion
impact score’ (henceforth called the network impact score). The
network impact score primarily uses the location of the visible infarct on
structural brain imaging (regular CT or MRI as used in clinical practice)
to derive the impact of this lesion on the brain network, using prior
knowledge (Aben et al., 2019). A lower score predicted cognitive

recovery in a sample of 55 patients with PSCI in the acute stage after
stroke (Aben et al., 2019). No statistically significant association with
the overall presence of PSCI was found in this relatively small sample
(Aben et al., 2019). A large study is needed to determine whether the
network impact score is an independent predictor of cognitive outcome
after ischemic stroke.

1.1. Aims

First, to determine if the network impact score is an independent
predictor of PSCI. Second, to determine if the network impact score is an
independent predictor of cognitive recovery in patients with PSCI in the
subacute stage, and of cognitive decline in patients who do not have
PSCI in the subacute stage. Given that the network impact score reflects
the severity of global brain network disruption, we hypothesized that a
higher network impact score would be associated with a higher risk of
PSCI, a lower probability of cognitive recovery, and higher risk of
cognitive decline.

2. Methods
2.1. Study design and study participants

We selected patients from a recently published Meta VCI Map con-
sortium project (Weaver et al., 2021) involving 2950 patients with
ischemic stroke from 12 cohorts: France (GRECogVASC (Puy et al.,
2018) and STROKDEM (Bournonville et al., 2018), Hong Kong (CU-
STRIDE (Zhao et al., 2018), the Netherlands (CASPER (Douven et al.,
2016), CODECS (Weaver et al., 2019), PROCRAS (Aben et al., 2018),
and USCOG (Biesbroek et al., 2014), Singapore (COAST (Dong et al.,
2012), South Korea (Bundang VCI (Yu et al., 2013; Lim et al., 2014) and
Hallym VCI (Yu et al., 2013; Lim et al., 2014), and the UK (CROMIS-2
(Wilson et al., 2018) and MSS-2 (Wardlaw et al., 2017). For all cohorts,
ethical and institutional approval were obtained as required by local
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regulations to allow data acquisition, including informed consent, and
data sharing; details for each of the 12 individual cohort are provided in
the cited design papers. Inclusion criteria were CT/MRI brain imaging
with a visible infarct and first cognitive assessment within 12 months
after stroke. Patients with a history of stroke in addition to the index
event of the study could be included. For the current study, we addi-
tionally excluded 605 patients with infarcts restricted to infratentorial
regions or isolated white matter infarcts because these are not included
in the brain network topology atlas used to calculate the network impact
score (see section ‘network impact score calculation’ below), as well as
four patients with missing data on time between stroke and cognitive
assessment.

2.2. Cognitive assessment

Definitions for PSCI are described in detail elsewhere (Weaver et al.,
2021). In short, PSCI was defined as impairment (i.e. norm-referenced
<5th percentile) in >1 cognitive domain (attention and executive
functioning, information processing speed, language, verbal memory,
visuospatial perception and construction, or visuospatial memory) on
neuropsychological examination and data for >3 domains was needed to
exclude PSCI. For three cohorts only the Montreal Cognitive Assessment
(MoCA) was available (CROMIS-2, CU-STRIDE, MSS-2) and PSCI was
defined as norm-referenced <5th percentile performance. Three cohorts
by design had only one cognitive evaluation (CODECS, GRECogVASC,
USCOG), the remaining cohorts included multiple cognitive evaluations
per patient. Up to six cognitive evaluations for a single patient were
used. Cognitive recovery was defined as conversion from PSCI < 3
months post-stroke to no PSCI at further follow-up. Cognitive decline
was defined as conversion from no PSCI < 3 months to PSCI at further
follow-up.

2.3. Network impact score calculation

Acute infarcts were segmented on MRI or CT imaging and registered
to the 1x1x1 mm resolution Montreal Neurological Institute (MNI)-152
brain template (Fonov et al., 2011) for spatial normalization. The pro-
tocol and details of this procedure are provided in the previously pub-
lished Meta VCI Map consortium project from which the infarct maps
were reused (Weaver et al., 2021; Biesbroek et al., 2019). The resolution
of the brain images on which infarcts were segmented is provided in
Table A.1. The network impact score was calculated using the infarct
maps in MNI-space, the AAL atlas (Tzourio-Mazoyer et al., 2002), and
the previously published brain network atlas (Aben et al., 2019) (see
Figure A.1 for an illustration of the procedure). In short, the between-
ness centrality of 90 cortical and subcortical grey matter regions (i.e.
network nodes) was previously determined with diffusion-weighed im-
aging and whole-brain fiber tractography in 44 cognitively healthy
adults and used to create the network atlas (Aben et al., 2019). A high
betweenness centrality indicates that the node participates in a large
amount of shortest paths of the brain network and that the node is
considered a hub (Aben et al., 2019). For each individual patient, the
network impact score is calculated as follows. First, the proportion of
each of the 90 cortical and subcortical grey matter regions that is
affected by the acute infarct is calculated (thus ranging from 0 to 1).
Second, this proportion is multiplied by the betweenness centrality of
that specific region (which is a fixed number in the network atlas). This
results in an impact score for each of the 90 anatomical regions. The
maximum of the 90 scores is selected as the patient’s network impact
score and log transformed.

2.4. Statistical analyses
Generalized Estimating Equations (GEE, settings: binary logistic

model with autoregressive within-subject correlation structure to take
repeated measures for single subjects into account) were used to relate
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the network impact score to PSCI using a minimum of one and up to six
repeated measurements per patient. This method allows the use of all
the data per patient in a single model. Logistic regression was used to
relate the network impact score to PSCI stratified according to elapsed
time after stroke (<3 months, 3-12 months, 12-24 months, >24
months), and to cognitive recovery and decline. All models were
adjusted for known clinical PSCI predictors based on literature (Weaver
et al., 2021) (age, sex, education (categories defined by the STROKOG
consortium (Lo et al., 2019), clinical history of stroke, and normalized
acute infarct volume) and for study site to account for clustering. A
sensitivity analysis was performed that excluded patients from the
PROCRAS cohort in which the network impact score was originally
developed (Aben et al., 2019). Analyses were performed with IBM SPSS
Statistics for Windows, version 26.0.0.1 (IBM Corp., Armonk, N.Y.,
USA).

3. Results

2341 patients met the inclusion criteria, with a total of 4657
cognitive assessments, ranging from one to six assessments per patient.
Median time between stroke and the first cognitive assessment was 104
days (range 0-452). Median time between stroke and all 4657 cognitive
assessments (including up to a maximum of 6 assessments per patient)
was 265 days (range 0-4311). The baseline characteristics are shown in
Table 1; the characteristics for each of the 12 included cohorts sepa-
rately are provided in Table A.2. A flow chart of patient inclusion per
analysis is shown in Fig. 1. The log transformed network impact score
ranged from —3.07 to 2.46 with a higher score indicating higher impact
on the brain network; boxplots per subgroup are shown in Figure A.2. An
infarct prevalence map showing the distribution of infarcts is provided
in Figure A.3.

3.1. Post-stroke cognitive impairment

The number of patients with available cognitive data varied per post-
stroke interval (see Fig. 1). PSCI was present in 397/844 patients (47%)
< 3 months, 709/1640 (43%) at 3-12 months, 243/853 (28%) at 12-24
months, and 208/522 (39%) > 24 months. In the GEE repeated mea-
sures model (Table 2), the network impact score independently pre-
dicted PSCI, both in the univariable model (Odds Ratio (OR) 1.50 (95%
CI 1.34-1.68) per 1-point increase), and in the multivariable model (OR
1.27 (95%CI 1.10-1.46)). In the logistic regression models stratified for
post-stroke time interval (Table A.3), the network impact score had
comparable ORs and overlapping 95%CIs for predicting PSCI at all
specified post-stroke intervals as in the GEE model, though the associ-
ation was only statistically significant <3 months and at 3-12 months
after stroke when correcting for age, sex, education, infarct volume,
prior stroke, and study site. In the sensitivity analysis excluding patients
from the PROCRAS cohort, the results were essentially unchanged
(Tables A.4 and A.5).

3.2. Cognitive recovery and decline

Cognitive recovery occurred in 64 out of 181 patients (35%) who had
PSCI < 3 months post-stroke. Cognitive decline occurred in 26 out of 287
patients (9%) who did not have PSCI < 3 months post-stroke. The
network impact score was not significantly associated with cognitive
recovery (univariable OR 1.31, 95%CI 0.88-1.93) or decline (uni-
variable OR 1.49, 95%CI 0.90-2.46) in both the univariable and
multivariable models (Table A.6). The sensitivity analyses excluding
patients from the PROCRAS cohort showed comparable results
(Table A.7).

4. Discussion

In this multicenter study using pooled individual patient data from
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Table 1
Baseline characteristics.

Total sample (n = 2341)

Demographics
Age in years, mean(SD) 66.7 (11.7)
Male, n(%) 1399 (59.8)
Education category n(%)
- Less than high school 1328 (56.7)
- High school 507 (21.7)
- Technical/college 184 (7.9)
- University or higher 322(13.8)
Ethnicity, n(%)*
- Korean 1107 (47.3)
- Caucasian 852 (36.5)
- Chinese 359 (15.3)
- Other 21 (0.9)
Clinical characteristics
Vascular risk factors, n (%)
- Hypertension ° 1534 (67.1)
- Hyperlipidemia © 1055 (46.2)
- Diabetes Mellitus ¢ 626 (27.5)
- Smoking (past or present) 996 (46.3)
€ 340 (18.0)
- Obesity f 386 (20.5)
- Atrial fibrillation 8
NIHSS baseline, median(IQR) ® 3 (1-5)

IQCODE, median(IQR) !
Number of cognitive assessments, n(%)

3.07 (3.00-3.35)

-1 1221 (52.2)
-2 619 (26.4)
-3 162 (6.9)
-4 114 (4.9)
-5 94 (4.0)
-6 131 (5.6)
Clinical history of stroke ! 264 (11.3)
Brain imaging
Scan sequence/modality used for infarct
segmentation, n(%)
- DWI 1534 (65.5)
- T2/FLAIR 389 (16.6)
-CT 192 (8.2)
-T1 226 (9.7)
Stroke subtypes, n (%)
- Small subcortical infarct 855 (36.5)
- Cortical or large subcortical infarct, n 1486 (63.5)
(%)
Normalized acute infarct volume in ml, median (IQR) 3.7 (1.2-16.1)
Imaging timing, days after stroke, median (IQR) k 4 (1-8)

#Missing in 2 patients. bMissing in 56 patients. “Missing in 58 patients. dMissing
in 62 patients. *Missing in 193 patients. fMissing in 455 patients. #8Missing in 461
patiens. "Missing in 245 patients. ‘Missing in 791 patients. \Missing in 5 patients.
XMissing in 1 patient. Definitions for vascular risk factors are provided else-
where.! Stroke subtypes are defined in the appendix.

2341 ischemic stroke patients from 12 cohorts, the network impact score
was shown to be an independent predictor of PSCI. The network impact
score did not predict change in PSCI status over time.

In the current study, the network score predicted PSCI, but the pre-
viously observed association between the network impact score and
cognitive recovery in patients with PSCI (Aben et al., 2019) was not
reproduced. This may indicate that the network impact score captures
the impact of an infarct on cognitive functioning (and therefore the risk
of PSCI), while it does not capture the potential for cognitive recovery in
those patients who developed PSCI, meaning brain plasticity may be
more strongly determined by other factors. Alternatively, the negative
finding regarding prediction of recovery may be due to a less sensitive
definition of cognitive recovery. In the current study PSCI was defined as
<5th percentile norm-referenced performance on either detailed neu-
ropsychological examination or MoCA to conform to the definitions used
in the previous Meta VCI Map consortium PSCI project (Weaver et al.,
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2021), whereas in the original study a norm-referenced z-score < 1 cut-
off was included as minor PSCI, conversion from major to minor PSCI
was also considered as cognitive recovery, and only detailed neuro-
psychological examinations were used.

The main strengths of the study are the large sample size and
geographical coverage, external validation of a previously developed
score, and numerous serial cognitive assessments. Limitations include
that information on pre-stroke cognitive status was not available for
many patients and prior infarcts were ignored in the infarcted tissue
delineation, therefore neither could be taken into account. Also, serial
cognitive assessments were unavailable for 52.2% of patients, and
power for predicting cognitive decline was limited because this only
occurred in only 26 out of 287 cases. Furthermore, the analysis only
included patients with visible acute infarcts and therefore does not apply
to the 30% of patients with mild stroke who do not have visible infarcts.
Finally, the median NIHSS in our study was relatively low, which means
a substantial number of patients had a mild stroke. Consequently, the
risk of PSCI in our study might be lower than in the general stroke
population. Two of the 12 included cohorts by design excluded patients
with severe stroke (STROKDEM and MSS-2) (Weaver et al., 2021).
Nevertheless, the prevalence of PSCI in our study was substantial (47%
within 3 months after stroke, and 43% 3-12 months after stroke) and
only slightly lower than previously published estimations of PSCI risk in
patients with stroke (Barbay et al., 2019).

The results indicate that the network impact score may be a useful
addition to currently available brain imaging biomarkers for predicting
cognitive outcome after ischemic stroke. Early identification of patients
with a high risk of PSCI is helpful for patient counseling and for choosing
appropriate monitoring or rehabilitation strategies. Furthermore, the
identification of patients with a high risk of PSCI can be used to include
these patients in intervention studies aimed at developing new treat-
ments to improve cognitive outcome. The network impact score can be
calculated during hospital admission using the location of the acute
infarct on CT or MRI. We therefore envision that, with further steps of
refinement and implementation, the score could be combined with other
brain imaging-based biomarkers to develop an individualized prediction
tool for PSCI, that may be used during the acute hospitalization period.
Promising brain imaging biomarkers to include in such a prediction tool
are infarct location (for example using the recently published infarct
location impact score (Weaver et al., 2021), quantitative information on
other vascular lesion types (e.g. burden and location of pre-existing
white matter hyperintensities (WMH), lacunes and old infarcts), brain
atrophy (Shi et al., 2018), and atlas-based information on white matter
connectomics (given that the network impact scores includes only in-
formation on cortical and subcortical grey matter structures). All this
information could be derived from routine structural MRI scans. To
implement a brain imaging-based prediction tool, image processing (i.e.
lesion segmentation and registration) needs to become fully automated
to enable implementation in clinical settings where the required time
and expertise for manual or semi-automated procedures is not available.
Image processing of most lesion types are expected to become fully
automated in the future given ongoing efforts in the field (e.g. auto-
mated segmentation methods for acute infarcts on DWI sequences
(Zhang et al., 2018) and WMH on FLAIR images (Kuijf et al., 2019)
already exist). A tool for automated calculation of the network impact
score is freely available at https://metavcimap.org/features/softwar
e-tools/lsm-viewer/. Additional promising approaches to further
improve PSCI prediction include assessment of co-occurring Alzheimer
pathology (e.g. using cerebrospinal fluid analysis, amyloid PET imaging
(Ossenkoppele et al., 2015) or blood-based measurements (Chong et al.,
2021), brain perfusion (e.g. using transcranial Doppler (Vinciguerra
et al., 2019) or arterial spin labeling MRI (van den Brink et al., 2021),
and brain plasticity and reserve (e.g. using transcranial magnetic stim-
ulation (Di Lazzaro et al., 2021), functional or structural connectivity
measures (Santonja et al., 2021).

To conclude, the network impact score is an independent predictor of
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Stratification according to timing of
cognitive assessment

v [ 1 1

/ 12 cohorts, 2341 patients, \

4657 complete cognitive

assessments included Number of cognitive assessments per
patient: 1 (52%), 2 (26%), 3 (7%), 4 (5%), 5
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All 2341 patients and 4657 cognitive
assessments included in longitudinal analysis

Cognitive assessment <3 months

(4%), 6 (6%)

Days between stroke and cognitive

n=844, 47% PSCI

assessment: median 264, range 0 — 4311

v 1 1

Of all patients with 22 cognitive assessments, 488 had the first assessment
<90 days

Aim: predict PSCI using all available data
Method: Generalized estimated equations

Cognitive assessment 3-12 months ‘
n=1640, 43% PSCI

‘ (GEE) with repeated measures

181 Patients with PSCI at
baseline (<90 days)

v

287 Patients without PSCI at
baseline (<90 days)

Cognitive assessment 12-24 months ‘

]

n=853, 28% PSCI

FU after median 326 days
& Recovery, n=64
Persistent PSCI, n= 117

Cognitive assessment >24 months

FU after median 344 days
Decline to PSCI, n=26
Stable no PSCI, n= 261

n=522, 40% PSCI

Aim: predict PSCI at specific
timepoint
Method: logistic regression

Aim: predict cognitive recovery or decline
Method: logistic regression

Fig. 1. Flow chart of patient inclusion per analysis.

Table 2
Association between network impact score and PSCI using up to six follow-up
cognitive assessments per patient.

PSCI
Univariable model OR per unit increase p-value
(95%CI)
Network impact score (range —3.07 to 2.46) 1.50 (1.34-1.68) ® <0.001
Multivariable model®
Network impact score (range —3.07 to 2.46) ~ 1.27 (1.10-1.46) * <0.001
Age (per decade) 1.17 (1.08-1.27) <0.001
Male sex (compared to female) 0.85 (0.70-1.04) 0.118
Education category (reference = less than
high school)
- High school completion 0.88 (0.67-1.15) 0.345
- Technical/college completion 0.83 (0.61-1.15) 0.266
- University or higher 1.01 (0.76-1.35) 0.936
Clinical history of stroke 1.76 (1.31-2.37) <0.001
Total infarct volume (per 10 mL) 1.10 (1.05-1.14) <0.001

GEE repeated measures model. The univariable model includes 4657 cognitive
assessments in 2341 patients. The multivariable model includes 4651 cognitive
assessments in 2336 patients (five patients were excluded in the multivariable
model due to missing data on clinical history of stroke). ORs apply to each 1-
point increase in the network impact score. "Model also corrected for study site.

PSCI. The network impact score can be used to determine the impact of
an infarct on the brain network using only routine structural MRI or CT
imaging. As such, the network impact score may contribute to a more
precise and individualized cognitive prognosis in patients with stroke.
Additional steps needed to implement the network impact score in
clinical practice are further automatization of brain image processing,
incorporation of quantitative measures of other vascular lesion types
and brain atrophy, and external validation.
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