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Abstract

Gait disorder is a common symptom of Cerebral Small-Vessel Disease
(CSVD). A large proportion of CSVD patients have gait disorders, which can
cause falls in elderly individuals and increase the probability of death. A variety
of neurological diseases may be associated with gait disorders. Gait disorders
caused by CSVD may exhibit distinct clinical characteristics such as gait speed,
stride length, and dual-task walking, which require further study. Visualizing
CSVD pathologies in vivo is challenging, therefore the diagnosis of CSVD
has relied on imaging findings. However, traditional imaging markers cannot
accurately predict clinical manifestations of gait disorders in patients with CSVD.
This review summarizes recent findings on the clinical features and imaging
of CSVD-related gait disorders and aims to provide future research directions.
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Introduction

Cerebral Small Vessel Disease (CSVD) is a syndrome
characterized by clinical, imaging, and pathological findings that are
thought to result from pathologies of the small cerebral vessels. Small
cerebral vessels include perforating arterioles, venules, and capillaries.
Typically, CSVD involves arterioles [1]. CSVD describes a series of
imaging changes, including Recent Subcortical Small Infarct (RSSI),
Lacunar Infarctions (LI), White Matter Hyperintensity (WMH),
Cerebral Microbleed (CMB), Enlarged Perivascular Spaces (EPVS),
and Cerebral Atrophy (CA) [2]. Small vessel diseases exhibit different
types of etiologies. Pantoni proposed a simplified etiopathogenic
classification, including arteriosclerosis (or age-related and
vascular risk factor-related small vessel diseases), sporadic and
hereditary Cerebral Amyloid Angiopathy (CAA), inflammatory and
immunologically mediated small vessel diseases, venous collagenosis,
and other small vascular diseases. Arteriolosclerosis and sporadic
and hereditary cerebral amyloid angiopathies are the most prevalent
forms [1].

Because the mode of onset is unclear, little attention has been
focused on CSVD despite a large population of patients. CSVD
accounts for 45% of dementia and 25% of lacunar stroke cases, leaving
20% of patients disabled [1]. The incidence of CSVD correlates with
sex and age. The incidence and severity of leukodystrophy (a type of
CSVD) increases with age. Moreover, the severity of leukodystrophy
tends to be higher in women than in men [3].

With the steady increase in life expectancy worldwide, the
incidence of age-related CSVD is increasing, affecting approximately
5% of people aged 50years and almost all people >90 years, resulting
in a huge social and economic burden [4]. Studies have shown that
in the elderly >65 years of age, the incidence of cerebral diffuse white
matter lesions can reach 27%-87%, and the incidence of LI is 6%-20%.

Moreover, the incidence of CMB is 17.8% in people aged 60-69 years,
and 38.8% in people >80 years of age [5].

CSVD often exhibits a latent onset with non-specific clinical
manifestations, including stroke and symptoms of chronic progressive
neurological impairment, including dementia, cognitive decline, gait
disorder, and mood disturbance. Alternatively, CSVD may present
with no symptoms, and only be discovered by chance on brain
Computed Tomography (CT) or Magnetic Resonance Imaging (MRI)
examination [6-8]. In addition, clinical symptoms of CSVD are often
highly inconsistent in nature and severity among patients with similar
degrees of CSVD on brain imaging. CSVD is considered an important
contributor to early vascular dementia, and 45% of dementia cases are
associated with it [4]. Gait disorders occur in 35% of patients with
CSVD, and it is an independent risk factor for Parkinson’s disease
(PD) [9]. Some researchers have classified movement disorders
in patients with CSVD as “Parkinson’s syndrome” [10,11], but a
difference in gait disorders is observed between the two diseases.
To some extent, gait disorder in CSVD mainly manifests as motor
dysfunction, including reduced stride, balance disorders, and falling
tendency, whereas myotonia and cogwheel rigidity are infrequent.
Notably, it is also perceived as a “lower-body Parkinson’s disease”.

Clinical Features of CSVD-related Gait

Disorder

Gait Characteristics

Gait refers to the form and posture of walking and standing. More
than half of the patients with radiographically confirmed CSVD have
gait disorders. However, CSVD has little effect on overall motor
functions and the ability to perform daily activities. Gait disorders
are mainly characterized by slow speed, dragging, wide strides, and
different bilateral step lengths. However, other studies have found that
gait disorders in patients with CSVD show only slight rhythm defects
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and speed reduction. Instead, age may play a major role in elderly
patients with CSVD [12]. After excluding the effects of age, sex, and
education level, some studies found that while completing Single-
Task Walking (STW) and Dual-Task Walking (DTW) tests, elderly
patients with CSVD showed a significantly shorter and slower stride
length, higher Gait Asymmetry (GA), and higher phase coordination
index (PCI) than those without CSVD. In addition, CSVD patients
were more likely to have gait disorders, and the stability, symmetry,
and coordination of gait were reduced while completing DTW [13].

Other Clinical Manifestations

In addition to gait disorders, cognitive decline is a common
clinical manifestation of CSVD. Moreover, there may be a relationship
between cognitive decline and gait disorder. Correlational research
has found that brain resource allocation between cognition and gait
has a certain influence on gait stability, and that a nervous system
network connection exists between cognition and gait. This suggests
that elderly patients with CSVD can maintain gait stability by
reducing gait speed or increasing response time to cognitive tasks,
whereas patients with PD reduce gait stability but prioritize cognitive
tasks in DTW. In a cross-sectional study, Van de Schraaf et al. found
that reduced gait and thinking speed, and mood were closely related
to CSVD [14]. Cai et al. found that the white matter connection
subnetwork related to gait and cognition is mainly in the frontal tract.
When disrupted, cognitive function affects gait function in the elderly
with CSVD [15].

The Mechanism of CSVD-Related Gait
Disorder

As previously mentioned, gait refers to the form and posture
of walking and standing. These activities are regulated by multiple
systems  including motor, and
Consequently, abnormal gait and balance in the elderly usually result
from multiple factors. CSVD can affect nervous system function by
damaging the cerebral cortex and critical nerve fiber connections in
the white matter and deep gray matter, leading to different types and
degrees of gait disorders.

sensory, cognitive  systems.

Studieshave shown that CSVD-related gait disordersareassociated
with cerebral lobe lesions. The frontal lobe contains the cortical motor
and premotor areas, which control movement and are also related to
cognitive and executive functions controlled by the anterior frontal
lobe. The parietal lobe contains sensory areas related to perception of
touch, pressure, temperature, and pain. The temporal lobe controls
vision. All of these lobes are functionally related to gait control. In
addition, the thickness of the cerebral cortex affects gait regulation.
De Laat et al. found that the cortical thickness of the orbitofrontal and
ventrolateral prefrontal cortex, inferior parietal lobe, cingulate gyrus,
and visual association cortex were positively correlated with stride
length. Additionally, the thickness of the primary, auxiliary motor,
and cingulate cortexes was positively correlated with gait rhythm,
whereas the thickness of the orbitofrontal cortex, ventrolateral
prefrontal cortex, anterior cingulate cortex (especially the inferior
parietal lobe), and superior temporal gyrus was negatively correlated
with stride length [16]. Kim et al. found that gait score was correlated
with the frontal and parietal lobes, and the bilateral corpus callosum.
The gait score was also correlated with thinning of the bilateral
frontal and lateral temporal parietooccipital cortex [17]. However,

each functional area of the brain lobe does not operate alone, and the
fulfillment of complex motor functions requires white matter fibers
to connect multiple functional areas of the brain for nerve impulse
conduction and information exchange. Consequently, impairment of
white matter fiber integrity affects the regulation of motor function.
Multiple studies have found that gait and postural abnormalities occur
when White Matter Hyperintensities (WMH) affect important fibers
(fasciculi thalamocorticales, corticospinal tract, corpus callosum,
cingulate gyrus, etc.) [18-20]. White matter lesions and cortical
thinning have been associated with gait disorders [17]. Deep White
Matter Lesions (DWMH) play a more important role in gait disorders,
because the distribution of white matter bundles is denser around the
brain ventricle than it is in the deep brain. Structural changes in the
deep brain may lead to gait disorders. Deep brain structures include
the basal ganglia and the thalamus. The basal ganglia, cerebral cortex,
and cerebellum coordinate to regulate voluntary movement, muscle
tension, and postural reflex, and also participate in the regulation of
complex behaviors. The thalamus receives input from the cerebellum
and basal ganglia fibers and is connected to the frontal motor cortex
to regulate body movement. This is an important node in the frontal-
subcortical circuit. Several studies have shown that impairments of
the basal ganglia and thalamus are associated with gait disorders.
Karim et al. established a multiple regression model and found that
lower resting state connectivity in basal ganglia regions is associated
with slower gait speed [19]. Koblinsky et al. found that lower thalamic
blood flow is associated with slower stride velocity in the elderly with
CSVD [21]. Su et al. found that thalamic atrophy plays an important
mediating role in CSVD, affecting walking speed in the elderly [22].
Iseki et al. found that abnormalities in the basal ganglia-thalamo-
cortical loops partly explain the gait disorders observed in patients
with Age-Related White Matter Change (ARWMC) [18].

The presence of CSVD can aggravate gait disorders in PD [23,24],
but the mechanism of interaction between the two diseases is unclear.
Currently, research has confirmed that CSVD is closely related to PD
motor symptoms [24], which may provide new research directions
for exploring the etiology of CSVD in the context of PD.

Advances in Imaging Research of CSVD-
Related Gait Disorders

Multi-angle analysis of comprehensive imaging data during
clinical follow-up may be the best method to describe the course of
CSVD. Previous studies showed that various types of CSVD markers
revealed by imaging including RSSI, LI, WMH, CMB, EPVS, and
CA can all cause gait disorders. Combinations of CSVD markers can
strongly predict future gait disorders in healthy older adults, with
WMH and EPVS being the most likely factors [25].

Advances in Imaging Technology and New Markers

In addition to traditional imaging markers, novel imaging
markers that can reflect CSVD-related gait disorders have been
found. Diffusion Tensor Imaging (DTI) is a new functional magnetic
resonance imaging technology based on Diffusion-Weighted Imaging
(DWI). DTI can be used to measure the integrity of white matter
fibers. Charlton et al. found that DTI was sensitive to ultrastructural
changes in the white matter and could be used to monitor white
matter changes within a short time [26]. The ability to visualize nerve
fibers on DTT may enable gait evaluation in patients with CSVD. Van
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der Holst et al. used DTT to analyze multiple white matter regions and
found that stride decline was significantly associated with decreased
Fractional Anisotropy (FA) and increased mean diffusivity. The effect
was strongest in the corpus callosum and radiographic crown, and
was independent of traditional markers of CSVD [27].

Ultrasound imaging has enabled the detection of substantia
nigra hyperechogenicity, brain stem raphe hypoechogenicity,
ventricle diameters, and sonographic characteristics of other brain
structures on transcranial sonography. These characteristics can
serve as biomarkers for a range of neurological diseases. Pavlovi¢ et
al. compared neurological, cognitive, and emotional states, as well
as transcranial ultrasound and magnetic resonance imaging in 102
patients with CSVD and 45 age- and sex- matched healthy control
participants. They found that CSVD patients had a higher risk of brain
stem raphe hypoechogenicity, substantia nigra hyperechogenicity,
and enlarged third ventricles. Among them, substantia nigra
hyperechogenicity was the most frequent condition found in patients
with CSVD-related gait disorders [28].

Endothelial dysfunction is central to the early development
of CSVD [29]. Therefore, application of advanced neuroimaging
methods to reflect quantitative endothelial functional information
may aid in predicting the occurrence and development of CSVD.
Some indicators, such as cerebrovascular reactivity, Cerebral Blood
Flow (CBF) and pulsatility, and Blood Brain Barrier (BBB) integrity
can reflect endothelial function. Dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) can reveal BBB leakage
and multiple studies have shown that BBB leakage is associated with
CSVD [30]. Endothelial injury can promote white matter injury,
which is closely related to gait disorders as confirmed by previous
studies. Therefore, the quantitative detection of BBB leakage could
provide a future research direction for predicting CSVD-related gait
disorders.

Retinal vascular parameters obtained by Optical Coherence
Tomography (OCT) have also been proposed to reflect CSVD-
specific pathological lesions such as endothelial injury, microglial
activation, and axonal injury [31]. Multiple studies have confirmed
an association between retinal vessels and CSVD [32-34]. The retina
wall-to-lumen ratio (WLR) of the superior branch of the retinal artery
was found to be significantly associated with the volume of WMH
in CSVD, and also other markers of vascular integrity, microglial
activation, and nerve axis injury [35].

Advances in Traditional Imaging Markers

WMH can be divided into two types according to the site
of occurrence: Periventricular White Matter Hyperintensity
(PVWMH), and DWMH. Gait disorders caused by CSVD are
mainly related to the volume and distribution of the WMH. Smith
et al. assessed cognition, gait, and MRI images in 803 community
participants and found that a higher volume of supratentorial WMH
was associated with a slower-timed gait and lower volumes of the
supratentorial cortex, white matter, and cerebellum [36]. Pinter
et al. found that WMH volume was associated with future gait
disorders, independent of demographic factors, physical condition,
and other cardiovascular risk factors [37]. It has been confirmed that
PVWMH and supratentorial WMH may be more related to CSVD
gait disorders because the distribution of white matter fiber bundles is

denser around the cerebral ventricles than it is in the deep brain. Kim
et al. found that PVWMH was associated with gait score, whereas
total WMH or DWMH were not [17].

Gait disorders in patients with CSVD are primarily associated
with the number of CMBs. Sullivan et al. found that a slower gait
speed is related to the number of CMBs. Moreover, the co-existence
of CMB and WMH may amplify the clinical manifestations. Choi
et al. found that the presence of microbleeds magnified the adverse
correlation between white matter lesions and gait [38].

The EPVS is an imaging marker of CSVD and is associated with
cognitive decline in healthy elderly people. Gait disorders caused by
CSVD are reflected in the number of white matter EPVS. Kubota et
al. measured central motor conduction time (CMCT), an indicator
of motor evoked potential (MEP) pyramidal tract dysfunction, and
found that CMCT correlated with the number of white matter EPVS
in the symptomatic brain hemisphere [39]. Additionally, the number
of EPVS was associated with other imaging markers. For example,
Laveskog et al. found that the number of perivascular spaces,
especially the number of perivascular spaces in the basal ganglia, was
associated with the degree of WMH in the brain lobes and deep brain
[40].

Advances in Identifying the Relationship Between
Cognition and CSVD Image-Related Gait Disorders

The regulation of gait is a highly cognitive process. Consequently,
the study of gait disorders in elderly patients with CSVD should
consider the key role played by cognition, since imaging-related
cognitive impairment and gait disorder are correlated. Multiple studies
have demonstrated that WMH volume is associated with cognitive
decline and dementia [41], which in turn affect gait regulation. This
may indicate that walking speed and cognitive decline in the elderly
share a common neuropathological basis. However, in another study
of middle-aged and elderly people, CMB and LI were associated
with walking speed but not cognitive competence [42]. Clearly, the
correlation between cognition and gait requires further investigation.

Conclusions

CSVD affects most of the elderly in the world, but its occurrence is
insidious and difficult to detect. However, with continuing findings of
clinical features and development of imaging markers, CSVD can be
diagnosed earlier, making intervention and reversal in the early stages
of the disease possible. Although the imaging classification of CSVD
has been widely accepted, many questions still remain regarding its
relationship with the pathogenesis of CSVD. Therefore, advanced
neuroimaging quantitative techniques are needed to extract more
useful CSVD imaging-feature measures (such as describing the shape
of WMH and lacunes) to facilitate the study of CSVD mechanisms.
The availability of new imaging technologies such as DTI, DCE-MRI,
high-resolution vascular wall imaging (VWI), blood oxygen level-
dependent scanning, and ultra-high field MRI continues to improve,
providing a technical basis for further exploration of new imaging
markers of gait disorders caused by CSVD. Additionally, another
promising future area of research is that of serum biomarkers which
have shown a preliminary association with CSVD.
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