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Abstract

Background: This study aims to explore the features of gait disorders with cerebral small vessel disease (CSVD), and results from
magnetic resonance imaging (MRI) with diffusion tensor imaging (DTI) were analyzed. Methods: The 139 patients with CSVD were
divided into two groups by the Tinetti scale scores: the gait disorder (GD) group with a score <24 (63 patients) and the normal gait
(GN) group with a score >24 (76 patients). A series of scales and 3.0T MRI with DTI were used to analyze the correlation between
the abnormal gaits and imaging findings. Results: The differences in the Barthel Index, Unified Parkinson’s Disease Rating Scale part
111, and Montreal Cognitive Assessment (MoCA) scores between the two groups were significant (p < 0.05), and there were significant
correlations between MoCA and total gait scores (» = 0.201, p = 0.002). The GD group had a more degraded gait score, widened gait
base, and degraded gait length than the GN group (p < 0.05). There were significant differences between the two groups (p < 0.05) in
white matter (WM) hyperintensities (WMH) of the Fazekas scale grade 2-3 and lacunes. The GD group had a greater total MRI burden
than the GN group (p < 0.05). In DTI parameters, the GD group had lower fractional anisotropy (FA) and higher mean diffusion (MD)
values in WM tracts in many areas around the ventricles (family-wise error corrected, p < 0.05). Significant correlations were observed
between FA and the total gait score (r = 0.467, p < 0.01), and also between MD and total gait score (r =—0.422, p < 0.01). Conclusions:
Patients with CSVD with gait disorders had more WMH of Fazekas scale grade 23, lacunes, and total MRI burden than the GN patients,
and those with gait disorders may suffer from demyelination of nerve fibers and damage to the fibers’ microstructures.
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1. Introduction ment, affective disorder, urinary and stool disorders, etc.,

causing a decrease in the ability to function in everyday life

[4].

Cerebral small vessel disease (CSVD) is a common
type of cerebrovascular disease which occurs among older
adults. It is a syndrome of clinical, neuroimaging, and
pathological changes caused by intracranial arteriole, capil-
lary, venule, and arteriovenous anastomotic branch [1]. The
clinical manifestations lack specificity; some patients may
have no symptoms in the early stage of the disease, often
missed diagnoses, some can be manifested as acute vascular
occlusion caused by stroke, and some can be manifested as
a progressive impairment of neurological function, which
may be insidious and chronic. Gait disorders are the sec-
ond most common problem after cognitive impairment in

With the development of neuroimaging, especially
magnetic resonance imaging (MRI), more CSVDs are
found in clinical work. The main imaging features of CSVD
are recent small subcortical infarcts, lacune of presumed
vascular origin (lacune), white matter hyperintensities of
presumed vascular origin (WMH), cerebral microbleeds
(CMB), enlarged perivascular spaces (EPVS), and brain at-
rophy. Among them, lacunes, WMH, CMB, and EPVS are
representative. These CSVD features are sometimes mixed
and are related to vascular risk factors, so CSVD should be

CSVD [2] and are often associated with cognitive decline.
One study [3] found a direct correlation between CSVD
and mild Parkinsonian signs (MPS), such as limb stiffness,
tremors, and postural imbalance. Abnormal gaits can seri-
ously decrease patients’ quality of life and increase the fi-
nancial burden of families and caregivers, which can lead to
an increased risk of falls, frequent accidental injuries, and
increased mortality. The lesions may cause such symptoms
as abnormal gait, pseudobulbar paralysis, cognitive impair-

treated as a whole-brain disease [5]. Klarenbeek and Staals
[6,7] proposed the CSVD image total burden and scoring
method. That is, the degree of these four features was di-
vided into sub-indicators to evaluate the coexistence of the
severity on MRI. It can reflect the brain damage of CSVD
more completely.

Compared with the normal sequences of MRI, diffu-
sion tensor imaging (DTI) is a non-invasive assessment of
the structural integrity of tissue, and it can evaluate the mi-
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crostructural changes in the brain and provide information
for the severity and prognosis of disease. The main clinical
parameters of DTI are fractional anisotrophy (FA), mean
diffusion (MD), axial diffusion (AD), and radial diffusion
(RD) [8].

FA is the most commonly used index of anisotropy,
with a range of values 0~1. Lower FA and higher MD val-
ues suggest that the connectivity of the brain microstructure
is poor. This provides the possibility for the early diagno-
sis and recognition of disease, disease prediction, and treat-
ment evaluation [9].

The clinical data of patients with CSVD were analyzed
retrospectively to study the risk factors of CSVD-related
gait disorders and their correlation with imaging findings
to improve the overall understanding of the clinical symp-
toms of CSVD for early interventions, improving the life
quality of patients.

2. Materials and Methods

2.1 General Information

According to the CSVD diagnostic criteria [10], de-
tails of 139 patients with CSVD who were admitted to our
outpatient department and ward from May 2019 to Decem-
ber 2020 were collected and assessed by the Tinetti scale
[11]. The Tinetti balance and gait analysis can reflect indi-
vidual static and dynamic balance ability and gait function,
with a total score of 28 points. A total Tinetti scale score
<24 indicates gait balance dysfunction, and a score <15 in-
dicates a risk of falling. The 139 patients were divided into
the gait disorder (GD) group, with a Tinetti scale score <24
(63 patients), and the normal gait (GN) group, with a Tinetti
scale score >24 (76 patients).

The patients in this study were aged 50-80 years and
excluded those who had symptomatic stroke, Parkinson’s
disease, antipsychotic medication, traumatic brain injury,
encephalitis, brain tumor, traffic hydrocephalus, and other
causes of dementia in the previous six months to rule out
cardiogenic cerebral and arterial-arterial embolisms caused
by stenosis of the great arteries. Other systemic diseases
that affect movement and gait were also excluded, such as
cervical and lumbar spine disease, arthritis, joint injury, and
severe osteoporosis. General physical and nervous system
examinations were carried out, including the evaluation and
examination of motor and cognitive functions. All subjects
were examined with 3.0T head MRI and magnetic reso-
nance angiography (MRA) except for those with intracra-
nial vascular stenosis. A professional neurologist made the
diagnosis. Patients had to cooperate with the scoring and
MRI examinations for inclusion in the study.

The clinical data of patients diagnosed with CSVD
were retrospectively analyzed. The ethics committee ap-
proved this research protocol.

2.2 Methods

A series of scales were used to score the motor and
non-motor functions of these patients, and the MRI was an-
alyzed.

2.2.1 Assessment of Gait and Balance Function

The gait disorder was mainly assessed by the Tinetti
balance and gait analysis scale to reflect the patients’ static
and dynamic balance abilities and gait function. The Tinetti
balance and gait analysis comprised two major parts, with a
total score of 28 points: a balance function test (nine items,
0-16 points) and a gait test (eight items, 0—12 points).

The severe gait disorder of CSVD was mainly mani-
fested as Parkinson’s disease-like symptoms of the lower
limbs; therefore, the Unified Parkinson’s Disease Rating
Scale (UPDRS) part I1I was used to evaluate the motor func-
tion [12].

2.2.2 The Assessment of the Capacity to Live Daily

The Barthel Index (BI) score was adopted to assess the
patients’ capacity to live daily [13].

2.2.3 The Assessment of Cognitive Function was
Performed Using the Montreal Cognitive Assessment

The cognitive dysfunction of patients with CSVD is
often less than the degree of dementia, so the Montreal Cog-
nitive Assessment (MoCA) score [14] can better reflect the
degree of cognitive impairment. The MoCA score ranges
from 0 to 30. A score >26 points was considered normal.
When the education period was <12 years, 1 point was
added to the cutoff score. The higher the score, the better
the cognitive function.

2.2.4 Magnetic Resonance Imaging

All subjects underwent a head MRI with a 3.0T mag-
netic resonance scanner (GE HealthCare, Chicago, IL,
USA), including T1- and T2-fluid attenuated inversion re-
covery (FLAIR), susceptibility weighted imaging (SWI),
diffusion weighted imaging (DWI), DTI, and MRA. The T1
image parameters were: TR =8.2 ms, TE=3.2 ms, T[=450
ms, slice thickness = 1.0 mm, gap =0, flip angle = 12°, field
of vision (FOV) =256 x 256 mm?, and slice number = 166.
A DTI image was obtained using a single-shot echo-planar
imaging sequence (SE-EPI). The DTI sequence parameters
were: TR = 8000 ms, TE = 88.4 ms, matrix = 128 x 128,
FOV =256 x 256 mm, NEX = 1, slice thickness = 2 mm,
gap =0, gradient direction = 32, b value = 1000 s/mm?2, and
b0 = 0.

Imaging evaluations included the characteristic image
markers of CSVD: lacunes, WMH, CMB, and EPVS. The
WMH were evaluated on axial T2-weighted and FLAIR
sequences by the Fazekas rating scale [15]: 0 = absence
of lesions, 1 = nonconfluent lesions, 2 = confluent lesions,
and 3 = diffuse lesions. Fazekas grade >2 indicates small
vessel damage. The CMB were evaluated on SWI accord-
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ing to the presence or absence of lesions. The scoring
method of the total burden of the CSVD image [6,7] in-
cluded: (A) deep WMH (Fazekas rating of 2-3) or periven-
tricular WMH (Fazekas rating of >3) that begin to con-
verge or fully merge; (B) the number of lacunar foci >1;
(C) CMB >1; (D) moderate and severe basal ganglia EPVS
>10; each item was 1, all of which added up to the total
CSVD score (the maximum score is 4). The total image
burden severity was divided into 0—4 grades. The total im-
age burden scores of the two groups were compared.

We carried out DTI analysis. Using FSL software (ww
w.fmrib.ox.ac.uk/fsl), we performed the following steps.
First of all, the brain extraction tool (http://fsl.fmrib.ox.a
c.uk/fsl/fslwiki/BET) is used to extract the BO image, re-
move the scalp and skull and extract the brain tissue. Sec-
ond, the FSL “Head motion and Eddy current Correction”
tool (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy) was used as
a precaution to reduce inconsistent image distortion. All
images were aligned to the FA standard template by non-
linear registration after using the Functional Magnetic Res-
onance Imaging of the Brain (FMRIB) toolbox [16]. Third,
we fitted the tensor model with the DTIFit command in
the FSL FDT toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki
/FDT). Finally, the diffusion tensor images and parameters
are obtained.

Tract-based spatial statistics (TBSS) analysis using the
Oxford Center for Functional Magnetic Resonance Imag-
ing of the Brain (FMRIB) Software Library (FSL) tool-
box (http://www.fmrib.ox.ac.uk/) was performed to gen-
erate skeletonized fractional anisotropy (FA), mean diffu-
sion (MD), axial diffusion (AD), and radial diffusion (RD).
First, all participants’ FA data were registered to a com-
mon space (the FMRIB58 FA MNI space template) using
a combination of affine and non-linear registration to align
all FA images by the FLIRT and FNIRT tools. After regis-
tration, the images of all subjects were aligned to the stan-
dard MNI152 space (I x 1 x 1 mm). Second, a mean
FA skeleton (threshold of 0.2) from all subjects included
in this study was created and fed into the FA skeletoniza-
tion program to create an overall mean FA skeleton (thresh-
old of 0.2). We used 4D full-fractional anisotropic images
(including full-fractional anisotropic data for all subjects)
on the mean—fractional anisotropic skeleton, and then a 4D
image file containing (projected) skeletonized anisotropic
data was generated. Finally, we obtained the 4D projective
AD data by nonlinear registration and skeletonization us-
ing fractional anisotropic images. The images of MD, AD,
and RD were subsequently projected by using the projec-
tion vector of each participant’s FA-to-skeleton transform.
The FSL randomization tool was used to determine the dif-
ferences in the FA, MD, AD, and RD images between the
two groups, using Johns Hopkins University’s white-matter
tractography atlas [17].

We performed various operations to control the qual-
ity of the MRI data. First, the basic parameters (resolution,
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dimension information, etc.), the number of gradient direc-
tions, b value, data signal-to-noise ratio, artifacts, and head
motion were examined. Second, corrections of eddy and
motion were performed during the data preprocessing phase
after eliminating all problematic subjects. Finally, all image
layers were checked after performing the first step quality
check of TBSS analysis, and all missing or distorted images
were excluded. These steps were screened by two experi-
enced neuro physicians who were unaware of the clinical
data.

2.3 Statistical Methods

The SPSS version 22.0 (IBM Corp., Armonk, NY,
USA) statistical software was used to carry out the descrip-
tive analysis of each variable and the differences between
GN group (normal gait group) and GD group (gait disor-
der group) were compared. The normally distributed con-
tinuous variables were expressed as mean (standard devia-
tions, SD) and were compared using independent Student’s
t-test. The non-normally distributed continuous variables
were expressed as median (interquartile ranges, IQR) and
were compared using the Wilcoxon rank-sum test (such as
comparison of UPDRS-III). In addition, the categorical data
were expressed as numbers with percentages and the chi-
squared (x?) test was used for the comparison (such as com-
parisons of gender, past history and MRI features). After
adjusting for age, sex, education, and vascular risk factors,
the relationship between the gait scores and DTI in patients
with CSVD was evaluated by Pearson correlation analysis.
A value of p < 0.05 was statistically.

3. Results
3.1 General Information

There were 40 males and 36 females among the 76
GN patients, and the mean age was 62.83 + 10.82 years
old. There were 35 males and 28 females among the 63
GD patients, and the mean age was 63.78 £ 6.29 years old.
There were no significant differences in sex, age, and edu-
cation between the two groups. Medical history is shown in
Table 1. Compared with the GN group, the rates of hyper-
tension, diabetes, and cerebral infarction in the GD group
were significantly higher (p < 0.05) (Table 1).

3.2 Daily Life Ability and Overall Exercise Function

The mean BI of the GD group was 74.35 + 8.56,
which was significantly lower than the GN group’s 88.95
=+ 8.05 (p < 0.05). The difference in the UPDRS (III) and
MoCA scores between the two groups was also significant
(p < 0.05). In particular, the Tinetti gait score of 45 patients
(71.43%) in the GD group had a decreased left gait height
score, 44 (69.84%) had a decreased right gait height score,
35 (55.56%) had a widened gait base, 21 (33.34%) had a
decreased left gait length, and 20 (31.75%) had a decreased
right gait length. The scores of the BI, UPDRS (III), Tinetti
gait and balance, and MoCA scales are shown in Table 1.
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Table 1. Demographic and clinical characteristics.

Characteristics GN group (n=76) GD group (n=63)  x2//Z value p value
Gender-male, n (%) 40 (52.63) 35 (55.56) 0.119 0.731
Age-year, mean (SD) 62.83 (10.82) 63.78 (6.29) 0.616 0.539
Year of education, mean (SD) 10.13 (3.69) 9.97 (4.35) 0.235 0.815
Hypertension, n (%) 36 (47.37) 47 (74.60) 10.621 0.001
Diabetes, n (%) 10 (13.16) 18 (28.57) 5.087 0.024
Coronary heart disease, n (%) 6 (7.89) 12 (19.05) 2.559 0.110
Cerebral infarction, n (%) 9 (11.84) 22 (34.92) 10.588 0.001
Cerebral hemorrhage, n (%) 2 (2.63) 4(6.35) 1.153 0.283
Hypercholesterolemia, n (%) 11 (14.47) 15 (23.81) 1.974 0.160
MoCA, mean (SD) 24.33 (3.63) 22.27 (5.08) 2.782 0.006
BI, mean (SD) 88.95 (8.05) 74.35 (8.56) 10.343 <0.001
UPDRS-III, median (IQR) 2.5(0,6) 13 (11, 18) 9.639 <0.001
Tinetti-Total scale, mean (SD) 26.38 (1.74) 18.62 (3.41) 17.314 <0.001
Tinetti-Gait scale, mean (SD) 11.16 (0.90) 8.00 (1.56) 14.922 <0.001
Tinetti-Balance, mean (SD) 15.21 (1.07) 10.62 (2.39) 15.032 <0.001

Note: GN group, normal gait group; GD group, gait disorder group; MoCA, Cognitive Assessment score; BI,
Barthel Index; UPDRS-III, Unified Parkinson’s Disease Rating Scale (Part III). Values are presented as the number
(percentage, %), mean (standard deviations, SD) and median (interquartile ranges, IQR).

3.3 Imaging Findings

The MRI findings of the GD group showed that WMH
of Fazekas grade 2-3 existed in 52 cases (82.54%), la-
cunes in 28 cases (44.44%), CMB in 19 cases (30.16%),
and EPVS in 11 cases (17.46%). Most of these MRI fea-
tures are mixed in GD group. In the GN group, WMH of
Fazekas grade 2-3 existed in 32 cases (42.11%), lacunes in
18 cases (23.68%), CMB in 18 cases (23.68%), and EPVS
in 8 cases (10.53%). There were significant differences be-
tween the two groups (p < 0.05) in WMH of Fazekas grade
2-3 and lacunes. According to the total MRI burden, grade
0—4 in GN group and GD group were significant differences
(p < 0.05). The MRISs of the two groups are shown in Ta-
ble 2.

The DTI parameters between the GD and GN groups
were analyzed using TBSS to assess the differences in voxel
WM integrity. The values of FA, MD, AD and RD are
shown in Table 2. The GD group had lower FA values in
bilateral anterior thalamic radiation, bilateral corticospinal
tract, bilateral cingulate gyrus, bilateral hippocampus, for-
ceps major, forceps minor, bilateral inferior fronto-occipital
fasciculus, bilateral inferior longitudinal fasciculus, bilat-
eral superior longitudinal fasciculus, bilateral uncinate fas-
ciculus, and bilateral superior longitudinal fasciculus (tem-
poral part) (corrected for family-wise error (FEW), p <
0.05) (Fig. la,b). In addition, the GD group had higher MD
values in a similar pattern (Fig. 1c,d).

3.4 Correlation Analysis

There were significant correlations between MoCA
and the gait scale, including UPDRS (» = -0.210, p =
0.014), and total gait (» = 0.201, p = 0.002) scores when
corrected by age, sex, education, and vascular risk factors.

Fig. 1. The Voxel-wise Tract-Based Spatial Statistics results in

fractional anisotrophy (FA) and mean diffusion (MD) between
normal gait group and gait disorder group. Lines (a) and (b)
showed the differences in FA between groups. Green represented
the mean white matter skeleton of all subjects. Red-yellow voxels
(thickened for better visibility) represented the white matter re-
gions with decreased FA in the gait disorder group compared with
normal gait group (FWE corrected, p < 0.05). The (c) and (d)
lines showed the differences in MD between groups. Blue-light
voxels (thickened for better visibility) represented the white mat-
ter regions with increased MD in the gait disorder group compared
with normal gait group (FWE corrected, p < 0.05).
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Table 2. The MRI features and DTI parameters.

MRI GN group (n=76) GD group (n=63) x?/tvalue p value
MRI feature
WMH Fazekas 2-3, n (%) 32 (42.11) 52 (82.54) 23.552 <0.001
Lacunes, n (%) 18 (23.68) 28 (44.44) 6.705 0.010
CMB, n (%) 18 (23.68) 19 (30.16) 0.739 0.390
EPVS, n (%) 8(10.53) 11 (17.46) 1.403 0.236
Total CSVD Burden 17.856 0.001
Grade 0, n (%) 31 (40.79) 7 (11.11)
Grade 1, n (%) 24 (31.58) 22 (34.92)
Grade 2, n (%) 11 (14.47) 17 (26.98)
Grade 3, n (%) 10 (13.16) 16 (25.40)
Grade 4, n (%) 0(0) 1(1.59)
Diffusion Tensor Imaging
FA, mean (SD) 0.54 (0.039) 0.51 (0.035) 4.728 <0.001
MD, mean (SD)* 0.74 (0.055) 0.79 (0.055) 5.336 <0.001
AD, mean (SD)* 1.19 (0.095) 1.13 (0.119) 3.305 0.0012
RD, mean (SD)* 0.50 (0.049) 0.54 (0.054) 4.574 <0.001

Note: GN group, normal gait group; GD group, gait disorder group; WMH, white matter hyperinten-

sities; CMB, cerebral microbleeds; EPVS, enlarged perivascular spaces; FA, fractional anisotrophy;

MD, mean diffusion; AD, axial diffusion; RD, radial diffusion. Values are presented as the number

(percentage, %) and mean (standard deviations, SD). * is represented as *10~3.

The correlation between DTI and the gait scale scores cor-
rected by age, sex, education, and vascular risk factors was
analyzed. The values of FA and MD were chosen to repre-
sent the DTT measurements because FA, MD, AD, and RD
were based on the same principle. Significant correlations
were observed between FA and the gait scale, including the
BI (r = 0.294, p < 0.01), UPDRS (r = -0.405, p < 0.01),
and Tinetti-Total scale (r = 0.467, p < 0.01) scores. We
also observed significant correlations between MD and the
gait scale, including the BI (» =—-0.294, p < 0.01), UPDRS
(r =0.393, p < 0.01), and Tinetti-Total scale (r = —0.422,
p < 0.01) scores.

4. Discussion

In this study, the most relevant items of the Tinetti gait
score in the GD patients were decreases in step height and
length and increases in gait width bases with a short gait.
The RUN DMC study of Helena et al. [18] also found sim-
ilar patterns. Studies have found that some patients may
develop vascular Parkinson’s syndrome. In this study, pa-
tients with gait disorders were accompanied by an increase
in the UPDRS III score, mainly lower limb motor disorders,
so patients should be further followed up to see whether this
would develop into vascular Parkinsonism [19].

The risk factors for CSVD are similar to those for
cerebrovascular disease, including hypertension, diabetes,
dyslipidemia, vascular history, arteriosclerosis, and aging.
This research shows that hypertension, diabetes, and cere-
bral infarction in the GD group were significantly higher
than in the GN group. The Health ABC study [20] and
the leukoaraiosis and disability study [21] also found these
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risk factors. Diabetes mellitus and hypertension were asso-
ciated with ischemic microvascular disease and, therefore,
patients with those conditions were more likely to develop
vascular Parkinson’s syndrome. These studies found that
hypertension, diabetes, and other risk factors could cause
gait disorders in CSVD, so the occurrence and development
of gait disorders can be avoided by preventing and treating
these risk factors, reducing older adults’ falls and a series of
other complications. Pinter et al. [22] analyzed 678 com-
munity health subjects aged 71-74 and found that age and
sex significantly affected gait speed in patients with CSVD.
In the present study, the gait disorder had no correlation
with age or sex, which might be related to the criteria for
admission and the selection of the control group.

Cognitive dysfunction may exist in patients with
CSVD. In this study, the MoCA was used to evaluate pa-
tients’ cognitive function, and the MoCA score in the GD
group was lower than in the GN group, and the correla-
tion between MoCA and the gait scale scores were signifi-
cant. Grau-Olivares ef al. [23] assessed neuropsycholog-
ical abnormalities in 40 patients with lacunar infarctions
and found that mild neuropsychological disturbances are
not infrequent (57.5%) in acute lacunar infarcts, especially
in patients with atypical lacunar syndrome and pure mo-
tor hemiparesis. Motor function decline in patients of lacu-
nar infarction is often accompanied by cognitive decline.
Mielke et al. [24] collected data from 1478 older people
aged 70—89 and found that a faster pace was associated with
better memory, executive function, and overall cognitive
ability, concluding gait speed is a reliable, achievable, and
non-invasive risk factor for cognitive decline. As gait dis-
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orders and cognitive function decline, so does the ability to
function in everyday life [25]. CSVD is frequently accom-
panied by anxiety, depression, and other emotional abnor-
malities [10], but whether these anomalies influence gait
disorders remains to be confirmed by further studies.

Because the early clinical symptoms of CSVD are
mild or asymptomatic, the onset is often ignored. There-
fore, neuroimaging has become an essential means of early
diagnosis of CSVD and asymptomatic angioneuropathy.
The neuroimaging markers of CSVD are usually presented
by MRI. The MRI markers for patients with cerebrovas-
cular disease were published in 2013 [26] and included la-
cunes, WMH, CMB, and EPVS. A study of 678 community
health subjects aged 71-74 found that WMH in these older
adults appears to be the primary force of gait impairment
[22]. Lacunes are common in asymptomatic older patients
and are associated with an increased risk of stroke, gait dis-
orders, and dementia [27]. In this study, WMH, and lacunes
in the GD group were higher than in the GN group. How-
ever, in this univariate analysis, the CMB and EPVS were
not found to be associated with gait disorders, but they may
be involved in the overall MRI burden, along with other
imaging features, in the destruction of gait-related basal
ganglia and cortical circuits, causing neural network dam-
age. The total MRI burden was different in the GD and GN
groups, indicating the increase of the total MRI burden was
related to the severity of gait disorders.

The most important predictor of gait dysfunction is
WMH. Serious WMH related to gait disorders are found
in the internal capsule, the radiographic coronal region, the
periventricular area, the frontal lobe, and the genu of the
corpus callosum. Even if the WM fibers look intact on the
normal sequences of MRI, the damage of the WM fibers’ in-
tegrity could be seen on the DTI sequence [28], which is in-
creasingly being used to give quantitative information about
the state of the WM [29]. We performed TBSS analyses in
patients with CSVD to differentiate the extent of WM fiber
damage [30,31]. The results showed the WM fiber bundles
were affected when gait abnormality occurred. Comparing
the FA and MD values of the two groups, the GD group
had more severe damage of the fiber bundles in almost all
parts of the brain than the GN group. The damaged areas in-
cluded bilateral anterior thalamic radiation, bilateral corti-
cospinal tract, bilateral cingulate gyrus, bilateral hippocam-
pus, forceps major, forceps minor, bilateral inferior fronto-
occipital fasciculus, bilateral inferior longitudinal fascicu-
lus, bilateral superior longitudinal fasciculus, bilateral un-
cinate fasciculus, and bilateral superior longitudinal fasci-
culus (temporal part) (corrected for FWE, p < 0.05). The
damage also suggested that patients with CSVD and gait
disorders may suffer from demyelination of nerve fibers as
well as damage to the fibers’ microstructures [32].

In this DTT analysis, it was found that FA was posi-
tively correlated with the BI score (» = 0.294, p < 0.01)
and Tinetti-Total score (» = 0.467, p < 0.01) and nega-

tively correlated with the UPDRS (r = —-0.405, p < 0.01)
scores. These findings suggest WMH may play an impor-
tant role in gait decline and a decreased ability in daily
life. Van Der Holst ef al. [33] included 275 participants
with CSVD in a DTI study, showing that WM atrophy and
loss of WM integrity were associated with gait decline in
older patients with CSVD after a 5-year follow-up. Grau-
Olivares ef al. [34] investigated the progression of cogni-
tive and cerebral changes in 30 patients with a first-ever
lacunar infarct by following up 18 + 6 months. They found
that lacunar infarct patients with mild cognitive impairment
presented clear regional brain gray matter volume losses be-
tween the first and the second evaluations in cortical (frontal
and temporal) and subcortical (pons, cerebellum, and cau-
date) regions using a voxel-based morphometry analysis.
Our study found there was a correlation between gait dis-
orders and cognitive function, but the relationship of gait
disorders and progressive gray matter atrophy was not in-
cluded in our study. In the future, it is necessary to inves-
tigate whether the damage of microstructural integrity and
brain gray matter volume losses are risk factors for gait dis-
orders in older adults.

There are some limitations in the present research.
The sample size of the present study was small, which may
have caused a deviation in the results. Due to the lack of
tracking analysis on the symptom development of these pa-
tients in the present study, further studies with larger sam-
ple sizes and continuous follow-up are needed to further
investigate the development and prognosis of gait disor-
ders, cognitive impairment, and other emotional abnormal-
ities. Because of the limitations of the original image data,
only 32 gradient directions were collected and the b value
was 1000 s/mm?. At the same time, we should focus the
limitations on the troublesome characterization of a highly
complex and heterogeneous structure in a given voxel of
DTI. EPI images should also use more advanced registra-
tion methods to reduce its geometrical distortion and signal
loss [35]. Further studies using more advanced white matter
imaging techniques, more gradient orientation, and higher
b values are needed to enhance the statistical robustness of
anisotropy measures and increase their neurobiological util-
ity. Neurologists, radiologists, and computer experts may
collaborate to improve the technical methods of image anal-
ysis in the future [36].

In conclusion, the present study revealed that patients
with CSVD and gait disorders had a higher incidence of pre-
vious hypertension, diabetes, and cerebral infarction. Pa-
tients with gait disorders had lower daily living ability and
higher UPDRS III scores than those with CSVD alone, ac-
companied by cognitive dysfunction. The MRI findings
of patients with CSVD and gait disorders were more ob-
viously accompanied by WMH of Fazekas grade 2-3 and
lacunes. Patients with CSVD and gait disorders had a more
significant total MRI burden than GN patients. These pa-
tients had more severe damage to the fiber bundles in almost
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all parts of the brain using DTI analysis. It has also been
suggested that WMH, especially damage to the fibers’ mi-
crostructures, may play an important role in gait disorders.

Author Contributions

Conception and design of the research—PZ, YG,
XL. Acquisition of data—WF, PZ, YG. Analysis and in-
terpretation of the data—PZ, YG. Statistical analysis—
XX, XT, YD. Obtaining financing—XL. Writing of
the manuscript—PZ, YG, XL. Critical revision of the
manuscript for intellectual content—XL. All authors read
and approved the final draft.

Ethics Approval and Consent to Participate

We confirm that we have read the Editorial Policy
pages. This study was conducted with approval from the
Ethics Committee of Second Hospital of Tianjin Medical
University (No. 2016YFC1300604). This study was con-
ducted in accordance with the declaration of Helsinki. Writ-
ten informed consent was obtained from all participants.

Acknowledgment

We would like to acknowledge the hard and dedicated
work of all the staff that implemented the intervention and
evaluation components of the study.

Funding

Funding of the study was provided by the National
Key Research and development Plan “New Strategy on
Pathogenesis and Clinical Diagnosis and Treatment of
Chronic Cerebral Small Vessels” (No. 2016 YFC1300604).

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Moran C, Phan TG, Srikanth VK. Cerebral Small Vessel Dis-
ease: a Review of Clinical, Radiological, and Histopathological
Phenotypes. International Journal of Stroke. 2012; 7: 36-46.

[2] Chojdak-Lukasiewicz J, Dziadkowiak E, Zimny A, Paradowski
B. Cerebral small vessel disease: a review. Advances in Clinical
and Experimental Medicine. 2021; 30: 349-356.

[3] LiP, Wang Y, Jiang Y, Zhang K, Yang Q, Yuan Z, et al. Cerebral
small vessel disease is associated with gait disturbance among
community-dwelling elderly individuals: the Taizhou imaging
study. Aging. 2020; 12: 2814-2824.

[4] Heiland EG, Welmer A, Kalpouzos G, Laveskog A, Wang R,
Qiu C. Cerebral small vessel disease, cardiovascular risk factors,
and future walking speed in old age: a population-based cohort
study. BMC Neurology. 2021; 21: 496.

[5] LiQ, Yang Y, Reis C, Tao T, Li W, Li X, et al. Cerebral Small
Vessel Disease. Cell Transplantation. 2018; 27: 1711-1722.

[6] Klarenbeek P, van Oostenbrugge RJ, Rouhl RPW, Knottnerus
ILH, Staals J. Ambulatory Blood Pressure in Patients with Lacu-
nar Stroke: association with total MRI burden of cerebral small
vessel disease. Stroke. 2013; 44: 2995-2999.

[7] Staals J, Makin SDJ, Doubal FN, Dennis MS, Wardlaw JM.

&% IMR Press

[10]

[11]

[12]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Stroke subtype, vascular risk factors, and total MRI brain small-
vessel disease burden. Neurology. 2014; 83: 1228-1234.
Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spec-
troscopy and imaging. Biophysical Journal. 1994; 66: 259-267.
Chen HJ, Gao YQ, Che CH, Lin H, Ruan XL. Diffusion Ten-
sor Imaging With Tract-Based Spatial Statistics Reveals White
Matter Abnormalities in Patients With Vascular Cognitive Im-
pairment. Frontiers in Neuroanatomy. 2018; 12: 53.

Pantoni L. Cerebral small vessel disease: from pathogenesis
and clinical characteristics to therapeutic challenges. The Lancet
Neurology. 2010; 9: 689-701.

Tinetti ME. Performance-oriented assessment of mobility prob-
lems in elderly patients. Journal of the American Geriatrics So-
ciety. 1986; 34: 119-126.

Fahn S, Elton RL, UPDRS program members. Unified Parkin-
son’s Disease Rating Scale. In: Fahn S, Marsdem CD, Gold-
stein M, Calne DB, editors. Recent Developments in Parkinson’s
Disease (pp. 153-163, 293-304). Florham Park, NJ: Macmillan
Health Care Information. 1987.

Mahoney FI, Barthel DW. Functional Evaluation: the
BARTHEL INDEX. Maryland State Medical Journal. 1965; 14:
61-65.

Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, White-
head V, Collin I, et al. The Montreal Cognitive Assessment,
MoCA: a brief screening tool for mild cognitive impairment.
Journal of the American Geriatrics Society. 2005; 53: 695-699.
Fazekas F, Chawluk JB, Alavil A, Hurtig HI, Zimmerma RA.
Abnormalities at 1.5 T in Alzheimer’s Dementia and Normal
Aging. American Journal of Roentgenology. 1987; 149: 351—
356.

Jbabdi S, Woolrich MW, Andersson JLR, Behrens TEJ. A
Bayesian framework for global tractography. Neurolmage.
2007; 37: 116-129.

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols
TE, Mackay CE, et al. Tract-based spatial statistics: voxelwise
analysis of multi-subject diffusion data. Neurolmage. 2006; 31:
1487-1505.

van der Holst HM, van Uden IWM, Tuladhar AM, de Laat KF,
van Norden AGW, Norris DG, et al. Factors Associated with 8-
Year Mortality in Older Patients with Cerebral Small Vessel Dis-
ease: the Radboud University Nijmegen Diffusion Tensor and
Magnetic Resonance Cohort (RUN DMC) Study. JAMA Neu-
rology. 2016; 73: 402—409.

Finsterwalder S, Wuehr M, Gesierich B, Dietze A, Konieczny
MJ, Schmidt R, ef al. Minor gait impairment despite white mat-
ter damage in pure small vessel disease. Annals of Clinical and
Translational Neurology. 2019; 6: 2026-2036.

Soumaré A, Elbaz A, Zhu Y, Maillard P, Crivello F, Tavernier B,
et al. White matter lesions volume and motor performances in
the elderly. Annals of Neurology. 2009; 65: 706—715.

Baezner H, Blahak C, Poggesi A, Pantoni L, Inzitari D, Chabriat
H, et al. Association of gait and balance disorders with age-
related white matter changes: the LADIS study. Neurology.
2008; 70: 935-942.

Pinter D, Ritchie SJ, Doubal F, Gattringer T, Morris Z, Bastin
ME, et al. Impact of small vessel disease in the brain on gait and
balance. Scientific Reports. 2017; 7: 41637.

Grau-Olivares M, Arboix A, Bartrés-Faz D, Junqué C. Neu-
ropsychological abnormalities associated with lacunar infarc-
tion. Journal of the Neurological Sciences. 2007; 257: 160—165.
Mielke MM, Roberts RO, Savica R, Cha R, Drubach DI, Chris-
tianson T, et al. Assessing the temporal relationship between
cognition and gait: slow gait predicts cognitive decline in the
Mayo Clinic Study of Aging. The Journals of Gerontology. Se-
ries A, Biological Sciences and Medical Sciences. 2013; 68:
929-937.


https://www.imrpress.com

[25]

[26]

[27]

(28]

[29]

[30]

Jayakody O, Breslin M, Beare R, Siejka TP, Gujjari S, Srikanth
VK, et al. The association between simple reaction time vari-
ability and gait variability: the Tasmanian Study of Cognition
and Gait. Gait & Posture. 2021; 89: 206-210.

Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F,
Frayne R, et al. Neuroimaging standards for research into small
vessel disease and its contribution to ageing and neurodegener-
ation. The Lancet Neurology. 2013; 12: 822-838.

Zhou X, Zhang C, LiL, Zhang Y, Zhang W, Yin W, et al. Altered
Brain Function in Cerebral Small Vessel Disease Patients with
Gait Disorders: A Resting-State Functional MRI Study. Fron-
tiers in Aging Neuroscience. 2020; 12: 234.

Frey BM, Petersen M, Schlemm E, Mayer C, Hanning U, En-
gelke K, et al. White matter integrity and structural brain net-
work topology in cerebral small vessel disease: the Hamburg
city health study. Human Brain Mapping. 2021; 42: 1406-1415.
Blair GW, Hernandez MV, Thrippleton MJ, Doubal FN, Ward-
law JM. Advanced Neuroimaging of Cerebral Small Vessel Dis-
ease. Current Treatment Options in Cardiovascular Medicine.
2017; 19: 56.

Yendiki A, Koldewyn K, Kakunoori S, Kanwisher N, Fischl B.
Spurious group differences due to head motion in a diffusion
MRI study. Neurolmage. 2014; 88: 79-90.

[31] Bach M, Laun FB, Leemans A, Tax CMW, Biessels GJ, Stielt-
jes B, et al. Methodological considerations on tract-based spatial
statistics (TBSS). Neurolmage. 2014; 100: 358-369.

[32] Jones DK, Kndsche TR, Turner R. White matter integrity, fiber
count, and other fallacies: the do’s and don’ts of diffusion MRI.
Neurolmage. 2013; 73: 239-254.

[33] van der Holst HM, Tuladhar AM, Zerbi V, van Uden IWM, de
Laat KF, van Leijsen EMC, et al. White matter changes and gait
decline in cerebral small vessel disease. Neurolmage. Clinical.
2018; 17: 731-738.

[34] Grau-Olivares M, Arboix A, Junqué C, Arenaza-Urquijo EM,
Rovira M, Bartrés-Faz D. Progressive gray matter atrophy in la-
cunar patients with vascular mild cognitive impairment. Cere-
brovascular Diseases. 2010; 30: 157-166.

[35] Tao R, Fletcher PT, Gerber S, Whitaker RT. A Variational

Image-Based Approach to the Correction of Susceptibility Ar-

tifacts in the Alignment of Diffusion Weighted and Structural

MRI. Lecture Notes in Computer Science. 2009; 34: 664—675.

Tournier J, Smith R, Raffelt D, Tabbara R, Dhollander T, Pietsch

M, et al. MRtrix3: a fast, flexible and open software framework

for medical image processing and visualisation. Neurolmage.

2019; 202: 116137.

[36

[l

&% IMR Press


https://www.imrpress.com

	1. Introduction
	2. Materials and Methods 
	2.1 General Information 
	2.2 Methods 
	2.2.1 Assessment of Gait and Balance Function
	2.2.2 The Assessment of the Capacity to Live Daily
	2.2.3 The Assessment of Cognitive Function was Performed Using the Montreal Cognitive Assessment 
	2.2.4 Magnetic Resonance Imaging

	2.3 Statistical Methods

	3. Results 
	3.1 General Information 
	3.2 Daily Life Ability and Overall Exercise Function 
	3.3 Imaging Findings
	3.4 Correlation Analysis

	4. Discussion 
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

