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ABSTRACT: Cerebral small vessel disease (CSVD) is a common, age-related microvascular brain disorder and
a major vascular cause of cognitive impairment. However, individuals with similar magnetic resonance imaging
(MRI) lesion burdens often follow different cognitive trajectories, indicating that conventional imaging captures
only late-stage manifestations of a broader pathological cascade. This review focuses on cognitive heterogeneity
in CSVD through a heterogeneity-oriented conceptual framework, discussing how divergent cognitive
trajectories may arise through the interaction of lesion-related factors, network-mediated consequences,
biological and pathological modifiers, and individual susceptibility factors. We highlight the importance of lesion
topography, particularly damage to strategic network hubs and connections. Beyond focal lesions, structural
network disruption and remote structural and functional abnormalities beyond MRI-visible lesions further
shape clinical heterogeneity. We additionally examine biological and pathological modifiers, including molecular
biomarkers, heterogeneous neuropathological substrates, and mixed pathology, as well as individual
susceptibility factors, such as life-course influences, brain reserve, and resilience. Together, these interacting
mechanisms help explain why individuals with comparable structural lesion burdens may experience divergent
cognitive trajectories. By reframing CSVD-related cognitive impairment beyond a simple lesion-burden model,
this review highlights implications for diagnosis, prognostication, and future individualized approaches to
cognitive impairment in CSVD.
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1. Introduction achieved relatively little success in treating disorders of

the cerebral small vessels [4].

As global life expectancy increases, the burden of age-
related cognitive impairment continues to rise [1, 2].
Cerebral small vessel disease (CSVD), which affects the
brain’s small perforating arterioles, capillaries, and
possibly venules, has emerged as a major vascular
contributor to cognitive decline [3]. Elucidating the
pathophysiological mechanisms that drive small vessel
injury is therefore critical for developing effective
therapies. Progress has remained limited, however,
largely because current imaging and in vivo approaches
cannot adequately visualize small cerebral vessels.
Moreover, despite major advances in reperfusion
therapies for large-vessel disease, stroke specialists have

CSVD should be considered a global brain disorder
rather than a focal condition, because its localized lesions
can affect distant brain regions and disrupt both structural
and functional networks. This network-based perspective
underscores the potential for conceptual and therapeutic
advances by evaluating CSVD-related clinical outcomes
in the broader context of small vessel injury. A clearer
understanding of how upstream structural damage leads
to downstream functional dysfunction is essential to
improve clinical outcomes. Nevertheless, the mechanisms
by which CSVD causes cognitive impairment remain
incompletely defined. Clinicians consistently observe
substantial clinical heterogeneity among patients with
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similar radiological CSVD features, and in a hospital-
based cohort, the 5.5-year cumulative risk of dementia
among individuals with CSVD was 11% [5]. These
findings indicate that CSVD often remains clinically
silent or produces only mild functional deficits in most
affected individuals. The pronounced heterogeneity in
both structural damage and functional consequences
complicates mechanistic insight and hinders accurate
diagnosis and effective treatment of CSVD-related
cognitive impairment.

Box 1. Distinctive focus of the present review
relative to prior reviews.

1. Focuses on cognitive heterogeneity in CSVD rather
than providing another broad overview of CSVD-
related cognitive impairment.
2. Explores why individuals with apparently similar
MRI-visible lesion burdens exhibit markedly different
cognitive trajectories.
3. Proposes a heterogeneity-oriented conceptual
framework integrating:

- lesion-related factors

- network-mediated consequences

- biological and pathological modifiers

- molecular biomarkers

- pathological heterogeneity and mixed pathology

- individual susceptibility factors
4. Moves beyond a simple lesion-burden model to
highlight implications for diagnosis, prognostication,
and future individualized approaches.
Abbreviations: CSVD, cerebral small vessel disease;
MRI, magnetic resonance imaging.

Although previous reviews have comprehensively
summarized the diagnosis, pathophysiology,
neuroimaging, and management of CSVD-related
cognitive impairment [6], a clinically important but
unresolved question remains: why do individuals with
apparently comparable structural lesion burdens often
exhibit markedly different cognitive trajectories?
Conventional magnetic resonance imaging (MRI)-visible
lesions likely capture only part of the disease spectrum
and incompletely explain this clinical heterogeneity.
Rather than providing another broad overview of CSVD-
related cognitive impairment, this review focuses on the
transition from structural injury to functional dysfunction
through a heterogeneity-oriented conceptual framework.
Specifically, we discuss how cognitive heterogeneity in
CSVD may arise through the interaction of lesion-related
factors, network-mediated consequences, biological and
pathological modifiers, and individual susceptibility
factors. By reframing CSVD-related cognitive
impairment beyond a simple lesion-burden model, this

review aims to provide a more integrated conceptual
perspective on the mechanisms underlying divergent
clinical outcomes and to highlight implications for
diagnosis, prognosis, and therapeutic development (Box

).

2. From structural damage to cognitive impairment in
CSVD

A major clinical challenge in CSVD is that tissue
sampling for definitive diagnosis is rarely feasible.
Neuroimaging, by contrast, is widely available, and
established standards guide its use for CSVD diagnosis.
The Standards for Reporting Vascular Changes on
Neuroimaging (STRIVE) group introduced standardized
terminology and minimum imaging criteria for suspected
CSVD. Neuroimaging, particularly MRI, reveals
characteristic features of CSVD. White matter
hyperintensity (WMH) commonly raises suspicion for
CSVD, while additional findings with higher specificity
but uncertain sensitivity include recent small subcortical
infarct, lacune, perivascular spaces (PVS), cerebral
microbleed (CMB), cortical superficial siderosis (CSS),
cortical cerebral microinfarct, and brain atrophy [7, 8].

MRI-visible lesions reflect only a limited portion of
the brain injury caused by CSVD and typically represent
relatively late and often irreversible stages of the disease
process. Nonetheless, when considered together, these
radiological markers show strong associations with
cognitive and functional decline [9]. Meta-analyses
consistently demonstrate a robust link between WMH and
cognitive impairment, indicating that greater baseline
WMH burden, faster progression, and periventricular
distribution increase the risk of incident dementia [10,
11]. To date, at least twenty cohort studies - mainly from
Europe and North America, with two from East Asia -
have examined the association between WMH and future
dementia, and all support this relationship [12]. Incident
lacunes also predict dementia onset [13], and pooled
analyses indicate that lacunar infarcts confer a
significantly increased or borderline significant risk of
dementia [14, 15]. Approximately 30 percent of patients
who experience a lacunar stroke develop cognitive
impairment within four years of the index event, a rate
comparable to that observed after non-lacunar stroke (23
percent). This similarity suggests that progressive CSVD,
rather than the acute infarct itself, primarily drives
cognitive decline [16].

Cortical ~ microinfarcts,  although  markedly
underdetected by routine MRI, represent the most
common form of cerebral infarction. They frequently are
associated with cerebral amyloid angiopathy (CAA),
occur at high prevalence among cognitively impaired
individuals, and show strong, independent associations
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with adverse cognitive outcomes [17-19]. According to
the Boston criteria, most individuals older than 55 years
with multiple strictly lobar CMB, even in the absence of
intracerebral hemorrhage or alternative diagnoses, are
presumed to have CAA. These individuals face an
estimated annual hemorrhage risk of 5 percent and appear
to experience more severe cognitive decline and higher
dementia rates than patients with deep CMB [20]. Global
brain atrophy commonly occurs in CSVD but largely
reflects the combined effects of aging and coexisting
neurodegenerative processes [21, 22]. Although smaller
brain volumes correlate with cognitive impairment, the
lack of adequate Alzheimer’s disease (AD)-specific
control groups in most studies limits causal inference [23].
Enlarged PVS have also been associated with poorer
cognitive performance, but inconsistent findings weaken
their utility as a reliable biomarker [21, 24]. Nevertheless,
several longitudinal cohort studies have linked greater
PVS burden to increased dementia risk [25, 26].

Consistent with the associations between MRI-visible
markers and cognitive decline, cognitive impairment
represents a major clinical consequence of CSVD.
Beyond overt dementia, milder forms of cognitive
impairment are substantially more common and may still
impose considerable functional disability [27]. CSVD-
related cognitive impairment most commonly presents as
a characteristic subcortical cognitive syndrome,
predominantly involving executive dysfunction, slowed
processing speed, attentional deficits, and impaired
working memory. Episodic memory is relatively
preserved in earlier stages but may become affected as
disease severity increases or additional pathology
accumulates. This cognitive pattern resembles the
frontal-subcortical syndrome observed in disorders
affecting  frontal-subcortical  circuits  [28, 29].
Accordingly, cognitive assessments emphasizing
executive function and processing speed may improve
detection of probable CSVD-related cognitive
impairment, particularly in earlier disease stages. In
clinical practice, probable CSVD-related cognitive
impairment may be suggested by predominant executive
dysfunction and slowed processing speed
disproportionate to memory impairment, together with
MRI evidence of CSVD burden. By contrast, prominent
episodic memory impairment, language dysfunction, or
visuospatial deficits out of proportion to vascular lesion
burden may raise suspicion for  coexisting
neurodegenerative pathology.

However, increasing evidence suggests that cognitive
impairment in CSVD is broader and more heterogeneous
than the traditional subcortical profile alone would imply.
Considerable overlap exists across dementia syndromes,
partly reflecting the multifactorial nature of age-related
cognitive decline and the frequent coexistence of

neurodegenerative pathology [30]. Recent meta-analytic
evidence indicates that CSVD-related cognitive
impairment may extend beyond executive dysfunction
and slowed processing speed, with deficits observed
across multiple cognitive domains [31, 32]. Whether
impairments in  non-executive domains  reflect
downstream consequences of disruption in key cognitive
systems or more generalized multisystem involvement
remains uncertain. Severe CAA, for example, has been
associated  with  relatively  greater  visuospatial
dysfunction, potentially reflecting the posterior
predominance of amyloid-related vascular injury [33, 34].
Accordingly, cognitive profiles extending beyond the
characteristic  subcortical pattern should prompt
consideration of coexisting vascular and
neurodegenerative pathology. Where available, amyloid-
B and tau biomarkers, together with CAA-sensitive MRI
markers (e.g., lobar cerebral microbleed and cortical
superficial siderosis according to the Boston criteria), may
facilitate differentiation between predominant CSVD and
mixed vascular—neurodegenerative disease. Longitudinal
multimodal phenotyping, integrating repeated clinical,
cognitive, imaging, and biomarker assessments, may
further improve diagnostic classification and clarify the
relative contribution of vascular and neurodegenerative
processes over time [35, 36]. Together, these findings
suggest that although a subcortical cognitive profile
remains clinically characteristic of CSVD, the spectrum
of cognitive impairment is likely more heterogeneous
than previously recognized.

3. Mechanisms linking structural damage to cognitive
impairment in CSVD

Pathophysiologically, CSVD arises from concurrent
structural and functional abnormalities of the cerebral
microvasculature. Microcirculatory injury in CSVD
involves tightly coupled structural damage and
physiological dysfunction. Structurally, small vessels
develop wall thickening, increased rigidity, luminal
stenosis, and, in some cases, microvascular rupture.
Functionally, these changes lead to impaired
cerebrovascular autoregulation, reduced neurovascular
coupling (NVC), blood—brain barrier (BBB) disruption
and leakage, and are increasingly associated with
impaired interstitial fluid drainage [37-45]. Endothelial
injury plays a central role in these processes, with
additional contributions from mural cells, including
vascular smooth muscle cells and pericytes, which
together regulate microvascular integrity and function
[46-49].

White matter lesion formation constitutes a central
pathological hallmark of cognitive impairment in CSVD.
Because white matter supports communication across
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neural circuits, these lesions serve as clinically
meaningful indicators of CSVD-related brain dysfunction
[50, 51]. Despite clear evidence of microcirculatory injury
in CSVD, whether vascular dysfunction represents a
primary cause or a downstream consequence of brain
damage, and how directly it drives clinical manifestations,
remain unresolved. Emerging methodological approaches
may help address this long-standing “chicken-and-egg”
question. Recent large cross-sectional cohort studies
demonstrate that reduced carbon dioxide (CO:) reactivity
in white matter or subcortical gray matter associates with
greater CSVD burden, including WMH, lacunes, CMB,
PVS, and brain atrophy, as well as with impaired
cognitive performance [37, 38]. Additional imaging
studies in patients show that decreases in cerebral blood
flow (CBF) accompanied by increases in oxygen
extraction fraction (OEF) correlate with higher WMH
density, supporting a role for chronic hypoxia—ischemia
in CSVD pathogenesis and WMH formation [52, 53].
Experimental studies in mice further suggest that NVC
deficits may arise primarily from vascular, rather than
neuronal,  dysfunction.  Specifically, age-related
deterioration reflects a decline in vasoresponsivity rather
than reduced neuronal activity [54].

Pathologically, white matter lesions encompass a
spectrum of processes, including demyelination,
astrogliosis, and axonal loss. Converging evidence from
longitudinal cohort, human imaging, and experimental
animal studies suggests that these changes may reflect the
combined effects of chronic cerebral hypoperfusion, BBB
leakage, and secondary increases in oxidative stress and
inflammation [27, 55]. These insults are thought to
contribute to cellular dysfunction, mitochondrial
impairment, and activation of pro-apoptotic signaling
pathways, ultimately driving white matter injury [56-58].
The resulting structural damage is likely to compromise
the integrity of long-range white matter tracts that support
efficient interregional communication. As injury
accumulates, axonal signal transmission becomes delayed
or disorganized, disrupting information flow across large-
scale brain networks, particularly fronto-subcortical and
cortico-cortical circuits that underlie executive function,
attention, and memory [59, 60]. However, the precise
causal relationships among vascular dysfunction, white
matter injury, and network disruption remain
incompletely  understood.  Further  longitudinal,
multimodal, and mechanistic studies are needed to
establish the temporal sequence of these pathological
processes.

Diffuse cerebrovascular endothelial failure is widely
considered a key mechanism underlying CSVD-related
brain injury. Endothelial damage may disrupt BBB
integrity, allowing blood-derived components to
extravasate into the brain parenchyma. This leakage is

proposed to promote local vascular alterations and
widespread  tissue injury by triggering brain
inflammation, characterized by early activation and
sustained accumulation of microglia and macrophages.
Human and experimental studies further suggest that
cerebral microhemorrhages are associated with more
severe  neuroinflammation, as  microhemorrhages
themselves provoke persistent local inflammatory
responses, while the breakdown of extravasated
erythrocytes promotes iron deposition and the
inflammatory milieu further alters cerebral iron
metabolism. The cerebral cortex and deep nuclei are
essential for normal cognitive function, and inflammation
and iron deposition in these regions cause neuronal
damage that directly impairs cognition [61-63]. However,
the interactions among endothelial failure, BBB leakage,
neuroinflammation, and iron dysregulation remain
incompletely understood, and further studies are needed
to clarify how these processes interact during disease
progression.

BBB leakage also increases interstitial fluid
accumulation. In parallel, the glymphatic system, a
perivascular clearance pathway involved in cerebrospinal
fluid (CSF)-interstitial fluid exchange, has been
identified to be present in both animals and humans [64,
65]. Experimental animal and human imaging studies
suggest that impaired fluid transport through the
glymphatic system may contribute to PVS enlargement
and interstitial fluid buildup within the white matter [66,
67]. Additional human imaging studies further report
associations between enlarged PVS and
neuroinflammatory markers, raising the possibility that
impaired waste clearance and resulting oxidative stress
and inflammatory responses may promote myelin
degeneration and reactive gliosis, progressively
weakening the structural integrity of long-range white
matter and subcortical fiber tracts [68]. More recently,
longitudinal cohort studies using diffusion tensor image
analysis along the perivascular space (DTI-ALPS), an
indirect MRI-based surrogate of glymphatic function,
show that decreased DTI-ALPS are related to progression
of MRI markers of CSVD, along with CSVD-related
cognitive decline over time [69, 70]. These findings may
support a role for impaired glymphatic clearance in CSVD
progression and cognitive deterioration. However,
because current imaging approaches do not directly
quantify glymphatic function and much of the available
evidence remains  associative, the mechanistic
contribution of glymphatic dysfunction to CSVD-related
cognitive impairment remains incompletely established
and warrants further investigation.

Loss of microvascular homeostasis may promote
chronic focal hypoperfusion and ischemia, increase
susceptibility to microhemorrhages, impair interstitial
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waste clearance, and induce secondary metabolic
dysfunction and sustained pro-inflammatory signaling.
Together, these processes are thought to preferentially
damage cortical, subcortical, and limbic regions that are
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Figure 1. Schematic overview of the putative cascade linking microvascular dysfunction, glymphatic impairment and cognitive
decline in CSVD. Hemodynamic and drainage disturbances—such as small artery stenosis, capillary rupture, small venous obstruction,
and impaired CSF-ISF exchange—are proposed to converge on neurovascular unit dysfunction and reduced perivascular clearance.
These processes are reflected by characteristic neuroimaging markers of CSVD, including WMH, CMB, and EPVS. In this framework,
WMH are associated with CCH and BBB leakage, accompanied by macrophage infiltration and microglial activation. CMB are linked
to microhemorrhagic injury with perivascular hemosiderin deposition and neuroinflammatory responses. EPVS are considered an
imaging correlate of impaired CSF—ISF exchange and concomitant neuroinflammation. The cumulative burden of these vascular and
clearance-related abnormalities contributes to cortical network dysfunction, subcortical white matter tract damage, and limbic system
disruption, ultimately leading to cognitive impairment. Abbreviations: AQP4, aquaporin-4; BBB, blood-brain barrier; CCH, chronic
cerebral hypoperfusion; CMB, cerebral microbleed; CSF, cerebrospinal fluid; CSVD, cerebral small vascular disease; EPVS, enlarged
perivascular space; ISF, interstitial fluid; PVS, perivascular space; WMH, white matter hyperintensity.

At the cortical level, converging studies show that
reduced functional connectivity within the frontoparietal
control network (FPCN), dorsal attention network (DAN),
and default mode network (DMN) scales with the severity
of cognitive impairment in CSVD. Because these
networks depend on long-range cortico-cortical
connections, their disruption leads to domain-specific
cognitive deficits. Reduced DMN connectivity associates
with impaired episodic memory, whereas disconnection
of the FPCN and DAN contributes to executive
dysfunction and attentional deficits, respectively. Beyond
cortico-cortical networks, injury to strategic subcortical
white matter tracts plays a critical role in CSVD-related
cognitive impairment. Diffusion tensor imaging (DTI)
studies consistently identify the corpus callosum, anterior
thalamic radiation (ATR), superior longitudinal fasciculus
(SLF), cingulum bundle, and projection fibers of the
internal  capsule  as  particularly  vulnerable.
Microstructural damage within these tracts mediates the
relationship between overall CSVD burden and deficits in
processing speed, executive function, attention, and
working memory, with ATR injury emerging as an
especially strong predictor. The thalamus and
hippocampus, as key nodes within subcortical and limbic
circuits, also represent strategically important structures
affected by CSVD. Thalamic atrophy and disrupted
thalamocortical connectivity show strong associations
with global cognitive impairment and reduced attentional

control, whereas hippocampal vulnerability resulting
from either direct microinfarcts or secondary
degeneration driven by white matter damage contributes
to episodic memory decline (Table 1).

4. Heterogeneity of cognitive impairment in CSVD

Although structural damage defines CSVD, its functional
consequences - particularly cognitive impairment -
represent the primary clinical concern. Structural
neuroimaging markers of CSVD correlate with cognitive
deficits [101], but they explain only part of the marked
heterogeneity in clinical outcomes, as many individuals
retain normal cognition despite substantial lesion burden
[102-105]. These findings indicate that the progression
from structural injury to functional decline is not linear

and reflects a complex interplay of interacting
neurobiological processes [47].
Cognitive  heterogeneity in CSVD can be

conceptualized as arising from four interacting levels of
influence. Firstly, lesion-related factors determine the
immediate impact of vascular injury according to lesion
location and involvement of strategic brain regions.
Secondly, network-mediated consequences propagate the
effects of focal lesions through structural and functional
disconnection. Thirdly, biological and pathological
modifiers, including molecular biomarkers, pathological
heterogeneity, and coexisting neurodegenerative
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pathology, influence the tissue response to vascular injury
and may amplify or attenuate its cognitive consequences.
Finally, individual susceptibility factors, such as cognitive
reserve and resilience, determine the extent to which
pathological changes translate into clinical impairment.

Together, these interacting mechanisms help explain why
individuals with apparently similar MRI-visible lesion
burdens may exhibit markedly different cognitive
trajectories.

Table 1. Major structural correlates of cognitive impairment in CSVD.

Affected Specific sites Cognitive domains impacted Representative evidence
structure affected
Cortical DMN Memory, general cognition executive Sun et al. 2011 [71]; Yi et al. 2012 [72]; Schaefer
networks function, processing speed et al. 2014 [73]; Zhou et al. 2016 [74]; Ding et al.
2017 [75]; Liu et al. 2019 [76]; Schlemm E et al.
2022 [77]; Wei HL et al. 2024 [78]; Hu Y et al.
2025 [79]
FPCN Executive function, working memory Kim et al. 2016 [80]; Liu et al. 2019 [76]
DAN Executive function, attention Ding et al. 2018 [81]; Liu et al. 2019 [76]; Hu Y et
switching al. 2025 [79]
SN Executive function, general cognition De Marco et al. 2017 [82]; Benson et al. 2018 [83];
Chen et al. 2019 [84]; Wei HL et al. 2024 [78]
SMN Executive function Wu et al. 2015 [85]; Zhou et al. 2020 [86]
VN General cognition Xin H et al. 2022 [87]
Subcortical Corpus callosum  Global cognition, interhemispheric Reijmer et al. 2015 [88]; Biesbroek JM et al. 2017
white matter transfer, processing speed, executive [89]; Biesbroek et al. 2017 [90]; Ban S et al. 2019
tracts function [91]; Jacobs HIL et al. 2022 [92]; Dobrynina et al.
2024 [93]
ATR Executive function, attention, Biesbroek JM et al. 2016 [94]; Biesbroek JM et al.
processing speed 2017 [89]; Biesbroek et al. 2017 [90]; Biesbroek
M, et al. 2020 [95]; Jacobs HIL et al. 2022 [92]
SLF Processing speed, executive function, Biesbroek JM et al. 2017 [89]; Ban S et al. 2019
working memory [91]; Biesbroek JM, et al. 2020 [95]
Cingulum Memory, executive control, attention Biesbroek JM et al. 2017 [89]; Ban S et al. 2019
bundle [91]; Jacobs HIL et al. 2022 [92]
Internal capsule  Processing speed, motor control, Hu et al. 2022 [96]; Jacobs HIL et al. 2022 [92]; da
projection fibers  executive function Silva PHR et al. 2023 [97]; Sui et al. 2025 [98]
Subcortical Thalamus Memory (anterior), attention/executive  Li et al. 2023 [99]; da Silva PHR et al. 2023 [100]
nuclei and (medial), visuospatial (posterior)
limbic Hippocampus Episodic memory, learning Ban S et al. 2019 [91]; Jacobs HIL et al. 2022 [92]
structures and fornix

Abbreviations: ATR, anterior thalamic radiation; CSVD, cerebral small vessel disease; DAN, dorsal attention network; DMN, default mode network;
FPCN, frontoparietal control network; SLF, superior longitudinal fasciculus; SMN, sensorimotor network; SN, salience network; VN, visual network.

4.1 Lesion-related factors

Cognitive networks exhibit complex neuroanatomical
organization, and lesion location plays a critical role in
linking structural damage to cognitive impairment.
Importantly, lesions differ markedly in their functional
impact, as lesion topography exerts a disproportionate
influence on network integrity. The substantial
heterogeneity of cognitive outcomes in CSVD is likely to
reflect several interacting factors, with lesion topography
emerging as a particularly important contributor. Cross-
sectional neuroimaging studies show that focal injury to
strategically positioned network hubs or critical long-
range white matter pathways, often referred to as rich-club
or central connections, produces outsized disruption of
network integration and information transfer. As a result,

these  lesions  generate  widespread  functional
disconnection and cognitive deficits that total lesion
burden alone fails to predict accurately. In particular, the
integrity of rich-club connectivity mediates the
relationship between WMH burden and higher-order
cognitive performance. Greater preservation of rich-club
connections attenuates the negative effects of WMH on
processing speed and executive function, such that
individuals with stronger central connectivity maintain
relatively preserved cognition despite comparable lesion
loads [106-108]. Complementary evidence further
demonstrates that microstructural damage to central
network connections, rather than injury confined to
peripheral or non-central fibers, specifically mediates the
association between WMH volume and executive
dysfunction [109]. Owing to their topological centrality
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and dense interconnectivity, rich-club pathways exert a
pivotal influence on global information integration.
Consequently, damage to these structures is associated
with more extensive network disruption than equivalent
injury to peripheral nodes or connections. Even small,
strategically located infarcts near rich-club or central
pathways may therefore trigger disproportionately severe
and widespread network dysfunction, potentially giving
rise to highly heterogeneous clinical phenotypes that
diverge from the typical subcortical presentation of
CSVD.

Taken together, these findings provide converging
evidence that strategic structural injury, particularly to
key circuits and white matter tracts selectively disrupts
communication among core cognitive networks. Such
strategic structural injury may not only contribute to
cognitive impairment in CSVD but also partly explain the
observed heterogeneity in clinical outcomes. However,
most available evidence remains cross-sectional, limiting
causal inference regarding the relationship between lesion
location, network disruption, and cognitive decline.
Further longitudinal multimodal studies are needed to
clarify how lesion topography contributes to the
progression of network dysfunction and cognitive
heterogeneity in CSVD.

4.2 Network-mediated consequences

Evidence from structural network analyses, including
multiple large longitudinal cohort studies and cross-
sectional imaging investigations, has markedly improved
our understanding of how CSVD-related structural
damage translates into cognitive dysfunction. Disruption
of structural network organization, most commonly
reflected by reduced global efficiency, shows strong
associations with cognitive impairment, depressive
symptoms, and an increased S5-year risk of all-cause
dementia in CSVD cohorts [110-114]. Combining
diffusion-based tractography with graph-theoretical
analysis enables quantification of structural connectivity
metrics that reliably predict cognitive decline, conversion
to dementia, and even all-cause mortality in individuals
with CSVD [115-117]. Importantly, network disruption
partially mediates the relationship between conventional
MRI markers, such as WMH, and cognitive decline,
indicating that lesion burden exerts its clinical effects
largely through alterations in network topology [110,
111].

Defining the remote structural and functional brain
changes in CSVD, as well as their temporal relationship
to clinical symptoms, is essential for understanding this
complex disease. DTI has provided major advances in
quantifying these structural alterations [118, 119]. More
recently, automated measures such as the peak width of

skeletonized mean diffusivity (PSMD) have emerged as
sensitive indices of diffusivity heterogeneity across white
matter tracts [120, 121]. Notably, cross-sectional imaging
and longitudinal cohort studies suggest that DTI detects
subtle microstructural abnormalities in normal-appearing
white matter (NAWM) well before conventional MRI
reveals WMH, and these measures outperform lesion
counts in explaining variance in cognitive performance
[122-127]. Cross-sectional DTI studies further show that
CSVD lesions, such as WMH, are surrounded by regions
with altered diffusion properties that appear normal on
conventional MRI, often referred to as the CSVD
penumbra. Diffusion abnormalities within these
penumbral regions correlate with total WMH burden and
vary systematically with distance from the lesion core
[128, 129]. These observations indicate that the clinical
impact of CSVD reflects not only overt lesions but also
remote microstructural injury, which may contribute to
cognitive heterogeneity.

Functional imaging provides additional evidence for
these remote effects. Several cross-sectional and
longitudinal arterial spin labeling (ASL) studies report
significant reductions in CBF within the cortices in
individuals with CSVD-related cognitive impairment
[130, 131]. The spatial distribution of CBF abnormalities
appears to parallel the pattern of white matter damage
[132, 133]. A systematic review identified 25 task-based
functional MRI (fMRI) studies in CSVD, which
consistently reported abnormal hyperactivation and
hypoactivation across five cognitive domains: executive
function, working memory, attention and processing
speed, motor function, and affective processing [134].
Cross-sectional resting-state fMRI studies further show
impairment of the frontoparietal network in CSVD [73,
135]. In addition, higher tract-specific white matter lesion
burden associates with reduced functional connectivity in
corresponding cortical regions [136]. Consistent with
these findings, cross-sectional positron emission
tomography (PET) studies reveal reduced perfusion and
glucose metabolism in cortical areas remote from
subcortical infarcts and WMH, supporting the presence of
CSVD-related functional sequelae beyond visible
subcortical MRI lesions [137, 138]. Together, these
findings suggest that widespread disturbances in cerebral
perfusion and functional connectivity represent key
consequences of CSVD that may contribute to cognitive
heterogeneity.

In addition to functional abnormalities, accumulating
evidence indicates that CSVD also produces structural
changes remote from the initial MRI-visible lesions [139,
140]. Several cross-sectional imaging and longitudinal
cohort studies highlight a critical role for secondary
neurodegeneration in shaping clinical outcomes [124,
141-148]. Subcortical infarcts and WMH burden can
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trigger degeneration of connected cortical regions through
damage to intervening white matter tracts. Compelling
evidence comes from longitudinal cohort study of cerebral
autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy (CADASIL), a monogenic form
of CSVD. In this population, incident lacunar infarcts lead
to cortical thinning in regions structurally connected to the
infarct, providing the first direct demonstration of CSVD-
related secondary degeneration in remote cortex. Cortical
thinning is most pronounced in areas with a high
probability of connectivity through the lacune-affected
white matter tract [149].

Growing  evidence  further indicates  that
heterogeneity in cognitive outcomes in CSVD may partly
reflect differential vulnerability of neural oscillatory
dynamics. Neural oscillation synchronization provides a
fundamental neurophysiological basis for cognition.
Precise phase alignment of oscillatory activity across
distributed brain regions depends critically on intact white
matter tracts that support temporally coordinated signal
transmission. Damage to axons or myelin alters
conduction velocity and timing, leading to oscillatory
desynchronization and impaired cognitive integration.
Under normal conditions, myelin plasticity can fine-tune
conduction delays to preserve synchrony across networks
[150-156]. Neuropathological and neurophysiological
evidence suggests that CSVD-related white matter
pathology compromises axonal conduction and disrupts
the temporal precision of oscillatory synchrony [157].
Importantly, these pathological changes vary widely
across individuals. Even when structural MRI shows
similar lesion burdens, the extent of underlying
microstructural damage can differ substantially,
producing heterogeneous patterns of oscillatory
disruption and divergent cognitive trajectories [158-160].

The relative power of electroencephalography (EEG)
oscillations reflects interactions among local populations
of excitatory and inhibitory neurons. High-frequency
activity primarily depends on reciprocal corticocortical
connections, whereas lower-frequency oscillations, such
as delta waves, reflect regulatory interactions between
cortical and subcortical structures that are normally
suppressed during wakefulness [161-163]. Cross-
sectional studies show that loss of faster oscillations and
a relative increase in slow activity likely reflect
weakening of inhibitory—excitatory feedback loops that
govern thalamocortical interactions and may underlie
functional changes detected by fMRI in WMH-related
dementia [164]. Consistent with this framework, studies
report reduced intrahemispheric frontoparietal EEG
coherence across high-frequency bands, including alpha,
beta, and gamma, in individuals with vascular mild
cognitive impairment. These changes are associated with
poorer executive function performance and greater

structural brain damage [165, 166]. Vascular mild
cognitive impairment is also associated with reduced
information flow directionality, which normally proceeds
from parietal to frontal regions, leading to impaired
functional coupling of EEG rhythms in the theta, alpha,
and beta frequency bands [167]. Notably, one cross-
sectional study further report altered theta power and
synchronization, disrupted theta—gamma coupling, and
abnormal alpha activity even in asymptomatic individuals
with  moderate-to-severe = WMH, suggesting that
oscillatory dysfunction may precede overt cognitive
impairment and potentially contribute to interindividual
heterogeneity in  cognitive  trajectories  [160].
Experimental studies in CADASIL mouse models further
support a potential role for oscillatory dysfunction in
CSVD-related  cognitive  impairment.  Impaired
hippocampal gamma oscillation patterns are observed
alongside decreased neuronal fiber length and aberrant
neuronal morphology [168].

In summary, converging evidence from DTI, ASL,
fMRI, PET, and EEG demonstrates that CSVD exerts
widespread effects beyond focal lesions. Structural
network disruption, and remote structural and functional
abnormalities beyond MRI-visible lesions, including
microstructural injury in NAWM, reduced cortical
perfusion, impaired functional connectivity, secondary
neurodegeneration with cortical thinning, and neural
oscillatory dysregulation, together constitute a cascade of
network-mediated consequences that translate lesion
burden into clinical heterogeneity. Targeting these
downstream mechanisms may therefore represent a
critical strategy for delaying cognitive decline in CSVD.
However, although structural network disruption is
supported by longitudinal cohort evidence, evidence for
remote structural and functional abnormalities remains
largely  cross-sectional and associative.  Further
longitudinal and mechanistic studies are needed to clarify
their temporal evolution and causal contribution to
cognitive heterogeneity in CSVD.

4.3 Biological and pathological modifiers
4.3.1 Molecular biomarkers

An expanding body of research suggests that
heterogeneity in cognitive outcomes in CSVD may partly
reflect interindividual differences in molecular
biomarkers beyond MRI-visible lesion burden. Molecular
biomarkers increasingly indicate that protein- and
peptide-based  biomarkers related to endothelial
dysfunction, BBB disruption, inflammation, oxidative
stress, and neuroaxonal or glial injury, as well as
circulating metabolites, lipid-related biomarkers, and
ribonucleic acid (RNA)-mediated pathways may
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contribute to differential susceptibility to cognitive
decline. In arterial hypertension, a major driver of CSVD,
a proposed mechanistic framework suggests that
cognitive impairment may evolve through overlapping
stages involving peripheral and meningeal immune
activation, neurovascular unit dysfunction, glial
inflammation, and subsequent disturbances in cerebral
perfusion, perivascular clearance, synaptic plasticity, and
neuronal function. Importantly, these processes may arise
before overt structural lesions such as extensive WMH
become apparent, raising the possibility that individuals
with apparently comparable structural lesion burdens may
differ substantially in underlying biological vulnerability
[169].

Investigators have evaluated numerous proteins and
peptides that reflect diverse pathological pathways;
however, their associations with CSVD and cognitive
impairment remain inconsistent, underscoring substantial
underlying biological variability. Although findings
remain heterogeneous, several biomarkers are supported
by longitudinal cohort evidence. Baseline serum soluble
intercellular adhesion molecule-1 (SICAM-1) levels are
associated with subsequent cognitive decline, suggesting
a link between endothelial inflammation and cognitive
outcome over time [170]. Similarly, longitudinal and
cross-sectional studies implicate placental growth factor
(PIGF), with elevated plasma and CSF levels associated
with greater vascular brain injury and poorer cognitive
performance [171-173]. Longitudinal cohort studies also
suggest a complex role for serum soluble tumor necrosis
factor receptor-1 (STNF-R1) during predementia stages of
CSVD, with higher levels associated with more severe
CSVD burden at baseline, while potentially showing
protective associations against subsequent cognitive
decline [174]. In addition, plasma and CSF neurofilament
light chain (NfL) and glial fibrillary acidic protein
(GFAP) show potential for predicting cognitive decline
and dementia risk [175-177].

By contrast, most other candidate biomarkers remain
supported primarily by cross-sectional studies. Elevated
serum vascular cell adhesion molecule-1 (VCAM-1)
[178], pyruvate kinase M2 (PKM2) [179], plasma
lipoprotein-associated phospholipase A2 (Lp-PLA2), and
superoxide dismutase (SOD) are associated with greater
CSVD burden and poorer cognitive performance [180].
Additional cross-sectional studies implicate brain and
CSF matrix metalloproteinases (MMPs) [181], CSF/blood
albumin ratio [182], serum tumor necrosis factor-a (TNF-
a), soluble receptor for advanced glycation end-products
(s-RAGE) [183], plasma neutrophil extracellular traps
(NETs) [184], circulating metabolites, particularly
homocysteine [185, 186], and lipid-related biomarkers,
including oxidized low-density lipoprotein (oxLDL) [187,
188], suggesting potential roles for BBB disruption,

oxidative stress, vascular inflammation, and innate
immune activation in cognitive impairment. However,
these findings require longitudinal validation before their
prognostic value can be established.

Emerging multi-omics approaches further support the
biological heterogeneity of CSVD-related cognitive
impairment. Large-scale proteomic studies identify
protein signatures associated with CSVD burden and
cognitive decline [189], whereas extracellular vesicle
(EV) may provide an integrative platform reflecting
endothelial dysfunction, inflammation, and coexisting
neurodegeneration [190]. RNA-mediated pathways also
attract increasing interest. Circulating microRNAs
(miRNAs), including miR-130b-3p and miR-10b-3p,
show promising diagnostic potential, although current
evidence remains largely cross-sectional [191-193].

Collectively, these findings indicate that molecular
signatures reflecting diverse biological pathways may
serve not only as candidate biomarkers but also as
potential contributors to cognitive heterogeneity in
CSVD. Such molecular variability may partly explain
why individuals with apparently comparable structural
lesion burdens follow markedly different cognitive
trajectories. However, current evidence remains
heterogeneous and largely associative, and further
longitudinal, mechanistic, and multi-omics studies are
required to clarify the causal relevance and translational
utility of these biomarkers.

4.3.2 Pathological heterogeneity and mixed pathology

The modest correlation between MRI-visible CSVD
features and clinical symptoms can be partly attributed to
heterogeneity in their underlying neuropathological
substrates. Conventional T2-weighted MRI dichotomizes
white matter into “WMH” and “normal”, yet WMH
encompass a broad spectrum of pathology, ranging from
mild myelin loss to severe axonal injury and gliosis.
Similarly, lacunes and cerebral microbleeds, although
identifiable on MRI, arise from diverse pathological
mechanisms. Lacunes may result from acute
thromboembolism,  chronic  hypoperfusion  with
progressive tissue rarefaction, or inflammatory injury.
Microbleeds reflect distinct pathogenic processes,
including hypertensive arteriopathy or CAA, and show
variable relationships with WMH and lacunes.

Beyond conventional MRI, clinicopathological
studies demonstrate that additional substrates such as
subtle abnormalities within NAWM likely influence
clinical outcomes but remain largely undetectable in vivo,
becoming evident only with advanced imaging or
postmortem analysis. This hidden heterogeneity may
partly explain weak structure—cognition correlations, as
similar MRI features can mask fundamentally different
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tissue damage with distinct functional consequences.
Moreover, clinicopathological studies in disease-specific
contexts, such as CADASIL or hereditary CAA,
demonstrate that identical MRI markers may reflect
divergent pathological signatures, reinforcing the view
that CSVD represents a spectrum of disorders rather than
a single disease entity [158, 194]. Future studies
integrating  ultra-high-field MRI, diffusion-based
microstructural mapping, molecular and pathological data
will be critical for further clarifying CSVD heterogeneity
and its contribution to cognitive decline.

CAA may further contribute to cognitive
heterogeneity in CSVD by modifying the pathological
significance of MRI-visible lesions. Although CAA and
hypertensive arteriopathy may present with similar MRI
markers, including WMH, CMB, and PVS, their
underlying mechanisms differ substantially. Unlike
hypertensive arteriopathy, CAA is characterized by
amyloid-p deposition within cortical and leptomeningeal
vessels, accompanied by impaired perivascular clearance,
neuroinflammation, and diffuse microvascular injury
[195]. Supporting divergent biological mechanisms,
experimental studies show greater perivascular
inflammation and inflammatory signaling in transgenic
CAA models, whereas hypertensive models show more
prominent  perivascular dilation and metabolic
dysfunction [196]. Clinical studies further suggest distinct
cognitive profiles, with CAA showing relatively greater
memory impairment compared with the predominantly
executive dysfunction observed in hypertensive
arteriopathy [197]. Although conventional MRI cannot
fully distinguish these pathological substrates, imaging
features such as posterior-predominant periventricular
WMH may increase the likelihood of underlying CAA
[198, 199]. Consequently, individuals with apparently
similar MRI-visible lesion burdens may experience
markedly different cognitive outcomes depending on the
presence of concomitant amyloid-related vascular
pathology.

This complexity is further amplified by the frequent
coexistence of neurodegenerative and vascular brain
pathology, most notably AD and CSVD, in aging
populations. Mixed dementia, characterized by
concurrent vascular and neurodegenerative pathological
changes, is increasingly recognized as one of the most
common forms of dementia rather than a distinct
exception [200, 201]. Substantial evidence suggests that
CSVD contributes to dementia partly through interaction
with AD pathology, and coexisting neurodegenerative
processes often act synergistically with CSVD to
accelerate cognitive decline. CSVD and AD not only
frequently co-occur in the aging brain, but may also
interact biologically, with several vascular cognitive
impairment risk factors also increasing the risk of AD

[202]. Cross-sectional studies further show substantial
overlap between CSVD and AD pathology. Patients with
AD exhibit a high burden of CSVD markers, whereas
approximately one-third of individuals with CSVD fall
within the AD pathological continuum [203, 204].
Clinicopathological studies further indicate that mixed
pathology is the rule rather than the exception in
dementia. Large pathological cohorts consistently support
frequent coexistence of Alzheimer-type and vascular
pathology, with most individuals exhibiting multiple
contributing lesions rather than isolated disease [205-
209]. For example, cerebrovascular lesions commonly co-
occur in patients with AD and exert additive or interactive
effects on cognitive impairment [207]. Beyond
coexistence, emerging evidence suggests reciprocal
interactions between vascular and neurodegenerative
mechanisms. In the presence of elevated amyloid-§ or tau
pathology, small vessel disease appears to confer greater
microvascular tissue injury, supporting synergistic effects
between neurodegenerative and vascular processes [210].
Genetic studies further support shared biological
susceptibility, as AD-associated variants are also linked to
all-cause and vascular dementia, implicating overlapping
pathways involving neurodegeneration, vascular risk
factors, and cerebral small vessel disease [211]. Together,
these findings suggest that cognitive heterogeneity in
CSVD cannot be fully explained by vascular lesion alone,
but instead reflects complex interactions between vascular
injury and coexisting neurodegenerative pathology.

4.4 Individual susceptibility factors

The pronounced heterogeneity in cognitive outcomes
observed in CSVD cannot be explained by lesion burden
alone and instead reflects substantial interindividual
differences in vulnerability across the lifespan. This
structural-cognitive heterogeneity likely arises, at least in
part, from interactions between genetic and
environmental factors that shape susceptibility to vascular
injury and cognitive decline. Evidence from meta-
analyses indicates that genetic predisposition, such as
apolipoprotein E (APOE) polymorphisms, may amplify
the effects of vascular pathology [212, 213]. In parallel,
cross-sectional studies show that environmental
exposures, including hypertension, diabetes, and
hyperhomocysteinaemia, contribute through distinct
biological pathways [186, 214-217]. These factors are
thought to influence both the severity of CSVD lesions
and their cognitive consequences, contributing to variable
relationships between structural damage and functional
impairment.

Accumulating evidence from multiple large
longitudinal cohort studies demonstrate that early-life
factors further modify CSVD risk later in life. Higher
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birth weight is associated with fewer lacunes, fewer
infarcts, and fewer moderate-to-severe enlarged
perivascular spaces. Higher childhood intelligence
quotient (IQ) correlates with lower WMH burden, fewer
infarcts and lacunes, and reduced overall CSVD burden.
In contrast, lower educational attainment is associated
with a greater number of cerebral microbleeds and
reduced total brain volume. Interestingly, lower childhood
socioeconomic status has been linked to fewer lacunes
[218]. Together, these findings suggest that early-life
factors influence CSVD burden in older age, independent
of adult vascular risk factors and socioeconomic status.
These observations support the concept that susceptibility
to small vessel disease may originate early in life,
providing a mechanistic link between early exposures and
later risk of stroke and dementia. Consequently, public
health strategies that promote early childhood
development may enhance lifelong brain health and
contribute to the prevention of dementia and stroke in
aging populations.

Brain reserve describes interindividual differences in
brain structure, whereas cognitive reserve refers to
differences in how efficiently the brain processes tasks.
Life experiences, including those in early development,
shape both forms of reserve, and the two constructs are
closely interrelated. Although these concepts continue to
evolve, both are highly relevant to the clinical expression
of CSVD. Evidence from multiple large longitudinal and
cross-sectional studies suggests that higher cognitive
reserve - commonly indexed by educational attainment
and IQ - attenuates the impact of small vessel disease
burden on cognition, influences motor function, and
affects age at stroke onset [219-222]. Premorbid cognitive
ability reflects cognitive reserve and associates with the
burden of small vessel disease lesions later in life, helping
to explain variability in the relationship between CSVD
and cognitive performance. Prior cross-sectional studies
further show this concept. Because participants are
selected for normal cognition, individuals with underlying
neurodegeneration likely possess particularly high
cognitive reserve. This reserve manifests as higher
baseline spectral power in frontal regions, reduced low-
frequency oscillations, and increased functional
connectivity [223, 224]. As amyloid burden increases,
however, this reserve diminishes, which may explain why
individuals with neurodegeneration and very high
amyloid load show slowing of brain oscillations and
reduced functional connectivity.

Another important contributor to the clinical
manifestations of CSVD is resilience, defined as the
capacity to maintain cognitive function in the presence of
brain pathology. Brain resilience likely depends on the
integrity of white matter structure and large-scale network
connectivity, as global white matter network efficiency

mediates the effects of small vessel disease lesions on
cognition and progression to dementia [124]. The
relationship between brain damage and cognitive
impairment is therefore not straightforward. Some
individuals with substantial pathological changes in brain
tissue maintain normal cognitive performance, a
phenomenon referred to as cognitive resilience. A
network-based hypothesis has been proposed to explain
cognitive resilience, suggesting that denser and more
highly interconnected structural brain networks can buffer
the cognitive impact of tissue damage. Their findings
showed that lower gray and white matter volumes and
greater WMH burden are associated with poorer cognitive
performance, whereas higher network node degree - a
marker of white matter connectivity - associates with
better cognitive function. Importantly, increasing node
degree significantly attenuated the relationship between
markers of brain damage and cognitive performance,
indicating that individuals with substantial pathology may
preserve cognition when white matter connectivity
remains robust. Consistent with this model, a large cross-
sectional imaging study showed that individuals with a
CSVD score of 3 exhibited accelerated cognitive aging
equivalent to 9.3 years compared with those with a CSVD
score of 0. However, within the high-burden group, each
standard deviation increases in node degree reduced
cognitive aging by approximately 7 years [225].

Together, these factors contribute to divergent
clinical trajectories in CSVD. Some individuals develop
mild cognitive impairment, often characterized by
executive and memory deficits, whereas others progress
to dementia with marked executive dysfunction and
slowed information processing. This phenotypic
variability underscores the critical role of interindividual
susceptibility in shaping the structural-cognitive
heterogeneity of CSVD (Fig. 2, Table 2).

From a prognostic perspective, current evidence
suggests that multiple key drivers of cognitive
heterogeneity in CSVD may provide clinically relevant
information beyond conventional lesion burden alone.
Longitudinal cohort and clinicopathological studies
provide relatively stronger support for the prognostic
relevance of structural network disruption, pathological
heterogeneity and mixed pathology, and individual
susceptibility factors in shaping cognitive trajectories in
CSVD. Lesion topography, remote structural and
functional abnormalities, and molecular biomarkers may
provide complementary prognostic information, although
current evidence remains more limited and
heterogeneous. Together, these findings support a
multimodal prognostic perspective integrating lesion-
related, network-mediated, biological and pathological,
and individual susceptibility factors to better predict
cognitive outcomes in CSVD.
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5. Clinical translation: diagnosis and management of
CSVD-related cognitive impairment

5.1 Multimodal clinical assessment and diagnostic
evaluation

Diagnosing cognitive impairment related to CSVD
remains challenging because symptoms are often subtle,
nonspecific, and overlap with those of other
neurodegenerative disorders. Accurate clinical evaluation
therefore requires a multimodal diagnostic approach,
although the translational readiness of available tools
varies substantially.

In current clinical practice, conventional MRI
remains the foundation for identifying core CSVD
features. Standardized cognitive screening tools also
remain essential for early detection and longitudinal
monitoring, despite limited sensitivity to network-level
dysfunction and subtle executive deficits. Advanced
imaging approaches, used primarily in research settings or
tertiary centers, provide deeper mechanistic insight into
CSVD-related cognitive impairment. DTI provides

deeper insight into microstructural white matter damage
and its relationship to cognitive dysfunction. In parallel,
functional neuroimaging demonstrate CSVD-related
disruption of large-scale brain networks, improving
diagnostic specificity in cases where structural markers
alone fail to explain cognitive symptoms. Recent
advances in ultra-high-field 7T MRI further enhance
diagnostic sensitivity by enabling in vivo detection of
cortical microinfarcts - lesions previously identifiable
only at postmortem - thereby revealing clinically relevant
but subtle pathology. However, cost, limited accessibility
and lack of standardized implementation currently restrict
the widespread clinical application of these techniques.
Emerging computational approaches may further improve
individualized diagnosis and prognostication. Al-based
models that integrate multimodal imaging, clinical
variables, and neuropsychological data show promise in
improving diagnostic accuracy, refining individual risk
stratification, and predicting cognitive trajectories.
Nevertheless, these approaches remain investigational
and require prospective validation, external replication,
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and standardization before routine clinical

implementation.

Table 2. Key drivers of cognitive heterogeneity in CSVD and corresponding levels of evidence.

Category Key driver

Lesion- Lesion topography involving strategically positioned

related network hubs or critical long-range white matter pathways

factors

Network- Structural network disruption, and remote structural and

mediated functional abnormalities beyond MRI-visible lesions,

consequences including microstructural injury in NAWM, reduced
cortical perfusion, impaired functional connectivity,
secondary neurodegeneration with cortical thinning, and
neural oscillatory dysregulation

Biological Molecular biomarkers, including protein- and peptide-based

and biomarkers related to endothelial dysfunction, BBB

Level of evidence
Findings supported by cross-sectional imaging
studies

Structural network disruption supported by
longitudinal cohort and cross-sectional imaging
studies, whereas remote structural and functional
abnormalities supported mainly by cross-sectional
imaging studies, with some longitudinal cohort
evidence and experimental animal models

Findings supported mainly by cross-sectional
studies, with some longitudinal and experimental
evidence

Findings supported by clinicopathological,

genetic, imaging and experimental studies

Findings supported by longitudinal and cross-
sectional studies

pathological disruption, inflammation, oxidative stress, and neuroaxonal
modifiers or glial injury, as well as circulating metabolites, lipid-
related biomarkers, and RNA-mediated pathways that may
contribute to differential susceptibility to cognitive decline
Pathological heterogeneity and mixed pathology, including
diverse neuropathological substrates underlying similar
MRI-visible lesions and coexisting AD or CAA pathology
Individual Individual susceptibility factors, including life-course
susceptibility  influences (e.g., genetic predisposition, vascular risk
factors exposure, and early-life factors) together with brain reserve

and resilience that shape vulnerability to CSVD-related

cognitive impairment

Abbreviations: AD, Alzheimer’s disease; BBB, blood—brain barrier; CAA, cerebral amyloid angiopathy; CSVD, cerebral small vessel disease; MRI,
magnetic resonance imaging; NAWM, normal-appearing white matter; RNA, ribonucleic acid.

Collectively, these developments underscore the need
for integrative diagnostic strategies that combine
structural, functional, and computational approaches to
address the heterogeneity of CSVD-related cognitive
impairment, and support a tiered and multimodal
diagnostic framework for CSVD-related cognitive
impairment, whereby conventional MRI and cognitive
assessment remain the cornerstone of routine clinical
evaluation, whereas advanced neuroimaging and
computational approaches may provide additional
mechanistic and prognostic value in specialized or
research settings. (Fig. 3).

5.2 Precision management and emerging therapies

At present, no disease-specific therapies exist for CSVD-
related cognitive impairment, and clinical management
focuses on reducing vascular risk and preserving
cognitive function.

In routine clinical practice, pharmacological
treatment relies primarily on antihypertensive agents and
antiplatelet therapy, while additional drugs, including

statins, cilostazol, and emerging neuroprotective
compounds, remain under active investigation. Non-
pharmacological interventions, such as aerobic exercise,
dietary optimization, and cognitive training, may enhance
cognitive reserve and network efficiency, thereby
reducing the functional consequences of structural brain
injury and contributing to interindividual variability in
cognitive outcomes. Advanced and emerging therapeutic
strategies, largely investigated in research settings,
increasingly target network dynamics and molecular
mechanisms  underlying CSVD-related cognitive
heterogeneity. Non-invasive neuromodulation
techniques, including transcranial alternating current
stimulation (tACS), may enhance functional integration
and partially restore disrupted connectivity caused by
strategic lesions, although clinical evidence remains
limited. At the molecular level, interventions that
modulate  neuroinflammation and RNA-mediated
pathways, including microRNAs, may limit secondary
neurodegeneration and function as both biomarkers and
therapeutic targets. However, these approaches remain
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investigational and require further mechanistic and
clinical validation before routine implementation.

Given the pronounced structural and clinical
heterogeneity of CSVD, individualized treatment
approaches are essential. Integrating advanced

neuroimaging modalities, such as 7T MRI and diffusion-
based connectomics, with artificial intelligence—driven
predictive models enables refined stratification based on
lesion burden, network disruption, and anticipated
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based strategy that combines vascular risk control,
lifestyle interventions, network-targeted
neuromodulation, and molecularly informed therapies
offers the greatest potential to address CSVD
heterogeneity and improve cognitive outcomes across the
disease spectrum. However, substantial challenges related
to validation, accessibility, and standardization must be
addressed before these approaches can be routinely
translated into clinical care (Fig. 3).
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Figure 3. Multimodal assessment and therapeutic strategies for cognitive impairment in CSVD. The left panel summarizes a
comprehensive assessment toolbox for CSVD-related cognitive impairment, integrating standardized cognitive and functional scales,
fluid biomarkers, EEG, ultra-high-field neuroimaging [226], and multimodal neuroimaging approaches. These modalities enable
phenotyping and longitudinal monitoring of CSVD burden and downstream brain injury and may serve as candidate surrogate markers
and trial endpoints. The right panel outlines complementary therapeutic avenues targeting cognitive impairment in CSVD, including
vascular risk factor management, pharmacological interventions, cognitive training, neuromodulation approaches, and emerging
molecular therapies. Together, the schematic emphasizes a translational pathway from precision assessment and risk stratification to
individualized treatment selection and outcome evaluation in CSVD-associated cognitive decline. Abbreviations: CMB, cerebral
microbleed; CSVD, cerebral small vessel disease; EEG, electroencephalography; EPVS, enlarged perivascular space; WMH, white

matter hyperintensity.
6. Conclusions

CSVD is a major cause of cognitive impairment in older
adults, yet cognitive outcomes vary substantially even
among individuals with apparently comparable structural
lesion burdens. This heterogeneity suggests that
conventional MRI-visible lesions capture only part of the
disease process and that cognitive impairment in CSVD is
better understood through the interaction of lesion-related
factors, network-mediated consequences, biological and
pathological modifiers, and individual susceptibility
factors. Together, these mechanisms help explain how
upstream structural injury translates into downstream
functional dysfunction and divergent cognitive
trajectories. By reframing CSVD-related cognitive
impairment through a heterogeneity-oriented conceptual
framework, this review highlights the importance of
moving beyond a simple lesion-burden model toward

more integrated approaches for diagnosis, prognosis, and
therapeutic development. Continued research is needed to
clarify the interactions among these mechanisms and to
identify individualized strategies for preventing cognitive
decline in CSVD.

Acknowledgements

This review was supported by National Key R&D
Program of China (2022YFC3600504) and Science and
Technology Innovation 2030-Major Project (2021ZD
0201806).

Author contributions
Wei Sun: conceptualized the review, conducted the

literature review, designed the table and figures, and
drafted the review. Aini He, Benke Zhao, Xuefan Yao and

Aging and Disease * Volume 18, Number 5, October 2027 14



Sun W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

Xiao Wu: drafted sections of the review. Haiqing Song:
conceptualized the review, provided critical revision of
the review. All authors have approved the submitted
version.

Competing interests

The authors declare that they have no known competing
interests.

References

(1]

(2]

(3]

[4]
(3]

(6]

[7]

(8]

(9]

[10]

[11]

Kontis V, Bennett JE, Mathers CD, Li G, Foreman K,
Ezzati M (2017). Future life expectancy in 35
industrialised countries: projections with a Bayesian
model ensemble. Lancet, 389:1323-1335.

(2022). Estimation of the global prevalence of dementia
in 2019 and forecasted prevalence in 2050: an analysis
for the Global Burden of Disease Study 2019. Lancet
Public Health, 7:€105-e125.

(2016). METACOHORTS for the study of vascular
disease and its contribution to cognitive decline and
neurodegeneration: An initiative of the Joint Programme
for Neurodegenerative Disease Research. Alzheimers
Dement, 12:1235-1249.

Pasi M, Cordonnier C (2020). Clinical Relevance of
Cerebral Small Vessel Diseases. Stroke, 51:47-53.

van Uden IW, van der Holst HM, Tuladhar AM, van
Norden AG, de Laat KF, Rutten-Jacobs LC, et al. (2016).
White Matter and Hippocampal Volume Predict the Risk
of Dementia in Patients with Cerebral Small Vessel
Disease: The RUN DMC Study. J Alzheimers Dis,
49:863-873.

Zanon Zotin MC, Sveikata L, Viswanathan A, Yilmaz P
(2021). Cerebral small vessel disease and vascular
cognitive impairment: from diagnosis to management.
Curr Opin Neurol, 34:246-257.

Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C,
Fazekas F, 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.

Duering M, Biessels GJ, Brodtmann A, Chen C,
Cordonnier C, de Leeuw FE, et al. (2023). Neuroimaging
standards for research into small vessel disease-advances
since 2013. Lancet Neurol, 22:602-618.

Jokinen H, Koikkalainen J, Laakso HM, Melkas S,
Nieminen T, Brander A, et al. (2020). Global Burden of
Small Vessel Disease-Related Brain Changes on MRI
Predicts Cognitive and Functional Decline. Stroke,
51:170-178.

Debette S, Schilling S, Duperron MG, Larsson SC,
Markus HS (2019). Clinical Significance of Magnetic
Resonance Imaging Markers of Vascular Brain Injury: A
Systematic Review and Meta-analysis. JAMA Neurol,
76:81-94.

Hu HY, Ou YN, Shen XN, Qu Y, Ma YH, Wang ZT, et
al. (2021). White matter hyperintensities and risks of

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

cognitive impairment and dementia: A systematic review
and meta-analysis of 36 prospective studies. Neurosci
Biobehav Rev, 120:16-27.

Elahi FM, Wang MM, Meschia JF (2023). Cerebral
Small Vessel Disease-Related Dementia: More
Questions Than Answers. Stroke, 54:648-660.

Ling Y, Chabriat H (2020). Incident cerebral lacunes: A
review. J Cereb Blood Flow Metab, 40:909-921.
Rensma SP, van Sloten TT, Launer LJ, Stehouwer CDA
(2018). Cerebral small vessel disease and risk of incident
stroke, dementia and depression, and all-cause mortality:
A systematic review and meta-analysis. Neurosci
Biobehav Rev, 90:164-173.

Bos D, Wolters FJ, Darweesh SKL, Vernooij MW, de
Wolf F, Ikram MA, et al. (2018). Cerebral small vessel
disease and the risk of dementia: A systematic review
and meta-analysis of population-based evidence.
Alzheimers Dement, 14:1482-1492.

Makin SD, Turpin S, Dennis MS, Wardlaw JM (2013).
Cognitive impairment after lacunar stroke: systematic
review and meta-analysis of incidence, prevalence and
comparison with other stroke subtypes. J Neurol
Neurosurg Psychiatry, 84:893-900.

van Veluw SJ, Shih AY, Smith EE, Chen C, Schneider
JA, Wardlaw JM, et al. (2017). Detection, risk factors,
and functional consequences of cerebral microinfarcts.
Lancet Neurol, 16:730-740.

Cao L, Tan L, Wang HF, Jiang T, Zhu XC, YuJT (2017).
Cerebral Microinfarcts and Dementia: A Systematic
Review and Metaanalysis. Curr Alzheimer Res, 14:802-
808.

Hilal S, Tan CS, van Veluw SJ, Xu X, Vrooman H, Tan
BY, et al. (2020). Cortical cerebral microinfarcts predict
cognitive decline in memory clinic patients. J Cereb
Blood Flow Metab, 40:44-53.

Charidimou A, Boulouis G, Gurol ME, Ayata C, Bacskai
BJ, Frosch MP, et al. (2017). Emerging concepts in
sporadic cerebral amyloid angiopathy. Brain, 140:1829-
1850.

Smith EE, Biessels GJ, De Guio F, de Leeuw FE,
Duchesne S, Diiring M, et al. (2019). Harmonizing brain
magnetic resonance imaging methods for vascular
contributions to neurodegeneration. Alzheimers Dement
(Amst), 11:191-204.

Jouvent E, Viswanathan A, Chabriat H (2010). Cerebral
atrophy in cerebrovascular disorders. J Neuroimaging,
20:213-218.

De Guio F, Duering M, Fazekas F, De Leeuw FE,
Greenberg SM, Pantoni L, et al. (2020). Brain atrophy in
cerebral small vessel diseases: Extent, consequences,
technical limitations and perspectives: The HARNESS
initiative. J Cereb Blood Flow Metab, 40:231-245.
Wardlaw JM, Benveniste H, Nedergaard M, Zlokovic
BV, Mestre H, Lee H, et al. (2020). Perivascular spaces
in the brain: anatomy, physiology and pathology. Nat
Rev Neurol, 16:137-153.

Zhu YC, Dufouil C, Soumaré A, Mazoyer B, Chabriat H,
Tzourio C (2010). High degree of dilated Virchow-
Robin spaces on MRI is associated with increased risk of
dementia. J Alzheimers Dis, 22:663-672.

Aging and Disease * Volume 18, Number 5, October 2027

15



Sun W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Ding J, Sigurdsson S, Jonsson PV, Eiriksdottir G,
Charidimou A, Lopez OL, et al. (2017). Large
Perivascular Spaces Visible on Magnetic Resonance
Imaging, Cerebral Small Vessel Disease Progression,
and Risk of Dementia: The Age, Gene/Environment
Susceptibility-Reykjavik ~ Study. JAMA  Neurol,
74:1105-1112.

DeCarli C, Rajan KB, Jin LW, Hinman J, Johnson DK,
Harvey D, et al. (2025). WMH Contributions to
Cognitive Impairment: Rationale and Design of the
Diverse VCID Study. Stroke, 56:758-776.

Iadecola C, Duering M, Hachinski V, Joutel A,
Pendlebury ST, Schneider JA, et al. (2019). Vascular
Cognitive Impairment and Dementia: JACC Scientific
Expert Panel. J Am Coll Cardiol, 73:3326-3344.
Lawrence AJ, Patel B, Morris RG, MacKinnon AD, Rich
PM, Barrick TR, et al. (2013). Mechanisms of cognitive
impairment in cerebral small vessel disease: multimodal
MRI results from the St George's cognition and
neuroimaging in stroke (SCANS) study. PLoS One,
8:¢61014.

Smits LL, van Harten AC, Pijnenburg YA, Koedam EL,
Bouwman FH, Sistermans N, et al. (2015). Trajectories
of cognitive decline in different types of dementia.
Psychol Med, 45:1051-1059.

Hamilton OKL, Backhouse EV, Janssen E, Jochems
ACC, Maher C, Ritakari TE, et al. (2021). Cognitive
impairment in sporadic cerebral small vessel disease: A
systematic review and meta-analysis. Alzheimers
Dement, 17:665-685.

Vasquez BP, Zakzanis KK  (2015). The
neuropsychological profile of vascular cognitive
impairment not demented: a meta-analysis. J
Neuropsychol, 9:109-136.

Thanprasertsuk S, Martinez-Ramirez S, Pontes-Neto
OM, NiJ, Ayres A, Reed A, et al. (2014). Posterior white
matter disease distribution as a predictor of amyloid
angiopathy. Neurology, 83:794-800.

Valenti R, Charidimou A, Xiong L, Boulouis G, Fotiadis
P, Ayres A, et al. (2017). Visuospatial Functioning in
Cerebral Amyloid Angiopathy: A Pilot Study. J
Alzheimers Dis, 56:1223-1227.

Jack CR, Jr., Bennett DA, Blennow K, Carrillo MC,
Dunn B, Haeberlein SB, et al. (2018). NIA-AA Research
Framework: Toward a biological definition of
Alzheimer's disease. Alzheimers Dement, 14:535-562.
Charidimou A, Boulouis G, Frosch MP, Baron JC, Pasi
M, Albucher JF, et al. (2022). The Boston criteria version
2.0 for cerebral amyloid angiopathy: a multicentre,
retrospective, MRI-neuropathology diagnostic accuracy
study. Lancet Neurol, 21:714-725.

Sleight E, Stringer MS, Clancy U, Arteaga-Reyes C,
Jaime Garcia D, Jochems ACC, et al. (2024).
Association of Cerebrovascular Reactivity With 1-Year
Imaging and Clinical Outcomes in Small Vessel Disease:
An  Observational Cohort Study. Neurology,
103:¢210008.

Sleight E, Stringer MS, Clancy U, Arteaga C, Jaime
Garcia D, Hewins W, et al. (2023). Cerebrovascular

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

Reactivity in Patients With Small Vessel Disease: A
Cross-Sectional Study. Stroke, 54:2776-2784.

Liu Z, Ma H, Guo ZN, Wang L, Qu Y, Fan L, et al.
(2022). Impaired dynamic cerebral autoregulation is
associated with the severity of neuroimaging features of
cerebral small vessel disease. CNS Neurosci Ther,
28:298-306.

van den Brink H, Kopczak A, Arts T, Onkenhout L, Siero
JCW, Zwanenburg JIM, et al. (2023). CADASIL Affects
Multiple Aspects of Cerebral Small Vessel Function on
7T-MRI. Ann Neurol, 93:29-39.

Huneau C, Houot M, Joutel A, Béranger B, Giroux C,
Benali H, et al. (2018). Altered dynamics of
neurovascular coupling in CADASIL. Ann Clin Transl
Neurol, 5:788-802.

Walsh J, Tozer DJ, Sari H, Hong YT, Drazyk A,
Williams G, et al. (2021). Microglial activation and
blood-brain barrier permeability in cerebral small vessel
disease. Brain, 144:1361-1371.

LiY,LiM, Zhang X, Shi Q, Yang S, Fan H, et al. (2017).
Higher blood-brain barrier permeability is associated
with higher white matter hyperintensities burden. J
Neurol, 264:1474-1481.

Tian Y, Cai X, Zhou Y, Jin A, Wang S, Yang Y, et al.
(2023). Impaired glymphatic system as evidenced by low
diffusivity along perivascular spaces is associated with
cerebral small vessel disease: a population-based study.
Stroke Vasc Neurol, 8:413-423.

Hsu SL, Liao YC, Wu CH, Chang FC, Chen YL, Lai KL,
etal. (2024). Impaired cerebral interstitial fluid dynamics
in cerebral autosomal dominant arteriopathy with
subcortical infarcts and leucoencephalopathy. Brain
Commun, 6:fcad349.

Wardlaw JM, Smith C, Dichgans M (2019). Small vessel
disease: mechanisms and clinical implications. Lancet
Neurol, 18:684-696.

Blevins BL, Vinters HV, Love S, Wilcock DM, Grinberg
LT, Schneider JA, et al. (2021). Brain arteriolosclerosis.
Acta Neuropathol, 141:1-24.

Craggs LJ, Yamamoto Y, Deramecourt V, Kalaria RN
(2014). Microvascular pathology and morphometrics of
sporadic and hereditary small vessel diseases of the
brain. Brain Pathol, 24:495-509.

Ding R, Hase Y, Ameen-Ali KE, Ndung'u M, Stevenson
W, Barsby J, et al. (2020). Loss of capillary pericytes and
the blood-brain barrier in white matter in poststroke and
vascular dementias and Alzheimer's disease. Brain
Pathol, 30:1087-1101.

Bakker SL, de Leeuw FE, de Groot JC, Hofman A,
Koudstaal PJ, Breteler MM (1999). Cerebral vasomotor
reactivity and cerebral white matter lesions in the elderly.
Neurology, 52:578-583.

Vernooij MW, van der Lugt A, Ikram MA, Wielopolski
PA, Vrooman HA, Hofman A, et al. (2008). Total
cerebral blood flow and total brain perfusion in the
general population: the Rotterdam Scan Study. J Cereb
Blood Flow Metab, 28:412-419.

Kang P, Ying C, Chen Y, Ford AL, An H, Lee IM
(2022). Oxygen Metabolic Stress and White Matter

Aging and Disease * Volume 18, Number 5, October 2027

16



Sun W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Injury in Patients With Cerebral Small Vessel Disease.
Stroke, 53:1570-1579.

Zhang R, Lin M, Cho J, Yu X, Jiaerken Y, Wang S, et al.
(2025). Oxygen extraction fraction in small vessel
disease: relationship to disease burden and progression.
Brain, 148:1950-1962.

Cai C, Zambach SA, Grubb S, Tao L, He C, Lind BL, et
al. (2023). Impaired dynamics of precapillary sphincters
and pericytes at first-order capillaries predict reduced
neurovascular function in the aging mouse brain. Nat
Aging, 3:173-184.

Lin J, Wang D, Lan L, Fan Y (2017). Multiple Factors
Involved in the Pathogenesis of White Matter Lesions.
Biomed Res Int, 2017:9372050.

Matute C (2011). Glutamate and ATP signalling in white
matter pathology. J Anat, 219:53-64.

Matute C, Ransom BR (2012). Roles of white matter in
central nervous system pathophysiologies. ASN Neuro,
4.

Stys PK, Waxman SG, Ransom BR (1992). Ionic
mechanisms of anoxic injury in mammalian CNS white
matter: role of Na+ channels and Na(+)-Ca2+ exchanger.
J Neurosci, 12:430-439.

Gyanwali B, Shaik MA, Tan BY, Venketasubramanian
N, Chen C, Hilal S (2019). Risk Factors for and Clinical
Relevance of Incident and Progression of Cerebral Small
Vessel Disease Markers in an Asian Memory Clinic
Population. J Alzheimers Dis, 67:1209-1219.

Hilal S, Mok V, Youn YC, Wong A, Ikram MK, Chen
CL (2017). Prevalence, risk factors and consequences of
cerebral small vessel diseases: data from three Asian
countries. J Neurol Neurosurg Psychiatry, 88:669-674.
Wardlaw JM, Smith C, Dichgans M (2013). Mechanisms
of sporadic cerebral small vessel disease: insights from
neuroimaging. Lancet Neurol, 12:483-497.

McCarthy RC, Sosa JC, Gardeck AM, Baez AS, Lee CH,
Wessling-Resnick M (2018). Inflammation-induced iron
transport and metabolism by brain microglia. J Biol
Chem, 293:7853-7863.

Andersen HH, Johnsen KB, Moos T (2014). Iron
deposits in the chronically inflamed central nervous
system and contributes to neurodegeneration. Cell Mol
Life Sci, 71:1607-1622.

1iff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen
GA, et al. (2012). A paravascular pathway facilitates
CSF flow through the brain parenchyma and the
clearance of interstitial solutes, including amyloid f. Sci
Transl Med, 4:147ralll.

Rasmussen MK, Mestre H, Nedergaard M (2018). The
glymphatic pathway in neurological disorders. Lancet
Neurol, 17:1016-1024.

Brown R, Benveniste H, Black SE, Charpak S, Dichgans
M, Joutel A, et al. (2018). Understanding the role of the
perivascular space in cerebral small vessel disease.
Cardiovasc Res, 114:1462-1473.

Inoue Y, Shue F, Bu G, Kanekiyo T (2023).
Pathophysiology and probable etiology of cerebral small
vessel disease in vascular dementia and Alzheimer's
disease. Mol Neurodegener, 18:46.

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

Hong H, Tozer DJ, Chen Y, Brown RB, Low A, Markus
HS (2025). Perivascular space dysfunction in cerebral
small vessel disease is related to neuroinflammation.
Brain, 148:1540-1550.

Li H, Jacob MA, Cai M, Kessels RPC, Norris DG,
Duering M, et al. (2024). Perivascular Spaces,
Diffusivity Along Perivascular Spaces, and Free Water
in Cerebral Small Vessel Disease. Neurology,
102:¢209306.

Zhou R, Zhong W, Xia Y, Ying Y, Wang Y, Yang L, et
al. (2025). The Relationship Between Cerebral Small
Vessel Disease, Sleep Quality, and Cognitive
Impairment Among Community-Dwelling Older Adults:
Exploring the Role of Glymphatic Function. Eur J
Neurol, 32:¢70384.

Sun YW, Qin LD, Zhou Y, Xu Q, Qian LJ, Tao J, et al.
(2011). Abnormal functional connectivity in patients
with vascular cognitive impairment, no dementia: a
resting-state functional magnetic resonance imaging
study. Behav Brain Res, 223:388-394.

Yi L, Wang J, Jia L, Zhao Z, Lu J, Li K, et al. (2012).
Structural and functional changes in subcortical vascular
mild cognitive impairment: a combined voxel-based
morphometry and resting-state fMRI study. PLoS One,
7:€44758.

Schaefer A, Quinque EM, Kipping JA, Arélin K,
Roggenhofer E, Frisch S, et al. (2014). Early small vessel
disease affects frontoparietal and cerebellar hubs in close
correlation with clinical symptoms--a resting-state fMRI
study. J Cereb Blood Flow Metab, 34:1091-1095.

Zhou X, Hu X, Zhang C, Wang H, Zhu X, Xu L, et al.
(2016). Aberrant Functional Connectivity and Structural
Atrophy in Subcortical Vascular Cognitive Impairment:
Relationship with Cognitive Impairments. Front Aging
Neurosci, 8:14.

Ding X, Ding J, Hua B, Xiong X, Xiao L, Peng F, et al.
(2017). Abnormal cortical functional activity in patients
with ischemic white matter lesions: A resting-state
functional magnetic resonance imaging study. Neurosci
Lett, 644:10-17.

LiuR, WuW,YeQ,GuY, ZouJ, Chen X, et al. (2019).
Distinctive and Pervasive Alterations of Functional
Brain Networks in Cerebral Small Vessel Disease with
and without Cognitive Impairment. Dement Geriatr
Cogn Disord, 47:55-67.

Schlemm E, Frey BM, Mayer C, Petersen M, Fiehler J,
Hanning U, et al. (2022). Equalization of Brain State
Occupancy Accompanies Cognitive Impairment in
Cerebral Small Vessel Disease. Biol Psychiatry, 92:592-
602.

Wei HL, Wei C, Yu YS, Yu X, Chen Y, Li J, et al.
(2024). Dysfunction of the triple-network model is
associated with cognitive impairment in patients with
cerebral small vessel disease. Heliyon, 10:¢24701.

Hu Y, Qiu Y, Chen Y, Wang Y, Dai Y, Xu Q, et al.
(2025). Neurovascular coupling alterations related to
cognitive impairment in cerebral small vessel disease: A
multiscale ~ brain  network  perspective.  Prog
Neuropsychopharmacol Biol Psychiatry, 138:111311.

Aging and Disease * Volume 18, Number 5, October 2027

17



Sun W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

Kim HJ, Cha J, Lee JM, Shin JS, Jung NY, Kim Y]J, et
al. (2016). Distinctive Resting State Network
Disruptions Among Alzheimer's Disease, Subcortical
Vascular Dementia, and Mixed Dementia Patients. J
Alzheimers Dis, 50:709-718.

Ding JR, Ding X, Hua B, Xiong X, Wen Y, Ding Z, et
al. (2018). Altered connectivity patterns among resting
state networks in patients with ischemic white matter
lesions. Brain Imaging Behav, 12:1239-1250.

De Marco M, Manca R, Mitolo M, Venneri A (2017).
White Matter Hyperintensity Load Modulates Brain
Morphometry and Brain Connectivity in Healthy Adults:
A Neuroplastic =~ Mechanism?  Neural  Plast,
2017:4050536.

Benson G, Hildebrandt A, Lange C, Schwarz C, Kébe T,
Sommer W, et al. (2018). Functional connectivity in
cognitive control networks mitigates the impact of white
matter lesions in the elderly. Alzheimers Res Ther,
10:109.

Chen H, Li Y, Liu Q, Shi Q, Wang J, Shen H, et al.
(2019). Abnormal Interactions of the Salience Network,
Central Executive Network, and Default-Mode Network
in Patients With Different Cognitive Impairment Loads
Caused by Leukoaraiosis. Front Neural Circuits, 13:42.
Wu X, Lai Y, Zhang Y, Yao L, Wen X (2015).
Breakdown of Sensorimotor Network Communication in
Leukoaraiosis. Neurodegener Dis, 15:322-330.

Zhou X, Zhang C, Li L, Zhang Y, Zhang W, Yin W, et
al. (2020). Altered Brain Function in Cerebral Small
Vessel Disease Patients With Gait Disorders: A Resting-
State Functional MRI Study. Front Aging Neurosci,
12:234.

Xin H, Wen H, Feng M, Gao Y, Sui C, Zhang N, et al.
(2022). Disrupted topological organization of resting-
state functional brain networks in cerebral small vessel
disease. Hum Brain Mapp, 43:2607-2620.

Reijmer YD, Schultz AP, Leemans A, O'Sullivan MJ,
Gurol ME, Sperling R, et al. (2015). Decoupling of
structural and functional brain connectivity in older
adults with white matter hyperintensities. Neuroimage,
117:222-229.

Biesbroek JM, Leemans A, den Bakker H, Duering M,
Gesierich B, Koek HL, et al. (2017). Microstructure of
Strategic White Matter Tracts and Cognition in Memory
Clinic Patients with Vascular Brain Injury. Dement
Geriatr Cogn Disord, 44:268-282.

Biesbroek JM, Weaver NA, Biessels GJ (2017). Lesion
location and cognitive impact of cerebral small vessel
disease. Clin Sci (Lond), 131:715-728.

Ban S, Wang H, Wang M, Xu S, Qin Z, Su J, et al.
(2019). Diffuse Tract Damage in CADASIL Is
Correlated with Global Cognitive Impairment. Eur
Neurol, 81:294-301.

Jacobs HIL, Schoemaker D, Torrico-Teave H, Zuluaga
Y, Velilla-Jimenez L, Ospina-Villegas C, et al. (2022).
Specific Abnormalities in White Matter Pathways as
Interface to Small Vessels Disease and Cognition in
Cerebral Autosomal Dominant Arteriopathy with
Subcortical ~ Infarcts and  Leukoencephalopathy
Individuals. Brain Connect, 12:52-60.

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Dobrynina LA, Kremneva EI, Shamtieva KV, Geints
AA, Filatov AS, Gadzhieva ZS, et al. (2024). Cognitive
Impairment in Cerebral Small Vessel Disease Is
Associated with Corpus Callosum Microstructure
Changes Based on Diffusion MRI. Diagnostics (Basel),
14.

Biesbroek JM, Weaver NA, Hilal S, Kuijf HJ, Ikram
MK, Xu X, et al. (2016). Impact of Strategically Located
White Matter Hyperintensities on Cognition in Memory
Clinic Patients with Small Vessel Disease. PLoS One,
11:¢0166261.

Biesbroek JM, Lam BYK, Zhao L, Tang Y, Wang Z,
Abrigo J, et al. (2020). High white matter hyperintensity
burden in strategic white matter tracts relates to worse
global cognitive performance in community-dwelling
individuals. J Neurol Sci, 414:116835.

Hu AM, Ma YL, Li YX, Han ZZ, Yan N, Zhang YM
(2022). Association between Changes in White Matter
Microstructure and Cognitive Impairment in White
Matter Lesions. Brain Sci, 12.

da Silva PHR, de Leeuw FE, Zotin MCZ, Neto OMP,
Leoni RF, Tuladhar AM (2023). Cortical Thickness and
Brain Connectivity Mediate the Relation Between White
Matter Hyperintensity and Information Processing Speed
in Cerebral Small Vessel Disease. Brain Topogr, 36:613-
630.

Sui C, Liang C, Gao Y, Wang N, Zhang X, Wang Y, et
al. (2025). The mediation effects of white matter
microstructural abnormalities on the associations
between cerebral small vessel disease burden and
cognitive impairment. Neurobiol Dis, 214:107025.

Li H, Cai M, Jacob MA, Norris DG, Marques JP,
Chamberland M, et al. (2023). Dissociable Contributions
of Thalamic-Subregions to Cognitive Impairment in
Small Vessel Disease. Stroke, 54:1367-1376.

da Silva PHR, de Leeuw FE, Zotin MCZ, Neto OMP,
Leoni RF, Tuladhar AM (2023). Neural Substrates of
Psychomotor Speed Deficits in Cerebral Small Vessel
Disease: A Brain Disconnectome Mapping Study. Brain
Topogr, 36:545-553.

O'Sullivan M (2010). Imaging small vessel disease:
lesion topography, networks, and cognitive deficits
investigated with MRI. Stroke, 41:S154-158.

Stephan BC, Matthews FE, Khaw KT, Dufouil C,
Brayne C (2009). Beyond mild cognitive impairment:
vascular cognitive impairment, no dementia (VCIND).
Alzheimers Res Ther, 1:4.

Wang T, Jin A, Fu Y, Zhang Z, Li S, Wang D, et al.
(2021). Heterogeneity of White Matter Hyperintensities
in Cognitively Impaired Patients With Cerebral Small
Vessel Disease. Front Immunol, 12:803504.

Zeng S,Ma L, Mao H, ShiY, XuM, Gao Q, et al. (2024).
Dynamic functional network connectivity in patients
with a mismatch between white matter hyperintensity
and cognitive function. Front Aging Neurosci,
16:1418173.

Pasi M, van Uden IW, Tuladhar AM, de Leeuw FE,
Pantoni L (2016). White Matter Microstructural Damage
on Diffusion Tensor Imaging in Cerebral Small Vessel
Disease: Clinical Consequences. Stroke, 47:1679-1684.

Aging and Disease * Volume 18, Number 5, October 2027

18



Sun

W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

Tuladhar AM, Lawrence A, Norris DG, Barrick TR,
Markus HS, de Leeuw FE (2017). Disruption of rich club
organisation in cerebral small vessel disease. Hum Brain
Mapp, 38:1751-1766.

Du J, Zhu H, Zhou J, Lu P, Qiu Y, Yu L, et al. (2020).
Structural Brain Network Disruption at Preclinical Stage
of Cognitive Impairment Due to Cerebral Small Vessel
Disease. Neuroscience, 449:99-115.

Gu Y, Zhao J, Feng W, Wang C, Yan Y, Wang X, et al.
(2026). Association of Functional and White Matter
Structural Brain Network in Older Cerebral Small Vessel
Disease With Cognitive Impairment. J Integr Neurosci,
25:47508.

Reijmer YD, Fotiadis P, Piantoni G, Boulouis G, Kelly
KE, Gurol ME, et al. (2016). Small vessel disease and
cognitive impairment: The relevance of central network
connections. Hum Brain Mapp, 37:2446-2454.
Lawrence AJ, Chung AW, Morris RG, Markus HS,
Barrick TR (2014). Structural network efficiency is
associated with cognitive impairment in small-vessel
disease. Neurology, 83:304-311.

Tuladhar AM, van Dijk E, Zwiers MP, van Norden AG,
de Laat KF, Shumskaya E, et al. (2016). Structural
network connectivity and cognition in cerebral small
vessel disease. Hum Brain Mapp, 37:300-310.

Reijmer YD, Fotiadis P, Martinez-Ramirez S, Salat DH,
Schultz A, Shoamanesh A, et al. (2015). Structural
network alterations and neurological dysfunction in
cerebral amyloid angiopathy. Brain, 138:179-188.

Xie X, Shi Y, Zhang J (2017). Structural network
connectivity impairment and depressive symptoms in
cerebral small vessel disease. J Affect Disord, 220:8-14.
Tuladhar AM, van Uden IW, Rutten-Jacobs LC,
Lawrence A, van der Holst H, van Norden A, et al.
(2016).  Structural network efficiency predicts
conversion to dementia. Neurology, 86:1112-1119.
Boot EM, Mc van Leijsen E, Bergkamp MI, Kessels
RPC, Norris DG, de Leeuw FE, et al. (2020). Structural
network efficiency predicts cognitive decline in cerebral
small vessel disease. Neuroimage Clin, 27:102325.
Tuladhar AM, Tay J, van Leijsen E, Lawrence AJ, van
Uden IWM, Bergkamp M, et al. (2020). Structural
network changes in cerebral small vessel disease. J
Neurol Neurosurg Psychiatry, 91:196-203.

Lawrence AJ, Zeestraten EA, Benjamin P, Lambert CP,
Morris RG, Barrick TR, et al. (2018). Longitudinal
decline in structural networks predicts dementia in
cerebral small vessel disease. Neurology, 90:¢1898-
e1910.

Pierpaoli C, Basser PJ (1996). Toward a quantitative
assessment of diffusion anisotropy. Magn Reson Med,
36:893-906.

Finsterwalder S, Vlegels N, Gesierich B, Araque
Caballero M, Weaver NA, Franzmeier N, et al. (2020).
Small vessel disease more than Alzheimer's disease
determines diffusion MRI alterations in memory clinic
patients. Alzheimers Dement, 16:1504-1514.

Baykara E, Gesierich B, Adam R, Tuladhar AM,
Biesbroek JM, Koek HL, et al. (2016). A Novel Imaging
Marker for Small Vessel Disease Based on

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Skeletonization of White Matter Tracts and Diffusion
Histograms. Ann Neurol, 80:581-592.

Lam BYK, Leung KT, Yiu B, Zhao L, Biesbroek JM, Au
L, et al. (2019). Peak width of skeletonized mean
diffusivity and its association with age-related cognitive
alterations and vascular risk factors. Alzheimers Dement
(Amst), 11:721-729.

Maillard P, Fletcher E, Lockhart SN, Roach AE, Reed B,
Mungas D, et al. (2014). White matter hyperintensities
and their penumbra lie along a continuum of injury in the
aging brain. Stroke, 45:1721-1726.

Poulakis K, Reid RI, Przybelski SA, Knopman DS,
Graff-Radford J, Lowe V], et al. (2021). Longitudinal
deterioration of white-matter integrity: heterogeneity in
the ageing population. Brain Commun, 3:fcaa238.

Ter Telgte A, van Leijsen EMC, Wiegertjes K, Klijn
CIM, Tuladhar AM, de Leeuw FE (2018). Cerebral small
vessel disease: from a focal to a global perspective. Nat
Rev Neurol, 14:387-398.

Williams OA, Zeestraten EA, Benjamin P, Lambert C,
Lawrence AJ, Mackinnon AD, et al. (2017). Diffusion
tensor image segmentation of the cerebrum provides a
single measure of cerebral small vessel disease severity
related to cognitive change. Neuroimage Clin, 16:330-
342.

Williams OA, Zeestraten EA, Benjamin P, Lambert C,
Lawrence AJ, Mackinnon AD, et al. (2019). Predicting
Dementia in Cerebral Small Vessel Disease Using an
Automatic Diffusion Tensor Image Segmentation
Technique. Stroke, 50:2775-2782.

Papma JM, de Groot M, de Koning I, Mattace-Raso FU,
van der Lugt A, Vernooij MW, et al. (2014). Cerebral
small vessel disease affects white matter microstructure
in mild cognitive impairment. Hum Brain Mapp,
35:2836-2851.

Maillard P, Fletcher E, Harvey D, Carmichael O, Reed
B, Mungas D, et al. (2011). White matter hyperintensity
penumbra. Stroke, 42:1917-1922.

Maniega SM, Valdés Hernandez MC, Clayden JD, Royle
NA, Murray C, Morris Z, et al. (2015). White matter
hyperintensities and normal-appearing white matter
integrity in the aging brain. Neurobiol Aging, 36:909-
918.

Jann K, Shao X, Ma SJ, Cen SY, D'Orazio L, Barisano
G, et al. (2021). Evaluation of Cerebral Blood Flow
Measured by 3D PCASL as Biomarker of Vascular
Cognitive Impairment and Dementia (VCID) in a Cohort
of Elderly Latinx Subjects at Risk of Small Vessel
Disease. Front Neurosci, 15:627627.

Zhang X, Liu S, Hou B, Fan X, You H, Li M, et al.
(2025). Cerebral small vessel disease score associated
with brain hypoperfusion predicts cognitive decline: a
longitudinal study. BMC Med Imaging, 25:463.

Schuff N, Matsumoto S, Kmiecik J, Studholme C, Du A,
Ezekiel F, et al. (2009). Cerebral blood flow in ischemic
vascular dementia and Alzheimer's disease, measured by
arterial spin-labeling magnetic resonance imaging.
Alzheimers Dement, 5:454-462.

Ye Q, Bai F (2018). Contribution of diffusion, perfusion
and functional MRI to the disconnection hypothesis in

Aging and Disease * Volume 18, Number 5, October 2027

19



Sun W., et al. Cognitive Impairment and Its Heterogeneity in CSVD
subcortical vascular cognitive impairment. Stroke Vasc ~ [148] Lambert C, Benjamin P, Zeestraten E, Lawrence AJ,
Neurol, 3:131-139. Barrick TR, Markus HS (2016). Longitudinal patterns of

[134] Fan D, Zhao H, Liu H, Niu H, Liu T, Wang Y (2024). leukoaraiosis and brain atrophy in symptomatic small
Abnormal brain activities of cognitive processes in vessel disease. Brain, 139:1136-1151.
cerebral small vessel disease: A systematic review of  [149] Duering M, Righart R, Csanadi E, Jouvent E, Hervé D,
task fMRI studies. J Neuroradiol, 51:155-167. Chabriat H, et al. (2012). Incident subcortical infarcts

[135] Papma JM, den Heijer T, de Koning I, Mattace-Raso FU, induce focal thinning in connected cortical regions.
van der Lugt A, van der Lijn F, et al. (2012). The Neurology, 79:2025-2028.
influence of cerebral small vessel disease on default [150] Cohen MX (2017). Where Does EEG Come From and
mode network deactivation in mild cognitive What Does It Mean? Trends Neurosci, 40:208-218.
impairment. Neuroimage Clin, 2:33-42. [151] VanRullen R (2016). Perceptual Cycles. Trends Cogn

[136] Langen CD, Zonneveld HI, White T, Huizinga W, Sci, 20:723-735.

Cremers LGM, de Groot M, et al. (2017). White matter ~ [152] Siegel M, Donner TH, Engel AK (2012). Spectral
lesions relate to tract-specific reductions in functional fingerprints of large-scale neuronal interactions. Nat Rev
connectivity. Neurobiol Aging, 51:97-103. Neurosci, 13:121-134.

[137] Tullberg M, Fletcher E, DeCarli C, Mungas D, Reed BR,  [153] Fields RD (2015). A new mechanism of nervous system
Harvey DIJ, et al. (2004). White matter lesions impair plasticity: activity-dependent myelination. Nat Rev
frontal lobe function regardless of their location. Neurosci, 16:756-767.

Neurology, 63:246-253. [154] Khelfaoui H, Ibaceta-Gonzalez C, Angulo MC (2024).

[138] Van Der Werf YD, Weerts JG, Jolles J, Witter MP, Functional myelin in cognition and neurodevelopmental
Lindeboom J, Scheltens P (1999). Neuropsychological disorders. Cell Mol Life Sci, 81:181.
correlates of a right unilateral lacunar thalamic  [155] Bells S, Lefebvre J, Longoni G, Narayanan S, Arnold
infarction. J Neurol Neurosurg Psychiatry, 66:36-42. DL, Yeh EA, et al. (2019). White matter plasticity and

[139] Kim HJ, Im K, Kwon H, Lee JM, Kim C, Kim Y], et al. maturation in human cognition. Glia, 67:2020-2037.
(2015). Clinical effect of white matter network [156] Wei T, Zhou J, Wang Z, Liu X, Mi Y, Zhao Y, et al.
disruption related to amyloid and small vessel disease. (2025). Coupled sleep rhythm disruption predicts
Neurology, 85:63-70. cognitive decline in Alzheimer's disease. Sci Bull

[140] Romén GC, Erkinjuntti T, Wallin A, Pantoni L, Chui HC (Beijing), 70:1491-1503.

(2002). Subcortical ischaemic vascular dementia. Lancet  [157] Coban H, Tung S, Yoo B, Vinters HV, Hinman JD
Neurol, 1:426-436. (2017). Molecular Disorganization of Axons Adjacent to

[141] Duering M, Righart R, Wollenweber FA, Zietemann V, Human Cortical Microinfarcts. Front Neurol, 8:405.
Gesierich B, Dichgans M (2015). Acute infarcts cause  [158] Gouw AA, Seewann A, van der Flier WM, Barkhof F,
focal thinning in remote cortex via degeneration of Rozemuller AM, Scheltens P, et al. (2011).
connecting fiber tracts. Neurology, 84:1685-1692. Heterogeneity of small vessel disease: a systematic

[142] Dickie DA, Karama S, Ritchie SJ, Cox SR, Sakka E, review of MRI and histopathology correlations. J Neurol
Royle NA, et al. (2016). Progression of White Matter Neurosurg Psychiatry, 82:126-135.

Disease and Cortical Thinning Are Not Related in Older  [159] Qin Q, Qu J, Yin Y, Liang Y, Wang Y, Xie B, et al.
Community-Dwelling Subjects. Stroke, 47:410-416. (2023). Unsupervised machine learning model to predict

[143] Peres R, De Guio F, Chabriat H, Jouvent E (2016). cognitive impairment in subcortical ischemic vascular
Alterations of the cerebral cortex in sporadic small vessel disease. Alzheimers Dement, 19:3327-3338.
disease: A systematic review of in vivo MRI data. ]  [160] Li A, LiuL, Bian Y, LuY, Jia X, Chen Y, et al. (2026).
Cereb Blood Flow Metab, 36:681-695. Silent yet impaired: Hidden memory processing deficits

[144] Chabriat H, Hervé D, Duering M, Godin O, Jouvent E, in asymptomatic individuals with moderate-to-severe
Opherk C, et al. (2016). Predictors of Clinical Worsening white matter hyperintensities. Alzheimers Dement,
in Cerebral Autosomal Dominant Arteriopathy With 22:¢71084.

Subcortical ~ Infarcts and  Leukoencephalopathy:  [161] Steriade M, Gloor P, Llinas RR, Lopes de Silva FH,
Prospective Cohort Study. Stroke, 47:4-11. Mesulam MM (1990). Report of IFCN Committee on

[145] Rizvi B, Narkhede A, Last BS, Budge M, Tosto G, Basic Mechanisms. Basic mechanisms of cerebral
Manly JJ, et al. (2018). The effect of white matter rhythmic activities. Electroencephalogr Clin
hyperintensities on cognition is mediated by cortical Neurophysiol, 76:481-508.
atrophy. Neurobiol Aging, 64:25-32. [162] Crunelli V, Lérincz ML, Connelly WM, David F,

[146] Tuladhar AM, Reid AT, Shumskaya E, de Laat KF, van Hughes SW, Lambert RC, et al. (2018). Dual function of
Norden AG, van Dijk EJ, et al. (2015). Relationship thalamic low-vigilance state oscillations: rhythm-
between white matter hyperintensities, cortical regulation and plasticity. Nat Rev Neurosci, 19:107-118.
thickness, and cognition. Stroke, 46:425-432. [163] Pfurtscheller G, Lopes da Silva FH (1999). Event-related

[147] Lambert C, Sam Narean J, Benjamin P, Zeestraten E, EEG/MEG synchronization and desynchronization:

Barrick TR, Markus HS (2015). Characterising the grey
matter correlates of leukoaraiosis in cerebral small vessel
disease. Neuroimage Clin, 9:194-205.

[164]

basic principles. Clin Neurophysiol, 110:1842-1857.
van Straaten EC, de Haan W, de Waal H, Scheltens P,
van der Flier WM, Barkhof F, et al. (2012). Disturbed

Aging and Disease * Volume 18, Number 5, October 2027

20



Sun

W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

oscillatory brain dynamics in subcortical ischemic
vascular dementia. BMC Neurosci, 13:85.

Moretti DV, Frisoni GB, Pievani M, Rosini S, Geroldi C,
Binetti G, et al. (2008). Cerebrovascular disease and
hippocampal atrophy are differently linked to functional
coupling of brain areas: an EEG coherence study in MCI
subjects. J Alzheimers Dis, 14:285-299.

Moretti DV, Pievani M, Geroldi C, Binetti G, Zanetti O,
Cotelli M, et al. (2009). Increasing hippocampal atrophy
and cerebrovascular damage is differently associated
with functional cortical coupling in MCI patients.
Alzheimer Dis Assoc Disord, 23:323-332.

Babiloni C, Frisoni GB, Pievani M, Vecchio F,
Infarinato F, Geroldi C, et al. (2008). White matter
vascular lesions are related to parietal-to-frontal
coupling of EEG rhythms in mild cognitive impairment.
Hum Brain Mapp, 29:1355-1367.

Shao W, Oliveira DV, Naia L, Li Y, Dahl Bjernholm K,
Isla AG, et al. (2026). Impairment of hippocampal
gamma oscillations, mitochondria and neurovascular
function in CADASIL. Brain.

Schreiber S, Arndt P, Morton L, Garza AP, Miiller P,
Neumann K, et al. (2024). Immune system activation and
cognitive impairment in arterial hypertension. Am J
Physiol Cell Physiol, 327:C1577-¢1590.

Umemura T, Kawamura T, Umegaki H, Mashita S,
Kanai A, Sakakibara T, et al. (2011). Endothelial and
inflammatory markers in relation to progression of
ischaemic cerebral small-vessel disease and cognitive
impairment: a 6-year longitudinal study in patients with
type 2 diabetes mellitus. J Neurol Neurosurg Psychiatry,
82:1186-1194.

Che P, Wang S, Liu X, Lu Y, Tian Z, Feng Q, et al.
(2025). Plasma placental growth factor as a biomarker
for subcortical ischemic vascular dementia and its
cognitive correlation mediated by white matter
hyperintensities. Alzheimers Dement, 21:¢70461.
Hinman JD, Elahi F, Chong D, Radabaugh H, Ferguson
A, Maillard P, et al. (2023). Placental growth factor as a
sensitive biomarker for vascular cognitive impairment.
Alzheimers Dement, 19:3519-3527.

Gertje EC, Janelidze S, van Westen D, Cullen N,
Stomrud E, Palmqvist S, et al. (2023). Associations
Between CSF Markers of Inflammation, White Matter
Lesions, and Cognitive Decline in Individuals Without
Dementia. Neurology, 100:e1812-¢1824.

Salai KHT, Wu LY, Chong JR, Chai YL, Gyanwali B,
Robert C, et al. (2023). Elevated Soluble TNF-Receptor
1 in the Serum of Predementia Subjects with Cerebral
Small Vessel Disease. Biomolecules, 13.

Lockhart SN, Sutphen CL, Tanley J, Gonzalez-Ortiz F,
Kac PR, Habes M, et al. (2026). Plasma and
neuroimaging biomarkers of small vessel disease and
Alzheimer's disease in a diverse cohort: MESA.
Alzheimers Dement, 22:¢71131.

Yang J, Zhao X, Liu Y, Cai Y, Fan Y (2026).
Associations of plasma biomarkers with longitudinal co-
pathologies in Alzheimer's disease and cerebral small
vessel disease comorbidity. J Prev Alzheimers Dis,
13:100449.

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Sanchez E, Coughlan GT, Wilkinson T, Ramirez J,
Mirza SS, Baril AA, et al. (2025). Association of Plasma
Biomarkers ~ With  Longitudinal  Atrophy and
Microvascular Burden on MRI Across
Neurodegenerative and Cerebrovascular Diseases.
Neurology, 104:¢213438.

El Husseini N, Bushnell C, Brown CM, Attix D, Rost
NS, Samsa GP, et al. (2020). Vascular Cellular Adhesion
Molecule-1 (VCAM-1) and Memory Impairment in
African-Americans after Small Vessel-Type Stroke. J
Stroke Cerebrovasc Dis, 29:104646.

Bian L, Zhou Y, Zhang D, Jiang T, Xing C, Wu X, et al.
(2023). Negative correlation between serum pyruvate
kinase M2 and cognitive function in patients with
cerebral small vessel disease. Clin Neurol Neurosurg,
225:107586.

Zhu S, Wei X, Yang X, Huang Z, Chang Z, Xie F, et al.
(2019). Plasma Lipoprotein-associated Phospholipase
A2 and Superoxide Dismutase are Independent
Predicators of Cognitive Impairment in Cerebral Small
Vessel Disease Patients: Diagnosis and Assessment.
Aging Dis, 10:834-846.

Rosenberg GA (2016). Matrix Metalloproteinase-
Mediated Neuroinflammation in Vascular Cognitive
Impairment of the Binswanger Type. Cell Mol
Neurobiol, 36:195-202.

Wallin A, Kapaki E, Boban M, Engelborghs S, Hermann
DM, Huisa B, et al. (2017). Biochemical markers in
vascular cognitive impairment associated with
subcortical small vessel disease - A consensus report.
BMC Neurol, 17:102.

Fang Z, Chen X, Zhao Y, Zhou X, Cai X, Deng J, et al.
(2025). Quantitative assessments of white matter
hyperintensities and plasma biomarkers can predict
cognitive impairment and cerebral microbleeds in
cerebral small vessel disease patients. Neuroscience,
564:41-51.

Shi Y, Mao H, Miao W, Deng J, Gao Q, Zeng S, et al.
(2023). Potential Association of Neutrophil Extracellular
Traps With Cognitive Impairment in Cerebral Small
Vessel Disease. J Gerontol A Biol Sci Med Sci, 78:1999-
2006.

Fortin LJ, Genest J, Jr. (1995). Measurement of
homocyst(e)ine in the prediction of arteriosclerosis. Clin
Biochem, 28:155-162.

Pavlovic AM, Pekmezovic T, Obrenovic R, Novakovic
I, Tomic G, Mijajlovic M, et al. (2011). Increased total
homocysteine level is associated with clinical status and
severity of white matter changes in symptomatic patients
with subcortical small vessel disease. Clin Neurol
Neurosurg, 113:711-715.

Axelsson E, Wallin A, Svensson J (2020). Patients with
the Subcortical Small Vessel Type of Dementia Have
Disturbed Cardiometabolic Risk Profile. J Alzheimers
Dis, 73:1373-1383.

Thuoma J, Milan M, Negri S, Troyano-Rodriguez E,
Rudraboina R, Kosmider A, et al. (2026). LDL oxidation
and cerebrovascular aging: mechanisms of endothelial
dysfunction, inflammation, and vascular cognitive
impairment and dementia. Redox Biol, 92:104118.

Aging and Disease * Volume 18, Number 5, October 2027

21



Sun

W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

Lennon MJ, Karvelas N, Ganesh A, Whitehead S,
Sorond FA, Duréan Laforet V, et al. (2025). The future of
biomarkers for vascular contributions to cognitive
impairment and dementia (VCID): proceedings of the
2025 annual workshop of the Albert research institute for
white matter and cognition. Geroscience, 47:6177-6190.
Yang D, Liu P, Han M, Ke Z, Tan Y, Yu L, et al. (2026).
Plasma extracellular vesicle proteins biomarker for
cerebral small vessel disease related cognitive
impairment. Alzheimers Res Ther.

Guo Q, Zhu X, Wei R, Zhao L, Zhang Z, Yin X, et al.
(2021). miR-130b-3p regulates M1 macrophage
polarization via targeting IRF1. J Cell Physiol,

236:2008-2022.

Varendi K, Kumar A, Hirma MA, Andressoo JO (2014).
miR-1, miR-10b, miR-155, and miR-191 are novel
regulators of BDNF. Cell Mol Life Sci, 71:4443-4456.
Ragusa M, Bosco P, Tamburello L, Barbagallo C,
Condorelli AG, Tornitore M, et al. (2016). miRNAs
Plasma Profiles in Vascular Dementia: Biomolecular
Data and Biomedical Implications. Front Cell Neurosci,
10:51.

Kovari E, Gold G, Herrmann FR, Canuto A, Hof PR,
Michel JP, et al. (2004). Cortical microinfarcts and
demyelination significantly affect cognition in brain
aging. Stroke, 35:410-414.

Schwarz G, Banerjee G, Hostettler IC, Ambler G,
Seiffge DJ, Ozkan H, et al. (2023). MRI and CT imaging
biomarkers of cerebral amyloid angiopathy in lobar
intracerebral hemorrhage. Int J Stroke, 18:85-94.
Schrader JM, Stanisavljevic A, Xu F, Van Nostrand WE
(2022). Distinct Brain Proteomic Signatures in Cerebral
Small Vessel Disease Rat Models of Hypertension and
Cerebral Amyloid Angiopathy. J Neuropathol Exp
Neurol, 81:731-745.

Barucci E, Salvadori E, Magi S, Squitieri M, Fiore GM,
Ramacciotti L, et al. (2024). Cognitive profile in cerebral
small vessel disease: comparison between cerebral
amyloid  angiopathy and  hypertension-related
microangiopathy. Sci Rep, 14:5922.

Deasy L, Laurent-Chabalier S, Wacongne A, Parvu T,
Mura T, Thouvenot E, et al. (2024). Diagnostic Accuracy
of Posterior/Anterior Periventricular WMH Ratio to
Differentiate CAA From Hypertensive Arteriopathy.
Stroke, 55:2086-2093.

Ii Y, Ishikawa H, Matsuyama H, Shindo A, Matsuura K,
Yoshimaru K, et al. (2020). Hypertensive Arteriopathy
and Cerebral Amyloid Angiopathy in Patients with
Cognitive Decline and Mixed Cerebral Microbleeds. J
Alzheimers Dis, 78:1765-1774.

Kapasi A, DeCarli C, Schneider JA (2017). Impact of
multiple pathologies on the threshold for clinically overt
dementia. Acta Neuropathol, 134:171-186.

Attems J, Jellinger KA (2014). The overlap between
vascular disease and Alzheimer's disease--lessons from
pathology. BMC Med, 12:206.

Sachdev PS, Bentvelzen AC, Gustafson D, Hansra GK,
Hosoki S, Jiang J, et al. (2026). Vascular Cognitive
Impairment and Dementia: Clinical Features,

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

Neuropathology, and Biomarkers. ] Am Coll Cardiol,
87:52-76.

Bommarito G, Griffa A, Michel P, Hall C, Salvioni CP,
Pistocchi S, et al. (2025). Cerebral small vessel disease
in memory center patients with dementia with lewy
bodies and Alzheimer's disease. Alzheimers Res Ther,
17:154.

Arndt P, Pfister M, Perosa V, Mattern H, Bernal J, John
AC, et al. (2025). Risk factors and clinical significance
of neurodegenerative co-pathologies in symptomatic
cerebral small vessel disease. J Neurol, 272:349.

(2001). Pathological correlates of late-onset dementia in
a multicentre, community-based population in England
and Wales. Neuropathology Group of the Medical
Research Council Cognitive Function and Ageing Study
(MRC CFAS). Lancet, 357:169-175.

Schneider JA, Arvanitakis Z, Bang W, Bennett DA
(2007). Mixed brain pathologies account for most
dementia cases in community-dwelling older persons.
Neurology, 69:2197-2204.

Toledo JB, Arnold SE, Raible K, Brettschneider J, Xie
SX, Grossman M, et al. (2013). Contribution of

cerebrovascular disease in autopsy confirmed
neurodegenerative disease cases in the National
Alzheimer's Coordinating Centre. Brain, 136:2697-

2706.

Boyle PA, Yu L, Wilson RS, Leurgans SE, Schneider JA,
Bennett DA (2018). Person-specific contribution of
neuropathologies to cognitive loss in old age. Ann
Neurol, 83:74-83.

Jorgensen IF, Aguayo-Orozco A, Lademann M, Brunak
S (2020). Age-stratified longitudinal study of
Alzheimer's and vascular dementia patients. Alzheimers
Dement, 16:908-917.

Kapasi A, Leurgans SE, Arvanitakis Z, Barnes LL,
Bennett DA, Schneider JA (2021). Ap (Amyloid Beta)
and Tau Tangle Pathology Modifies the Association
Between Small Vessel Disease and Cortical
Microinfarcts. Stroke, 52:1012-1021.

(2024). A genome-wide association meta-analysis of all-
cause and vascular dementia. Alzheimers Dement,
20:5973-5995.

Jin C, Beran RG, Bhaskar SMM (2025). Neuroimaging
and Genetic Markers of Cerebral Small Vessel Disease
and Cognitive Outcomes: A Systematic Review and
Meta-Analysis (NEUROGEN-SVD Study). Diagnostics
(Basel), 15.

Jin T, Yang H, Liu F, Lin S, Hu J, Wang J, et al. (2026).
Impact of APOE &4 Genotype Load on Cognitive
Function and Lipid Metabolism in Patients With
Cerebral Small Vessel Disease. Ann Clin Transl Neurol,
13:430-441.

Kimura S, Saito H, Minami M, Togashi H, Nakamura N,
Nemoto M, et al. (2000). Pathogenesis of vascular
dementia in stroke-prone spontaneously hypertensive
rats. Toxicology, 153:167-178.

Yu Z, Chen Z, Chen C, Huang J, He X, Zhao J, et al.
(2025). Cerebral small vessel disease and cognitive
dysfunction in relation to central systolic blood pressure.
Eur J Intern Med, 136:101-106.

Aging and Disease * Volume 18, Number 5, October 2027

22



Sun

W., et al.

Cognitive Impairment and Its Heterogeneity in CSVD

[216]

[217]

[218]

[219]

[220]

[221]

Strachan MW, Reynolds RM, Marioni RE, Price JF
(2011). Cognitive function, dementia and type 2 diabetes
mellitus in the elderly. Nat Rev Endocrinol, 7:108-114.
Dao L, Choi S, Freeby M (2023). Type 2 diabetes
mellitus and cognitive function: understanding the
connections. Curr Opin Endocrinol Diabetes Obes, 30:7-
13.

Backhouse EV, Boardman JP, Wardlaw JM (2024).
Cerebral Small Vessel Disease: Early-Life Antecedents
and Long-Term Implications for the Brain, Aging,
Stroke, and Dementia. Hypertension, 81:54-74.

Jokinen H, Melkas S, Madureira S, Verdelho A, Ferro
JM, Fazekas F, et al. (2016). Cognitive reserve
moderates long-term cognitive and functional outcome
in cerebral small vessel disease. J Neurol Neurosurg
Psychiatry, 87:1296-1302.

Makin SD, Doubal FN, Shuler K, Chappell FM, Staals J,
Dennis MS, et al. (2018). The impact of early-life
intelligence quotient on post stroke cognitive
impairment. Eur Stroke J, 3:145-156.

Zieren N, Duering M, Peters N, Reyes S, Jouvent E,
Hervé D, et al. (2013). Education modifies the relation of
vascular pathology to cognitive function: cognitive
reserve in cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy. Neurobiol
Aging, 34:400-407.

[222]

[223]

[224]

[225]

[226]

Elbaz A, Vicente-Vytopilova P, Tavernier B, Sabia S,
Dumurgier J, Mazoyer B, et al. (2013). Motor function
in the elderly: evidence for the reserve hypothesis.
Neurology, 81:417-426.

Cohen AD, Price JC, Weissfeld LA, James J, Rosario
BL, Bi W, et al. (2009). Basal cerebral metabolism may
modulate the cognitive effects of Abeta in mild cognitive
impairment: an example of brain reserve. J Neurosci,
29:14770-14778.

Lim HK, Nebes R, Snitz B, Cohen A, Mathis C, Price J,
et al. (2014). Regional amyloid burden and intrinsic
connectivity networks in cognitively normal elderly
subjects. Brain, 137:3327-3338.

DeJong NR, Jansen JFA, van Boxtel MPJ, Schram MT,
Stehouwer CDA, Dagnelie PC, et al. (2023). Cognitive
resilience depends on white matter connectivity: The
Maastricht Study. Alzheimers Dement, 19:1164-1174.
van Harten TW, Heijmans A, van Rooden S, Wermer
MIJH, van Osch MJP, Kuijf HJ, et al. (2022). Brain Deep
Medullary Veins on 7T MRI in Dutch-Type Hereditary
Cerebral Amyloid Angiopathy. J Alzheimers Dis,
90:381-388.

Aging and Disease * Volume 18, Number 5, October 2027

23



