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Abstract

Background: Post-stroke cognitive impairment can occur after damage to various brain regions, and cognitive deficits
depend on infarct location. The Mini-Mental State Examination (MMSE) is still widely used to assess post-stroke cog-
nition, but it has been criticized for capturing only certain cognitive deficits. Along these lines, it might be hypothesized
that cognitive deficits as measured with the MMSE primarily involve certain infarct locations.

Aims: This comprehensive lesion-symptom mapping study aimed to determine which acute infarct locations are
associated with post-stroke cognitive impairment on the MMSE.

Methods: We examined associations between impairment on the MMSE (<5th percentile; normative data) and infarct
location in 1198 patients (age 67 & 12 years, 43% female) with acute ischemic stroke using voxel-based lesion-symptom
mapping. As a frame of reference, infarct patterns associated with impairments in individual cognitive domains were
determined, based on a more detailed neuropsychological assessment.

Results: Impairment on the MMSE was present in 420 patients (35%). Large voxel clusters in the left middle cerebral
artery territory and thalamus were significantly (p <0.01) associated with cognitive impairment on the MMSE, with
highest odds ratios (>15) in the thalamus and superior temporal gyrus. In comparison, domain-specific impairments
were related to various infarct patterns across both hemispheres including the left medial temporal lobe (verbal
memory) and right parietal lobe (visuospatial functioning).

Conclusions: Our findings indicate that post-stroke cognitive impairment on the MMSE primarily relates to infarct
locations in the left middle cerebral artery territory. The MMSE is apparently less sensitive to cognitive deficits that
specifically relate to other locations.
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Cognitive screening tools play an essential role in the
diagnostic process in stroke care and research.’?
Compared to other screening tools such as the
Montreal Cognitive Assessment (MoCA),* the Mini-
Mental State Examination (MMSE)® has limited sensi-
tivity to cognitive deficits occurring in the context of
cerebrovascular disease, particularly in those without
overt dementia.’ This predominantly relates to the
cognitive domains assessed by the MMSE. It is con-
sidered sensitive to impairment of language and orien-
tation.> However, a known limitation is that it is less
sensitive to impairment of executive functioning and
attention,’ memory,3 abstract reasoning, and visuo-
spatial abilities.” This is relevant because stroke can
cause impairment in any of these cognitive domains.®
Nevertheless, the MMSE is still applied in contempor-
ary stroke research as a measure of post-stroke cogni-
tive impairment (e.g. Kwon et al.” and Liu et al.'’), and
evidence from older studies and large clinical trials
remains based on the MMSE."!

Infarct location is an important determinant of the
heterogeneity of post-stroke cognitive impairment,'?
reflecting the functional specialization of the brain."?
It is unclear whether the MMSE is sensitive to cognitive
consequences of infarcts across the brain or cognitive
deficits as measured with the MMSE primarily involve
certain infarct locations. Research on this topic is
scarce and inconclusive. Previous studies suggested
that the MMSE might be less sensitive to right hemi-
spheric lesions,'*!'® while others reported no interhemi-
spheric differences.'®!” These studies were limited to
relatively small study samples (N=126-253) and only
compared hemispheric lateralization of infarcts rather
than specific infarct locations. If the MMSE primarily
captures cognitive impairment due to specific infarct
locations, this may help explain why the MMSE is a
relatively insensitive tool for post-stroke cognitive
impairment.

The aim of this study was to investigate whether
impairment on the MMSE is associated with specific
infarct locations. For this purpose, we performed a
large-scale lesion-symptom mapping study on 1198
patients with acute ischemic stroke.

Methods
Study population

Patients were selected from the Hallym Vascular
Cognitive Impairment (VCI) and Bundang VCI
cohorts, consisting of patients admitted to Hallym
University Sacred Heart Hospital or Seoul National
University Bundang Hospital (Republic of Korea)

with acute ischemic stroke between January 2007 and
December 2018."%!? A flowchart of patient selection is
provided in Figure 1. A total of 1198 patients were
selected based on the following inclusion criteria:
(1) brain magnetic resonance imaging (MRI) showing
the acute symptomatic infarct(s) on diffusion-weighted
imaging (DWI) and/or fluid-attenuated inversion recov-
ery (FLAIR), (2) successful infarct segmentation and
registration (‘Generation of infarct maps’ section),
(3) no previous cortical infarcts, large subcortical infarcts
or hemorrhages on MRI (‘Generation of infarct maps’
section), and (4) data on key demographics and MMSE.

Generation of infarct maps

Brain MRI, including DWI and FLAIR sequences, was
performed with a 3T MRI scanner in the first week
after stroke onset. Details regarding the MRI protocol
are provided in the Supplementary material. Infarct
segmentation and subsequent registration to the
MNI-152 brain template were performed in accordance
with a previously published protocol.?® First, acute
infarcts were manually segmented on DWI (97.5%) or
FLAIR (2.5%) sequences using in-house developed
software built in MeVisLab (MeVis Medical Solutions
AG, Bremen, Germany).>! Next, all scans and the cor-
responding lesion maps were transformed to the Tl
l-mm MNI-152 brain template* with the RegLSM
tool (www.metavcimap.org/features/software-tools;
most recent version described in Weaver et al.”).
Quality checks of all registration results were per-
formed by one rater (N.A.W.). Manual adaptations
were made in case of minor registration errors (45%,
N =537; see Supplementary material).

Presence of chronic vascular lesions, specifically old
cortical infarcts, large subcortical infarcts (>15mm),
large hemorrhages (>10mm), and lacunes was assessed
by an experienced rater (N.A.W.) and classified accord-
ing to the STRIVE criteria.”* Acute infarcts were cate-
gorized into stroke subtypes for summary purposes
(definitions provided in Supplementary material).

Neuropsychological assessment

All selected patients underwent neuropsychological
assessment within a year after stroke onset. Cognitive
performance was evaluated in the hospital setting using
the Korean version of the MMSE® and the Korean
version of the 60-min VCI Harmonization Standards-
Neuropsychology Protocol (K-VCIHS-NP)." Both
were administered on the same date by trained clinical
neuropsychologists who were blinded to patients’ clin-
ical and neuroradiological profiles. At the discretion of
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Figure |. Flowchart of patient selection.

Hallym VCI cohort

N=733

-
_»: Excluded Hallym VCI:
: Insufficient scan quality: N=33

Brain scan suitable for

1 Registration failed: N=4
-1

Lesion registration

|

Final inclusion from

Hallym VCI cohort
N=561

segmentation : ----------------------
N=700 I Excluded Hallym VCl:
1 Insufficiently delineable on
l --------- -] DWI/FLAIR: N=31
L
Infarct segmentation
succeeded .
N=669 1 Excluded Hallym vCl:

succeeded i Excluded Hallym VCI:
N=665 1 0ld cortical: N=67
l _________ _>: 0Old subcortical: N=22
1 Old intracranial hemorrhage: N=1
No previous infarcts i No T1/FLAIR available: N=2
orhemorrhages | ~— S===msssssssssssss————
N=573 |  jeemmmmmemmmmmmmmm—m—eo
l _________ _J Excluded Hallym VCI:
I Missing age: N=1
MMSE and : Missing level of education: N=8
demographic data | Missing total MMSE score: N=3
available b
N=561

N=1198

Sf Final inclusion \e
'w‘

Bundang VCI cohort

N=858

Excluded Bundang VCI: L
Insufficient scan quality: N=16 :

Brain scan suitable for
segmentation
Excluded Bundang VCI: N=842
Insufficiently delineable on

DWI/FLAIR: N=34

Infarct segmentation

: succeeded
Excluded Bundang VCI: 1 N=808
Registration failed: N=41 :
|
a
Lesion registration
Excluded Bundang VCI: succeeded
Old cortical: N=105 N=767

Old intracranial hemorrhage: N=3
No T1/FLAIR available: N=1

1
1
1
1
Old subcortical: N=20 L
e
1
]
2

No previous infarcts
or hemorrhages
N=638

------- 1

MMSE and
demographic data
available
N=637

-

1

Excluded Bundang VCI: 1
Missing total MMSE score: N=1 :‘
1
1
1
1
-

Final inclusion from

Rund

VCI cohort
N=637

the attending physician, patients were excluded if they
suffered from disabilities that would interfere with
neuropsychological testing including neurological def-
icits such as severe aphasia or motor weakness or
impairment of hearing or vision.

Impairment on the MMSE was defined as scoring
<5th percentile based on age- and education-corrected
Korean normative data.®® Examples of impaired
MMSE scores for different ages and education levels
are shown in Supplementary Table 1. As a frame of
reference, we also investigated which infarct patterns
were associated with impairment in individual cognitive
domains based on a more detailed neuropsychological
assessment with age- and education-corrected norma-
tive data. Neuropsychological tests were assigned to
five cognitive domains: attention and executive func-
tions, language, processing speed, verbal memory, and
visuospatial abilities. The cognitive profile of the study
cohort and categorization of neuropsychological scores
are shown in Supplementary Table 2. Assignment to
cognitive domains was based on seminal work,*® with
some minor modifications to the K-VCIHS-NP.
Cognitive domain-specific impairment was defined as

scoring <5th percentile in >50% of available neuropsy-
chological tests per cognitive domain. The number of
available tests was determined on a per-subject basis.

Statistical analyses

Voxel-based lesion-symptom mapping (VLSM) was
performed to relate acute infarct location to impair-
ment on the MMSE, using the Fisher’s exact test in
Python (SciPy 1.4.1). Dichotomized scores for presence
of impairment on the MMSE and cognitive domain-
specific impairment were used as outcome measures.
Voxels damaged in <5 patients were excluded. Odds
ratios and significance levels were calculated for each
included voxel. False discovery rate correction (FDR;
threshold p < 0.01) was applied to correct for multiple
comparisons.

We performed a sensitivity analysis in which we
repeated the VLSM analyses after excluding patients
with evidence of pre-stroke cognitive impairment
using a validated Korean version of the Informant
Questionnaire on Cognitive Decline in the Elderly
(IQ-CODE; excluded if >3.6).”-*® This was done to
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evaluate whether the observed associations were related
to the acute stroke event or might be attributed to pre-
existing conditions.

Ethics statement

Data were prospectively collected in accordance with
study protocols approved by the Institutional Review
Boards of the Hallym University Sacred Heart Hospital
and Seoul National University Bundang Hospital. Use
of the acquired data for the current study was also
approved by these Institutional Review Boards.

Data availability statement

Anonymized data that support the findings of this
study are available from the corresponding author
upon reasonable request.

Results

Clinical characteristics of the 1198 included patients are
listed in Table 1. The mean age was 67 years (SD = 12),
513 patients were female (43%), and median years of
education was 9 (IQR =6). Regarding infarct locations,
963 patients (80%) had supratentorial infarcts, of
whom 399 (33% of total) had small subcortical infarcts,
and 294 patients (25%) (also) had infratentorial
infarcts. MMSE assessment generally took place after
three months (median (IQR): 99 (69) days). Impairment
on the MMSE was present in 420 patients (35%).
Impairment on the MMSE occurred most commonly
in patients with infarcts in multiple regions, i.e. in bilat-
eral hemispheres or infra- and supratentorial (N =70/
149; 47% (95%CI: 39-55)) and left-hemispheric
infarcts (N = 186/473; 39% (35-44)), yet also frequently
occurred in patients with right-hemispheric (N=116/
369; 31% (27-36)) and infratentorial infarcts (N =48/
207; 23% (18-30)). Four patients (0.3%) had recurrent
stroke in the time interval between the index stroke and
neuropsychological assessment; only the index stroke
was considered in the analyses.

Infarct distribution was symmetrical, and subcor-
tical regions were more commonly damaged than cor-
tical regions (Figure 2(a)). Because of the large sample
size, brain coverage was very high: 71% of the MNI-
152 template (1,300,080/1,827,240 voxels) was included.
Only some parts of the midbrain, temporal lobes, and
anterior cerebral artery territory were excluded due to
infrequent involvement (i.e. < 5 patients).

VLSM revealed that large voxel clusters in frontal,
parietal, and temporal lobes covering the left middle
cerebral artery territory (based on visual inspection of
the MNI-152 template) and the thalamus were signifi-
cantly associated with impairment on the MMSE, with

highest odds ratios (>15) for voxel clusters in the thal-
amus and superior temporal gyrus (Figure 2(b)). In
comparison, domain-specific impairments were related
to various infarct patterns across both hemispheres.
For example, infarcts in the left medial temporal lobe
were related to verbal memory impairment, and infarcts
in the right parietal lobe were related to impairment of
visuospatial functioning (Figure 3).

The sensitivity analysis on patients without evidence
of pre-stroke cognitive impairment (IQCODE < 3.6;
N ="704) showed a similar pattern of odds ratios for
MMSE impairment as the main results, with highest
odds ratios (>15) in left frontotemporal regions and
the thalamus. However, statistical power was attenu-
ated due to several factors, most importantly, the
smaller sample size, decreased brain coverage, and
lower prevalence of impairment on the MMSE in the
selected sample. Details are provided in Supplementary
Figure 1.

Discussion

In this large-scale lesion-symptom mapping study, we
found that impairment on the MMSE is primarily
related to infarcts located in the left middle cerebral
artery territory and thalamus. Meanwhile, domain-spe-
cific impairments were related to various infarct pat-
terns across both hemispheres including the left
medial temporal lobe (verbal memory) and right par-
ietal lobe (visuospatial functioning).

Previous studies reported that impairment on the
MMSE was more frequently observed in patients with
left hemispheric lesions compared to those with right
hemispheric lesions both in the context of stroke'* and
other neurological diseases.'> We indeed found a strong
left-hemispheric lateralization of infarct locations sig-
nificantly related to impairment on the MMSE.
Although a substantial number of patients with
MMSE impairment had right hemispheric infarcts, we
found no voxel-based associations, suggesting a more
diffuse effect of right hemispheric infarcts on MMSE
performance. Furthermore, we extend previous findings
by pinpointing specific infarct patterns associated with
impairment on the MMSE. Specifically, our reference
analyses of individual cognitive domains revealed much
more widespread lesion correlates, which suggest that
the MMSE insufficiently captures cognitive impairment
caused by damage to brain regions beyond the left
middle cerebral artery territory and thalamus. To illus-
trate, we showed that infarcts in the left medial tem-
poral and occipital lobes were related to verbal memory
impairment, while these regions were not related to
impairment on the MMSE. The observed infarct pat-
terns also strengthen the face validity of our approach
(e.g. involvement of Broca and Wernicke areas for
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Table |. Demographic and clinical characteristics of the study population (N = 1198)

Demographics and clinical characteristics

?Data missing in < 30 cases.
®Data missing in 70 cases.

Valid percent is indicated in cases with missing data.

IQCODE: Informant Questionnaire on Cognitive Decline in the Elderly; IQR: interquartile range; MRI: magnetic resonance imaging; SD: standard

deviation.

elaborate pattern of infarct locations, also involving the
right hemisphere.?’

Our sensitivity analysis showed that very similar
infarct patterns (i.e. locations and effect sizes)
were found after excluding subjects with potential
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Figure 2. Lesion prevalence map and voxel-based lesion-symptom mapping results for cognitive impairment on the Mini-Mental

State Examination (MMSE): (a) lesion prevalence map of infarcts in the total sample (N = 1198), only including voxels damaged in

>5 subjects. The color indicates how many subjects had an infarct in a particular voxel; (b) voxel-wise odds ratios (OR) for MMSE

impairment are shown, calculated using the Fisher’s exact test. Threshold for statistical significance was p < 0.0| after false

discovery rate correction. Included voxels (N > 5) with no significant association are shown in cyan. For orange-red colored

voxels, presence of infarcts was significantly associated with an increased OR for MMSE impairment; (c) examples of interpretation

of analysis results from panel B. L: left; R: right.

Z=-42 -30 -18 -6
A) Lesion prevalence map

Infarct frequency: N =5

C) Examples

association (p=0.01)

Left thalamus: very strong

10720030 >50
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*Enlargement

pre-stroke cognitive impairment. This suggests that the
observed associations are linked to the acute stroke
event rather than pre-existing cognitive problems.
Lack of statistical significance in the sensitivity analyses
can be explained by several factors that were outlined in
the Results section and further explored in
Supplementary Figure 1.

There are numerous statistical approaches available
for lesion-symptom mapping.*® Because our primary
aim was to identify infarct locations that are related
to impairment on the MMSE, we chose a straightfor-
ward univariate VLSM approach that offers a high sen-
sitivity to detect potentially relevant voxels, provides
easily interpretable effect sizes (i.e. odds ratios), and is

well suited for dealing with binary outcomes.”!
Multivariate techniques can potentially establish more
fine-grained neuroanatomical correlates of a cognitive
function, but the interpretation of effect sizes is less
straightforward, and application for binary outcomes
is less common.? Based on these considerations, uni-
variate VLSM was deemed the most suitable approach
for this study.

Strengths of this study include the large sample size,
extensive brain coverage, the detailed spatial resolution
of the voxel-wise approach, and the domain-specific
analyses used as a frame of reference. Some potential
limitations must also be noted. First, the time interval
between stroke onset and cognitive assessment was
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Figure 3. Voxel-based lesion-symptom mapping results for individual cognitive domains based on neuropsychological assessment.
Voxel-wise odds ratios (OR) for cognitive impairment on individual cognitive domains are shown, calculated using the Fisher’s

exact test. Threshold for statistical significance was p < 0.01 after false discovery rate correction. Included voxels (N > 5) with no
significant association are shown in cyan. For orange-red colored voxels, presence of infarcts was significantly associated with an

increased OR for impairment. L: left; R: right.
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relatively wide, ranging from the acute phase to one-
year post-stroke. The observed associations might
therefore have been influenced by factors such as delir-
ium in the acute stage, recurring stroke events, co-
occurring pathologies, or cognitive recovery during
this time window. However, cognitive assessment gen-
erally took place after three months, which should min-
imize the impact of these early or chronic contributing

factors. Third, although we excluded patients with
chronic infarcts and hemorrhages to reduce the effect
of prior vascular lesions on the lesion-deficit associ-
ations, we did not evaluate the potential influence of
other imaging markers, for example, for Alzheimer’s
disease or cerebral small vessel disease. Finally, the gen-
eralizability of our findings to other sociodemographic
populations is undetermined.
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Our study indicates that post-stroke impairment on
the MMSE primarily relates to infarct locations in the
left middle cerebral artery territory. The MMSE is
apparently less sensitive to cognitive deficits that
relate to other specific infarct locations. Hence, our
findings provide yet another argument to consider
other tests, such as the MoCA, rather than the
MMSE to screen for post-stroke cognitive impairment.
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