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Abstract

Vascular cognitive impairment, no dementia (VCIND) refers to cognitive deficits associated with underlying vascular causes that
are insufficient to confirm a diagnosis of dementia. The default mode network (DMN) is a large-scale brain network of interacting
brain regions involved in attention, working memory and executive function. The role of DMN white matter integrity in cognitive
deficits of VCIND patients is unclear. Using diffusion tensor imaging (DTI), this study was carried out to investigate white matter
microstructural changes in the DMN in VCIND patients and their contributions to cognitive deficits. Thirty-one patients with
subcortical VCIND and twenty-two healthy elderly subjects were recruited. All patients underwent neuropsychological assess-
ments and DTI examination. Voxel-based analyses were performed to extract fractional anisotropy (FA) and mean diffusivity
(MD) measures in the DMN. Compared with the healthy elderly subjects, patients diagnosed with subcortical VCIND presented
with abnormal white matter integrity in several key hubs of the DMN. The severity of damage in the white matter microstructure
in the DMN significantly correlated with cognitive dysfunction. Mediation analyses demonstrated that DTI values could account
for attention, executive and language impairments, and partly mediated global cognitive dysfunction in the subcortical VCIND
patients. DMN integrity is significantly impaired in subcortical VCIND patients. The disrupted DMN connectivity could explain
the attention, language and executive dysfunction, which indicates that the white matter integrity of the DMN may be a
neuroimaging marker for VCIND.
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Introduction disease could also contribute to cognitive impairment.
Vascular cognitive impairment (VCI) refers to all forms of
cognitive dysfunction consisting of a complex interaction of
cerebrovascular disease and risk factors that lead to changes in

brain structures due to strokes and lesions(Skrobot et al.

Cerebrovascular disease remains a leading cause of death and
disability in older people worldwide(Mansfield et al. 2018). In
addition to causing physical disabilities, cerebrovascular
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2018). VClI ranges from subjective cognitive decline and mild
cognitive impairment (vascular cognitive impairment, no de-
mentia; VCIND) to overt dementia (vascular
dementia)(Sachdev et al. 2014). Vascular cognitive impair-
ment, no dementia refers to cognitive deficits associated with
underlying vascular causes that fall short of a diagnosis of
dementia(Stephan et al. 2009). According to the China
Cognition and Aging Study, VCIND is the most common
subtype of mild cognitive dysfunction in China, accounting
for 42.0% of the total cases(Jia et al. 2014). The Canadian
Study of Health and Aging pointed out that 50 % of VCIND
patients progressed to dementia over 5 years of follow-
up(Rockwood et al. 2000). Therefore, it is very important
for us to investigate the brain alterations in VCIND subjects.

Subcortical VCIND manifests as white matter
hyperintensities or lacunes in subcortical white matter and the
basal ganglia on magnetic resonance imaging (MRI), and these
regions contribute to cognitive deficits(van de Pol et al. 2007).
However, the role of white matter hyperintensity in cognitive
deficits is still controversial. Previous studies suggested that the
white matter hyperintensity severity rather than the distribution
correlates with cognitive deficits(Fazekas et al. 1996), whereas
other studies came to the opposite conclusion(de Vocht 2007,
Debette et al. 2007; Mirsen et al. 1991). The inconsistency may
arise from methodological differences in evaluating white matter
hyperintensity. One potential factor is the variability in the pa-
thologies that underlie white matter hyperintensity. These white
matter hyperintensities could be composed of various lesions,
ranging from multiple small cavitations, marked arteriosclerosis
and mild perivascular alterations to loss of various tracts(Fazekas
et al. 1993). Another potential factor that can explain these in-
consistencies is the poor discrimination of absolute lesion vol-
ume and the visual rating scales of white matter hyperintensity
displaying a ceiling effect(Kim et al. 2011; van Straaten et al.
2006). Therefore, precise measurements are needed to reveal the
role of white matter hyperintensities in cognitive deficits in pa-
tients with subcortical VCIND.

Diftusion tensor imaging (DTTI), a sensitive magnetic reso-
nance imaging (MRI) based technique, is a noninvasive mea-
surement used for delineating specific white matter structures
in vivo(Nitkunan et al. 2006). A recent study demonstrated
that abnormal DTI parameters significantly correlated with the
level of metabolite contents of neurons, suggesting that DTI
can identify axonal disruption in the white matter
tracts(Robinson et al. 2016). DTT detects white matter micro-
structural alterations by measuring the directionality of molec-
ular diffusion (fractional anisotropy, FA) and the average mo-
tion of water molecules (mean diffusivity, MD)(Xu et al.
2010). However, most DTI studies have used manual tracing
of regions of interest (ROIs) and thus included only limited
regions or assessing whole brain areas(O'Sullivan et al. 2004)
rather than neural networks. Recent dementia studies have
pointed out that neurodegenerative diseases are considered
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brain network diseases due to the failure to integrate certain
brain regions into an efficient network and the disconnections
within neural networks(Della Nave et al. 2007; Zhou et al.
2008). The default mode network (DMN) is one of the most
important brain networks involved in executive and attention
function(Buckner et al. 2008). It was first introduced by
Raichle(Raichle et al. 2001) and colleagues and has gained
increasing attention from the neurology and neuroscience
communities ever since(Rosazza and Minati 2011). This net-
work is composed of the posterior cingulate cortex (PCC), the
adjacent precuneus (pCu), the retrosplenial cortex (RSC), the
medial temporal lobes (MTL), medial prefrontal areas
(mPFC) and the inferior parietal cortex. This set of regions
is intensely activated during the resting state and de-activated
during the demanding tasks requiring focused attention such
as visual-spatial tasks and working memory tasks(Corbetta
and Shulman 2002). Activation of the DMN regions also cor-
relates with other networks during executive tasks(Leech et al.
2011). Convergent evidence demonstrates DMN connectivity
alterations in AD and MCI patients(Agosta et al. 2013; Chua
et al. 2008; Filippi et al. 2013; Li et al. 2019; Weiler et al.
2014; Zhan et al. 2016), and these alterations have been found
to be related to the severity and the progression of the
disease(Hansen et al. 2014; Mintun et al. 2006).
Additionally, in VaD, decreased DMN functional connectivity
has been reported using resting-state functional MRI
(fMRI)(Kim et al. 2011). While fMRI provides an indirect
evaluation of neural activity, DTI is a direct measurement of
white matter structural integrity.

To date, little is known regarding white matter structural in-
tegrity in the DMN in VCIND patients and even less is known
regarding its role in cognitive deficits. Therefore, the main aim of
the present study is to investigate the contributions of white mat-
ter microstructural abnormalities in the DMN to cognitive im-
pairment in patients with subcortical VCIND. In pursuit of this,
using the DTI method, we investigate white matter tract integrity
in the DMN and the cognitive consequences of this hypothesized
disconnection in subcortical VCIND.

Materials and methods

This study received approval from the institutional review
board at Xuan Wu Hospital Capital Medical University.
Informed written consent was obtained from each participant.
The methods were carried out in accordance with the
Declaration of Helsinki.

Subjects

Thirty-one consecutive patients with subcortical VCIND were
prospectively recruited from the memory clinic at Xuan Wu
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Hospital. All patients were diagnosed by a consensus group of
three senior neurologists. The patients met the following in-
clusion criteria: (1) there was an informant report and/or com-
plaint of cognitive dysfunction involving memory impair-
ments and/or other cognitive domain deficits that continued
for more than 3 months; (2) the patients were neither normal
nor demented according to the criteria of the Diagnostic and
Statistical Manual of Mental Disorders, Fourth
Edition(Winblad et al. 2004), and these criteria comprised: a
clinical dementia rating (CDR)>0.5 on at least one
domain(Hughes et al. 1982) and global score=0.5, and a
Mini-Mental State Examination (MMSE) score > 20 (primary
school) or>24 (junior school or above)(Folstein et al. 1975;
Zhang et al. 1990); (3) the patients had normal or slightly
impaired daily living activities as defined by a total score of
<1.5 for the three functional CDR domains (home and
hobbies, community affairs, and personal care)(Zhang et al.
1990); (4) the patients were literate Han Chinese with a con-
sistent caregiver (>4 days/week). Participants who had disor-
ders other than subcortical VCIND that would affect cognition
or any conditions that would preclude completion of neuro-
psychological testing were excluded.

All patients meeting the clinical criteria underwent MRI
screening including a hippocampal assessment. The MRI-
based entry criteria details were as follows: (1) multiple (>3)
supratentorial subcortical small infarcts (320 mm in diame-
ter) with/without white matter lesions of any degree or mod-
erate to severe white matter lesions (Fazekas rating scale
score >2)(Fazekas et al. 1987); with/without small infarcts;
(2) absence of cortical or watershed infarcts, hemorrhages,
hydrocephalus, or white matter lesions with specific causes
(e.g., multiple sclerosis); and (3) no hippocampal or entorhinal
cortex atrophy (score of 0 on the medial temporal lobe atrophy
scale of Scheltens (Scheltens et al. 1992).

Twenty-two healthy elderly subjects were recruited from
the community and served as a normal control (NC) group.
These healthy individuals were free from a history of any
major medical, neurological, or psychiatric illness. No appar-
ent abnormal findings or cognitive impairment were identified
in MRI or neuropsychological testing.

Neuropsychological assessment

Neuropsychological evaluations included the MMSE, the
Montreal Cognitive Assessment (MoCA), the CDR scales,
Clock drawing Test, Digit Span, the Trail Making Test
(TMT) A and B, the WHO-UCLA Auditory Verbal
Learning Test (AVLT), the Boston Naming Test (BNT), the
Hachinski Ischemic Scale (HIS), the Geriatric Depression
Scale (GDS), the Neuropsychiatric Inventory and the
Activities of Daily Living (ADL) assessment.

Imaging data acquisition

Imaging data were collected on a 3.0 Tesla (Skyra Siemens,
Germany) scanner. Brain structural MRI data were collected
with a three-dimensional (3D) magnetization-prepared rapid
gradient echo (MP-RAGE) squeeze with the following param-
eters: repetition time (TR)=2100 ms, echo time (TE)
=2.56 ms, field of view (FOV) =256 mm x 256 mm, acquisi-
tion matrix =256 x 256, flip angle (FA) = 12°, and slice thick-
ness =1 mm with 192 slices. The diffusion tensor images
were collected with alignment to the AC-PC line using a dou-
ble spin-echo EPI sequence (TR = 7500 ms, TE =96 ms, flip
angle =90°, FOV =240 mm x 240 mm, in-plane resolution =
1.75 mm x 1.75 mm voxels, and 54 contiguous 2-mm-thick
axial slices) with 64 non-collinear encoding directions (b=
1000 s/mm2) and 11 images without diffusion weighting (b=
0 s/mm2, b0). FLAIR images were acquired for Fazekas rat-
ing (TR =8500 ms, TE =81 ms, time inverse = 2440 m:s,
FOV =240 mm X 240 mm, acquisition matrix =320 x 320,
thickness =3 mm, 3.15 mm gap, 19 slices).

ROI definition

The default mode network (DMN) was defined directly from
our previous study(Tao et al. 2015). Briefly, a data-driven
method was used to extract the mask of the DMN. After
obtaining the independent components, a threshold of Z>2
was used to obtain eight ROIs.

DTI processing and tractography

All data preprocessing and processing procedures for the DTI
data were implemented using the Brainnetome diffusion
toolkit (http://diffusion.brainnetome.org) (Xie et al. 2016).
The preprocessing of the DTI data included the following
steps: (1) converting DICOM data; (2) extracting a brain
mask; (3) correcting for eddy current and head motion; (4)
fitting diffusion tensors to the data. Tensor calculation and
tractography were performed with a deterministic stream line
method to obtain tracts by setting the fractional anisotropy
(FA) threshold to 0.25 and the angular threshold to 60°. An
FA threshold of 0.25 was chosen to avoid voxels that are not
part of the white matter tract (cortex has FA~0.2), minimize
the inclusion of voxels with a higher degree of partial volume
contamination, and limit the presence of spurious tracts. (5)
Registering ROIs from MNI space to the individual space; (6)
Tract pruning, which involved, for each pair of brain regions
in the DMN, extracting the tracts start in one region and end in
the other one. Then the mean FA, mean MD and number of the
tracts were calculated for the tracts linking each pair of brain
regions.
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Statistical analysis

Statistical data analysis was performed using the SPSS (Version
20, SPSS Inc., Chicago, IL, USA). An independent sample ¢ test
was used separately for the assessment criterion and the function-
al rating scales between the VCIND and control groups. For the
tracts linking the regions within the DMN, only the tracts with
more than 80% of the subjects were further analysed. The mean
FA, mean MD and tract numbers were compared between
groups with a two-sample two-tailed t-test at P<0.05
(Bonferroni corrected, N =the statistical tract numbers). Partial
correlation analyses controlling for age, sex and education were
used to study the relationship between white matter pathways
and neuropsychological scores (P < 0.05, Bonferroni corrected,
N = the statistical tract numbers).

To further estimate the mediation effect of groups between
the cognitive abilities and white matter properties (FA, MD),
we subsequently performed a mediation analysis with the lin-
ear regression method(Baron and Kenny 1986; Liu et al.
2017). Only variables that were significantly correlated with
FA or MD values in the DMN were included in the mediation
analysis. DTI values in the DMN as mediations of the associ-
ations between diagnostic group and neuropsychological eval-
uations were tested.

Results
Demographics

Table 1 displays demographics and the main neuropsycholog-
ical statistics for the normal controls and VCIND subjects.
There were no differences across groups regarding age, years
of education and sex (P>0.05). As expected, the VCIND
patients performed significantly worse on the MMSE,
MoCA, and Clock drawing task than the NCs (all
P <0.001). The VCIND patients also showed poor perfor-
mance on the Boston Naming test, Digit span, Trail Making
test and AVLT test (P < 0.05).

DTI values in the DMN across groups

For both the NC and VCIND subjects, 20 tracts were evalu-
ated for group differences. Among these connectivities, the
VCIND subjects showed reduced FA values in the left TP-
mPFC and PCC-right TP compared with the NCs (P < 0.05,
Bonferroni corrected). Compared to the NCs, the VCIND pa-
tients showed higher MD in 8 pairs of connectivities (includ-
ing the following links of PCC-mPFC, PCC-right supF, right
TP-mPFC, mPFC-left HIP, left TP-left HIP, left TP-left supF
and left TP-right TP and left TP-mPFC) at P <0.05
(Bonferroni corrected) (Fig. 1). In summary, decreased FA
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Table 1  Demographic and neuropsychological assessment for NC and
VCIND subjects

NC (N=22) VCIND (N¥=31) P value

Sex (male/female) 18/4 20/11 0.75

Education 11.5+2.8 10.6+2.7 0.95

Age 59.2+59 62.6+6.9 0.65

MMSE 29.0£1.0 272+2.0 0.003919
MoCA 27.0+1.6 22.0+£3.6 0.000416
Clock drawing task 143+£0.6 129+1.9 0.006258
Forward Digit span 84+0.8 7512 0.002676
Backward Digit span ~ 5.5+1.6 46+1.5 0.000178
Boston Naming test 258+3.3 22.5+35 0.000003
Trail Making Test A 47.8+21.1 75.5+£38.8 0.003734
Trail Making Test B 76.1+38.4 147.5+83.8 0.000500
AVLT-total score 45.0£8.1 37.8+10.9 0.002910

Chi-squared tests were used for gender comparisons; two sample two-
side two-tailed t tests were used for age and neuropsychological test
comparisons

Abbreviation: MMSE Mini-mental State Examination, MoCA Montreal
Cognitive Assessment, AVLT Auditory verbal learning test

and increased MD values were widespread throughout the
DMN.

Correlations between DMN connectivity
and neuropsychological tests

As shown in Fig. 2, overall, the results revealed that the DTI
parameters (especially MD) in the DMN were significantly
correlated with cognitive scores in VCIND subjects.

For FA, positive correlations were detected between FA
and MoCA in the PCC-right TP, revealing that a higher FA
in this link was associated with better cognitive function. For
MD, we found a significant negative correlation between
MMSE and MoCA and MD in several connectivities, includ-
ing left TP-mPFC, mPFC-left HIP, PCC-mPFC, PCC-right
supF, left TP-left HIP and right TP-mPFC, which indicated
that higher MD was associated with worse cognitive function.
Moreover, we found that MoCA showed a stronger correla-
tion with DTI values than MMSE, which suggested that
MoCA might be more sensitive to detect general cognitive
impairment in VCIND patients (Fig. 2).

For specific cognitive domains, no significant correlations
were found between FA, MD and memory function as mea-
sured by the AVLT. Visual-spatial and executive function de-
tected by Clock drawing test showed negative correlation with
MD in five tracts (left TP-left supF, PCC-mPFC, left TP-
mPFC, left TP-left HIP and left TP-left HIP) (Fig. 2).
Moreover, executive function measured by Trail Making
Test-B showed significant negative relationship with MD
values in the PCC-right supF and right TP-mPFC tracts.
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Fig. 1 Significantly different DTI values across groups in DMN. a FA
values decreased in the PCC-right TP and left TP-mPFC tracts in the
VCIND patients. b Compared to the NCs, the VCIND patients showed

Attention measured by Back Digit Span showed a strong cor-
relation with MD values in the left TP-mPFC, mPFC-left HIP,
PCC-right supF and left TP-left HIP tracts. As for language
abilities measured by Boston Naming test, they were found to
be significantly associated with FA in the PCC-right TP link
and MD in the PCC-mPFC link.

Mediation analysis results

For general cognitive function (Table 2), we found a significant
mediation between the MMSE, MoCA scores and DTI values.
For MoCA scores, FA, MD and the group effect were all signif-
icant when FA, MD values and group were entered into the re-
gression model in the PCC-right TP, right TP-mPFC and PCC-
mPFC tracts, revealing that DTI values on these three links partly
mediated the group-cognition relationship. In other hubs that DTI
values correlated with MoCA scores, a significant group-cognition
association was absent, but the FA and MD effects were signifi-
cant, revealing full mediation of FA and MD on the group-MoCA
association. For MMSE scores, in mPFC-left HIP, PCC-right supF
and left TP-left HIP tracts, significant group-cognition association
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higher MD in the link of the PCC-mPFC, PCC-right supF, right TP-
mPFC, mPFC-left HIP, left TP-left HIP, left TP-left supF and left TP-
right TP tracts

was absent when MD values were entered into the regression
model, but the MD effects were significant, revealing full media-
tion of FA on the group-MMSE association.

For specific cognitive domains (Table 3), significant medi-
ations were also found between neuropsychological assess-
ment scores and DTI values. For Clock drawing test, full
mediation of MD on the group-cognition association was
found in the left TP-mPFC, left TP-left supF, left TP-right
TP and left TP-left HIP tracts. In the PCC-mPFC, MD partly
mediated the group-cognition relationship. For Trail Making
Test B, Backward Digit Span and Boston Naming test, signif-
icant group-cognition effects were absent when FA and MD
values were entered into the regression model, but FA and MD
effects were significant, revealing full mediation of FA and
MD on the group-cognition associations in the DMN.

Discussion

The main aim of the present study was to detect the white
matter microstructural changes in the default mode network

@ Springer
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Fig. 2 Correlations between DMN connectivity and neuropsychological scores. Significant correlations were observed between DTI parameters in

the links between the DMN and cognitive scores

and investigate the role of white matter damage in cognitive
deficits in patients with subcortical VCIND. The results
showed significant microstructural alterations in key regions
of the DMN network, which mediated cognitive dysfunction
in the VCIND patients.

As reported in previous studies, the conclusions about
white matter microstructural changes in VCI patients have
been controversial. On the one hand, researchers had found
reduced FA and increased MD values only in a limited number
of regions. For example, several studies found decreased FA
in the anterior CC, frontal, and parietal white matter in VaD(H.
J. Chen et al. 2018; Lin et al. 2015; Zarei et al. 2009). Other
studies reported that FA decreased and ADC increased in the
regions of frontal, parietal, temporal, and centrum semiovale
areas in VCI patients (Lopez-Oloriz et al. 2014; Sun et al.
2011). On the other hand, several groups have reported that
VCIND patients had more widespread white matter changes.
They found that FA values decreased and MD values in-
creased in all supratentorial white matter, including the frontal
lobes, parietal lobes, temporal lobes, occipital lobes, and cor-
pus callosum (Chua et al. 2008; Zhou et al. 2011). As previ-
ously mentioned, neurodegenerative diseases could be consid-
ered as brain network diseases due to the disconnection within
neural networks and the failure to integrate certain brain re-
gions into an efficient network(S. Q. Chen et al. 2016; Della
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Nave et al. 2007; Zhou et al. 2008). The DMN is one of the
most important brain networks involved in attention and ex-
ecutive function (Qiu et al. 2009). Hence, the present study
confirmed the role of white matter microstructural changes in
the DMN in cognitive deficits in patients with subcortical
VCIND.

Previous studies have reported correlations between cogni-
tive impairments and white matter microstructural changes as
reflected by DTI metrics in VaD patients(Kim et al. 2011;
Thong et al. 2014; Xu et al. 2010; Zhou et al. 2008, 2011).
However, no conclusions had been drawn regarding VCIND
patients yet. Our current findings demonstrate that damages in
white matter tracts already contribute to cognitive impairment
in the early stage of VCI. A noteworthy hypothesis to explain
the cognitive impairment in VCIND patients is that nerve tract
damage results in a disconnection syndrome due to the disrup-
tion of large tracts of white matter(Chua et al. 2008; Lin et al.
2015). Our results, in line with previous results, provided ad-
ditional evidence that damage to white matter tracts might be
an important mechanism of cognitive impairment in VCIND
patients.

It is known that executive and attention dysfunction, but
not memory loss, are characteristic impairments in patients
with subcortical VCIND (Seo et al. 2010, 2012). Here, within
the DMN, correlation analyses revealed that DTI values were
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Table 2 Mediation models testing the effects of group and DTI values in DMN on general cognitive function
NA DMN links Model R? R? change F PA Beta
MoCA PCC - right TP FA 0.418 36.689%#+* L.OTE-77#%#%*
Group 0.471 0.053 22.287#%* 88.60 0.031*
left TP - mPFC MD 0.418 36.689%%* 1.67E-7
Group 0.457 0.038 21.014* 90.91 0.066
mPFC - left HIP MD 0.418 36.69%** 1.OTE-7#+%*
Group 0.419 0.001 18.055%#* 99.76 0.776
PCC - mPFC MD 0.418 36.689 1.6TE-7#%%*
Group 0.565 0.146 32.435 65.07 0.000152%**
PCC - right supF MD 0.418 36.689%** 1.OTE-77#%%
Group 0.418 0.00006 17.989%#+* 99.99 0.950
left TP - left HIP MD 0.418 36.689%** 1.67E-7%#%%*
Group 0.439 0.021 19.552%%* 95.22 0.183
right TP - mPFC MD 0.418 36.689%%* L.OTE-77#%#%*
Group 0.506 0.088 25.633%%* 78.94 0.004+*
MMSE mPFC - left HIP MD 0.235 15.704%%* 0.00027%#**
Group 0.284 0.048 9.903 79.57 0.072
PCC- right supF MD 0.235 15.704%#* 0.00027%#*3*
Group 0.237 0.002 7.768%* 99.14 0.744
left TP - left HIP MD 0.235 15.704%#* 0.00027%#*3*
Group 0.264 0.028 8.945%+* 88.09 0.173
NA Neuropsychological assessment
PA Percentage attenuation
*p < 0.05; #*p < 0.01; ***p < 0.001
Table 3 Mediation models testing the effects of group and DTI values in DMN on specific cognitive domain
NA DMN Links Model R? R? change F PA Beta
Boston Naming test PCC - right TP FA 0.187 11.049%* 0.002%#%*
Group 0.189 0.002 5.465% 98.93 0.766
PCC - mPFC MD 0.187 11.049%** 0.002%#
Group 0.259 0.071 8.193%* 82.35 0.051
Clock drawing test left TP-mPFC MD 0.156 9.059%* 0.004#*
Group 0.166 0.010 4.773% 93.59 0.455
PCC - mPFC MD 0.156 9.059%* 0.0047%*
Group 0.263 0.107 6.975%%* 31.41 0.011%**
left TP- left supF MD 0.156 9.059%* 0.0047%*
Group 0.168 0.012 4.862* 92.31 0.401
left TP-right TP MD 0.156 9.059% 0.0047%*
Group 0.169 0.013 4.875% 91.67 0.394
left TP - left HIP MD 0.156 9.059%* 0.0047%*
Group 0.157 0.001 4.458% 99.35 0.851
Digit span mPFC - left HIP MD 0.404 9.967%* 0.003#*
Group 0.404 0.00001 4.886* 99.99 0.978
left TP-mPFC MD 0.163 9.967%* 0.003%*
Group 0.169 0.006 5.084%* 96.32 0.567
PCC - right supF MD 0.163 9.967%* 0.003%*
Group 0.202 0.038 6.310%* 76.68 0.129
left TP - left HIP MD 0.163 9.967%* 0.0037%*
Group 0.165 0.002 4.957%* 98.77 0.731
Trail making test B right TP - mPFC MD 0.213 13.825%%%* 0.0005%%*%*
Group 0.253 0.040 8.485%* 81.22 0.107
PCC - right supF MD 0.213 13.825%#% 0.0005%#*
Group 0.219 0.006 7.0077%* 97.18 0.550

#p < 0.05; #p < 0.01; #%p < 0.001
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significantly correlated with general cognitive function,
assessed with the MMSE, MoCA and specific cognitive do-
mains including visual-spatial, language, attention and exec-
utive function. There is no correlation between DTI values
and memory function. Furthermore, although DTI-cognition
associations were identified, it is unclear whether these asso-
ciations were due to contributions from a third variable or
whether the group-related cognitive differences were due to
the group DTI differences. A mediation analysis revealed that
DTI changes in the DMN could fully explain the group-
related differences in cognitive function. DTI values in the
DMN not only mediated impairments in global cognitive
function, but also mediated impairments in language, attention
and executive functions, as measured by Boston Naming Test,
Trail Making Test and Backward Digit Span.

Moreover, the current study revealed different levels of
sensitivity of the neuropsychological tests in their correlations
with the white matter damage. The National Institute of
Neurological Disorders and Stroke-Canadian Stroke
Network had recommended MoCA for clinical trials of vas-
cular dementia(Hachinski et al. 2006). Previous researchers
found that MoCA showed better sensitivity and specificity
in the diagnosis of vascular cognitive dysfunction (Pinto
et al. 2018). Our results further demonstrated that MoCA is
highly correlated with white matter integrity compared to
MMSE for general cognitive assessments in patients with sub-
cortical VCIND. As the most commonly used screening tool
for cognitive function, MoCA seems to be superior to MMSE
in the identification and detection of of VCI, and more related
to white matter integrity damage.

A potential limitation is the cross-sectional nature of the
current study. Longitudinal observations from early stage
VCIND to dementia would help us to better understand the
dynamic changes in the role of the DMN in the cognitive
deficits of VCI. The present study was based in a single hos-
pital and had a relatively small sample size. Studies combining
population-based multicenter research and large sample sizes
should be promoted in the future. Moreover, as demonstrated
by post-mortem studies, the co-occurrence of VCI and other
neurodegenerative disorders in the elderly is very frequent
(Debette et al. 2007). When we selected patients, we have
performed various physical and auxiliary examinations to ex-
clude the possibility of co-existing neurodegenerative dis-
eases. However, we could not completely exclude the possi-
bility that the VCIND patients included in our study might
also suffer from other confounding preclinical cognitive dis-
orders. A further cross-validation study with properly con-
trolled diagnostic biomarkers for AD, Lewy body diseases,
etc. would be needed. Additionally, the associations between
white matter integrity and other fibers might enhance our un-
derstanding about the brain connectivity and brain function in
VCI subjects, therefore, some related analysis should be per-
formed in the future. Finally, it should be noted that we cannot

@ Springer

infer that the cognitive changes are specifically associated
with white matter changes in the DMN and not driven by
generalized white matter changes or changes in other net-
works. In fact, we have investigated the altered patterns
among other regions areca using a latest well-used
Brainnetome Atlas (Fan et al. 2016), and around 0.1-0.5%
connections showed impaired FA or MD properties in
VCIND subjects. Hence, additional work to investigate the
specific change of brain network in VCIND are needed in
the future studies.

In conclusion, the current study revealed significant white
matter integrity damage in the DMN in patients with subcor-
tical VCIND. The damage in DMN white matter tracts medi-
ated the characteristic cognitive deficits in VCIND patients,
including executive function and attention. The microstructur-
al white matter evaluation could provide insight into the path-
ogenesis of cognitive impairments in VCIND, as well as po-
tential imaging biomarkers.
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