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The neurological symptoms of stroke have traditionally provided the foundation for functional
mapping of the brain. However, there are many unresolved aspects in our understanding of
cerebral activity, especially regarding high-level cognitive functions. This review provides a
comprehensive look at the pathophysiology of post-stroke cognitive impairment in light of recent
findings from advanced imaging techniques. Combining network neuroscience and clinical
neurology, our research focuses on how changes in brain networks correlate with post-stroke
cognitive prognosis. More specifically, we first discuss the general consequences of stroke lesions
due to damage of canonical resting-state large-scale networks or changes in the composition of
the entire brain. We also review emerging methods, such as lesion-network mapping and gradient
analysis, used to study the aforementioned events caused by stroke lesions. Lastly, we examine
other patient vulnerabilities, such as superimposed amyloid pathology and blood-brain barrier
leakage, which potentially lead to different outcomes for the brain network compositions even in
the presence of similar stroke lesions. This knowledge will allow a better understanding of the
pathophysiology of post-stroke cognitive impairment and provide a theoretical basis for the
development of new treatments, such as neuromodulation.

Keywords Stroke; Cognitive dysfunction; Dementia; Neuroimaging; Brain mapping; Connectome

Correspondence: Jae-Sung Lim
Department of Neurology, Asan Medical
Center, University of Ulsan College of
Medicine, 88 Olympic-ro 43-gil, Songpa-
gu, Seoul 05505, Korea

Tel: +82-2-3010-3427

Fax: +82-2-474-4691

E-mail: jaesunglim@amc.seoul.kr
https://orcid.org/0000-0001-6157-2908

Co-correspondence: Choong-Wan Woo
Department of Biomedical Engineering,
Sungkyunkwan University, 2066 Seobu-
ro, Jangan-gu, Suwon 16419, Korea

Tel: +82-31-299-4363

Fax: +82-31-299-4506

E-mail: waniwoo@g.skku.edu
https://orcid.org/0000-0002-7423-5422

Received: July 4, 2021
Revised: September 17, 2021
Accepted: September 17, 2021

*These authors contributed equally to
the manuscript as first author.

Introduction

Traditionally, neurological symptoms of stroke have provided a
significant basis for understanding the functional mapping of
the brain. Studies by Wilder Penfield, Paul Broca, and Carl Wer-
nicke have led to a better understanding of various high-level
cognitive functions, and the localization of the areas involved
in these processes across the brain.'” Carl Wernicke suggested
that functions such as language, motor, and primary sensory

domains are relatively well localized, while high-level cortical
functions, such as memory and execution, seem to depend on
the communication among several areas of the brain rather
than on a specific region.? A century later, Wernicke's hypothe-
sis was confirmed through advanced neuroimaging techniques
and various computational neuroscience methods.

Post-stroke cognitive impairment (PSCI) is defined as the oc-
currence of any type of cognitive deterioration after stroke,
ranging from minor impairment to dementia.* PSCI has been
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considered a unique clinical entity, distinct from Alzheimer's
disease or subcortical vascular cognitive impairment. As shown
by Penfield's experiments and Wernicke's lesion study, PSCl is a
valuable disease model that can be considered as a “brain le-
sion-cognitive disorder." It has gradually evolved from past ex-
perimental studies of patients with specific symptoms that re-
vealed the underlying neural substrates, and a great body of
related knowledge has been accumulated through lesion-
symptom mapping methods. Location of the stroke lesion is
one of the most important determinants of the cognitive out-
come,® and collecting lesion data from patients with specific
symptoms provides information about the neural substrates
affected in each specific case.%” In recent studies, lesion-symp-
tom mapping has been used to identify the neural substrates
of particular cognitive functions®™
post-stroke functional deficits, such as aphasia." It was also
used to study the neural substrates of emotional disorders,
such as post-stroke depression, and to understand the inherent
limitation of certain cognitive assessment tools.'? Moreover, le-
sion-symptom mapping studies have shown that small vessel

or predict the prognosis of

disease (SVD), as well as stroke lesions, can additionally cause
a decrease in the processing speed if distributed in the frontal
white matter.® However, not all neurological symptoms can be
localized using lesion-symptom mapping, as the causative re-
lationship between lesion and cognitive impairment is not uni-
versally applicable. In example, the explanatory power of re-
gression model (R?) was 0.35 to 0.58 for motor and visual
functions, while limited to 0.06 for verbal memory.”

Fox' suggested that a network perspective could be a sig-
nificant breakthrough in overcoming the limitations of lesion-
symptom mapping by showing that there is a network con-
necting the lesions at various locations causing the same be-
havioral symptoms. Functional magnetic resonance imaging
(FMRI) and diffusion tensor imaging (DTI) have enabled re-
searchers to apply this network approach. In addition, recent
advances in imaging have also provided insights into underly-
ing vulnerabilities, such as amyloid pathology, SVD, and blood-
brain barrier (BBB) disruption, which lead to different cognitive
prognosis even in the case of the same stroke lesions.

In this review, we provide a comprehensive look at the
pathophysiology of PSCl in light of recent research using ad-
vanced imaging techniques. Recent developments in this field
are expected to deepen our understanding of the functional
localization of brain areas and provide important information
on the targets of various neuromodulation techniques. Going
one step further from the size or localization of lesions that
can be observed with conventional imaging techniques, we fo-
cus on how the qualitative and quantitative changes in the
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composition of the underlying brain networks can be visual-
ized, quantified, and correlated with post-stroke cognitive
prognosis. Furthermore, neuroimaging research focusing on
amyloid and BBB leakage is important in understanding the
adversarial environment caused by underlying diseases, inde-
pendent of stroke. These efforts will serve as an important
foundation for screening groups at high risk of PSCI, develop-
ing appropriate neuromodulation therapy, and determining the
treatment outcomes.

Remote effects throughout the brain

Classical studies, including those discussed above, are based on
the assumption that stroke lesions cause symptoms by disrupt-
ing the function of the corresponding local brain regions. How-
ever, due to recent advances in neuroimaging techniques, it
has gradually been accepted that the effects of stroke lesions
are not confined to the local lesion site. The classical concept
of "diaschisis” is a good example of the remote effects of le-
sions." The concept of remote lesion effects is particularly use-
ful when studying the relevance of stroke lesions to cognitive
outcomes. For example, it is easy to predict that if a stroke le-
sion occurs in the hand knob area, paralysis in the contralateral
hand will occur. However, it is not intuitively understood how
and why stroke lesions in the anterior thalamic radiation result
in cognitive impairment. Lesions in the anterior thalamic radia-
tion sever structural connections to the frontal lobe, reducing
the frontal cortical thickness, and leading to impairment in
frontal cortical functions, including processing speed and ex-
ecutive function.®'® If stroke lesions occur in the hub regions of
the well-known intrinsic functional network, their effects can
reach a wide range of areas of the brain that are functionally
connected, and not only the perilesional areas. Alstott et al.”
visualized this system-wide effect by lesions in the hubs
through computational modeling. Clinical studies have also re-
ported that cognitive impairment is more likely to arise when
lesions occur in the hub region, which mainly corresponds to
the heteromodal association cortex.'®"

There are two types of brain connectivity: functional connec-
tivity, which can be measured by functional neuroimaging tech-
niques, such as resting-state fMRI (rs-fMRI); and structural
connectivity, which can be measured by structural neuroimag-
ing techniques, such as DTI. Research using DTl infers structural
connectivity through white matter tracts and covers several ar-
eas. Analysis methods for DTl studies range from tractography
and tract-based spatial statistics to network models using graph
theory.””" A recent study using DTI compiled an “Atlas of white
matter function" based on 1,333 stroke lesions (available from
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https://identifiers.org/neurovault.collection:7735).% It has been
shown that a “stroke disconnectome” that comprehensively
considers the effects of structurally interconnected regions in
the brain, rather than only the location of the stroke lesion, bet-
ter describes the cognitive prognosis of patients with subcorti-
cal stroke. These results emphasize that subcortical lesions can
also lead to a decline in higher cognitive functions, which were
traditionally thought to be the exclusively caused by cortical le-
sions, and that the disruption of white matter connectivity can
be an important mechanism underlying this phenomenon. On
the other hand, network studies using rs-fMRI have identified
that key brain regions can be functionally affected by lesions
even if they are not structurally connected.”' In recent years,
an "“indirect lesion-network mapping” methodology has been
proposed to study the network-wide effects of local lesions by
applying the normative functional connectivity maps obtained
from healthy individuals to the patient's lesion location without
directly taking rs-fMRIs from stroke patients.'

In the following sections, we introduce these approaches
from a clinical perspective and discuss the main considerations
derived from each representative study. Network analysis in
stroke research can be classified into two main perspectives.
The first is to examine how stroke lesions result in changes in
the intrinsic brain networks and how these changes relate to
cognitive prognosis. The second is to look at the brain as a sin-
gle integrated system and determine how the composition of
this system changes and how such changes relate to cognitive
function. In this review, we first focus on the role of brain con-
nectivity in the pathophysiology of PSCI from a reductionist
perspective, considering changes in several representative
large-scale brain networks. We then move to a more holistic
perspective, analyzing the brain network as a complex system.
Lastly, we discuss the underlying vulnerabilities that can lead
to differences in network configurations between patients with
the same lesions.

From part to whole (I): a reductionist perspective
fMRI is a common research tool used to identify neural sub-
strates by administering a certain task to an individual and an-
alyzing the resulting signal changes. Thus, it has been the
foundation of cognitive neuroscience research. However, it is
not easy to analyze complex cognitive tasks during functional
imaging in patients with stroke sequelae. From this perspective,
the analysis of fMRI signals from the resting state, without the
assignment of any specific task, has clinical utility. Previous
studies suggested that network activity was consistently ob-
served during the resting state, and the corresponding net-
works were called resting-state networks (RSNs).”® These RSN
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include default mode, central executive, dorsal attention, and
salience networks.”* Typical canonical networks have been
studied in a variety of fields, such as normal aging, schizophre-
nia, depression, pain, and Alzheimer disease.**® A comprehen-
sive review of the association between cognition and RSNs
goes beyond the scope of this manuscript; thus, we recom-
mend that the readers refer to recent review papers.”’*

With regard to RSNs, a previous study, that applied lesion
mapping methods, has shown that the involvement of major
hubs within the default mode network and the central executive
network increases the risk of developing post-stroke global cog-
nitive impairment,'® while another study directly examined
changes in the activity of those hubs using rs-fMRI data in pa-
tients with stroke.*® These hubs include the medial temporal and
hippocampal regions, which are already known as strategic re-
gions, and the posterior parietal cortex, which is the heteromodal
association cortex, as suggested by computational modeling"”
and principal component analysis of connectivity hierarchy.”

Siegel et al.*? analyzed the communication between RSNs, as
well as the activities of individual RSNs. Resting-state fMRI
was performed in 132 patients with stroke and 31 matched
controls, along with comprehensive cognitive evaluations at 1
to 3 weeks after stroke. Moreover, stroke consequences on 13
canonical RSNs and their relationships with cognitive progno-
sis were analyzed. They found that primary motor and vision-
related functions were dependent on specific RSNs, but higher
cognitive functions, such as attention and memory, were more
dependent on the communication between several RSNs than
on the function of any individual RSN (Figure 1). Wernicke's
prediction, quoted earlier, was proven using advanced neuro-
imaging techniques 100 years later.

In summary, lesions in each region of the brain have differen-
tial effects on cognitive functions, and these differences should
be understood from a network perspective, rather than focusing
only on the location of the lesion itself. Damage to the highly
connected hubs within each network, or changes in communi-
cation between RSNs, were associated with the occurrence of
PSCI. However, other studies on PSCI have attempted to explain
the mechanisms of cognitive decline after stroke as a change in
the overall structure and information transfer efficiency of the
brain rather than applying the RSN perspective. In the next sec-
tion, we discuss this second approach.

From part to whole (II): brain as a complex
system-a holistic perspective

In addition to the RSN-based approach described above, imag-
ing analysis techniques can model the brain as a single com-
plex system. For example, the graph theory is a mathematical
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approach that allows us to represent a complex network sys-
tem in the form of simple lines (i.e., edges) and dots (i.e., nodes)
and to extract some representative quantities that can reflect
its characteristics.® Graph theory has been used not only in
neuroscience, but also in various other disciplines, such as so-
cial science and genetic association. For more information on
graph theory, please refer to the review articles and books by
Sporns,”” Rubinov and Sporns,® and Bullmore and Sporns.®* In
this section, we discuss the pathogenesis of PSCl through stud-
ies that have applied this holistic perspective.

Network attributes and post-stroke cognition

Integration and segregation are important concepts in under-
standing the brain as a network system (Figure 2A).** Integra-
tion is defined as “the ability to rapidly combine specialized in-
formation from distributed brain regions,” and characteristic
path length and global efficiency are well-known indicators of
integration.”® Segregation, defined as “the ability for special-
ized processing to occur within densely interconnected groups
of brain regions,” is an indicator that quantifies the functional
units within a network.*® Representative attributes of segrega-
tion include clustering coefficient, transitivity, and modularity.

300 http://j-stroke.org

In addition to these quantification measures, several methods
to directly visualize functionally compartmentalized communi-
ty structures have also been proposed.®** In brief, segregation
means that functions such as language and vision are confined
to a particular group of brain regions, while integration refers
to the ability of these areas to communicate with each other
more comprehensively from a brain-wide perspective. Figure
2B shows how stroke lesions can lead to changes in integration
and segregation. In the following sections, modularity, which is
closely related to PSCI, is discussed in detail.

Modules, modularity, and system segregation: an indicator
for functional segregation

A module represents a functionally compartmentalized unit in
the brain.** As such, modularity is an indicator of the fact that
functionally related brain regions exhibit highly correlated ac-
tivity within the network and less correlated activity with other
networks. This is a known strategy used by the brain to effi-
ciently process the flow of information and maintain the brain
functions that the network is responsible for.*’ Figure 2A and B
show the relationship between the module and hub, and how
focal lesions, such as strokes, change the cerebral network

https://doi.org/10.5853/j0s.2021.02376
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Figure 2. Integration and segregation in the brain as a complex system. (A) Schematic representation of functional segregation and integration. (B) Stroke le-
sions can cause different changes in segregation and integration depending on where they occur: upper panel, maintained segregation and reduced integra-
tion; bottom panel, decreased segregation while maintaining integration. (C) Stroke lesions can have widespread effects in the brain if they occur in the hubs

(dashed arrow).

configuration. Stroke lesions can have different outcomes de-
pending on the location of the lesion. In the case of the upper
panel of Figure 2B, segregation is maintained, but integration
is reduced as a consequence of decreased connectivity be-
tween functionally partitioned modules. However, as shown in
the bottom panel of Figure 2B, a decrease in segregation can
also occur without significant changes in integration. These
changes can be widespread, disrupting the information flow
not only in the peri-infarction area, but throughout the brain,
and even in the contralesional hemisphere ***

Changes in these modules and hubs have been studied in
relation to cognitive impairment after stroke. Siegel et al.*
performed an rs-fMRI study in stroke patients at 2 weeks (107
subjects), 3 months (85 subjects), and 1 year (67 subjects) af-
ter stroke. Modularity significantly decreased during the sub-
acute period and then partially recovered during the subse-
quent period. In addition, the recovery of modularity led to the
improvement of cognitive functions, such as language, spatial
memory, and attention, but not to the recovery of motor and
visual functions. In a task-based fMRI study of 15 patients
with left hemispheric stroke with aphasia, the correlation be-
tween written language production accuracy and modularity
was examined.” Although global integration was maintained,
patients with poor local integrity and modularity had more

https://doi.org/10.5853/j0s.2021.02376

severe symptoms and poor response to treatment. Separately,
the modularity and local integrity of the central occipital-
temporal regions related to spelling function improved after
treatment.

In addition, Chan et al.*' introduced the “system segregation”
variable to quantify the degree of segregation of the brain.
They demonstrated that changes in system segregation due to
aging were significantly associated with episodic memory
function. They suggested that “system segregation” can be a
good indicator of higher cognitive function, as even younger
subjects would display poor memory in the presence of low
system segregation, while even the elderly displayed good
memory function if they had high system segregation.

Although the changes in segregation due to stroke lesions
were mostly interpreted from a pathological perspective, it was
also suggested that these segregated brain structures could
prevent the spread of damage caused by focal brain lesions. In
other words, some researchers suggested an additional role of
brain segregation in isolating brain damage within a specific
module to minimize its impact, thereby preventing the overall
deterioration of brain function.’’*

These studies, which are related to modularity, within-net-
work connectivity, and system segregation, are good examples
of how neuroplasticity occurs in the brain during post-stroke
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treatment, and suggest that advanced neuroimaging tech-
niques, such as fMRI, can provide clinically useful information.

Hubness: integration throughout the brain

Along with changes in the composition of modules in the
brain, the brain-wide effects of stroke lesions depend on the
involvement of the hub regions, as illustrated in Figure 2C.
Hubs play a crucial role in the flow of information between
modules, which results in wider intracerebral functional
changes when compromised. In the figure, lesions in the hubs
(blue circle) have a more pronounced effect on the overall net-
work configuration compared to those not involving hubs, in
addition to the destruction of the module themselves (ex-
pressed in each color).*

Aben et al.® quantified the hubness to study its association
with PSCI. DTl and cognitive tests were performed in the 5th
week after ischemic stroke in 75 patients, and cognitive tests
were repeated 1 year later to evaluate recovery. The hub scores
of gray matter regions, segmented into 90 regions on the brain
network map, were obtained from 44 cognitively normal indi-
viduals. The proportion of volume of the region affected by the
stroke lesion was calculated and multiplied by the hub score of
the region, thus obtaining a “lesion impact score,” that would
index the influence of the lesion. This study showed that the
lower the lesion impact score, the better the cognitive progno-
sis 1 year after stroke onset. Moreover, it underlined a negative
correlation between the lesion impact score and global effi-
ciency, demonstrating that a lesion invading a hub clearly af-
fects the overall brain network integration.

Interplay between segregation and integration
The relationship between segregation and integration is also a
significant issue. Previous studies have reported that function-
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ally segregated sensorimotor systems are loosened during the
aging process.” In the case of the cingulo-opercular control
system, within-system connectivity decreases after middle age,
but between-system connectivity increases, which is consid-
ered a compensatory change. In other words, once the densely
segmented network becomes loose, it starts enhancing system-
wide information transfer as a coping mechanism. In patients
with stroke, the same process may occur during the recovery
process after the lesion is formed. The intra-network connectiv-
ity of the lesioned module is weakened and dispersed; however,
between-network connectivity with functionally adjacent net-
works can be increased (Figure 3). The initial decrease in modu-
larity after brain damage (as described in section ‘Modules,
modularity, and system segregation: an indicator for functional
segregation’) is also in line with this pathological change.®
Poor prognosis may occur if these compensation mechanisms
are not properly implemented. Guo et al.** studied the imbal-
ance between segregation and integration in 17 patients with
post-stroke aphasia. In this study, both parameters were de-
creased compared to those of healthy controls. This disruption
of intra-hemispheric networks in language-relevant regions
without compensation was significantly correlated with the
aphasia quotient. In addition, Wang et al.*® studied dynamic
functional network connectivity using time-varying analysis
methods in 58 patients with pontine stroke. They showed that
patients with pontine stroke spent less time in a highly segre-
gated state, which was associated with long-term low verbal
memory scores. These results suggest that abnormal functional
segregation and integration can also be observed in patients
with infratentorial stroke. Furthermore, Xu et al.* revealed that
regional connectivity was disrupted in the cognitive and limbic
systems in patients with post-stroke depression, while global
efficiency was increased. The abnormal segregation-integration
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Hierarchy in brain connectivity. A hierarchy exists in functional brain connections. Figure 2A can be represented according to the connectivity hier-
archy via a gradient analysis. In the lower left and right panels, the principal connectivity gradient explaining most of the variance in the connectivity data
was represented as separate layers. It usually follows the well-known axis of unimodal (e.g., visual, somatomotor networks; periphery; green-colored circles)
to heteromodal (e.g., default mode network; core; red-colored circles) hierarchy of the brain.

relationship also led to changes in small-worldness, which is
defined as the ratio between clustering coefficient (segrega-
tion) and characteristic path length (integration). In layman
terms “small-worldness” can be regarded as the degree to
which functionally clustered metropolitan cities (segregation)
are connected with a small number of highways (integration).
There is a debate regarding the relationship between small-
worldness and post-stroke functional outcomes. Blaschke et
al.”” demonstrated that acute stroke induces an abrupt increase
in small-worldness across both humans and rodents, and the
augmented small-worldness is significantly correlated with be-
havioral deficits. Van Meer et al.”® also indicated that small-
worldness was increased when stroke was induced in mice. On
the contrary, Siegel et al.*® reported that small-worldness de-
creased in patients with acute stroke. Since the results may
differ depending on the lesion characteristics and timing of the
evaluations,® further research is needed to reveal the effects of
the complex interplay between segregation and integration on
post-stroke changes in cognitive function.

Hierarchy of network structures
In addition to the concepts discussed above, taking into ac-
count the existence of a cortical hierarchy has proven impor-
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tant in understanding the effects of lesions on cognitive func-
tions. It has been suggested that the composition of brain net-
works is not all at the same level, and some major axes form
the brain’s functional hierarchy (Figure 4).*'

Cortical gradient analysis is a projection of the entire brain's
connectivity to low-dimensional subspaces aimed at revealing
the representative patterns of connectivity.®* In other words,
the connectivity gradients reflect the underlying structure of
functional similarity between cortical regions, and this approach
has led to an understanding of the functional composition of
the brain.*' The principal connectivity gradient, explaining most
of the variance in connectivity data, usually follows the well-
known unimodal (e.g., visual, somatomotor networks which
processes concrete information) to heteromodal (e.g., default
mode network, which processing abstract information) hierar-
chy of the brain.*'* With these connectivity gradients as the
reference axes, the macroscale change of brain network topolo-
gies, such as system segregation, can be explored. For example,
one can analyze the distance between brain regions that were
originally close enough in the gradient subspaces to be assigned
the same canonical brain module in healthy controls. This mea-
sure is called the "dispersion” score, and the increase of disper-
sion after stroke suggests that the functional segregation of a
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network is presumably weakened due to pathological process-
es.”’ Moreover, when the dispersion of frontoparietal, attention,
and default mode networks were increased by aging, cognitive
function also declined at the same time.®

Bayrak et al.* investigated the impact of ischemic stroke le-
sions on connectivity gradients. They reported that the degree
of functional connectivity changes due to stroke lesions de-
pends on the connectivity gradient, rather than the anatomical
distance from the lesion. Functional alterations in closely relat-
ed regions in the cortical gradient space were significantly as-
sociated with stroke severity and functional prognosis at dis-
charge after stroke.®

Graphical representation: usefulness and limitations
To adequately evaluate aspects of these complex relationships,
attempts are being made to not only represent them as a dis-
tinct parameter but also to visualize them as intuitive figures.
These visualization methods enable us to identify the commu-
nity structures of the brain and examine the spatial interac-
tions of each brain region, such as core-periphery structures
and hierarchical relationships (Figures 2 and 4). By calculating
the strength of connectivity between each pair of nodes and
representing it as a distance, it is possible to distinguish func-
tionally independent major communities, which can be visual-
ized through intuitive methods, such as spring-embedded fig-
ures (Figure 3). These methods can help understand the net-
work structures, especially when evaluating longitudinal
changes in one individual,*" or when comparing groups. Al-
though these brain network visualization methods are also be-
ing used in individual patients,* visualizing these spatial con-
figurations carries the risk of misinterpretation and mathemat-
ical bias, due to the high-dimensional nature of neuroimaging
data. Thus, graphical representations are still commonly used
when evaluating differences between groups.

Recently, two approaches have been explored to overcome
the limitations of the visualization process: (1) developing bet-
ter dimensionality reduction methods to minimize bias and en-
hance interpretability,” and (2) expanding the amount of data
by increasing the acquisition time of rs-fMRI**® First, there are
many well-known linear dimensionality reduction methods,
such as principal component analysis***® and independent
component analysis.** Furthermore, new nonlinear dimension-
ality reduction methods have recently been proposed to better
reflect and represent nonlinear manifolds for data visualiza-
tion, such as t-distributed stochastic neighbor embedding,*
and uniform manifold approximation and projection.®® In addi-
tion, many different parcellations have been developed.®”*°
Such dimensionality reduction methods should help to accu-
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rately visualize each individual patient's high-dimensional net-
work structure with minimal bias. Moreover, they can help re-
solve multiple-comparison issues, improving the statistical
power and sensitivity.

Second, the “precision functional mapping” approach utilizes
a large amount of fMRI data from one individual, allowing us
to obtain more robust features from individual's raw data and
estimate more precise models of individualized functional brain
networks.®"®? For example, a previous study acquired around 11
hours of rs-fMRI data per participant to examine precise func-
tional brain architectures, and demonstrated that these func-
tional brain connectomes are not only highly reliable within
individual but also unique and distinct with each other.*® This
approach has allowed the visualization of differences in the
order and arrangement of each major node in individual pa-
tients. These visualization methods allow the identification of
qualitative aspects of detailed network structures, which can-
not be determined only by certain attributes, such as global ef-
ficiency, modularity, and system segregation. A recent study,
using precision functional mapping, showed that the functional
reorganization of the hand motor area consists of a specific re-
mapping around the infarcted tissue after a large bilateral
stroke.® Despite these advantages, to ensure the reliability of
the analysis, rs-fMRI images must be obtained for at least 30
minutes; thus, there are still limitations to the application of
this method to patients with stroke in clinical practice, consid-
ering the cost and time involved. Once the individual functional
mapping of each stroke patient becomes more reliable and re-
producible, network analysis will be adopted in the clinical field
as part of a precision medicine approach.

Inference vs. observation: indirect and
direct mapping

Lesion-network mapping has recently attracted more and more
attention. In most functional network studies, fMRIs were tak-
en directly from patients and analyzed.*? For example, Siegel et
al.*” obtained rs-fMRI data from more than 100 patients to
confirm the correlation between each cognitive domain score
and well-known RSNs. Although fMRI is a sophisticated ana-
lytic method, it is usually extremely difficult to obtain rs-fMRI
data from patients, as fMRI requires limited movement for a
long time in patients with stroke. Moreover, it is challenging to
recruit a sufficient number of individuals for proper mathemat-
ical modeling.

To overcome these drawbacks, Fox et al.'* proposed a meth-
od called lesion-network mapping. This method uses a suffi-

|14

cient number of rs-fMRIs from normal volunteers to create a
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normative functional connectivity map, and then overlaps the
location of lesions in stroke patients with specific neurological
symptoms to determine the network effects that are induced
by each infarction." Several such studies applying this method
have been recently published,**® along with reviews discuss-
ing the limitations of the process.'*¢

The original purpose of the study by Darby et al.** Laganiere
et al.®* and Boes et al.®® was to identify the neural substrates
of peculiar neurological symptoms, which are difficult to iden-
tify by conventional lesion-symptom mapping methods, such
as chorea and delusional misidentification. To this end, they
focused on comparing patients with specific neurological
symptoms and controls without those symptoms. The research-
ers also used the data of nearly 1,000 normal participants of
the Brain Genomics Superstruct Project (GSP) to reconstruct
normative connectivity maps.® However, in the study by the
Corbetta group, rs-fMRI images were taken directly in patients
with stroke to create mathematical models predictive of cogni-
tive test scores and verify their explanatory power.*2

The Corbetta group™ showed that the lesion-network map-
ping was actually less predictive of cognitive prognosis than
the direct functional imaging, structural connectivity imaging,
and lesion location information itself. Thus, lesion-network
mapping cannot replace the conventional methods based on
data obtained directly from patients.” They proved their argu-
ment using 7-T rs-fMRI data of 132 individuals from the Hu-
man Connectome Project to reconstruct indirect lesion-net-
work mapping, known as functional disconnectome, and com-
paring the prognostic power for PSCl using four methods: le-
sion information, structural disconnectome, direct functional
disconnectome, and indirect functional disconnectome. In their
results, the indirect lesion-network mapping showed the low-
est predictive power for PSCL."™

In response, Cohen et al.® conducted a study to evaluate the
predictive power of the same four methods using different pop-
ulation-based and analytic approaches. In contrast to the study
by Salvalaggio et al.,” the authors reconstructed the indirect
functional disconnectome using 3-T MRI data from 1,000 indi-
viduals from the Human Connectome Project and focused on
lesion location data. When the modeling was performed, apply-
ing the leave-one-out method and the “lesion mask” for each
patient, the predictive power of the indirect functional discon-
nectome for behavioral outcomes showed an R? value similar to
that of the lesion information-based approach.

The details of the technical points go beyond the scope of
this review, but this debate demonstrates the recent develop-
ments and growing interest in analytic methods using rs-fMRI
in the field of stroke. Upon further implementation, these meth-
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ods may become an important tool for easier screening, assess-
ment, and identification of patients at high risk of PSCI, as well
as facilitating research related to therapeutic intervention.

Vulnerability

So far, we have mainly considered the relationship between le-
sions and cognitive function. However, it is commonly observed
that even similar-sized lesions occurring in similar locations
may have different prognosis among patients. Therefore, fur-
ther research is needed to elucidate the interactions between
patients’ underlying vulnerabilities and stroke lesions on net-
work functions (Figure 5). Such vulnerabilities include the pa-
tient's age, sex, cognitive reserve, and comorbidities. Recent
studies have worked on developing a new method that visual-
izes the underlying pathological processes, which are not ob-
served with conventional images.

It is well known that amyloid pathology accelerates cogni-
tive decline after stroke. Among patients with stroke, those
with positive amyloid positron emission tomography (PET) re-
sults showed more distinct cognitive decline than those with-
out them in a 3-year follow-up study.” This finding has been

Normal  Vulnerable

deposition
BBB disruption

‘ White matter

“5/ hyperintensities

Lesionfinduced'}{,
disconnection |

Compensatory increase™ ¢
of network integration "~

\Compensation
failure

Effects of vulnerability factors on stroke-induced brain network
changes. Prognosis after stroke can be affected by multiple risk factors, in-
cluding amyloid decomposition, blood-brain barrier (BBB) disruption, and
whiter matter hyperintensities. Left: Brain without vulnerability. Stroke le-
sion (black polygon) induces disconnection of brain regions (dashed sky-
blue line), followed by compensatory increase of brain network integration.
Line thickness is proportional to connectivity strength. Circles indicate dif-
ferent brain regions. Right: Brain with vulnerability. Amyloid decomposition
(orown speckles), white matter hyperintensities (gray polygon), BBB disrup-
tion (cyan polygon) disrupt compensatory brain network integration, indi-
cated as gray line with hatch marks. Lacune are also marked as gray col-
ored open circles.
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replicated through a longitudinal study in patients with sub-
cortical vascular cognitive impairment, that had SVD without
overt clinical stroke.”' However, some studies have reported
that severe SVD is more important than amyloid pathology for
long-term cognitive decline after stroke.”” Thus far, it seems
clear that amyloid pathology has a detrimental effect on cog-
nitive decline after stroke, although it is necessary to pay at-
tention to the definition of the patient group, evaluation
method, and follow-up period when interpreting these results.
Furthermore, it has also been suggested that stroke itself alters
amyloid PET findings, requiring caution in interpretation. In pa-
tients with recent infarction, the peri-infarct region had a rela-
tive increase in Pittsburgh compound B (PiB) retention com-
pared with the contralateral mirror region, but no increase in
global PiB retention.”® An animal study has shown a transitive
increase in amyloid plaques around infarct areas, possibly re-
flecting the impairment of the amyloid clearance pathway
around the infarcted tissue.”* Some researchers argue that such
findings may be the result of free PiB leakage due to the BBB
damage of the peri-infarct tissue, which requires careful inter-
pretation.” If the rapidly developing peripheral blood biomark-
ers for amyloid and tau are evaluated for this purpose, it will
be possible to confirm the effect of these superimposed amy-
loid and tau pathology on cognitive impairment after stroke in
a more multifaceted manner.”

BBB disruption has been studied in a variety of neurological
disorders, including SVD, and several neurodegenerative dis-
eases. However, BBB disruption cannot be easily evaluated us-

176 visu-

ing conventional imaging techniques. Thrippleton et a
alized BBB leakage through dynamic contrast-enhanced MRI
(DCE-MRI) in patients with lacunar infarction. Although the le-
sion identified by fluid-attenuated inversion recovery (FLAIR)
was a small lacuna, DCE-MRI shows that ipsilesional hemi-
spheres were accompanied by more extensive BBB changes.
Further research is still needed to determine whether this
change is a temporary phenomenon, how long it lasts, and
whether it is related to functional prognosis; however, it has an
important implication in terms of the underlying vulnerabilities
of the patient's cognitive outcome, which would be difficult to
identify based only on the lacunae number and location.

A recent study reported that a "free water" indicator of DTl
showed a significant negative correlation with memory and
frontal executive function even before the changes in fraction-
al anisotropy (FA) and mean diffusivity (MD) appeared. It was
suggested that the DTl free water may represent a subtle
breakdown of the BBB.”” DTI has the advantage of eliminating
the need for a contrast medium, unlike DCE-MRI, and has been
shown to reflect white matter pathology ahead of changes in
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FA and white matter hyperintensities.”® DTI free water has also
been reported to have increased in the substantia nigra of Par-
kinson's disease patients, as well as in the basal ganglia and
thalamus of patients with other Parkinson syndromes, includ-
ing multiple system atrophy and progressive supranuclear pal-
sy.”® Because it can reflect various pathological mechanisms,
further studies are needed to elucidate the exact relationship
between DTl free water and BBB disruption.””

As mentioned earlier, it has been suggested that SVD is re-
lated to delayed cognitive decline after stroke.” The severity of
SVD is an important determinant for PSCI, but the importance
of the strategic location of SVD has also been suggested.’”® A
recently developed advanced imaging method, which can re-
flect the pathological changes of normal-appearing white
matter (NAWM), is also expected to provide clarity regarding
the vulnerability of patients after stroke. Cerebrovascular reac-
tivity in the NAWM around leukoaraiosis was reduced,®’ and
BBB permeability was increased in the NAWM, prior to the de-
velopment of white matter lesions.®? Microstructural altera-
tions, reflected by high MD and low FA in DTl, were associated
with poor processing speed and global cognition.®® Determining
the extent of pathological processes in white matter regions
prior to stroke is important for accurate prediction of cognitive
prognosis and screening of patients for treatment. Another
SVD marker is microinfarct, defined as a small lesion with less
than 5 mm of T1 low and T2 high signal intensities in the cor-
tical regions.®* van Veluw et al.®* verified in an autopsy study
that these lesions, observed with 7-T MRI, were actually micro-
infarcts. These microinfarcts were more frequently found in
patients with Alzheimer's disease than in healthy controls, and
also showed a strong association with vascular dementia.®®
Their presence was closely related to the deterioration of vi-
suoconstructive and language functions, along with global
cognition. It is noteworthy that these microinfarcts can also be
observed with 3-T MRL® Microinfarcts were identified using
T2, T1, and FLAIR of 3-T MRI in 34 out of 231 stroke patients
within 1 week (14.7%) and significantly correlated with atrial
fibrillation and confluent white matter hyperintensities. The
authors suggested that microinfarcts may be related to micro-
embolism and cerebral SVD. In terms of cognitive outcomes,
they showed a significant correlation with visuospatial domain
changes. In addition, perivascular spaces, cerebral microbleeds,
and cerebral amyloid angiopathy are SVD markers that reflect

the vulnerability of individual patients.?’#

Challenges and future perspectives

This is a field where significant progress has been made, but
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many outstanding challenges remain to be solved. In particu-
lar, the importance of cooperative research has recently
emerged, as lesion-symptom mapping studies require a larger
number of patients to provide wider lesion coverage. In addi-
tion, to investigate changes in the network structures while
considering the diversity of stroke lesions and patient-specific
characteristics, a large number of patients with well-described
clinical features are needed. Multidisciplinary cooperation is
also required as it impossible for clinicians to be familiar with
all the sophisticated analysis methods that are being continu-
ously developed.

Several representative international consortia have been re-
cently formed to study the pathogenesis of PSCI. Among them,
the Meta VCl Map obtained large amounts of lesion location
information through 12 acute ischemic stroke cohorts, and also
refined the lesion-symptom mapping analysis method.™ Stroke
and Cognition Consortium (STROKOG) is another international
consortium of longitudinal studies of PSCI that has presented
important results from epidemiological and clinical studies of
PSCI.2%° The “Determinants of Incident Stroke Cognitive Out-
comes and Vascular Effects on RecoverY (DISCOVERY)" is a
consortium formed in North America, which plans to obtain
multimodal data from over 8,000 patients, aiming to identify
high-risk groups and the determinants of PSCI (ClinicalTrials.
gov ldentifier: NCT04916210).

fMRI and DTI are important research methods, but they
have several drawbacks when applied to patients with stroke.
These imaging techniques are burdensome for widespread im-
plementation in patients with stroke, as they require a long
scan time and are vulnerable to in-scanner movement. On the
other hand, electroencephalography (EEG) is more affordable
and easier to apply to patients; thus, it would be a good alter-
native for the study of network changes due to stroke, if reli-
able analysis techniques can be established for EEG.

The studies discussed in this review mainly focused on the
pathophysiology of PSCI, but their final aim was therapeutic
intervention. In particular, research from a network perspec-
tive will provide important information on neuromodulation.
Grefkes and Fink® conducted fMRI imaging at various time
points, i.e. as 1, 3, 7, and 90 days after stroke, and showed in-
teresting results regarding the longitudinal changes in brain
functional connectivity around the stroke lesion. In their study,
activation of the contralateral homologous regions showed a
suppressive effect in the early days after stroke onset, but a
beneficial effect as time passed. This result has important im-
plications for future neuromodulation targets and treatment
windows. We do not yet know which stroke patients should be
treated with neuromodulation and what is the optimal timing
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for the intervention. Further studies are required to provide
critical information regarding this therapeutic intervention.

Conclusions

New imaging studies, as we have shown above, have increased
knowledge on the patho-mechanisms of PSCI. Advances in
classical lesion-symptom mapping techniques continue to re-
veal the localization of each cognitive domain in more sophis-
ticated ways. In addition, novel methods have been imple-
mented to comprehensively examine the disruption of func-
tional and structural connections within the brain, caused by
focal lesions, as well as the related changes in the brain sys-
tem. Various graphical representations are useful to understand
the detailed changes in network configuration induced by focal
lesions. In addition, new information on the vulnerabilities that
interfere with the recovery mechanism have been collected.
International collaborations can deepen our understanding of
the pathogenesis of PSCl and ultimately allow us to take a fur-
ther step in the development of therapeutic interventions.
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