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Background: Although its incidence is relatively low, delayed-onset post-
stroke cognitive decline (PSCD) may offer valuable insights into the “vascular
contributions to cognitive impairment and dementia,” particularly concerning
the roles of vascular and neurodegenerative mechanisms. We postulated that
the functional segregation observed during post-stroke compensation could
be disrupted by underlying amyloid pathology or cerebral small vessel disease
(cSVD), leading to delayed-onset PSCD.

Methods: Using a prospective stroke registry, we identified patients who displayed
normal cognitive function at baseline evaluation within a year post-stroke and
received at least one subsequent assessment. Patients suspected of pre-stroke
cognitive decline were excluded. Decliners [defined by a decrease of >3 Mini-
Mental State Examination (MMSE) points annually or an absolute drop of >5 points
between evaluations, confirmed with detailed neuropsychological tests] were
compared with age- and stroke severity-matched non-decliners. Index-stroke MRI,
resting-state functional MRI, and 18F-florbetaben PET were used to identify cSVD,
functional network attributes, and amyloid deposits, respectively. PET data from
age-, sex-, education-, and apolipoprotein E-matched stroke-free controls within a
community-dwelling cohort were used to benchmark amyloid deposition.

Results: Among 208 eligible patients, 11 decliners and 10 matched non-decliners
were identified over an average follow-up of 5.7 years. No significant differences
in cSVD markers were noted between the groups, except for white matter
hyperintensities (WMHSs), which were strongly linked with MMSE scores among
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decliners (rho=-0.85, p<0.01). Only one decliner was amyloid-positive, yet
subthreshold PET standardized uptake value ratios (SUVR) in amyloid-negative
decliners inversely correlated with final MMSE scores (rho =-0.67, p = 0.04).
Decliners exhibited disrupted modular structures and more intermingled
canonical networks compared to non-decliners. Notably, the somato-motor
network’s system segregation corresponded with the decliners’ final MMSE
(rho=0.67, p =0.03) and was associated with WMH volume and amyloid SUVR.

Conclusion: Disruptions in modular structures, system segregation, and inter-
network communication in the brain may be the pathophysiological underpinnings of
delayed-onset PSCD. WMHs and subthreshold amyloid deposition could contribute
to these disruptions in functional brain networks. Given the limited number of
patients and potential residual confounding, our results should be considered

hypothesis-generating and need replication in larger cohorts in the future.

KEYWORDS

vascular cognitive impairment, neural network, connectome, small vessel disease,

amyloid deposition

Introduction

Post-stroke cognitive impairment (PSCD) can be categorized as
either early or delayed in onset (Mok et al., 2017). Early-onset PSCD
typically occurs 3-6 months post-stroke, affecting about 20% of patients
after their first stroke (Pendlebury and Rothwell, 2009; Mok et al., 2017).
In contrast, delayed-onset PSCD is characterized by cognitive decline
arising 1 year or more after an initially stable post-stroke period. The
prevalence of PSCD varies, ranging from 4.4 to 23.9%, depending on
the observation period (Mok et al., 2017). The causal factors for these
two forms of PSCD seem to diverge; early-onset PSCD is believed to
stem from a complex interplay between stroke lesion characteristics and
brain resilience, whereas delayed-onset PSCD is primarily attributed to
cerebral small vessel disease (cSVD) and, to a lesser extent, Alzheimer’s
disease (AD) pathology or recurrent stroke (Mok et al., 2017).

Although its incidence is relatively low, delayed-onset PSCD may
provide valuable insights into “vascular contributions to cognitive
impairment and dementia” (Snyder et al., 2015). The pattern of initial
cognitive stability post-stroke, followed by later deterioration, suggests
functional compensation but subsequent decompensation. cSVD, AD
pathology, and stroke recurrence may underlie this decompensation
process (Mok et al., 2017).

Network analysis has become instrumental in deciphering the
functional architectures of the brain (Margulies et al., 2016; Bayrak et al.,
2019). A strong correlation has been observed between the reduction in
inter-hemispheric integration and intra-hemispheric segregation and
multi-domain cognitive dysfunction in the acute stage of stroke (Siegel
etal, 2016). The subsequent recovery of modularity has been linked to
improvements in memory, attention, and language functions within the
first year post-stroke (Siegel et al., 2018). However, a knowledge gap
exists regarding delayed-onset PSCD and functional brain networks.

In this context, our study aimed to determine whether patients with
delayed-onset PSCD differ from those without this condition regarding

Abbreviations: MMSE, Mini-mental state examination; DMN, Default mode network;

SMN, Somatomotor network.
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functional brain network attributes and whether such differences can
be traced back to amyloid pathology or cSVD. We hypothesized that
underlying amyloid pathology or cSVD might disrupt the compensation
observed post-stroke, leading to delayed-onset PSCD. This disruption
might manifest as a decrease in functional segregation.

Materials and methods

This study received approval from the Seoul National University
Bundang Hospital Institutional Review Board (Approval no.
B-1606-352-301). Written informed consent was obtained from all
eligible patients or their legally authorized representatives. All
methods were performed in accordance with the relevant guidelines
and regulations of the Seoul National University Bundang Hospital
Ethics Committee and the Declaration of Helsinki.

Study design and participants

We conducted a nested case-control study within a
pre-established stroke cohort (Figure 1) (Kim et al., 2014) of acute
ischemic stroke patients admitted to SNUBH within a week of stroke
onset and registered in a prospective stroke registry from February
2007 to May 2019. The selection process began with 442 participants
demonstrating normal cognition within 12 months after stroke.
Cognitive function was assessed using the Mini-Mental State
Examination (MMSE) and further verified through the Korean-
Vascular Cognitive Impairment Harmonization Standard-
Neuropsychology Protocol (K-VCIHS-NP, Supplementary material)
(Kang and Na, 2003; Yu et al., 2013).

From the initial cohort, 259 patients who underwent at least one
follow-up neuropsychological assessment more than 6 months after the
baseline evaluation were identified. We excluded individuals suspected
of pre-stroke cognitive decline [Informant Questionnaire on Cognitive
Decline in the Elderly, (IQCODE) score >3.6, n=47], even if their
baseline cognitive test scores were normal, and those who experienced
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Normal cognitive function Stroke-free, cognitively normal elderly
at 1-12 months after ischemic stroke (EWHA cohort)
N=442 N=94
[
At least one follow-up cognitive evaluation
at intervals of 6 months or more after the baseline
N=259
Pre-stroke cognitive decline defined as
IQCODE > 3.6
N=47
Recurrent stroke
N=4
Eligible group
N=208
matching
Decliners Matched non-decliners Amyloid PET-negative control
N=11 N=10 N=21
FIGURE 1
Enrollment flowchart.

a recurrent stroke (n=4) (Figure 1). The baseline characteristics of
these 208 eligible patients are detailed in Supplementary Table S1.

Delayed-onset decliners were defined as individuals exhibiting a
decline of >3 points annually or a drop of >5 points between baseline
and the last MMSE scores (Hensel et al., 2007). In contrast,
non-decliners were defined by a decline of one point or less per year
and an absolute decline of fewer than three points (Diener et al., 2008).
A prior study indicated a reliable MMSE change ranging from 2 to 4
points over 1.5years (1.3-2.7 points per year) (Hensel et al., 2007). A
significant change in the MMSE for a 5-year follow-up was reported
as four points (Tombaugh, 2005). Thus, we set a criterion for a
considerable change as a difference in the absolute value of >5 points
or a decline of >3 points annually. Those with a significant cognitive
change were re-evaluated using the K-VCIHS-NP. Non-decliners were
matched with decliners by age (+3 years) and initial stroke severity
[National Institutes of Health Stroke Scale (NTHSS), +2 points].

In the 18F-florbetaben PET analysis, we selected cognitively
unimpaired individuals from the community-dwelling Ewha cohort.
This cohort comprised 94 cognitively unimpaired adults aged 60 or
above with normal cognitive function across all cognitive domains
exceeding —1 SD based on age- and education-adjusted norms (Kang
and Na, 2003). Of the 62 individuals with a negative 18F-florbetaben
PET scan, we selected 21 stroke-free controls by matching the
decliners’ age, sex, and education. Additionally, we ensured that there
were no differences in the proportion of apolipoprotein E (APOE) e4
carriers between the groups.

Data collection
We gathered data on demographics, risk factors, and index-stroke

characteristics from the registry database (Kim et al., 2014). Magnetic
resonance imaging (MRI) images were downloaded from our
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institution’s Picture Archiving and Communication System. APOE
genotyping was performed for patients who provided consent. The
characteristics of stroke lesions, such as location, laterality, and
multiplicity, were analyzed. Medial temporal lobe atrophy was assessed
utilizing Scheltens’ visual grade (Scheltens et al., 1992). cSVD markers,
including white matter hyperintensities (WMHs), lacunes, and cerebral
microbleeds, were evaluated according to the Standards for Reporting
Vascular changes on nEuroimaging (STRIVE) protocol using index-
stroke MRI images (Wardlaw et al., 2013). All neuroimaging parameters
were scrutinized by an independent rater (EBK), who has extensive
neuroradiological expertise and was blinded to patient allocations. A
neurology specialist (JSL) subsequently confirmed the assessments.

WMH mapping

We produced a cumulative lesion map to provide a visual
representation of WMH distributions. For the segmentation of
WDMHs on FLAIR sequences, we semi-automatically set regions of
interest with the help of ImageQnA’s lesion growth and shrinkage
algorithms (Ryu et al., 2014). To ensure consistency in comparisons
across various scans, we mapped the segmented WMHs onto a
standardized template—Montreal Neurological Institute 152—
utilizing a mesh-warping algorithm coupled with linear interpolation.
By applying a customized MATLAB code, we generated a lesion
frequency map, quantifying both the voxel count and its proportion
relative to total brain volume (Ryu et al., 2014).

BF-florbetaben PET

PET scans were performed exclusively on decliners, with
comparative data from stroke-free controls (the Ewha cohort). The
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brain amyloid plaque load (BAPL) score was used to assess amyloid
positivity; scores two or three denoted the presence of amyloid
deposits (Barthel et al., 2011). Additionally, standardized uptake value
ratio (SUVR) values were calculated for quantitative comparisons
between decliners and stroke-free controls. At 90 min after the bolus
intravenous administration of '*F-florbetaben (296 MBq, or 8 mCi),
participants underwent a 20-min positron emission scan using
dedicated PET/CT scanners (Biograph mCT40 or mCT64, Siemens
Healthcare, Germany). A CT scan was used for attenuation correction,
followed by an emission scan of the brain. PET images were
reconstructed on a 400 x 400 image size with a 1 x 1x 1.5mm voxel
size. Using 24 subsets and six iterations, images were reconstructed
with ordered subset expectation maximization. A post-reconstruction
Gaussian filter (full width at half maximum of 2 mm) was applied. The
PET image was co-registered with the TI-MRI image. The
T1-coregistered PET image was then normalized to the Montreal
Neurological Institute (MNI)-152 template using the transformation
matrix calculated during T1-MRI segmentation. After normalization,
the SUVR was calculated using the gray matter of the cerebellum as
the reference region. Using 116 gray matter regions from the
automated anatomical labeling (AAL) atlas, SUVR was extracted
regionally (Tzourio-Mazoyer et al., 2002). We used the averaged value
of the SUVR of the four brain regions from the AAL atlas (frontal,
cingulate, lateral parietal, and lateral temporal cortex) to calculate the
global SUVR value. This preprocessing was accomplished with SPM12
and MATLAB 2020a (Mathworks, Natick, MA, United States). The
intervals between the index stroke and "F-florbetaben PET were
96.4+18.0 months (mean + standard deviation).

Resting-state functional MRI

The protocols and preprocessing steps for functional and
structural MRI can be found in the Supplementary material.
We assessed functional connectivity by determining Pearson’s
correlations between pairs of blood-oxygenation-level-dependent
(BOLD) signals. Initially, we spatially averaged the BOLD signals of
voxels within each of the 265 predefined brain regions from the
Schaefer atlas (Schaefer et al., 2017)." This allowed us to compute
correlations between pairs of the average BOLD time series, resulting
in functional connectivity matrices. We then used this region-level
connectivity data to explore brain network characteristics and system
segregation measures, represented graphically through spring-
embedded network plots.

Network analysis

We examined the functional network structure between decliners
and non-decliners, focusing on the following: (1) conventional
network attributes for global architectures, (2) system segregations of
large-scale neural networks, and (3) spring-embedded graph layout
for inter-network structure changes.

1 https://github.com/cocoanlab/cocoanCORE/blob/master/Canonical_

brains/Schaefer/Schaefer_265_combined_2mm.nii
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We evaluated the global network architecture using the Brain
Connectivity Toolbox (Rubinov and Sporns, 2010). This includes
measures of network integration (characteristic path length and global
efficiency) and network segregation (modularity, clustering coefficient,
and transitivity) (Wang et al., 2021). We calculated these measures
with region-level functional connectivity matrices at various
thresholds of network densities (0.05, 0.10, 0.15, 0.20). Each attribute
was normalized against its null distribution, estimated by 100
iterations of random rewiring (Rubinov and Sporns, 2010). The
characteristic path length was inverted, so lower values represent a
worse function.

System segregation of large-scale networks quantifies a network
module’s functional isolation from others. We used the equation:

SysSeg = ZWZ%ZI’,

w

where Z is the mean Fisher z-transformed connectivity (r)
within the same module and ZT, is the mean z-transformed (r)
between nodes of one module and all nodes in other modules (Chan
etal,, 2014). The affected large-scale networks included visual network
(VN), somatomotor network (SMN), dorsal attention network (DAN),
ventral attention network (VAN), limbic network (LN), frontoparietal
network (FPN), and default mode network (DMN) (Yeo et al., 2011).
Codes for the analyses are available on GitHub.?

Spring-embedded  graph layout visualized qualitative
characteristics in brain network composition (Gordon et al., 2017).
Attractive forces were applied between connected nodes, while
repulsive forces were applied to all nodes. The nodes were iteratively
moved until they reached equilibrium, resulting in a layout that
captures the intrinsic topology of a network. Codes for the analyses

are available on GitHub.?

Statistical analysis

Continuous variables were analyzed using Student’s t-tests or
Wilcoxon rank-sum tests, while categorical variables were examined
using y* or Fisher’s exact tests. Associations between WMH volume,
'*F-florbetaben PET SUVR, and cognitive test scores were investigated
using Pearson’s correlation. Group-level differences (i.e., decliner vs.
non-decliner) in associations between WMH volume and cognitive
scores were tested using linear regression with interaction terms (i.e.,
groups x WMH volume). We used logistic regression analysis,
adjusted for age, sex, and education levels, to compare amyloid
deposition patterns between decliners and stroke-free controls
expressed as Group (Decliner=1, stroke-free control=0)=p,+
age+ B, sex + B; education + , SUVR (voxel level). In this voxel-wise
PET image analysis, we used an uncorrected p value for exploratory

2 https://github.com/cocoanlab/cocoanCORE/blob/master/Network_
analysis/system_segregation.m
3 https://github.com/cocoanlab/cocoanCORE/blob/master/Visualization/

vis_network.m
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purposes. All statistical analyses were performed using R version 4.0.5,
with a two-sided p-value (< 0.05) set as the statistical threshold.

Results

Out of 208 eligible patients, 11 (5.3%) met the criteria for delayed-
onset PSCD, and there were 10 matched non-decliners. The average
follow-up duration was comparable for both groups: 75.1 months for
and 75.4months for The
characteristics, including features of stroke lesions and medial temporal
lobe atrophy, did not differ between the two groups. The APOE e4 allele
was present in one decliner and two non-decliners (Table 1).

decliners non-decliners. baseline

The median MMSE scores at baseline were similar for both groups
(29 for decliners vs. 27 for non-decliners). However, decliners reduced
6.0 points over 5.1 years, while non-decliners showed no change over
5.4years (Supplementary Figure S1). Domain-specific z-scores on
detailed neuropsychological tests consistently decreased in decliners
and remained stable in non-decliners (Table 1).

cSVD features: comparisons between
decliners and non-decliners

There was no significant difference in the proportions of
moderate-to-severe WMHs (Fazekas grade 2 or higher) and the
volume of WMHs between decliners and non-decliners. Confluent
WMHs, characterized by Fazekas grade 3, were observed in only one
decliner (Table 1).

Within the decliner group, the WMH volume was significantly
associated with changes in MMSE scores and final MMSE scores
(tho=—0.85, p<001; rho=—091, p<0.01,
(Supplementary Figure S2). However, no such correlation was
detected within the non-decliners (tho=—0.04, p=0.92; rho=-0.29,
p=0.41). This differential effect of WMH volume on changes in
MMSE scores was confirmed in the linear regression with the

respectively)

interaction term (i.e., group x WMH volume). WMH volume was not
significantly correlated with baseline MMSE scores (tho=-0.51,
p=0.11 for decliners, tho=-0.36, p=0.30 for non-decliners).
Mapping of WMHs from the index-stroke MRI revealed a more
frequent presence of WMHs in the centrum semiovale in decliners
than non-decliners (Supplementary Figure S3).

Decliners and non-decliners did not show significant differences
in the presence and number of lacunes and microbleeds. Only one
decliner exhibited three or more lacunes.

Amyloid PET characteristics: comparisons
between decliners and stroke-free controls

Only one decliner exhibited amyloid PET positivity. Nonetheless,
in the amyloid-negative decliners, the global SUVR value negatively
correlated with both the final MMSE scores (tho=—0.67, p=0.04) and
changes in MMSE scores (rho=-0.58, p=0.08) (Figure 2A). There
was no significant correlation between the participants’ age and the
SUVR value (rho=0.09, p=0.81).

In comparison to stroke-free, age-matched amyloid-negative
controls (n=21), the amyloid PET-negative decliners (n=10)
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exhibited topographical patterns of subthreshold amyloid deposition
in the precentral, supplementary motor, superior medial frontal,
paracentral lobule, superior and inferior parietal, and superior
temporal pole regions. These patterns diverged from the typical AD
pattern (Figure 2B).

Network characteristics: comparisons
between decliners and non-decliners

When comparing the functional networks of decliners and
non-decliners, we observed qualitative differences, as depicted in the
spring-embedded graph (Figure 3).

In representative non-decliners (Patients 1 and 9), brain regions
within the same canonical networks were closely linked and arranged
(Figure 3A), similar to patterns observed in healthy participants.
However, representative decliners (Patients 14 and 15) demonstrated
disrupted and intermingled canonical brain modules (Figure 3B). These
patterns remained broadly consistent across various thresholds of
network densities and other participants (Supplementary Figures S4-6).

We compared conventional network attributes between groups to
quantitatively assess the topological differences in the functional
network (Figure 4A). While no significant differences were observed
between the two groups across all thresholds of network densities, all
network measures were numerically lower for decliners compared to
non-decliners. The effect sizes for the differences in network attributes
averaged across all thresholds varied from small to large: Cohen’s
d=0.70, 0.32, 0.26, 0.36, 0.43 for inverted characteristic path length,
global efficiency, modularity, clustering coefficient, and transitivity,
respectively. Despite a lack of statistical significance due to the small
sample size, we speculate that this consistent trend implies a
relationship between decreased modular segregation and the resultant
loss of communication efficiency with delayed PSCD, as substantiated
by the spring-embedded graphs (Figure 3, Supplementary Figures $4,S5).

Among the conventional network attributes, modularity was
significantly correlated with the final MMSE scores in decliners
(rho=0.65, p=0.03; Figure 5A).

To examine the network-wise contribution of modular segregation
to the delayed-onset PSCD, we calculated system segregation, which
quantifies the relative difference between within-network and
between-network connectivity. Despite no significant difference in
system segregation between decliners and non-decliners (Figure 4B),
the final MMSE scores in decliners displayed a strong but marginally
significant association with system segregation for all canonical
networks and DMN (rho=0.59, p=0.06; rho=0.57, p=0.07) and a
significant association with system segregation for SMN (rho=0.67,
p=0.03) (Figure 5B). This suggests the role of SMN functional
specialization in delayed PSCD. The relationships between network
attributes and other cognitive scores, except MMSE, were not
significant (Supplementary Figure S7).

Associations among network attributes,
WMH volume, and amyloid PET SUVR

We calculated correlations between network attributes, WMH
volume, and subthreshold PET SUVR in amyloid-negative decliners
(n=10) and observed a strong negative correlation between both
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TABLE 1 Comparisons between decliners and non-decliners.

Decliners (n=11)

Non-decliners

10.3389/fnagi.2024.1430408

Stroke-free

amyloid-negative

(WEEY controls (n = 21)
Baseline age, years 69.2+3.63 66.7+9.02 0.43 69.4+4.77 0.90
Female, 1 (%) 6 (54.5) 1 (10.0) 0.06 12 (57.1) 0.89
Education, years 8.9+5.8 109+5.8 0.45 10.3£3.6 0.39
Initial NTHSS (median, IQR) 3(0,3.5) 4.5 (2.0, 5.0) 0.11
Baseline MMSE (median, IQR) 29 (28,29) 27 (25,28) 0.16 29 (28,29) 0.55
Absolute changes in MMSE scores during —6.0 (—12.5, —6.0) 0(—1.0, 1.0) <0.01
follow-up (median, IQR)
Changes in z-scores of neuropsychological
tests during follow-up
Verbal learning test—delayed recall —-1.8(-2.4;-1.1) 0.2 (—0.4; 0.9) <0.01
Boston naming test —1.6 (-2.8; —1.3) 0.0 (—0.4; 0.6) <0.01
Rey complex figure test—copy —1.8 (—4.9; -0.9) 0.0 (-0.8;0.7) 0.02
Semantic fluency —1.0 (—2.4; —0.6) 0.0 (—0.5; 0.6) 0.03
Phonemic fluency —1.2(-2.3; -0.8) 0.0 (—0.5; 0.4) <0.01
Digit symbol coding —3.4(-3.8;-1.4) —0.3(=0.9;0.1) <0.01
Trail-making test—A —0.7 (=2.3;0.1) 0.4 (—0.8;1.0) 0.12
Trail-making test—B —2.4 (—4.5; —0.8) —0.1(—0.9;0.8) 0.02
Intervals between index-stroke and last 75.1+£24.6 75.4+30.6 0.98
cognitive evaluations (months)
Interval between baseline and last cognitive 68.3+26.8 67.8+25.2 0.96
evaluations (months)
APOE e4 carriers* 1(9.1) 2(20.0) 0.31 3(14.3) 0.45
Index-stroke characteristics
Left-sided 8 (72.7) 3(30.0) 0.13
Multiplicity 6 (54.5) 7 (70.0) 0.78
Cortical involvement 6 (54.5) 3(30.0) 0.49
Chronic imaging variables
Deep WMH, Fazekas grade 0-1/2/3 8(72.7)/3 (27.3)/0 (0) 8(80.0)/2 (20.0)/0 (0) 0.48
Periventricular WMH, Fazekas grade 0-1/2/3 7 (63.6)/3 (27.3)/1 (9.1) 5(50.0)/5 (50.0)/0 (0) 0.41
WMH volume (% of brain parenchymal 0.58 (0.33,0.76) 0.52(0.37,0.98) 0.99
volume)
Lacunes 2(18.2) 4 (40.0) 0.53
No. of lacunes, 0/1-2/3 or more 9 (81.8)/1(9.1)/1 (9.1) 6 (60.0)/2 (20.0)/2 (20.0)
Cerebral microbleeds 5 (45.5%) 3(30.0%) 0.78
No. of microbleeds, 0/1/2-4/5 or more 6 (54.5)/4 (36.4)/1 (9.1)/0 (0) | 7 (70.0)/2 (20.0)/1 (10.0)/0 (0)
Medial temporal lobe atrophy, Schelten’s 6 (54.6)/4 (36.4)/1 (9.1) 7 (70.0)/3 (30.0)/0 (0) 0.61
grade 0-1/2/3
Amyloid positivity—BAPL 2 or more 1(9.1%) n/a 0 (0%)
Amyloid retention—global SUVR (mean, SD) 1.29 (0.16) n/a

Numbers denote mean + standard deviations or frequencies (proportions) as appropriate. *APOE genotyping was unavailable in five participants (two decliners, two non-decliners, and one
stroke-free amyloid-negative control) due to a lack of consent for genetic screening. NIHSS, National institutes of health stroke scale; MMSE, Mini-mental state examination; WMH, White
matter hyperintensities; BAPL, Brain amyloid plaque load; SUVR, Standardized uptake value ratio.

WMH volume and PET SUVR with SMN system segregation
(rho=—-0.76, p<0.01; rho=-0.78, p<0.01; respectively)
(Supplementary Table S2). The WMH volume showed marginal

associations with the system segregation of all large-scale networks
(rho=—-0.60, p=0.07) and FPN (rho=-0.61, p=0.06). Similarly,
amyloid PET SUVR showed marginal associations with system
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compared to the control (thresholded by uncorrected p <0.05) (B).

Subthreshold amyloid in patients with amyloid PET-negative delayed-onset post-stroke cognitive impairment (n = 10). In amyloid-negative individuals,
the standard uptake value ratios were negatively correlated with the last cognitive scores and cognitive changes during follow-up (A). T static map
showing the difference in the topographical pattern of subthreshold amyloid deposition between the amyloid PET-negative decliners and the stroke-
free, age-matched amyloid-negative controls (n = 21). The red color is the area where the standard uptake value ratios of the decliners increased

segregation across all canonical networks (rho=—0.62, p=0.06), DAN
(rho=-0.62, p=0.06), VAN (tho=-0.57, p=0.09), and FPN
(tho=—0.57, p=0.08).

Discussion

We found that approximately 5% of stroke survivors who initially
exhibited normal cognitive function developed delayed cognitive
impairment around 6years post-stroke. This cognitive decline
significantly correlates with network characteristics such as modularity
and system segregation. Furthermore, a significant association was
observed between WMH volume and cognitive changes among
decliners. Notably, among the amyloid-negative decliners, a substantial
inverse correlation was found between the global SUVR of
'8F-Florbetaben PET and final MMSE scores. These results suggest
that our hypothesized interrelationship between c¢SVD, amyloid
pathology, and functional segregation as a compensatory mechanism
after stroke may influence delayed PSCD.

Our findings indicate that underlying WMHs and subthreshold
amyloid pathology might jointly contribute to delayed-onset PSCD. If
either amyloid pathology or WMHs operate independently, symptoms
only appear when the severity of either pathology surpasses a
particular threshold. In our study, confluent WMHs were seen in only
one decliner, and WMH volume was not exceedingly high
(median=0.58 in decliners and 0.52 in non-decliners, as a percentage
of brain parenchymal volume) (Ryu et al., 2016). Likewise, while only
one decliner displayed amyloid PET positivity, there was a substantial
correlation between the SUVR value and cognitive scores, even at
subthreshold levels. Previous research has suggested that subthreshold
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amyloid pathology potentially impacts delayed cognitive decline if it
interacts with vascular pathology (Kapasi and Schneider, 2016).
Patients with delayed-onset PSCD in our study exhibited significant
deposition in the precentral gyrus, supplementary motor area,
superior medial frontal cortex, paracentral lobule, superior and
inferior parietal lobules, and superior temporal pole. This contrasts
with the initial sites of amyloid accumulation in typical AD patients:
the medial frontal, medial parietal, and lateral temporal-parietal lobes
(Grothe et al., 2017). It has been reported that amyloid deposition in
cases of cerebral amyloid angiopathy (CAA) is relatively increased in
the occipital region (Charidimou et al., 2018). Considering this, it
seems unlikely that the delayed-onset PSCD patients in our study are
concurrently exhibiting typical early-stage AD or CAA. Nonetheless,
due to the limited number of patients, the statistical interpretation of
regional amyloid deposition patterns should be approached cautiously.
Considering these points, along with the conflicting results reported
in previous studies regarding the impact of amyloid pathology on the
delayed onset of PSCD (Wollenweber et al., 2016; Liu et al., 2018) it
may result from a complex interaction of multiple factors rather than
a single independent influence.

We hypothesize that WMHs and amyloid pathology may
contribute to delayed cognitive decline by altering the
intracerebral network environment. Previous studies have
indicated that WMH-induced white matter tract damage and
amyloid pathology can result in neural network dysfunction,
which, in turn, can negatively impact cognitive function (Taylor
et al., 2017; Crockett et al., 2021; Coenen et al., 2023). Recent
studies have also shown that amyloid pathology compromises
white matter tract integrity (Collij et al., 2021). Our results are
consistent with these findings, showing that the WMH volume
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FIGURE 3
Spring-embedded graphs for the functional network compositions in the representative patients. The nodes correspond to different brain regions, with
colors representing the corresponding canonical functional brain networks. The edges represent the functional connections between brain regions
after thresholding. The spring-embedded graph plots present the functional brain network compositions for representative non-decliners (A) and
decliners (B) at the threshold of network densities of 0.025. The plots show that the brain regions with the same canonical network were closely linked
and arranged with each other (A). However, representative decliners (demonstrated disrupted and intermingled canonical brain modules) (B). The
groups of strongly connected nodes are pulled together in the plot. Disconnected nodes are also visualized as dots without lines. Blue: visual, orange:
somatomotor, yellow: dorsal attention, purple: ventral attention, green: limbic, light blue: frontoparietal, red: default mode, pink: subcortical, light
purple: cerebellum, dark blue: brainstem.

and subthreshold PET SUVR are associated with decreased SMN
system segregation. Although the decliners did not show
statistically significant differences in conventional network
attributes compared to the non-decliners, likely due to the small
sample size, there were consistent trends indicating that these
network attributes were less favorable in the decliners in both
group comparisons and correlation analyses.

Previous studies suggested a pathophysiological link between
neural network segregation, WMHs, and amyloid pathology, pointing
to these factors as potential culprits for cognitive decline (Mok et al.,
2016, 2017). For example, disruptions of functional segregation
following a stroke could lead to global cognitive dysfunction (Siegel
et al,, 2018). Patients with higher WMH scores exhibited increased
shortest path lengths, decreased clustering coefficient values, and
reduced node efficiency, which significantly correlated with lower total
Montreal Cognitive Assessment (MoCA) scores (Wang et al., 2022).
In line with this, our results showed that modularity was negatively
associated with cognitive outcomes and lower in the decliners than
non-decliners. This finding is further supported by the low clustering
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coefficient and transitivity observed in the decliners and the decreased
system segregation across all canonical networks (Figure 4). Our
results also suggest that the functional structures of each canonical
network may intermingle with each other, as seen in the spring-
embedded graphs (Figure 3) (Gordon et al,, 2017).

When we examined specific canonical networks, the system
segregation of the SMN was significantly associated with cognitive
outcomes in the decliners (Figure 5B). The SMN is related to
somatosensory and action functions and is thus crucial for interacting
with the surrounding environment. In old age, the relative
contribution of SMN to the dynamic functional state of the resting
brain decreases (Zhang et al., 2021), and a decline in the within-
network connectivity of the SMN has been associated with poor
cognitive performances (Geerligs et al., 2014). Previous studies have
also suggested that disruption of sensorimotor networks due to WMH
may contribute to overall cognitive deficits in older adults with
cerebral small vessel disease (Crockett et al., 2021). Furthermore, the
connectivity of the SMN in stroke patients significantly contributes to
multitasking learning (Siegel et al., 2016).
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(A) Network attributes at multiple thresholds were compared between decliners (cyan) and non-decliners (magenta). Decliners showed lower scores in
all attributes than non-decliners, but the differences were not statistically significant. Characteristic path length was inverted so that the lower value
represents poorer functions to make them align with other attributes and thus help comparisons. (B) System segregation for different functional brain
networks was compared between decliners and non-decliners. VN, visual network; SMN, somatomotor network; DAN, dorsal attention network; VAN,
ventral attention network; LN, limbic network; FPN, frontoparietal network; DMN (default mode network).
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FIGURE 5

Associations between modularity, system segregation, and MMSE scores in delayed decliners. (A) Scatter plots for the associations between modularity
averaged across all thresholds and the MMSE scores in delayed decliners, including the final MMSE score and the change in MMSE score over time.
Modularity showed a significant association with the final MMSE score. (B) Scatter plots for the associations between system segregation across all
networks, DMN, SMN, and the MMSE scores in delayed decliners, specifically the final MMSE score and the change in MMSE score over time. System
segregation of the SMN showed a significant association with the final MMSE score.

Using a prospective stroke registry database, we identified 208  (2016) wherein approximately 4.4% of 919 patients displayed delayed-
patients who had experienced a mild stroke but initially demonstrated ~ onset dementia over a 2.6-year follow-up period (Mok et al., 2016).
normal cognitive function (Ryu et al, 2016). Over an average  We found commonalities in our cohort’s baseline characteristics, and
follow-up of 75months, 5.3% (11 of 208) exhibited delayed onset Mok et al’s: mean age was 69.1+10.6 vs. 68.6+11.4; and female
PSCD. This rate is consistent with a previous study by Mok et al.  participants were 39.9 vs. 42.8% (Mok et al., 2016). However,

Frontiers in Aging Neuroscience 09 frontiersin.org


https://doi.org/10.3389/fnagi.2024.1430408
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Limetal.

neuroimaging characteristics of delayed decliners differed. Mok et al.
(2016) found that confluent WMHSs and three or more lacunes
predicted post-stroke delayed-onset dementia. In contrast, only one
decliner had these traits in our study. These discrepancies are likely
attributed to the unique profiles of decliners in each study; our
decliners were younger (69.2 vs. 76.2years), had more years of
education (8.9 vs. 4.1), and scored higher on the baseline MMSE (29
vs. 20) compared to Mok et al. (2016) decliners. These observations
suggest that factors influencing delayed-onset PSCD may differ
depending on the population of interest.

Our study has limitations. Despite the substantial number of
stroke patients followed for over 6 years, the sample size was limited
due to the low rate of cognitive decline in a single-center study.
Furthermore, many variables, such as lesion location and size, were
not closely matched between the groups, potentially leading to
residual confounding. As a result, this study should be viewed as
hypothesis-generating, with a need to validate the findings in larger-
scale studies. Additionally, due to research funding limitations,
we could not collect **F-Florbetaben PET data for the non-decliners
in the study. Despite these limitations, we aimed to shed light on the
characteristics and mechanisms underlying the worsening of
cognition in patients with delayed-onset PSCD. This aim was achieved
by including matched non-decliners and stroke-free elderly controls
and obtaining functional MRI data.

In conclusion, after an almost 6-year observation period, the
volume of WMHs, the presence and degree of subthreshold amyloid
deposition, and alternations in functional brain networks emerged
as possible factors in understanding delayed cognitive decline
following stroke. Our findings suggest that delayed-onset PSCD may
result from a complex interaction of multiple factors rather than a
single cause. Understanding the stroke connectome and dynamic
changes in brain networks during the acute and chronic phases of
stroke holds promise for predicting cognitive changes during
recovery and understanding how preventive therapy may
be individually tailored.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Seoul
National University Bundang Hospital (SNUBH) Institutional Review
Board. The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study.

Author contributions

J-SL: Writing - review & editing, Writing - original draft, Formal
analysis, Data curation, Conceptualization. J-JL: Writing - review &
editing, Writing — original draft, Visualization, Formal analysis, Data
curation. GK: Writing - review & editing, Data curation. H-RK:
Writing - review & editing, Visualization, Formal analysis, Data

Frontiers in Aging Neuroscience

10

10.3389/fnagi.2024.1430408

curation. DS: Writing - review & editing, Data curation. K-JL: Writing
- review & editing, Data curation. MB: Writing - review & editing,
Data curation. EK: Writing — review & editing, Data curation. BK:
Writing - review & editing, Data curation. SK: Writing - review &
editing, Data curation. W-SR: Writing - review & editing, Data
curation. JC: Writing - review & editing, Visualization, Formal
analysis, Data curation. D-EK: Writing - review & editing, Data
curation. PG: Writing - review & editing. C-WW: Writing - review &
editing, Supervision, Project administration, Funding acquisition,
Conceptualization. H-JB: Writing - review & editing, Writing -
original draft, Supervision, Project administration, Funding
acquisition, Conceptualization.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the SNUBH Research Fund (grant no. 02-2015-051) and
IBS-R0O15-D1.

Acknowledgments

We thank Eric E. Smith (University of Calgary, Canada) for his
valuable comments on this paper.

Conflict of interest

H-JB reports grants from: AstraZeneca, Bayer Korea, Bristol
Myers Squibb Korea, Chong Kun Dang Pharmaceutical Corp.,
Dong-A ST, Jeil Pharmaceutical Co., Ltd., Korean Drug Co., Ltd.,
Samjin Pharm, Takeda Pharmaceuticals Korea Co., Ltd., and Yuhan
Corporation. Additionally, outside the submitted work, personal fees
from Amgen Korea, Bayer, Daiichi Sankyo, JW Pharmaceutical,
Hanmi Pharmaceutical Co., Ltd. Otsuka Korea, SK Chemicals, and
Viatris Korea. P-B Gorelick reports receiving honoraria as a Data
Safety and Monitoring Board member for an industry study of blood
pressure lowering in heart failure and cognitive maintenance.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1430408/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1430408
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1430408/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1430408/full#supplementary-material

Limetal.

References

Barthel, H., Gertz, H. J., Dresel, S., Peters, O., Bartenstein, P.,, Buerger, K., et al. (2011).
Cerebral amyloid-beta PET with florbetaben (18F) in patients with Alzheimer’s disease
and healthy controls: a multicentre phase 2 diagnostic study. Lancet Neurol. 10, 424-435.
doi: 10.1016/s1474-4422(11)70077-1

Bayrak, $., Khalil, A. A, Villringer, K., Fiebach, J. B., Villringer, A., Margulies, D. S.,
etal. (2019). The impact of ischemic stroke on connectivity gradients. Neuroimage Clin.
24:101947. doi: 10.1016/§.nicl.2019.101947

Chan, M. Y, Park, D. C,, Savalia, N. K., Petersen, S. E., and Wig, G. S. (2014).
Decreased segregation of brain systems across the healthy adult lifespan. Proc. Nat. Acad.
Sci. 111, E4997-E5006. doi: 10.1073/pnas.1415122111

Charidimou, A., Farid, K., Tsai, H.-H., Tsai, L.-K., Yen, R.-E, and Baron, J.-C. (2018).
Amyloid-PET burden and regional distribution in cerebral amyloid angiopathy: a
systematic review and meta-analysis of biomarker performance. J. Neurol. Neurosurg.
Psychiatr. 89, 410-417. doi: 10.1136/jnnp-2017-316851

Coenen, M., Kuijf, H. J., Wajer, I. M. C. H., Duering, M., Wolters, E. ., Fletcher, E. E,
et al. (2023). Strategic white matter hyperintensity locations for cognitive impairment:
a multicenter lesion-symptom mapping study in 3525 memory clinic patients.
Alzheimers Dement. 19, 2420-2432. doi: 10.1002/alz.12827

Collij, L. E., Ingala, S., Top, H., Wottschel, V., Stickney, K. E., Tomassen, ., et al. (2021).
White matter microstructure disruption in early stage amyloid pathology. Alzheimer’s
Dementia Diag. Assess Dis. Monit. 13:¢12124. doi: 10.1002/dad2.12124

Crockett, R. A., Hsu, C. L., Dao, E., Tam, R, Eng, J. J., Handy, T. C,, et al. (2021).
Painting by lesions: white matter hyperintensities disrupt functional networks and global
cognition. NeuroImage 236:118089. doi: 10.1016/j.neuroimage.2021.118089

Diener, H.-C., Sacco, R. L., Yusuf, S., Cotton, D., Ounpuu, S., Lawton, W. A., et al.
(2008). Effects of aspirin plus extended-release dipyridamole versus clopidogrel and
telmisartan on disability and cognitive function after recurrent stroke in patients with
ischaemic stroke in the prevention regimen for effectively avoiding second strokes
(PROFESS) trial: a double-blind, active and placebo-controlled study. Lancet Neurol. 7,
875-884. doi: 10.1016/s1474-4422(08)70198-4

Geerligs, L., Maurits, N. M., Renken, R. J., and Lorist, M. M. (2014). Reduced
specificity of functional connectivity in the aging brain during task performance. Hum.
Brain Mapp. 35, 319-330. doi: 10.1002/hbm.22175

Gordon, E. M., Laumann, T. O., Gilmore, A. W., Newbold, D. J., Greene, D. J.,
Berg, J. J., et al. (2017). Precision functional mapping of individual human brains.
Neuron 95, 791-807. doi: 10.1016/j.neuron.2017.07.011

Grothe, M. ], Barthel, H., Sepulcre, J., Dyrba, M., Sabri, O., Teipel, S. J., et al. (2017).
In vivo staging of regional amyloid deposition. Neurology 89, 2031-2038. doi: 10.1212/
wnl.0000000000004643

Hensel, A., Angermeyer, M. C., and Riedel-Heller, S. G. (2007). Measuring cognitive
change in older adults: reliable change indices for the Mini-mental state examination.
J. Neurol. Neurosurg. Psychiatry 78, 1298-1303. doi: 10.1136/jnnp.2006.109074

Kang, Y., and Na, D. L. (2003). Professional manual; Seoul neuropsychological
screening battery. Seoul: Human Brain Research and Consulting.

Kapasi, A., and Schneider, J. A. (2016). Vascular contributions to cognitive
impairment, clinical Alzheimer’s disease, and dementia in older persons. Biochimica Et
Biophysica Acta Bba - Mol Basis Dis 1862, 878-886. doi: 10.1016/j.bbadis.2015.
12.023

Kim, B. J., Park, J.-M., Kang, K., Lee, S. J., Ko, Y, Kim, J. G,, et al. (2014). Case
characteristics, hyperacute treatment, and outcome information from the clinical
research center for stroke-fifth division registry in South Korea. J. Stroke 17, 38-53. doi:
10.5853/j0s.2015.17.1.38

Liu, W., Wong, A., Au, L,, Yang, J., Wang, Z., Leung, E. Y. L,, et al. (2018). Influence of
amyloid-f on cognitive decline after stroke/transient ischemic attack. Stroke 46,
3074-3080. doi: 10.1161/strokeaha.115.010449

Margulies, D. S., Ghosh, S. S., Goulas, A., Falkiewicz, M., Huntenburg, J. M., Langs, G.,
et al. (2016). Situating the default-mode network along a principal gradient of
macroscale cortical organization. Proc. Nat. Acad. Sci. 113, 12574-12579. doi: 10.1073/
pnas.1608282113

Mok, V. C. T., Lam, B. Y. K., Wang, Z., Liu, W,, Au, L., Leung, E. Y. L., et al. (2016).
Delayed-onset dementia after stroke or transient ischemic attack. Alzheimers Dement.
12, 1167-1176. doi: 10.1016/j.jalz.2016.05.007

Mok, V. C. T,, Lam, B. Y. K., Wong, A., Ko, H., Markus, H. S., and Wong, L. K. S.
(2017). Early-onset and delayed-onset poststroke dementia — revisiting the
mechanisms. Nat. Rev. Neurol. 13, 148-159. doi: 10.1038/nrneurol.2017.16

Frontiers in Aging Neuroscience

11

10.3389/fnagi.2024.1430408

Pendlebury, S. T., and Rothwell, P. M. (2009). Prevalence, incidence, and factors
associated with pre-stroke and post-stroke dementia: a systematic review and meta-
analysis. Lancet Neurol. 8, 1006-1018. doi: 10.1016/51474-4422(09)70236-4

Rubinov, M., and Sporns, O. (2010). Complex network measures of brain connectivity:
uses and interpretations. Neurolmage 52, 1059-1069. doi: 10.1016/j.
neuroimage.2009.10.003

Ryu, W.-S., Woo, S.-H., Schellingerhout, D., Chung, M. K., Kim, C. K., Jang, M. U,,
etal. (2014). Grading and interpretation of white matter hyperintensities using statistical
maps. Stroke J. Cereb. Circ. 45, 3567-3575. doi: 10.1161/strokeaha.114.006662

Ryu, W.-S., Woo, S.-H., Schellingerhout, D., Jang, M. U,, Park, K.-J., Hong, K.-S., et al.
(2016). Stroke outcomes are worse with larger leukoaraiosis volumes. Brain 140,
158-170. doi: 10.1093/brain/aww259

Schaefer, A., Kong, R., Gordon, E. M., Laumann, T. O., Zuo, X.-N., Holmes, A. ], et al.
(2017). Local-global Parcellation of the human cerebral cortex from intrinsic functional
connectivity MRI. Cereb. Cortex 28, 3095-3114. doi: 10.1093/cercor/bhx179

Scheltens, P, Leys, D., Barkhof, E, Huglo, D., Weinstein, H. C., Vermersch, P, et al.
(1992). Atrophy of medial temporal lobes on MRI in “probable” Alzheimer’s disease and
normal ageing: diagnostic value and neuropsychological correlates. J. Neurol. Neurosurg.
Psychiatry 55, 967-972. doi: 10.1136/jnnp.55.10.967

Siegel, J. S., Ramsey, L. E., Snyder, A. Z., Metcalf, N. V,, Chacko, R. V., Weinberger, K.,
et al. (2016). Disruptions of network connectivity predict impairment in multiple
behavioral domains after stroke. Proc. Nat. Acad. Sci. 113, E4367-E4376. doi: 10.1073/
pnas.1521083113

Siegel, J. S., Seitzman, B. A., Ramsey, L. E., Ortega, M., Gordon, E. M., Dosenbach, N. U.
E, etal. (2018). Re-emergence of modular brain networks in stroke recovery. Cortex 101,
44-59. doi: 10.1016/j.cortex.2017.12.019

Snyder, H. M., Corriveau, R. A, Craft, S., Faber, J. E., Greenberg, S. M., Knopman, D.,
et al. (2015). Vascular contributions to cognitive impairment and dementia including
Alzheimer’s disease. Alzheimers Dement. 11, 710-717. doi: 10.1016/j.jalz.2014.10.008

Taylor, A. N. W, Kambeitz-Ilankovic, L., Gesierich, B., Simon-Vermot, L.,
Franzmeier, N., Caballero, M. A. A., et al. (2017). Tract-specific white matter
hyperintensities disrupt neural network function in Alzheimer’s disease. Alzheimers
Dement. 13, 225-235. doi: 10.1016/j.jalz.2016.06.2358

Tombaugh, T. N. (2005). Test-retest reliable coefficients and 5-year change scores for
the MMSE and 3MS. Arch. Clin. Neuropsychol. 20, 485-503. doi: 10.1016/j.
acn.2004.11.004

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, E, Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI single-subject brain. Neurolmage
15, 273-289. doi: 10.1006/nimg.2001.0978

Wang, R., Liu, M., Cheng, X., Wu, Y., Hildebrandt, A., and Zhou, C. (2021).
Segregation, integration, and balance of large-scale resting brain networks configure
different cognitive abilities. Proc. Nat. Acad. Sci. 118:€2022288118. doi: 10.1073/
pnas.2022288118

Wang, Y, Liu, X., Hu, Y., Yu, Z., Wu, T., Wang, ], et al. (2022). Impaired functional network
properties contribute to white matter hyperintensity related cognitive decline in patients with
cerebral small vessel disease. BMC Méd. Imaging 22:40. doi: 10.1186/s12880-022-00769-7

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, E, Frayne, R., et al.
(2013). Neuroimaging standards for research into small vessel disease and its
contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822-838. doi: 10.1016/
s1474-4422(13)70124-8

Wollenweber, E. A, Dirr, S., Miiller, C., Duering, M., Buerger, K., Zietemann, V., et al.
(2016). Prevalence of amyloid positron emission tomographic positivity in Poststroke
mild cognitive impairment. Stroke 47, 2645-2648. doi: 10.1161/strokeaha.116.013778

Yeo, B. T. T., Krienen, E. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D., Hollinshead, M.,
et al. (2011). The organization of the human cerebral cortex estimated by intrinsic
functional connectivity. J. Neurophysiol. 106, 1125-1165. doi: 10.1152/jn.00338.2011

Yu, K.-H,, Cho, S.-J., Oh, M. S,, Jung, S., Lee, J.-H., Shin, J.-H., et al. (2013). Cognitive
impairment evaluated with vascular cognitive impairment harmonization standards in
a multicenter prospective stroke cohort in Korea. Stroke 44, 786-788. doi: 10.1161/
strokeaha.112.668343

Zhang, L., Zhao, J., Zhou, Q,, Liu, Z., Zhang, Y., Cheng, W, et al. (2021). Sensory,
somatomotor and internal mentation networks emerge dynamically in the resting brain
with internal mentation predominating in older age. Neurolmage 237:118188. doi:
10.1016/j.neuroimage.2021.118188

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1430408
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/s1474-4422(11)70077-1
https://doi.org/10.1016/j.nicl.2019.101947
https://doi.org/10.1073/pnas.1415122111
https://doi.org/10.1136/jnnp-2017-316851
https://doi.org/10.1002/alz.12827
https://doi.org/10.1002/dad2.12124
https://doi.org/10.1016/j.neuroimage.2021.118089
https://doi.org/10.1016/s1474-4422(08)70198-4
https://doi.org/10.1002/hbm.22175
https://doi.org/10.1016/j.neuron.2017.07.011
https://doi.org/10.1212/wnl.0000000000004643
https://doi.org/10.1212/wnl.0000000000004643
https://doi.org/10.1136/jnnp.2006.109074
https://doi.org/10.1016/j.bbadis.2015.12.023
https://doi.org/10.1016/j.bbadis.2015.12.023
https://doi.org/10.5853/jos.2015.17.1.38
https://doi.org/10.1161/strokeaha.115.010449
https://doi.org/10.1073/pnas.1608282113
https://doi.org/10.1073/pnas.1608282113
https://doi.org/10.1016/j.jalz.2016.05.007
https://doi.org/10.1038/nrneurol.2017.16
https://doi.org/10.1016/s1474-4422(09)70236-4
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1016/j.neuroimage.2009.10.003
https://doi.org/10.1161/strokeaha.114.006662
https://doi.org/10.1093/brain/aww259
https://doi.org/10.1093/cercor/bhx179
https://doi.org/10.1136/jnnp.55.10.967
https://doi.org/10.1073/pnas.1521083113
https://doi.org/10.1073/pnas.1521083113
https://doi.org/10.1016/j.cortex.2017.12.019
https://doi.org/10.1016/j.jalz.2014.10.008
https://doi.org/10.1016/j.jalz.2016.06.2358
https://doi.org/10.1016/j.acn.2004.11.004
https://doi.org/10.1016/j.acn.2004.11.004
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1073/pnas.2022288118
https://doi.org/10.1073/pnas.2022288118
https://doi.org/10.1186/s12880-022-00769-7
https://doi.org/10.1016/s1474-4422(13)70124-8
https://doi.org/10.1016/s1474-4422(13)70124-8
https://doi.org/10.1161/strokeaha.116.013778
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1161/strokeaha.112.668343
https://doi.org/10.1161/strokeaha.112.668343
https://doi.org/10.1016/j.neuroimage.2021.118188

	Subthreshold amyloid deposition, cerebral small vessel disease, and functional brain network disruption in delayed cognitive decline after stroke
	Introduction
	Materials and methods
	Study design and participants
	Data collection
	WMH mapping
	18F-florbetaben PET
	Resting-state functional MRI
	Network analysis
	Statistical analysis

	Results
	cSVD features: comparisons between decliners and non-decliners
	Amyloid PET characteristics: comparisons between decliners and stroke-free controls
	Network characteristics: comparisons between decliners and non-decliners
	Associations among network attributes, WMH volume, and amyloid PET SUVR

	Discussion

	References

