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ARTICLE INFO ABSTRACT
Keywords: Objective: Neuropsychological test-specific neural substrates in subcortical vascular cognitive impairment (SVCI)
Neural substrate are expected to differ from those in Alzheimer’s disease-related cognitive impairment (ADCI) but the details are

Subcortical vascular cognitive impairment
Cortical atrophy

N hological test
europsychiologleat tes large sample of participants with amyloid negative (Ap (—)) SVCL

unclear. To determine neural substrates related to cerebral small vessel disease, we investigated the correlations
between cognitive dysfunctions measured by standardized neuropsychological tests and cortical thickness in a

Methods: One hundred ninety-eight participants with Af (—) SVCI were recruited from the memory clinic be-
tween November 2007 to August 2018. To acquire neural substrates, we performed linear regression using the
scores of each neuropsychological test as a predictor, cortical thickness as an outcome, and age, sex, education

years, intracranial volume and white matter hyperintensity (WMH) as confounders.

Results: Poor performances in each neuropsychological test were associated with cortical atrophy in certain brain
regions regardless of WMH. Especially, not the medial temporal but the frontal and posterior cingulate regions
with cortical atrophy were mainly associated with memory impairment. Poor performance in animal fluency was
more likely to be associated with cortical atrophy in the left hemisphere, while poor performance in the vi-
suospatial memory test was more likely to be associated with cortical atrophy in the right hemisphere.

Conclusions: Our findings suggested that cortical atrophy was an important factor of cognitive impairment in Ap
(—) SVCI regardless of WMH. Furthermore, our findings might give clinicians a better understanding of specific

neural substrates of neuropsychological deficits in patients with SVCIL.

1. Introduction executive dysfunction. Although SVCI is one form of subcortical de-
mentia, it was recently shown that cortical atrophy in SVCI might occur

Subcortical vascular cognitive impairment (SVCI) is characterized by primarily in the frontal and perisylvian regions through several mech-
extensive cerebral small vessel disease (CSVD), such as white matter anisms including secondary degeneration (Fein et al., 2000; C. H. Kim
hyperintensities (WMH) and lacunes on subcortical regions, which in et al., 2012), direct cortical ischemia (Kovari et al., 2007), or concom-
turn leads to frontal subcortical circuit damage and eventually to frontal itant Alzheimer’s disease (AD) pathology (Fein et al., 2000). SVCI is also
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associated with frontal executive dysfunction and other cognitive dys-
functions including memory, language, and visuospatial dysfunctions.
However, brain regions related to cognitive dysfunction in SVCI patients
have focused on subcortical areas, unlike in AD-related cognitive
impairment (ADCI) or other dementia syndromes.

Traditionally, cognitive dysfunction is explained by cortical atrophy
in many studies through an investigation of the cognitive-anatomical
association (Ahn et al., 2011; Cheng et al., 2018; Teipel et al., 2006).
The cognitive-anatomical association, called neural substrate, is defined
as the correlation of cognitive deficits with specific anatomical regions
after brain damage due to various reasons including degenerative dis-
eases. The neural substrate is important in clinical practice, not only to
understand a patient’s current cognitive impairment but also to predict
the progression of cognitive dysfunction. Since ADCI is the most com-
mon neurodegenerative disease causing cognitive impairment, many
studies investigated certain brain areas associated with the specific types
of cognitive dysfunctions in patients with ADCI (Ahn et al., 2011; Teipel
et al., 2006). In contrast, neural substrates of cognitive functions in
patients with SVCI were disregarded, although SVCI also leads to mul-
tiple cognitive dysfunctions and cortical atrophy. Considering that SVCI
has a completely different pathogenesis, atrophy pattern, and neuro-
psychological findings in comparison with ADCI (Seo et al., 2010, 2009),
there might be distinct neural substrates of cognitive functions for SVCI
which are different from those observed in ADCI. A better understanding
of neural substrates specific to SVCI might enable clinicians to predict
brain atrophy patterns from the results of neuropsychological tests in
patients with SVCI and vice versa.

The goal of our study was, therefore, to investigate neuropsycho-
logical test-specific neural substrates in a large sample of participants
with SVCI, by correlating cognitive dysfunction as measured by stan-
dardized neuropsychological tests with cortical thickness. Especially, to
prevent the impact of concomitant AD pathology on cortical thinning,
we excluded amyloid-positive SVCI participants in our study. Given that
cortical atrophy in SVCI might be distributed primarily in the frontal and
perisylvian regions, we hypothesized that neural substrates in SVCI
might be related to these regions.

2. Materials and methods
2.1. Participants

We included 365 participants with SVCI from the memory clinic in
the department of neurology at the Samsung Medical Center (SMC) in
Seoul Korea between November 2007 and August 2018. All participants
underwent comprehensive dementia evaluation including a standard-
ized neuropsychological battery, high-resolution T1-weighted magnetic
resonance imaging (MRI), and blood tests. The time interval between
neuropsychological tests and MRI was less than six months. Participants
with subcortical vascular mild cognitive impairment (svMCI) met
Petersen’s criteria (Petersen et al., 1999), with the following modifica-
tions (Seo et al., 2009): (1) a subjective complaint of cognitive impair-
ment by the patient or caregiver; (2) an objective cognitive decline
below the 16th percentile on the neuropsychological test; (3) normal
activities of daily living; (4) not demented; (5) a subcortical vascular
feature defined as a focal neurologic symptom or sign including corti-
cobulbar signs (dysarthria, dysphagia, facial palsy, or pathologic
laughing or crying), pyramidal signs (hemiparesis, hyperactive/asym-
metric deep tendon reflexes, or Babinski sign), or parkinsonism (bra-
dykinesia, rigidity, short-step gait, shuffling gait, festination, or postural
instability); and (6) the presence of significant ischemia on MRI. Sig-
nificant ischemia was defined as WMH on fluid-attenuated inversion
recovery (FLAIR) images that satisfied the following criteria: (1) WMH
of 10 mm or more in the periventricular white matter (caps or rim) and
(2) WMH of 25 mm or more (maximum diameter) in the deep white
matter, consistent with an extensive white matter lesion or diffusely
confluent lesion. Participants with subcortical vascular dementia (SVaD)
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were diagnosed by fulfillment of the criteria described in the Diagnostic
and Statistical Manual of Mental Disorders—Fourth Edition (DSM-IV)
(Association, 1994) and had severe WMH on MRI as described above.
Based on our previous studies (H. J. Kim et al., 2016; H. J. Kim et al.,
2014), participants with SVCI were composed of participants with
svMCI and SVaD. We excluded participants who had any of the
following conditions: 1) WMH due to etiologies other than vascular
pathology, such as radiation injury, multiple sclerosis, leukodystrophy,
or metabolic/toxic disorders, 2) participants with cerebral infarction
including large territory infarction and small cortical infarction.

Four hundred eight participants with normal cognition (NC) were
also enrolled. These participants were composed of spouses of patients
who visited the memory clinic, volunteers who applied for compre-
hensive dementia evaluation advertised in the paper, and participants
who had cognitive complaints. They visited the memory clinic in the
department of neurology at the SMC and underwent comprehensive
dementia evaluation. All participants with NC met the following criteria:
(1) no medical history which is likely to affect cognitive function based
on Christensen’s health screening criteria (Christensen et al., 1991); (2)
no objective cognitive impairment from comprehensive neuropsycho-
logical test battery on any cognitive domains (at least —1.0 SD above
age-adjusted norms on any cognitive tests); (3) independent in activities
of daily living; (4) neither structural lesions nor severe WMH on brain
MRI; and (5) no amyloid deposition in the amyloid PET.

The institutional review boards at all participating centers approved
this study. Written informed consent was obtained from participants and
caregivers.

2.2. Acquisition of amyloid positron emission tomography and data
analysis

All participants underwent amyloid PET: 'C-PiB PET scans were
conducted in 143, 18E_florbetaben PET scans in 373, and 188 fluteme-
tamol PET scans in 257 participants at the SMC using a Discovery STe
PET/computed tomography scanner (GE Medical Systems, Milwaukee,
WI, USA). For ¢ piB PET, a 30-minute static emission PET scan was
performed 60 min after a bolus injection of a mean dose of 420 MBq. For
18F. florbetaben PET and '®F-flutemetamol PET, a 20-minute emission
PET scan with dynamic mode (consisting of 4 x 5 min frames) was
performed 90 min after an injection of a mean dose of 311.5 MBq '°F-
florbetaben and 197.7 MBq ‘®F-flutemetamol. 'C-PiB PET was regarded
as positive if the global PiB uptake value was >1.5 (Lee et al., 2011). 18p.
florbetaben PET was classified as positive if the amyloid-plaque load on
the florbetaben PET scan was visually rated as 2 or 3 on the brain
amyloid-plaque load scoring system, and '®F-flutemetamol PET was
considered positive when one of five brain regions (frontal, parietal,
posterior cingulate, precuneus, striatum, and lateral temporal lobes)
systematically reviewed for flutemetamol PET was positive in either
hemisphere (S. E. Kim et al., 2018).

Overall, 35.1% (128/365) of the participants with SVCI and 19.1%
(78/408) of the participants with normal cognition were excluded due
to positive amyloid PET scan results.

2.3. Acquisition of three-dimensional magnetic resonance images

We acquired three-dimensional T1 Turbo Field Echo MRI scans of
237 participants with Ap (—) SVCI and 330 participants with Ap (=) NC
using a 3.0 T MRI scanner (Philips 3.0T Achieva) with the following
imaging parameters: sagittal slice thickness, 1.0 mm with 50% overlap;
no gap; repetition time of 9.9 ms; echo time of 4.6 ms; flip angle of 8°;
and matrix size of 240 x 240 pixels reconstructed to 480 x 480 over a
field view of 240 mm.

2.4. MRI data processing for cortical thickness measurements

Images were processed using the CIVET anatomical pipeline (version
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2.1.0) (Zijdenbos et al., 2002). The native MRI images were registered to
the Montreal Neurological Institute —152 template by a linear trans-
formation (Collins et al., 1994) and corrected for intensity non-
uniformities using the N3 algorithm (Sled et al., 1998). The registered
and corrected images were divided into white matter, gray matter, ce-
rebrospinal fluid, and background. The Constrained Laplacian-based
Automated Segmentation with Proximities algorithm (J. S. Kim et al.,
2005) extracted the surfaces of the inner and the outer cortices auto-
matically. The inner and outer surfaces had the same numbers of vertices
and there were close correspondences between the counterpart vertices
of the inner and outer cortical surfaces. The presence of extensive WMH
in the MRI scans made it difficult to completely delineate the inner
cortical surface with the correct topology due to tissue classification
errors. To overcome this technical limitation, we automatically defined
the WMH region using a FLAIR image and substituted it for the intensity
of peripheral, normal-appearing tissue on the high-resolution T1 image
after affine co-registration, as described in earlier studies (C. H. Kim
et al., 2012). Cortical thickness, which was defined as the Euclidean
distance between the linked vertices of the inner and outer surfaces
(Lerch and Evans, 2005), was not calculated in Talairach spaces but in
native brain spaces due to the limit of linear stereotaxic normalization.
As expected, there was a significant positive correlation between cortical
thickness and intracranial volume (ICV) in native space (Im et al., 2008).
Controlling for ICV, which reflected a brain size effect, is necessary to
compare the cortical thickness among participants. We proposed in a
previous study (Im et al., 2008) that the measurement of native space
cortical thickness, followed by analyses that include brain size as a co-
variate, is an efficient method and explains the relationship between
cortical thickness and brain size in depth. ICV is defined as the total
volume of gray matter, white matter, and cerebrospinal fluid. It is
calculated by measuring the total volumes of the voxels within the brain
mask, which were obtained via the Functional Magnetic Resonance
Imaging of the Brain Software Library bet algorithm (Smith, 2002). As
we extracted cortical surface models from MRI volumes transformed
into stereotaxic space, cortical thickness was measured in the native
space by applying an inverse transformation matrix to the cortical sur-
faces and reconstructing them in native space (Im et al., 2006).

We applied surface-based two-dimensional registration with a
sphere-to-sphere warping algorithm and normalized the cortical thick-
ness values spatially to compare the thickness of corresponding regions
among subjects. We used an improved surface registration algorithm
and an unbiased iterative group template showing enhanced anatomic
detail (Lyttelton et al., 2007) to transform the thickness information for
the vertices into an unbiased iterative group template.

Surface-based diffusion smoothing with a full-width at half-
maximum of 20 mm was used to blur each map of cortical thickness,
which increased the signal-to-noise ratio and statistical power (Chung
et al., 2003; Im et al., 2006).

Thirty-nine participants with A (—) SVCI and 22 participants with
AP (—) NC were excluded due to an error during analysis for cortical
thickness including CIVET pipeline errors (n = 46) which contained
errors due to MR image problems such as motion artifacts (n = 8) and
segmentation process error by WM and GM due to poor image quality (n
= 38) and WMH correction errors (n = 15). As a result, a total of 198 Af
(—) SVCI participants and 308 Ap (—) NC were included.

2.5. Asymmetric index

As described in a previous study (S. H. Kang et al., 2019), to measure
asymmetric degrees of neuroanatomical correlates for neuropsycholog-
ical tests, we obtained an asymmetric index (AI), which was calculated
by the following formula: (R-L/R + L), where R indicates the number of
vertices with significant correlations in the right hemisphere and L in-
dicates the number of vertices with significant correlations in the left
hemisphere [4]. After obtaining the Al, we divided the extent of asym-
metry into three groups according to the absolute AI value. When the
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absolute value of the AI was < 0.1, > 0.1 and < 0.5, or > 0.5, we
classified the case as no hemispheric dominance, weak hemispheric
dominance, or strong hemispheric dominance, respectively.

2.6. Neuropsychological tests

All participants underwent neuropsychological testing using the
Seoul Neuropsychological Screening Battery 2nd edition (SNSB-II) (S. H.
Kang et al., 2019; Y. Kang et al., 2012). A small number of participants
could not complete all tests. We chose to use eight cognitive measures,
which were representative and important neuropsychological tests to
evaluate the cognitive function in five cognitive domains as follow: 1)
Memory: the Seoul Verbal Learning Test (SVLT) delayed recall (verbal
memory) and Rey-Osterrieth Complex Figure Test (RCFT) delayed recall
(visual memory); 2) Language: Korean version of the Boston Naming
Test (K-BNT); 3) Visuospatial function: RCFT copying Test; 4) Frontal
executive function: animal and phonemic portion of the Controlled Oral
Word Association Test (COWAT) and the Stroop Test (color reading);
and 5) Attention: Digit Span Test backward. The results with numeric,
continuous values were used in the analysis.

2.7. Propensity score matching

We performed a propensity score matching to balance the age and
education years between Af (—) SVCI and Ap (—) NC group. The pro-
pensity score of the two groups (SVCI and NC) was obtained including
age and education variables for each participant. Using propensity score,
1:1 nearest neighbor matching algorithm was applied to match the
participants with A (—) NC to participants with Ap (—) SVCI between
the two groups within 0.2*SD of the logistic propensity score. As a result,
198 out of 308 participants with Ap (—) NC were selected as control
group.

2.8. Statistical analyses

We used analysis of variance and Chi-square tests to compare the
demographic data and the results of the neuropsychological tests be-
tween the SVCI and NC groups. SPSS version 25.0 (SPSS Inc., Chicago,
IL, USA) was used to analyze the statistical data. A two-sided p-value <
0.05 was considered significant. For cortical thickness analyses of MRI
data from SVCI participants, we used a MATLAB-based toolbox (freely
available online at the University of Chicago website: http://galton.uchi
cago.edu/faculty/InMemoriam/worsley/research/surfstat/). To iden-
tify the cortical thinning pattern in SVCI, we analyzed localized differ-
ences in cortical thickness between the NC and SVCI groups using a
general linear model after controlling for age, sex, education years, and
ICV. For SVCI group, to validate the correlation between each neuro-
psychological test score and cortical thickness, we entered the score of
each neuropsychological test as a predictor and vertex-by-vertex cortical
thickness as an outcome for analyzing the relationship between cortical
thickness and neuropsychological performance in the surface model.
Linear regression was then performed after controlling for age, sex,
education years, ICV and WMH volume as covariates. Furthermore, to
control for multiple comparisons with neuropsychological results, we
performed false discovery rate correction as suggested by Benjamini-
Hochberg(Benjamini and Hochberg, 1995). The statistical maps were
thresholded using the random field theory at p < 0.05.

3. Results
3.1. Clinical characteristics of the participants

Table 1 shows the baseline demographics of participants with Ap (—)
NC and Ap (—) SVCL Participants with SVCI were older (75.2 + 7.2

years) and had fewer years of education (8.8 + 5.2 years) and a lower
MMSE score (23.3 £ 4.5) than those with Ap (—) NC (Table 1). There was
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Table 1
Demographic variables and cognitive profiles of the participants in the AB(—)
SVCI and AB(—) NC groups.

AB(-) SVCI AB(-)
NC (n =
Total (n svMCI SvaD (n 198) p-value
=198) = =82)
116)
Demographics
Age, years 75.2 + 74.4 + 76.3 + 733+ 0.004
7.2% 7.6 6.4* 6.7
Gender, female 135 79 56 127 0.697
(68.2%) (68.1%) (68.3%) (64.1%)
Education, years 8.8 + 9.0 + 8.5+ 10.5 + 0.002
5.2* 5.1% 5.4* 4.8
MMSE 233+ 25.8 + 19.7 + 279 + < 0.001
4.5% 2.7 4.2* 2.0
Neuropsychological
test
Attention
Digit Span Test 29+ 3.2+ 2.5+ 3.7 + < 0.001"
Backward 1.1* 0.9* 1.2% 1.1
Language
K-BNT 36.1 + 39.7 + 311 + 47.1 £ < 0.001"
10.4* 9.6* 9.4* 6.8
Visuospatial
function
RCFT: copying 23.8 + 27.8 + 18.1 + 32.0 + < 0.001"
9.6* 6.5* 10.3* 4.0
Memory
SVLT: delayed recall ~ 2.9 + 41+ 1.2+ 6.6 + <0.001"
2.8* 2.7* 1.8* 2.1
RCFT: delayed recall 7.2 + 10.0 + 3.3+ 13.6 + < 0.001"
6.4* 6.2% 4.1 6.3
Frontal/executive
function
COWAT: animal 9.7 + 115 + 7.2+ 153 + < 0.001"
4.1% 3.7 3.2% 4.5
COWAT: phonemic 141 + 17.1 + 9.1+ 25.1 + < 0.001"
9.6* 9.4% 7.6* 10.7
Stroop test: color 48.6 + 58.9 + 31.0 £ 82.4 + < 0.0017
reading 28.4* 25.0% 25.2% 20.3

Values are presented as mean + standard deviation. The p values were obtained
by analysis of variance model and chi-square tests.

# The p values were obtained by analysis of covariance after controlling for
age and education.

" p < 0.05 compared to Ap(—) NC.

no difference in the female ratio between the NC and SVCI groups (p =
0.143).

AB(—) SVCL amyloid-negative subcortical vascular cognitive
impairment, AB(—) NC: amyloid-negative normal cognition, MMSE:
Mini Mental State Examination, K-BNT: Korean version of Boston
naming test, RCFT: Rey-Osterrieth complex figure test, CDT: clock
drawing test, SVLT: Seoul verbal learning test, COWAT: controlled oral
word association test, TMT-B: part B of the trail making test, DSC: digit
symbol coding.

3.2. Topography of cortical thinning

Fig. 1 shows the topography of cortical thinning in participants with
AP (—) SVCI. Compared with Ap (—) NC participants, Ap (—) SVCI par-
ticipants exhibited significant cortical thinning in the bilateral peri-
sylvian, the inferior, medial frontal and posterior cingulate, the
temporal pole, and superior and medial temporal regions. Specifically,
compared with Ap (—) NC participants, A (—) svMCI participants
exhibited significant cortical thinning in the bilateral perisylvian, infe-
rior frontal, and superior temporal regions. Ap (—) SVaD participants
exhibited significant cortical thinning in the bilateral perisylvian, infe-
rior, middle, superior, medial frontal, orbitofrontal, posterior cingulate,
temporal pole, superior, middle, inferior, and medial temporal regions.
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3.3. Correlation between neuropsychological tests and cortical thickness

The statistical map showed that cortical thinning in specific brain
regions was associated with raw scores on all neuropsychological tests
except for the phonemic component of the COWAT (Fig. 2). Specifically,
the score in the Digit Span Test backward, which reflects attention and
working memory, was positively associated with cortical thickness in
the bilateral inferior frontal, and right superior and middle frontal gyri.
The score in the K-BNT reflecting confrontational naming was positively
associated with cortical thickness in the left inferior temporal, fusiform
gyri, and the right anterio-medial temporal region. The score in delayed
recall in the SVLT was positively associated with cortical thickness in the
right orbitofrontal gyrus. The score in delayed recall of the RCFT was
positively correlated with cortical thickness in the bilateral orbito-
frontal, left medial frontal, right middle frontal, posterior cingulate, and
supramarginal gyri. The score in the copying test of the RCFT composing
visuospatial domain was positively correlated with cortical thickness in
the bilateral inferior and middle frontal, superior parietal, right poste-
rior cingulate, and supramarginal gyri. The score in the semantic
component of the COWAT (animal) was positively correlated with
cortical thickness in the bilateral middle frontal, left superior, inferior
and medial frontal gyrus, and posterior cingulate gyri. The score in the
color reading portion of the Stroop test was positively associated with
cortical thickness in the left frontal and right superior parietal gyri.

3.4. Hemispheric dominance of cortical thickness related to
neuropsychological results

We also investigated hemispheric dominance of neural substrates by
using Al Neural substrates for only delayed recall of the RCFT, and
semantic component of the COWAT (animal) showed hemispheric
dominance. Among these, RCFT delayed recall was dominantly associ-
ated with the right hemisphere, while semantic component of the
COWAT were dominantly related to the left hemisphere.

4. Discussion

In the present study, we investigated the neural substrates in a large
cohort of carefully phenotyped participants with Ap (—) SVCI. The major
findings in this study were as follows: 1) poor performances in most of
the neuropsychological tests were associated with cortical atrophy in
specific cortical regions regardless of CSVD burden.; 2) poor perfor-
mances of three neuropsychological tests are more likely to be associ-
ated with cortical atrophy in one hemisphere than the other, but their
lateralities were modest. Taken together, our findings suggested that
cortical atrophy was an important factor of cognitive impairment in
CSVD population regardless of WMH. Furthermore, our findings might
give clinicians a better understanding about specific neural substrates of
neuropsychological deficits in participants with SVCL

The first major finding was that poor performances in each neuro-
psychological test were associated with cortical atrophy in certain brain
regions regardless of CSVD burden. Impairment of the backward digit
span was associated with decreased cortical thickness in the bilateral
inferior frontal, right superior frontal, and middle frontal gyri. The
backward digit span test has been used to evaluate working memory,
which consists of four components. Of these four components, the cen-
tral executive system regulates the other three subordinate subsystems
and is associated with the frontal cortex (Baddeley, 2000). It was reason
backward digit span was mainly related to frontal cortex. Our results
might be also consistent with previous neuroimaging studies showing
that prefrontal regions play an important role in working memory
(Cabeza et al., 2000, 1997; Majerus et al., 2010).

In the present study, poor performances in K-BNT were associated
with cortical atrophy in the left inferior temporal and fusiform gyri and
right anterio-medial temporal regions. K-BNT is a representative tool for
evaluation of confrontational naming. It is well known that the left
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Fig. 1. Statistical representation of cortical thickness in AB(—) NC, AB(—) SVCI,

svMCIL: amyloid-negative subcortical vascular mild cognitive impairment,
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Subtests Correlation Maps Al | Subtests Correlation Maps Al
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Fig. 2. Correlation maps demonstrating the association between cortical thickness and neuropsychological tests in participants with AB(—) SVCI (Al > 0 means right-
sided correlated areas > left-sided correlated areas, and vice versa for Al < 0). K-BNT: Korean version of Boston naming test, SVLT: Seoul verbal learning test, RCFT:
Rey-Osterrieth complex figure test, COWAT: controlled oral word association test, Al: asymmetric index.

inferior and fusiform gyri are responsible for naming. Previous MRI
studies revealed that the BNT score is positively correlated with cortical
thickness in the left middle and inferior temporal gyri and the inferior
parietal cortex (Baldo et al., 2013; S. H. Kang et al., 2019; Lau et al.,
2015). In addition, poor performances in BNT were associated with
hypometabolism in the left middle temporal and fusiform gyri in a
previous FDG PET study (Teipel et al., 2006). However, there is little
evidence that the right anterio-medial temporal areas may be involved
in naming function (Apostolova et al., 2008). One study showed that
cortical atrophy of the right anterio-medial temporal regions including
the temporal pole was related to a low BNT score (Apostolova et al.,
2008). Semantic variant primary progressive aphasia, a neurodegener-
ative disease presents with naming difficulty, shows bilateral anterior
temporal atrophy despite a left-sided preference (Gorno-Tempini et al.,
2004). Therefore, it seems appropriate that the right anterior temporal
regions may be associated with semantic processing including naming.

Especially, the neural substrate of episodic memory was totally
different from those previously known in ADCI (Ahn et al., 2011; S. H.
Kang et al., 2019). Contrary to expectations, poor performances on the
delayed recall task of the SVLT were related to cortical thinning not in
the medial temporal areas but in the right orbitofrontal gyrus. In addi-
tion, a low score in the RCFT delayed recall was related to cortical at-
rophy in the bilateral orbital frontal, left medial frontal, right middle

frontal, posterior cingulate, and supramarginal gyri. Previous studies
revealed that cortical thinning in the bilateral medial temporal regions
was closely associated with delay recall task scores of the SVLT and
RCEFT in patients with ADCI (Ahn et al., 2011; S. H. Kang et al., 2019).
The essential role of the medial temporal area including hippocampus
structures for the consolidation of new information is known for a long
time (Squire and Wixted, 2011), while other networks that include the
hippocampus also have an important role in episodic memory perfor-
mance. Among these networks, the Papez circuit includes the hippo-
campus, entorhinal cortex, mammillary body, anterior thalamic nuclei,
cingulate cortices, and the parahippocampal gyrus and is a core pathway
of the limbic system involved in the consolidation of episodic memory
(Callen et al., 2001; Jicha and Carr, 2010). Functional connectivity of
the hippocampus has reflected network in Papez circuit and the con-
nectivity with the hippocampus in the subcortical regions as well as
cortical regions including frontal, insula, posterior cingulate cortices
was associated with episodic memory performance (Li et al., 2014).
SVCI is a disease with cognitive impairment due to CSVD, which is a
representative disease of cerebral white matter tissue. In this regard,
CSVD may first affect the white matter tracts associated with networks
in the Papez circuit and may damage secondarily the posterior cingulate
and frontal cortices. This is the reason why the posterior cingulate and
frontal regions were mainly associated with episodic memory function
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in our study. In fact, a previous SPECT study investigating the neural
substrates in a small number of participants with SVCI showed that a low
score of delayed recall tests was associated with hypoperfusion in the
right frontal and left occipital regions (Baker et al., 2013). A functional
MRI study also revealed that worse performance in memory was related
to disruption of functional connectivity between the medial frontal
gyrus and the posterior cingulate cortex (Chen et al., 2019).

In contrast to the results of previous studies with participants with
ADCI which showed that the neural substrate of the RCFT copying tests
were predominantly temporo-parietal regions (Ahn et al., 2011; S. H.
Kang et al., 2019), poor performances on the copy task of the RCFT were
associated with cortical atrophy in the bilateral inferior and middle
frontal, superior parietal, right posterior cingulate, and supramarginal
gyri. Visuo-perceptive and visuo-constructive functions are necessary to
perform the copy task of the RCFT and are linked to parietal and frontal
areas, respectively. Our findings might suggest that poor performances
in the RCFT copy test were triggered by visuo-constructive rather than
visuo-perceptive dysfunction in SVCI participants (Lei et al., 2016;
Melrose et al., 2013).

Our study showed that semantic fluency was mainly associated with
the bilateral middle frontal, left superior, inferior and medial frontal,
and posterior cingulate gyri. This was in contrast to results from previ-
ous studies exploring the neural substrate of semantic fluency in par-
ticipants with ADCI, which showed that anterior and inferior temporal
regions as well as frontal regions were associated with poor performance
in the semantic fluency task (Ahn et al., 2011; S. H. Kang et al., 2019).
Semantic fluency reflects language function and frontal executive
function, and impairment of semantic fluency was associated predomi-
nantly with the temporal and frontal cortex in a meta-analysis (Henry
and Crawford, 2004). The different results might be explained by the
cortical atrophy pattern of participants with SVCI, who display profound
cortical atrophy in the frontal regions. However, on phonemic fluency,
no cortical neural substrates were identified after WMH volume
correction. Given that, before WMH volume correction, phonemic
fluency was associated with the left middle, inferior and medial frontal,
and posterior cingulate gyri, poor performance in phonemic fluency
might not be directly associated with cortical atrophy in the frontal
cortex, but rather with primary damage in subcortical structure con-
nected to frontal cortex. In our study, poor performances in the color
reading task of the Stroop test were related to cortical atrophy in the
bilateral inferior frontal gyri. Stroop color reading has been used to
evaluate selective attention and cognitive flexibility. Functional neuro-
imaging studies showed that Stroop color reading-related activations are
detected in the lateral prefrontal cortex (Cieslik et al., 2015; Cipolotti
et al., 2016). Our results had a similar neural substrate pattern as those
in the previous studies.

The second major finding was that poor performances in three
neuropsychological tests were more likely to be associated with cortical
atrophy in one hemisphere than the other, but the lateralities were not
strong. As expected, neuropsychological tests to evaluate generative
naming such as animal fluency and phonemic fluency related to lan-
guage and frontal function were associated with cortical atrophy in the
left hemisphere, while results of the visual memory function test were
associated with right hemisphere atrophy. Different from expectations,
however, neural substrates of some tests did not have hemispheric
asymmetry. This might be explained by the fact that cerebral atrophy in
patients with SVCI usually develops and progresses bilaterally.

5. Limitations and conclusion

In this study, we investigated the neural substrates of neuropsycho-
logical tests in a large sample of participants with SVCI who did not have
amyloid pathology. The study has five limitations. First, the study par-
ticipants underwent amyloid PET with different types of tracers. How-
ever, this limitation is mitigated to some degree by the very high
correlations among amyloid PET tracers (Landau et al., 2014;
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Villemagne et al., 2012). Second, although we excluded amyloid posi-
tive participants, we did not consider the effects of other mixed pa-
thologies (e.g., a-synuclein and frontotemporal lobar degeneration),
which might be associated with SVCI. Third, although we revealed that
certain brain regions were associated with poor performance in neuro-
psychological tests, it is questionable that all brain regions that we found
represent test-specific brain areas. Rather, some neural substrates for
each neuropsychological test may be relevant to basic cognitive pro-
cesses shared by a variety of neuropsychological tests. Fourth, we used
cortical thickness which reflects gray matter structure to investigate the
neural substrates. Therefore, we did not cover changes in micro-white
matter structure using advanced imaging such as diffusion tensor im-
aging and functional network using functional MRI with cognitive task.
Previous studies from our group suggested that structural and functional
connectivities measured by DTI and resting state fMRI were associated
with cognitive dysfunction (Franzmeier et al., 2019; H. J. Kim et al.,
2015). However, since the goal of our study was to investigate the
pattern of cortical atrophy related to poor neuropsychological results,
we did not include it. Further study should be needed to investigate
further mechanisms underlying cognitive dysfunction in SVCI. Finally,
since our study population was comprised of participants with SVCI, our
results may be affected by the cortical thinning pattern in SVCI which
was primary atrophy in the frontal and perisylvian regions, and the
findings may not be generalizable to subjects with other neurodegen-
erative diseases such as Parkinson’s disease and frontotemporal de-
mentia. Further studies using participants with other neurodegenerative
disease are needed to address this limitation. Despite these limitations,
our study is note-worthy since we reported associations between neu-
ropsychological tests and anatomical features in participants with SVCI,
which implied that cortical atrophy was also an important factor of
cognitive impairment in CSVD population regardless of WMH. Our re-
sults may help clinicians diagnose SVCI and make a prognosis about
disease progression by understanding the neural substrates of cognitive
impairment related to subcortical vascular damage.

In conclusion, poor performances of most neuropsychological tests
were associated with cortical atrophy in the specific brain areas in pa-
tients with SVCI. Thus, we were able to predict the cortical atrophy
patterns in patients with SVCI by an accurate analysis of neuropsycho-
logical tests in clinical practice.
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