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Cerebral small vessel disease (SVD) refers to a heterogeneous group of pathological
processes that result from damage to the small penetrating vessels in the brain. Spatial
navigation, one of the most fundamental behaviors, has lately attracted considerable
clinical interest. This study aimed to determine whether spatial navigation performance
is impaired in elderly SVD patients. In total, 18 elderly patients with severe SVD, 40
elderly patients with non-severe SVD, and 41 age-matched healthy volunteers were
classified according to the Fazekas scale. Spatial navigation was evaluated by Amunet
(@ computer-based analogy of Morris water maze software), and a mini-mental scale
evaluation (MMSE), animal category verbal fluency test (VFT), clock drawing test (CDT),
and trail making test (TMT) -B were also applied. Compared to healthy controls, severe
SVD, rather than non-severe SVD patients, exhibited significantly worse performance
on “allocentric + egocentric” (41.74 + 29.10 vs. 31.50 £+ 16.47 vs. 29.21 4+ 19.03;
p = 0.031). Furthermore, the different abilities of spatial navigation among groups
reached a statistical level on allocentric subtests (46.93 + 31.27 vs. 43.69 + 23.95
vs. 28.56 £ 16.38; p = 0.003), but not on egocentric subtest (56.16 + 39.85 vs.
56.00 £ 28.81 vs. 43.06 + 25.07; p = 0.105). The linear regression analysis revealed
that allocentric navigation deficit was significantly correlated with TMT-B (p = 0.000,
standardized p = 0.342) and VFT (p = 0.016, standardized p = —0.873) performance
in elderly SVD patients. These results elucidated that spatial navigation ability could be a
manifestation of cognitive deficits in elderly patients with SVD.

Keywords: aging, cognitive function, spatial navigation, executive function, small vessel disease

INTRODUCTION

Spatial navigation is the process that determines and maintains a trajectory between different points
within local environments (1). The success of the navigation process can be influenced by two
codependent strategies: egocentric and allocentric navigation strategies (2). The former requires the
moving agent to visualize and gauge self-to-object relationships from a body-centered viewpoint,
while the latter requires the agent to visualize and map out object-to-object relationships from
a disembodied or environment-centered viewpoint (3). Previous functional and structural MRI
findings revealed that egocentric navigation might be related to occipital and parietal place area
(1), whereas allocentric navigation might be associated more with the hippocampal and prefrontal
region (3). Empirically, patients suffering from different types of brain lesions tend to have worse
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spatial navigation performance. For example, elderly patients
with mild cognitive impairment (MCI) and Alzheimer’s disease
(AD) have a high risk of getting lost behavior (4). Nowadays,
several studies have reported that spatial navigation could be
modified into a sensitive tool for the preclinical screening of
Alzheimer’s disease (AD) and dementia (5).

Cerebral small vessel disease (SVD) is a syndrome that
involves diseases of the small vessels in the brain, such as white
matter hyperintensity lesions, Lacunar Infarctions (LI), etc (6).
SVD has received increasing attention in cerebrovascular practice
because it is a major cause of vascular dementia and cognitive
impairment. The disruption of crucial subcortical connections
in the frontal and other lobes, as well as basal ganglia area,
following multiple pathophysiological changes such as chronic
hypoperfusion, impaired cerebrovascular reactivity, and blood-
brain barrier (BBB) leakage, is the core mechanism through
which SVD affects cognition (7, 8). As distinguishable from the
primary pathological features (cognitive dysfunction) of AD,
SVD patients often showed impairments in attention, episodic
memory, naming, mental flexibility, and psychomotor speed (6).
Although some researchers found that LI was associated with
spatial navigation deficits (9), whether the patients with white
matter hyperintensities (one of the imaging markers of SVD in
MRI) showed spatial navigation abnormalities is still unclear.
Besides, we have hypothesized whether the spatial navigation
disability in SVD patients was associated with a certain aspect
of cognitive decline. In this study, we sought to identify the
spatial navigation characteristics of SVD patients by using both
egocentric and allocentric strategies and the changes in cognitive
function in elderly patients with varying degrees of SVD.

METHODS

Subjects

From June 1, 2019, to December 31, 2019, a total of 18 and
40 elderly patients with high (severe group) and low (non-
severe group) SVD burden, respectively, and 41 age-matched
healthy volunteers (control group) were enrolled into this
study. All subjects provided written informed consent, and
the study protocol was approved by the ethics committee of
the Seventh Medical Center of PLA General Hospital. After
screening by a 3-Tesla MRI scanner, they were classified based
on the Fazekas scale as shown in Supplementary Material 1.
The severity of white matter hyperintensities was ranked as
follows: grade 0 (no lesion), grade 1 (punctate lesion), grade
2 (early confluent lesion), and grade 3 (confluent lesion).
According to the Fazekas scale, the severe group, non-severe
group, and control group were defined as grade 2-3, grade 1,
and grade 0, respectively. All participants were right-handed,
at least 65 years old, and had ordinary visual acuity and
other visual capacities. Patients were excluded from the study
if they had an intracerebral hemorrhage, major psychiatric
disorders, non-vascular dementia, multisystem diseases, taken
psychotropic drugs, MRI contraindication, and other causes of
leukoencephalopathy (e.g., demyelination, genetic, and immune
factors). Basic demographic data, such as age, gender, identity,
and educational status, were collected from all participants.

Neuropsychological Assessment

All subjects were asked to complete a series of neuropsychological
tests, including clock drawing test (CDT; reflecting visuospatial
function), mini-mental scale evaluation (MMSE; reflecting global
cognitive level), trail making test (TMT-B; reflecting cognitive
flexibility), and category verbal fluency test (VFT; reflecting
semantic memory).

Spatial Navigation Tests

The Amunet test (a computer-based analogy of Morris water
maze software, NeuroScios GmbH, Austria) was used to evaluate
the impairment of spatial navigation, which involves both
egocentric and allocentric spatial reference systems (9). For the
egocentric subtest, subjects were required to navigate a target goal
by using the starting position, in the absence of distal orientation
cues. For the allocentric subtest, subjects could orientate in a
virtual environment using two distal cues, where the starting
position was not related to the goal position. In addition, the
“allocentric + egocentric” subtest was conducted, which involved
the navigation of the goal using both starting position and
distal orientation cues (10). Eight trials from each subtest were
then used to average the index. Spatial navigational ability was
evaluated by measuring the distance between the participants’
choice and the correct goal location, which could also be applied
as a measure of navigational accuracy.

Statistical Analysis

The statistical differences in demographic characteristics, CDT,
MMSE, TMT-B, VFT, and spatial navigation ability (e.g.,
“allocentric + egocentric” subtest, egocentric subtest, and
allocentric subtest) between the three groups were compared
using analysis of variance (ANOVA), with adjustment for age
and educational level as covariates. Further comparison of the
adjusted means was carried out using a least-squares difference
(LSD) test if necessary. A linear regression model (after adjusting
for age, sex, and educational level) was used to determine the
relationship between spatial navigation impairment and each
domain of the cognitive function. All results were presented
as mean =+ standard deviation, and a p-value of less than 0.05
was deemed statistically significant. All statistical tests were
conducted using the statistical software package SPSS version
22.0 (IBM Corp., Armonk, New York, USA).

RESULTS

There were no significant differences among severe SVD, non-
severe SVD, and control groups with regards to age, gender, and
education level. The MMSE score was decreased in the severe
SVD group (24.89 + 5.70) compared to non-severe SVD and
control groups (26.88 % 3.55 and 27.28 =+ 2.04, respectively), but
no statistically significant difference was observed (p = 0.133).
Similarly, the VFT (16.34 & 6.00 vs. 16.10 + 7.28 vs. 14.06 +
6.98) and CDT (9.78 4= 1.39 vs. 9.70 = 1.58 vs. 8.83 & 1.66) scores
were also not significantly different among the three groups (p =
0.462 and p = 0.076, respectively). On the contrary, the TMT-B
score was significantly lower (89.30 % 28.98 seconds; p = 0.035)
in the severe SVD group compared to the non-severe and control
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TABLE 1 | Clinical and demographic characteristics and index of spatial navigation performance of the participants.

Severe SVD individuals (N = 18) Non-severe SVD (N = 40) Healthy (N = 41) P value
Men, % 55.56% 72.50% 78.05% 0.213
Age, years 71.28 (7.82) 70.75 (7.78) 73.76 (6.77) 0.169
Education, years 12.67 (3.66) 13.05 (3.25) 12.75 (3.55) 0.898
MMSE, score 24.89 (5.71) 26.88 (3.55) 27.24 (4.19) 0.147
VFT, words 14.06 (6.98) 16.10 (7.28) 16.34 (6.01) 0.462
CDT, score 8.83 (1.65) 9.70 (1.59) 9.78 (1.39) 0.076
TMT-B, seconds 65.70 (18.97) 74.00 (20.47) 89.30 (28.98) 0.035**
Allocentric4+egocentric navigation 41.74 (29.10) 31.50 (16.47) 29.21 (19.03) 0.003%&
Egocentric navigation 56.16 (39.85) 56.00 (28.82) 43.06 (25.07) 0.105
Allocentric navigation 46.93 (31.27) 43.69 (23.95) 28.56 (16.38) 0.031*

Mean (Standard Deviation). ‘P < 0.05 severe SVD relative to non-severe SVD. #*P < 0.05 severe SVD relative to healthy individuals. P < 0.05 non-severe SVD relative to

healthy individuals.

groups (74.00 £+ 20.47 seconds and 65.70 £ 18.97 seconds).
Further details were in Table 1.

During the allocentrict-egocentric subtest, the subjects in
severe SVD (41.74 4 29.10), rather than non-severe SVD (31.50
+ 16.47) groups, performed worse than those in the control
group (29.21 % 19.03; p = 0.031). For the egocentric subtest,
the performances among the three groups were not significantly
different (56.16 %+ 39.85 vs. 56.00 £ 28.81 vs. 43.06 £ 25.07; p =
0.105). However, for the allocentric subtest, neither the subjects
in the severe SVD group (46.93 & 31.27; p = 0.004) nor the
subjects in the non-severe SVD group (43.69 % 23.95; p = 0.005)
performed as well as healthy individuals (28.56 & 16.38). These
details are shown in Table 1.

Furthermore, the relationship between cognitive task score
and spatial navigation ability of elderly SVD patients was
determined using linear regression analysis. After adjusting for
age, gender, and education level, the average total error in the
allocentric subtest was positively associated with TMT-B (p =
0.000, standardized B = 0.342), and negatively associated with
VEFT (p = 0.016, standardized p = —0.873). However, the average
total errors in “allocentric + egocentric” and egocentric subtests
were not significantly associated with the performance indices of
neuropsychological tests conducted in this study. More details
can be found in Table 2.

DISCUSSION

In this work, the spatial navigation performance of SVD
patients was shown to be poorer compared to healthy
individuals, as reflected in “allocentric + egocentric”
(for severe SVD patients only) and allocentric (for both
severe and non-severe SVD patients) subtests, rather than
egocentric subtest. Moreover, elderly patients with SVD
exhibited cognitive deficits, such as mental flexibility, in
comparison with healthy controls. Besides, the spatial
navigation ability of elderly SVD patients during the

allocentric subtest was associated with TMT-B and VFT
performance. However, similar trends were not observed
in these patients during “allocentric + egocentric” and
egocentric subtests.

Spatial navigation is an essential human behavior that
involves a multitude of cognitive processes interacting with
one another (11). This kind of brand-new assessment is
becoming more and more popular in clinical researches
because it has fewer cultural, educational, and verbal biases
compared to the existing cognitive tests (1). Different aspects
of spatial navigation abnormalities have been reported in
patients with neuropsychiatric disorders, including AD,
persistent postural perceptual dizziness, traumatic brain
injury, etc (5, 12, 13). Our results indicated that elderly
patients with severe SVD exhibited poorer spatial navigation
in both allocentric+egocentric subtest and allocentric subtest
compared to healthy elderly subjects, indicating that severe
SVD patients may encounter the problem of wayfinding in their
daily life.

Although both allocentric and egocentric navigation strategies
can be combined to attain optimum cognitive functioning,
several studies (9, 14, 15) reported that a specific aspect
of spatial navigation strategy dysfunction might imply the
underlying pathophysiological processes. For example, autism
spectrum disorder patients showed particularly difficulties in
allocentric navigation, leaving egocentric navigation intact (14);
LI patients performed worse than healthy control subjects during
egocentric subtest (9); and AD patients exhibited significant both
allocentric and egocentric navigation impairments relative to
control individuals (15). In this study, elderly patients with SVD
performed significantly worse on allocentric and “allocentric +
egocentric” subtests, rather than egocentric subtests, when
compared to healthy elderly subjects. This may be explained
by the fact that disease burden disproportionately affects the
network between the prefrontal cortex, hippocampus, and
retrosplenial cortex (3, 16).
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TABLE 2 | Association between the index of spatial navigation performance and neuropsychological assessment data in aged SVD patients.

Allocentric + egocentric navigation

Egocentric navigation Allocentric navigation

Standardized g value P value Standardized g value P value Standardized g value P value
VFT, words
Model 1 —0.386 0.254% —0.342 0.504 —0.869 0.015*
Model 2 —0.394 0.244% —0.386 0.433 -0.873 0.016*
CDT, score
Model 1 —1.063 0.464 —0.465 0.833 0.412 0.785
Model 2 —-1.129 0.435 —0.688 0.745 0.419 0.784
TMT-B, seconds
Model 1 0.042 0.585 0.277 0.021 0.335 0.000"
Model 2 0.019 0.809 0.224 0.057 0.342 0.000*

Data are standardized B values, except for P value. Model 1 represents the relation between the index of spatial navigation performance and neuropsychological assessment data without
adjustment; Model 2 represents the relation between the index of spatial navigation performance and neuropsychological assessment data adjusted for age, gender and education.

‘P <0.05 *P <0.01.

The relationship between spatial navigation and cognitive
impairment has been explored recently. Laczo et al. (17)
found that spatial navigation was not, or marginally, associated
with most cognitive functions (attention, working memory,
executive functions, verbal memory, and language learning) in
mild cognitive impairment patients and healthy individuals.
On the contrary, Brown et al. (18) proposed a significant
association between spatial navigation, episodic memory, and
executive functions. In the present study, we found a close
relationship between allocentric spatial navigation and executive
function/cognitive flexibility as well as semantic memory.
However, similar trends were not observed for “allocentric +
egocentric” or egocentric spatial navigation. The discrepancy
between these studies could be explained by the distinct choice
of cognitive assessment and distinct groups of individuals
recruited. For example, Parizkova et al. (19) discovered
that patients suffering from AD preferred more obviously
egocentric strategies to allocentric strategies relative to healthy
controls. Our findings illustrated that allocentric navigation
strategy and executive function/cognitive flexibility might share
the same functional brain area in aged SVD patients and
the elderly.

Several limitations of this study need to be pointed out.
First, the sample size was not large. Second, there is a lack
of comprehensive assessment protocol, especially for Trail
Making Test-A, as spatial navigation can potentially be affected
by poor attention, cognitive flexibility, and psychomotor
speed. Therefore, future research should encompass more
study subjects and neuropsychological tests to address
these shortcomings.

In summary, SVD patients showed spatial navigation
deficits, especially on the allocentric navigation subtest. The
allocentric navigation impairment was associated with TMT-
B and VFT, rather than CDT performance, which are
representations of cognitive flexibility and semantic memory,
respectively. Furthermore, spatial navigation might serve as a
promising tool to reflect a cognitive decline in elderly patients
with SVD.

DATA AVAILABILITY STATEMENT

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

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Seventh Medical Center
of PLA General Hospital. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

YH and HT carried out the study concept and design. LC and HZ
handled the acquisition of data. YZ carried out the analysis and
interpretation of data. LC and HZ performed the drafting of the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the Wu Jieping Foundation (Grant
No. 320.6750.18456) and Foundation CJ17J01.

ACKNOWLEDGMENTS

We thank Ph.D. Manfred Windisch and colleagues from
NeuroScios GmbH for the supply of software and method
assistance. We have cited them in references 6 and 13. We also
thank Ms. Qiuju Bai for her technical support. We would like to
express their gratitude to EditSprings (https://www.editsprings.
com/) for the expert linguistic services provided.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.608797/full#supplementary-material

Frontiers in Neurology | www.frontiersin.org

4 September 2021 | Volume 12 | Article 608797


https://www.editsprings.com/
https://www.editsprings.com/
https://www.frontiersin.org/articles/10.3389/fneur.2021.608797/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zhao et al.

The Cerebrovascular Contribution

REFERENCES

10.

11.

12.

. Yatawara C, Ng

. Biesbroek JM, Weaver

. Coughlan G, Laczé ], Hort J, Minihane AM, Hornberger M. Spatial navigation

deficits-overlooked cognitive marker for preclinical Alzheimer disease? Nat
Rev Neurol. (2018) 14:496-506. doi: 10.1038/541582-018-0031-x

. Boccia M, Nemmi F Guariglia C. Neuropsychology of environmental

navigation in  humans: review
studies in healthy participants. Neuropsychol Rev.
51. doi: 10.1007/s11065-014-9247-8

and  Meta-analysis of fMRI
(2014) 24:236-

. Zhong JY, Moffat SD. Extrahippocampal contributions to age-related

changes in spatial navigation ability. Front Hum Neurosci. (2018)
12:272. doi: 10.3389/fnhum.2018.00272

KP, Lim L, Chander
Cerebrovascular  disease is a risk for
prodromal dementia. Am | Alzheimers

34:344-52. doi: 10.1177/1533317519852864

Kandiah N.
behavior in
(2019)

R, Zhou ],
getting  lost
Dis Other Demen.

. Allison SL, Rodebaugh TL, Chiharu J, Fagan AM, Morris JC, Head D.

Developing a spatial navigation screening tool sensitive to the preclinical
Alzheimer Disease Continuum. Arch Clin Neuropsychol. (2019) 34:1138-
55. doi: 10.1093/arclin/acz019

. Zhao H, Wei W, Do EY-L, Huang Y. Assessing performance on digital Clock

Drawing Test in aged patients with cerebral small vessel disease. Front Neurol.
(2019) 10:1259. doi: 10.3389/fneur.2019.01259
NA, Biessels GJ.
cognitive impact of cerebral small vessel disease. Clin Sci.
131:715-28. doi: 10.1042/CS20160452

and
(2017)

Lesion location

. Joutel A, Chabriat H. Pathogenesis of white matter changes in cerebral

small vessel diseases: beyond vessel-intrinsic mechanisms. Clin Sci. (2017)
131:635-51. doi: 10.1042/CS20160380

. Wu Y, Wu W, Liu Q, He W, Ding H, Nedelska Z, et al. Presence of lacunar

infarctions is associated with the spatial navigation impairment in patients
with mild cognitive impairment: a DTI study. Oncotarget. (2016) 7:78310-
9. doi: 10.18632/oncotarget.13409

Laczo J, Andel R, Vyhnalek M, Vlcek K, Nedelska Z, Matoska V, et al. APOE
and spatial navigation in amnestic MCI: Results from a computer-based test.
Neuropsychol. (2014) 28:676-84. doi: 10.1037/neu0000072
Lester AW, Moffat SD, Wiener JM, Barnes
T. The aging navigational system. Neuron.
35. doi: 10.1016/j.neuron.2017.06.037
Skelton RW, Ross SP, Nerad L, Livingstone SA. Human spatial navigation
deficits after traumatic brain injury shown in the arena maze, a virtual Morris
water maze. Brain Inj. (2006) 20:189-203. doi: 10.1080/02699050500456410

CA, Wolbers
(2017)  95:1019-

. Breinbauer HA, Contreras MD, Lira JP, Guevara C, Castillo L, Ruédlinger

K, et al. Spatial navigation is distinctively impaired in persistent postural
perceptual dizziness. Front Neurol. (2020) 10:1361. doi: 10.3389/fneur.2019.0
1361

. Ring M, Gaigg SB, Altgassen M, Barr P, Bowler DM. Allocentric versus

egocentric spatial memory in adults with autism spectrum disorder.
J Autism Dev Disord. (2018) 48:2101-11. doi: 10.1007/s10803-018-3
465-5

. Zanco M, Placido, J, Marinho V, Ferreira JV, de Oliveira F, Monteiro-Junior

R, et al. Spatial navigation in the elderly with Alzheimer’s Disease: a cross-
sectional study. ] Alzheimer Dis. (2018) 66:1683-94. doi: 10.3233/JAD-180819

. Irving S, Schoberl E, Pradhan C, Brendel M, Bartenstein P, Dieterich M, et al.

A novel real-space navigation paradigm reveals age- and gender-dependent
changes of navigational strategies and hippocampal activation. J Neurol.
(2018) 265:113-26. doi: 10.1007/s00415-018-8987-4

. Laczo J, Andel R, Nedelska Z, Vyhnalek M, Vlcek K, Crutch S, et al. Exploring

the contribution of spatial navigation to cognitive functioning in older adults.
Neurobiol Aging. (2017) 51:67-70. doi: 10.1016/j.neurobiolaging.2016.12.003

. Brown T, Chrastil ER. Editorial: spatial navigation: memory mechanisms

and executive function interactions. Front Hum Neurosci. (2019)

13:202. doi: 10.3389/fnhum.2019.00202

. Parizkova M, Lerch O, Moffat SD, Andel R, Mazancova AF, Nedelska Z, et al.

The effect of Alzheimer’s disease on spatial navigation strategies. Neurobiol
Aging. (2018) 64:107-15. doi: 10.1016/j.neurobiolaging.2017.12.019

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

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zhao, Chi, Zhang, Huang and Tian. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 608797


https://doi.org/10.1038/s41582-018-0031-x
https://doi.org/10.1007/s11065-014-9247-8
https://doi.org/10.3389/fnhum.2018.00272
https://doi.org/10.1177/1533317519852864
https://doi.org/10.1093/arclin/acz019
https://doi.org/10.3389/fneur.2019.01259
https://doi.org/10.1042/CS20160452
https://doi.org/10.1042/CS20160380
https://doi.org/10.18632/oncotarget.13409
https://doi.org/10.1037/neu0000072
https://doi.org/10.1016/j.neuron.2017.06.037
https://doi.org/10.1080/02699050500456410
https://doi.org/10.3389/fneur.2019.01361
https://doi.org/10.1007/s10803-018-3465-5
https://doi.org/10.3233/JAD-180819
https://doi.org/10.1007/s00415-018-8987-4
https://doi.org/10.1016/j.neurobiolaging.2016.12.003
https://doi.org/10.3389/fnhum.2019.00202
https://doi.org/10.1016/j.neurobiolaging.2017.12.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Spatial Navigation Is Impaired in Elderly Patients With Cerebral Small Vessel Disease
	Introduction
	Methods
	Subjects
	Neuropsychological Assessment
	Spatial Navigation Tests
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


