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ARTICLE INFO ABSTRACT

Keywords: Aims: The prevalence of white matter hyperintensities (WMH) rises dramatically with aging. Both the pro-
White matter hyperintensities gression of WMH and changing patterns of default mode network (DMN) have been proven to be closely as-
Cognitive impairment sociated with cognitive function. The present study hypothesized that changes in functional connectivity and

Default mode network
Functional connectivity
Structural connectivity

structural connectivity of DMN contributed to WMH related cognitive impairment.

Methods: A total of 116 subjects were enrolled from the Cerebral Small Vessel Disease Register in Drum Tower
Hospital of Nanjing University, and were distributed across three categories according to Fazekas rating scale:
WMH I (n = 57), WMH II (n = 34), and WMH IlI(n = 25). All participants underwent neuropsychological tests
and multimodal MRI scans, including diffusion tensor imaging and resting-state fMRI imaging. The alterations of
functional connectivity and structural connectivity within the DMN were further explored.

Results: Age and hypertension were risk factors for WMH progression. Subjects with a higher WMH burden
displayed higher DMN functional connectivity in the medial frontal gyrus, while lower DMN functional con-
nectivity in the thalamus. After adjusting for aging, gender, and education, the increased DMN functional
connectivity in the medial frontal gyrus, and the increased mean diffusivity of the white matter tracts between
the hippocampus and posterior cingulate cortex were independent indicators of worse performance in memory.
Moreover, the decreased DMN functional connectivity in the thalamus and increased mean diffusivity of the
white matter tracts between the thalamus and posterior cingulate cortex were independent risk factors for a
slower processing speed.

Conclusion: The changes in functional connectivity and structural connectivity within the DMN attributed to
WMH progression were responsible for the development of cognitive impairment.

ANG: angular gyrus; MFG: medial frontal gyrus;

ACC: anterior cingulate cortex; MTC: medial temporal cortex;

CL confidence interval; MMSE: Mini Mental State Examination;
DMN: default mode network; MoCA:  Montreal Cognitive Assessment;
DTL: diffusion tensor imaging; OR: odds ratio;

FLAIR: fluid-attenuated inversion recovery; PCC: posterior cingulate cortex;

FA: fractional anisotropy; ROIs: regions of interest;

FC: functional connectivity; rs-fMRI:  resting-state functional MRI;
IPC: inferior parietal cortex; SC: structural connectivity;

LTC: lateral temporal cortex; SFC: superior frontal cortex;

MD: mean diffusivity; WMH:  white matter hyperintensities.
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1. Introduction

White matter hyperintensities (WMH) is described as hyperintense
in the subcortical white matter displayed on T2-weighted MRI images
and fluid-attenuated inversion recovery (FLAIR) images
(Pantoni, 2010). WMH is a state of chronic hypoperfusion in the white
matter, which results in demyelination as a consequence of repeated
selective  oligodendrocyte = death  (Petito et al, 1998;
Promjunyakul et al., 2015; Shi et al., 2016; van Dalen et al., 2016). The
proportion of WMH in the general population aged 60 to 90 years is
nearly 90% in the European population (Alber et al., 2019), and the
prevalence of WMH is as high as 70% in the Chinese population
(Han et al., 2018).

WMH has been reported to correlate closely with cognitive im-
pairment, especially in domains of executive function, attention, and
processing speed (Debette and Markus, 2010). Many studies have ad-
dressed the association between WMH and cognitive impairment
(Wong et al., 2019; Zhang et al., 2019), but an important issue arises,
i.e., how to predict which individuals with WMH would develop cog-
nitive impairment. The Framingham Offspring Study revealed that
WMH volume, no matter whether mild or extensive, was related to an
increased risk of cognitive impairment at an age of 60 years or older
(Debette et al., 2010). The PROGRESS study demonstrated that severe
WMH load, rather than mild or moderate WMH, was an independent
predictor of dementia and cognitive decline (Dufouil et al., 2009).
It should be noted that WMH has been detected in nearly 80% of the
healthy elderly between 60 and 82 years old (Lampe et al., 2019) while
a portion of these do not develop cognitive impairment. The relation-
ship between WMH burden and cognitive impairment may be not linear
and direct, and the potential mechanisms remain unclear.

Resting-state functional MRI (rs-fMRI) is a non-invasive imaging
technique used to explore the aberrant intrinsic functional architecture
of the brain, and rs-fMRI provides us with a promising viewpoint to
explore spontaneous neural activity in patients with WMH. Using rs-
fMRI technology, a series of resting-state networks have been identified
based on the temporal correlations among intrinsic fluctuations of
blood-oxygen-level-dependent signals across functionally related areas,
also known as functional connectivity (FC) (Damoiseaux et al., 2006).
Among the networks, default mode network (DMN), has received in-
creasing attention in studies on neuropsychological diseases. DMN is
thought to be related to internally directed cognitions (Buckner et al.,
2008). Recent studies have found that disrupted DMN patterns had a
considerable impact on cognitive dysfunction in Alzheimer's disease
(Hodgetts et al., 2018), Parkinson's disease (Diez-Cirarda et al., 2018),
and other neurological disorders (Mohan et al., 2016), Our recent stu-
dies found both decreased and increased FC of the DMN in subjects with
WMH, but havenot shown the association between the altered FC of the
DMN and cognitive impairment (Liu et al., 2019a, 2019b). WMH
burden can be diveded into 3 grades according to Fazekas grade, and
the relationship between the DMN and cognition in WMH subjects may
vary depending on the burden level of the WMH. Exploring this re-
lationship with the progression of WMH burden may contribute to the
understanding of mechanisms underlying the relationship be-
tweenWMH, DMN, and cognitive impairment. However, the impact of
different grades of WMH has not been considered by previous studies.

The DMN mainly comprises the posterior cingulate cortex (PCC),
the anterior cingulate cortex (ACC), lateral temporal cortex (LTC),
medial temporal cortex (MTC), the medial frontal gyrus (MFG), the
inferior parietal cortex (IPC), the angular gyrus (ANG), and the sub-
cortical regions such as the thalamus (Greicius et al., 2003). Actually,
these regions are also interconnected via white matter tracts in the
structure. The PCC, a core area of the network, is known to have
monosynaptic connections with MTC and is structurally connected with
the MFG via the cingulum bundle. The PCC is also connected with the
IPC via the angular/lateral parietal lobule white matter tracts and the
precuneus/posterior cingulate white matter tracts (Greicius et al., 2009;
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Khalsa et al., 2014). In other words, the core of the DMN is also the
structural core connecting other structural modules in structural net-
works (Hagmann et al., 2008). While FC strength is defined using fMRI
data, structural connectivity (SC) strength can be measured with dif-
fusion tensor imaging (DTI) parameters, such as the mean diffusivity
(MD) and fractional anisotropy (FA), both of which describe the mi-
crostructural integrity of the white matter tracts.

The present study hypothesized that cognitive impairment in elderly
subjects with WMH would be related not only to the DMN FC, but also
to the altered integrity of the white matter tracts connecting functional
modules in the DMN. Therefore, we aimed to investigate the DMN
patterns and the related integrity of the white matter tracts in subjects
with different grades of WMH, and to explore the relationship between
cognitive impairment, the DMN FC, the DMN SC, and the WMH burden.

2. Materials and methods
2.1. Participants

This research was a part of the Study on Register and the Diagnosis,
Therapy and Prognosis of Cerebral Small Vessel Disease, an ongoing
longitudinal study of cerebral small vessel disease conducted in the
Affiliated Drum Tower Hospital of Nanjing University (Registration
number : ChiCTR-O0C-17,010,562). All of the subjects in this study
were consecutively recruited from December 2016 to September 2018,
the inclusion criteria included: 1) age=50, 2) without MRI contra-
indications, 3) education level=3 years and could cooperate with
neuropsychological assessments, 4) with mild to severe WMH, 5) no
recent small subcortical infarction, 6) the number of lacunes <5, and 7)
no cerebral microbleeds. The exclusion criteria were as follows: 1)
parenchymal hemorrhage or subarachnoid hemorrhage; 2) history of
ischemic stroke (diameter of infarct >15mm) or cardiogenic cerebral
infarction; 3) large vessel diseases, such as vertebral artery or carotid
artery stenosis(>75%); 4)other neurological diseases (e.g., Parkinson's
disease, epilepsy, Alzheimer's disease, multiple sclerosis, and neuro-
myelitis optica); 5) systemic disease(cancer, shock, systemic lupus er-
ythematosus, or thyroid dysfunction); 6) psychiatric disease; and 7)
severe decline of vision or audition. A total of 116 subjects were en-
rolled. To explore brain network patterns related to varying burden of
WMH, the subjects were divided into 3 groups according to the Fazekas
rating scale (Hasan et al, 2019; Wahlund et al.,, 2001): WMH I
(n = 57), WMH II (n = 34), and WMH III (n = 25). All of the subjects
completed a standardized study questionnaire including age, gender,
years of education, and the presence of cardiovascular risk factors in-
cluding hypertension, diabetes mellitus, smoking, and drinking history.

All participants were right-handed and provided written informed
consent in accordance with the Declaration of Helsinki. The protocol
was approved by the Medical Ethics Committee at our hospital.

2.2. Imaging analysis

2.2.1. Magnetic resonance imaging acquisition

Magnetic resonance images were acquired using a 3.0-Tesla MR
scanner (Ingenia 3.0T, Philips Medical Systems, Eindhoven,
Netherlands) with a 32-channel head coil. Tight but comfortable foam
padding was used to minimize head motion, additionally a pair of
earplugs was used to lessen scanner noise. Resting-state functional
images, including 230 vol, were acquired by a gradient- echo-planar

imaging (GRE-EPI) sequence: repetition time = 2000ms, echo
time = 30 ms, flip angle = 90°, matrix = 64 X 64, voxel
size =3 X 3 x 3mm, field of view =192 x 192mm, thick-

ness = 4.0 mm, gap = 0 mm, and number of slices = 35. The total scan
duration was 8 min and 7 s and participants were instructed to keep
their eyes closed and stay as still as possible, not to fall asleep or think
of anything in particular. The imaging parameters of DTI were as fol-
lows: repetition time =17,379ms, echo time =55ms, flip
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angle = 90°, matrix = 112 x 110, voxel size =2 X 2 X 2.5mm,
thickness = 2.5 mm, and number of slices = 55. There were 32 diffu-
sion-weighted volume directions and one non-diffusion weighted vo-
lume. The diffusion weighting was equal to a b-value of 1000s/mm?.
Total scan duration was 11min and 15 s. Three-dimensional (3D) T1-
weighted turbo fast echo sagittal images with high resolution were
acquired with the following parameters: repetition time = 9.8 ms, echo
time = 4.6ms, flip angle=8°, matrix =256 x 256, field of
view = 256 X 256 mm, voxel size =1Xx1X1mm, thick-
ness = 1.0 mm, gap = 0 mm, and number of slices = 192. 3D FLAIR
sagittal images were obtained with the following imaging parameters:
repetition time = 4500 ms, echo time = 344 ms, flip angle = 90°, ma-
trix =272 x 272, thickness = 1.0 mm, gap = 0 mm, and number of
slices = 200. Besides, each subject underwent routine axial T2-
weighted sequences and diffusion weighted imaging.

2.2.2. Image preprocessing

Rs-fMRI preprocessing was performed using the Data Processing and
Analysis of Brain Imaging (DPABI 2.3, http://rfmri.org/DPABI) soft-
ware (Yan et al., 2016), which is based on statistical parametric map-
ping (SPM12, http://www.fil.ion.ucl.ac.uk/spm). The first ten vol from
each subject were discarded to account for the signal equilibrium and
the subjects’ adaptation to the scanning noise. The remaining 220 vol
were corrected for acquisition-time differences between the slices and
were subsequently realigned to the first volume. Afterwards, the head
motion parameters were calculated, and no participants head motion
exceeded 3mm in X, y, or z translation or 3° in rotation. The resulting
functional data were spatially normalized to the Montreal Neurological
Institute (MNI) space (using the mean EPI image as the source volume),
resampled into 3 X 3 X 3mm voxels and smoothed with a Gaussian
kernel of 6 X 6 X 6 mm. Removal of confounding signals, such as
Friston-24 head motion parameters, white matter, cerebrospinal fluid,
and whole brain, from the smoothed functional images were performed
via regression analysis following these procedures.

The DICOM images of DTI were firstly loaded into FSL (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/), the images were corrected for eddy cur-
rent distortion and head motion, and then the b matrix was reoriented
accordingly. The tensor model was fitted using a nonlinear least square
fitting procedure. Finally, the scalar maps including FA and MD were
calculated and exported using Diffusion Toolkit (www.trackvis.org,
version 0.6.4.1). The whole brain tractography was performed with an
FA threshold of 0.2 and an angle threshold of 45° and was afterwards
imported into TrackVis (www.trackvis.org, version 0.6.1) for virtual
dissections.

2.2.3. FC analysis

Seed-based FC analysis was used to construct the resting-state DMN.
We selected 6 mm radius spheres centered at the PCC (MNI space: —2,
—45, 34), which served as the seed region for the DMN. For each
subject, a mean time series of PCC was computed as the reference time
course for the DMN. Pearson cross-correlation analysis was applied
between the seed time course and the time course of the whole brain
voxels, and then the Fisher's z-transformation was used to improve the
normality of the correlation coefficients. Ultimately, the FC map of each
subject was obtained. To construct the DMN, a one sample t-test was
used to identify the brain regions that positively correlated with the
PCC in all subjects. The threshold was set at a corrected P < 0.001,
determined by Monte Carlo simulation for multiple comparisons (voxel-
wise P < 0.001, FWHM = 6 mm, cluster size >486 mm?®). The binary
image of the result served as the mask for subsequent intra-DMN ana-
lysis. A one-way ANCOVA was performed on maps of three groups
using the Resting-State fMRI Data Analysis Toolkit (REST, http://www.
restfmri.net), with age, gender, and years of education as covariates.
The result was corrected by Monte Carlo simulation with settings of
voxel-wise P<0.01, FWHM = 6 mm, and cluster size>1215mm>.
Finally, the average FC strength of each significant region was extracted
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in each group for further analysis.

2.2.4. Tractography and virtual dissections

Regions of interest (ROIs) were selected based on the functional
analysis. The PCC was the beginning point and significant regions in the
FC analysis were end points. Virtual in vivo dissections of the tracts
between the ROIs were performed with TrackVis after the corre-
sponding masks of the ROIs were imported into the software. The mean
FA and MD between the ROIs were automatically calculated in all
subjects.

2.2.5. Fagzekas visual rating scale

Two neurologists independently assessed FLAIR sequences and
scored the WMH using the Fazekas scale: 0-absence, 1-focal lesions, 2-
beginning confluence of lesions, and 3-large confluent areas or diffuse
involvement of the entire region. The intraclass correlation coefficients
for inter and intra-observer agreements were >0.90.

2.2.6. Brain and WMH volumetry

Briefly, the volumes of gray matter, white matter, and central spinal
fluid were calculated using a VBMS8 toolbox (http://dbm.neuro.
uni-jena.de/vbma8) on 3D-T1 images. The WMH volumes were auto-
matically computed with the Wisconsin WMH Segmentation Toolbox
(Ithapu et al, 2014) (W2MHS, http://pages.cs.wisc.edu/~vamsi/
w2mbhs.html) on FLAIR and 3D-T1 images. The standardized WMH
volume was the ratio of actual total WMH volume to total intracranial
volume in each subject.

2.3. Neuropsychological assessments

The Mini Mental State Examination (MMSE) and the Montreal
Cognitive Assessment (MoCA) were conducted by a neuropsychologist
in a quiet environment to evaluate global cognitive function. The dif-
ferent domains of cognition were identified according to the following
tests: Processing speed (i.e., Trail-Making Test A and Stroop B), ex-
ecutive function (i.e., Trail-Making Test B minus A and Stroop C minus
B), episodic memory (i.e., Audio Verbal Learning Test long-term de-
layed recall and Visual Reproduction delayed recall), language (i.e.,
Boston Naming Test and Category Verbal Fluency), and visuospatial
function (i.e., Visual Reproduction Copy and Clock-Drawing Task). Raw
scores for all neuropsychological tests were z-transformed according to
the means and standard deviations across all the participants.
Thereafter, the z-score of each domain was generated by averaging the
z-scores of the relevant tests.

2.4. Statistical analysis

Normality of continuous variables was checked by the
Kolmogorov-Smirnov test and WMH volumes were transformed using a
logarithm function to normalize the distribution. One-way analysis of
variance, chi-squared testing, and nonparametric testing were utilized
to compare the differences in demographic and neuroimaging char-
acteristics, medical history, and neuropsychological data among the
three groups.

The statistical significance of FC, FA, and MD among the three
groups was analyzed with analysis of covariance. The spearman cor-
relation analysis was conducted to evaluate the association between
Fazekas scores and WMH volume [lg(ml)]. The partial correlation
analysis was conducted to assess the FC and clinical neuropsychological
variables in the WMH III group, controlling for variables known to af-
fect cognitive function (age, gender, and years of education). An ordinal
multi-categorical regression model was applied to analyze the effect of
cardiovascular risk factors on WMH with age as covariate. A multi-
variate linear regression model was performed to analyze the in-
dependent effect of FC and SC on cognitive function.

All statistics were performed with SPSS v21.0, and the significance
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Table 1

Demographic and neuroimaging characteristics.
Items WMH I WMH II WMH III p-value
Age 58.00(11.00) 66.35 + 7.26% 70.24 + 5.47° <0.001*
Edu 12.00(7.00) 12.00(6.00) 11.24 + 3.69 0.120
Gender (male:female%) 32:25(56.0:44.0) 19:15(55.9:44.1) 11:14(44.0:56.0) 0.564
Hypertension (yes:no%) 25:32(44.0:56.0) 24:10(70.6:29.4) 22:3(88.0:12.0) <0.001*
Diabetes (yes:no%) 7:50(12.3:87.7) 8:26(23.5:76.5) 3:22(12.0:88.0) 0.308
Smoking history (yes:no%) 10:47(17.5:82.5) 4:30(11.8:88.2) 3:22(12.0:88.0) 0.688
Drinking history (yes:no%) 9:48(15.8:84.2) 6:28(17.6:82.4) 4:21(16.0:84.0) 0.972
WMH volume(ml) 469.70 + 214.64 1869.90(772.09)* 6614.89(8824.82)""b <0.001*
1g WMH 2.70(0.33) 3.27 +0.13* 3.88 + 0.30*" <0.001*
lacune 0.00 (1.00) 0.00 (1.00) 1.00 (1.00) 0.062
CMB 0 0 0 /

Note: Values with normal distribution are presented as the mean + stand deviation (SD); Values with non-normal distribution are presented as median(interquartile).
x> test was applied in the comparisons of gender, hypertension, diabetes and smoking history; nonparametric test was applied in the other comparisons. *: p<0.05; a:
p<0.05 differ from WMH [; b: p<0.05 differ from WMH II. Abbreviations: WMH, white matter hyperintensity; CMB, cerebral microbleeds.

54

3 |
EE '
£
% r=0.920
> p<0.001
I 2
g .

1

0 1 2 3 4

Fazekas scale score

Fig. 1. Scatterplot showing the association of Fazekas scale scores and WMH
volume [Ig(ml)]. Fazekas scores were significantly correlated with WMH vo-
lume (r=0.920, P<0.001). Abbreviations: WMH, white matter hyper-
intensities.

Table 2
Association of cardiovascular risk factors with WMH Fazekas scale scores.
OR 95% CI p-value
Hypertension 3.077 1.245-7.606 0.015
Diabetes 1.339 0.466-3.850 0.588
Smoking history 1.168 0.262-5.201 0.838
Drinking history 3.699 0.934-14.64 0.062

Note: An ordinal multi-categorical regression model was applied to analyze the
effect of cardiovascular risk factors on WMH with age as covariate.
Abbreviations: WMH, white matter hyperintensity; OR, odds ratio; CI indicates
confidence interval.

level was set at P< 0.05.

3. Results
3.1. Demographics, neuroimaging and neuropsychological data analysis

Table 1 summarizes the participants' demographic and neuroima-
ging characteristics. Gender, education, history of diabetes, smoking
and drinking history, and the number of lacune were comparable
among the three groups. Notably, the subjects in the WMH II and WMH
III groups were obviously older and more hypertensive than the subjects
in the WMH I group. Table 1&Fig. 1 also showed that higher Fazekas
scores were highly correlated with a higher WMH volume (r = 0.920,

Table 3
Neuropsychological data.

Items WMH I WMH II WMH III p-value
Globe cognitive

function
MMSE 29.00(2.00) 28.00(2.00) 28.00(2.00)* <0.001*
MoCA 27.00(3.00) 25.00(5.00)* 24.00(6.00)* <0.001*
Processing

speed
TMT A(s) 41.00(20.00) 59.58 + 20.36"  65.00(26.00)* <0.001*
Stroop B(s) 19.50(8.00) 21.00(9.00) 25.45 * 7.69% 0.007*
Z score —-0.29 + 0.65 0.13 + 0.84* 0.48 + 0.87% <0.001*
Executive

function
TMT B-A(s) 31.00(28.00) 52.00(57.00)* 72.50(67.00)* <0.001*
Stroop C-B(s) 11.00(11.00) 11.00(14.00) 15.50 = 10.22  0.492
Z score —0.25 + 0.45 0.16 = 0.85" 0.36 + 0.87% <0.001*
Episodic

memory
AVLT-LDR 5.38 = 2.23 5.00(4.00)* 3.00(3.00)* 0.001*
VR-DR.. 10.00(4.00) 7.26 + 3.46° 6.90 + 4.38° <0.001*
Z score 0.36 = 0.74 —0.27 = 0.64* —0.47 £ 0.73* <0.001*
Language
BNT 54.50(7.00) 53.00(9.00)* 49.70 * 5.94% 0.005*
CVF 18.41 + 4.42 17.00(4.00) 16.65 = 3.83 0.063
Z score 0.24 = 0.76 —-0.18 £ 0.79° —0.31 + 0.82° 0.004*
Visual spatial

function
VR copy 14.00(0.00) 14.00(0.00) 14.00(0.00) 0.071
CDT 4.00(0.00) 4.00(0.00) 4.00(0.00) 0.731
Z score 0.32(0.00) 0.32(0.48) 0.32(0.00) 0.552

Note: Values with normal distribution are presented as the mean =+ stand de-
viation (SD); Values with non-normal distribution are presented as median
(interquartile). One-way ANOVA was applied in the comparisons of Z scores in
processing speed, executive function, episodic memory, language; independent
nonparametric test was applied in the other comparisons. *: p<0.05; a: p<0.05
differ from WMH [; b: p <0.05 differ from WMH II. Abbreviations: WMH, white
matter hyperintensity; MMSE, Mini Mental State Examination; MoCA, Montreal
Cognitive Assessment; TMT, Trail-Making Test; AVLT-LDR, Audio Verbal
Learning Test long-term delayed recall; VR-DR.., Visual Reproduction delayed
recall; BNT, Boston Naming Test; CVF, Category Verbal Fluency; CDT, Clock-
Drawing Task.

P<0.001). In the ordinal multi-categorical regression analysis
(Table 2), hypertension was an independent predictor of WMH severity,
and controlling for age, individuals with hypertension had an odds ratio
(OR) of 3.077(95% confidence interval (CI): 1.245-7.606) for one grade
higher on the Fazekas scale.

As shown in Table 3, subjects in the WMH II and WMH III groups
displayed lower scores for global cognitive function (MMSE and MoCA)
as compared to the WMH I group, they also showed worse performance
in each domain of cognitive function (processing speed, executive
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Medial Frontal Gyrus

—

0.6 |

WMH Il

WMHI WMH IlI

Table 4
Regions showing group differences in FC with PCC.
Brain regions BA Peak MNI Peak F Number of
coordinatesx y z value cluster voxels
Thalamus Not available -3 —24 24 10.53 217
Medial Frontal 10 36612 9.69 148
Gyrus

Note: BA, Brodmann area; MNI, Montreal Neurological Institute; R, right; p<
0.01, AlphaSim corrected.

function, episodic memory, and language), and the discrepancy was
more apparent in the WMH III group.

3.2. FC analysis

3.2.1. Spatial patterns of DMN

A one-sample t-test showed the typical spatial pattern of the DMN in
all subjects (voxel-wise P < 0.001, FWHM = 6 mm, cluster size
>486 mm3) (Supplementary Figure 1). The PCC-based DMN pattern of
the participants included PCC, ACC, ANG, IPC, LTC, MTC, MFG, su-
perior frontal cortex (SFC), and thalamus.

3.2.2. Group differences in DMN

Compared with the WMH I and WMH II groups, patients in the
WMH III group displayed prominently increased FC mainly involving
the MFG, while there was decreased FC in the thalamus (Fig. 2A). De-
tailed information about the brain regions is available in Table 4. FC
values extracted from the MFG and thalamus showed no significant
difference between the WMH I and WMH II groups (Fig. 2B&C).

3.2.3. Correlation analysis
For subjects in the WMH III group, a significant correlation was

/,\ Medial Frontal Gyrus -
5 \.(4 4 A
Thélamus
[

WMHI

NeuroImage: Clinical 24 (2019) 102088

Fig. 2. The group differences of FC. (A)

The regions displayed significant dif-
R ference among the three groups
(Thalamus & Medial Frontal Gyrus).
The result was corrected by Monte
Carlo simulation with settings of voxel-
wise P<0.01, FWHM = 6 mm, and
cluster size>1215mm?>. The scale was
made up of correlation coefficients
between PCC and brain regions within
DMN and the 11 value in scale ex-
pressed the max correlation coeffi-
cients. (B) Subjects in the WMH III
group displayed significantly greater
FC in MFG than the other two groups.
(C) Subjects in the WMH III group
displayed significantly lower FC in
thalamus than the other two groups. *
P<0.05. Abbreviations: FC, functional
connectivity; WMH, white matter hy-
perintensities; PCC, posterior cingulate
cortex; DMN, default mode network;
* MFG, medial frontal gyrus.

Thalamus

WMH II WMH 1ll

found between FC strength in the MFG and episodic memory
[r==-0.467, P = 0.029; 95% CI (—0.796, —0.034) , Fig. 3A]. A
strong positive relationship was observed between FC strength in the
thalamus and language [r = 0.502, P = 0.017; 95% CI (0.084, 0.763),
Fig. 3B]. Interestingly, the higher the FC strength in the thalamus, the
less time spent in processing speed [r = = —0.528, P = 0.012; 95% CI
(—0.800, —0.167), Fig. 3C] and executive function [r == —0.504,
P = 0.017; 95% CI (—0.802, —0.178), Fig. 3D]. Nonetheless, there was
no significant effect of FC in the MFG or thalamus on visual spatial
function.

3.3. Microstructural changes of white matter tracts

3.3.1. Selection of ROIs

PCC was the beginning point, meanwhile, the thalamus and MFG
were chosen as end points based on the results of FC analysis. Fiber
tracts were identified between the PCC and thalamus, while few fiber
tracts were detected between the PCC and MFG. Given that the MFG
was associated with episodic memory in FC analysis and previous stu-
dies of fiber tract connections between the DMN brain regions indicated
that there was cingulum hippocampal projection between the PCC and
hippocampus®3, thus memory related hippocampal region was selected
as another ROL

3.3.2. Microstructural integrity of fiber tract connection

As shown in Table 5 and Fig. 4A, the mean FA value of the PCC-
hippocampus in the WMH III group was the lowest among the groups,
even though it did not reach statistical significance. Fig. 4B shows that
the mean MD value of the PCC-hippocampus in the WMH III group was
apparently higher than the former two groups. A similar trend was also
observed in the white matter tracts from the PCC to thalamus (Table 5,
Fig. 4C&D).
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Fig. 3. Correlation analyses between cognitive function and FC in the WMH III group. (A) FC of PCC- MFG was negatively correlated with episodic memory
[r == —0.467, P = 0.029; 95% CI (—0.796, —0.034) ]. (B) FC of PCC-thalamus was positively correlated with language [r = 0.502, P = 0.017; 95% CI (0.084,
0.763)]. (C) FC of PCC-thalamus was negatively correlated with the time of processing speed [r = = —0.528, P = 0.012; 95% CI (—0.800, —0.167)]. (D) FC of PCC-
thalamus was negatively correlated with the time of executive function [r = = —0.504, P = 0.017; 95% CI (—0.802, —0.178)]. The scores of each domain were z-

transformed scores of the relevant tests. Correlation analyses were performed after adjustment of covariates (sex, age, and years of education). Abbreviations: FC,
functional connectivity; WMH, white matter hyperintensities; PCC, posterior cingulate cortex; MFG, medial frontal gyrus; CI, confidence interval.

Table 5
DTI parameters in relation to Fazekas rating scale.
WMH I WMH II WMH III F P-value
PCC-—Hippocampus FA 0.556541 =+ 0.045732 0.547029 + 0.061682 0.536966 * 0.046522 2.553 0.082
MD 0.000866 =+ 0.000115 0.000855 =+ 0.000065 0.000939 + 0.000124*" 4.094 0.019*
PCC-Thalamus FA 0.546813 *+ 0.033147 0.536131 * 0.044079 0.521685 + 0.036568" 8.526 <0.001*
MD 0.000799 =+ 0.000072 0.000817 * 0.000032 0.000869 =+ 0.000057% 5.991 0.003*

Note: Values are presented as the mean + stand deviation (SD). Analysis of covariance was applied in the comparisons of FA and MD values. *: p<0.05; a: p<0.05
differ from WMH I; b: p<0.05 differ from WMH II. Abbreviations: DTI, diffusion tensor imaging; WMH, white matter hyperintensities; PCC, posterior cingulate

cortex; FA, fractional anisotropy; MD, mean diffusivity.

3.3.3. FC and SC as independent predictors for cognitive impairment

After adjusting for confounding variables (age, gender, and years of
education), the increased MD value of the PCC-hippocampus
(B ==-2575.319, P =0.040) and increased FC of the PCC-MFG
(B == —2.560, P = 0.006) were respectively independent risk factors
for the decline of episodic memory in the WMH III group (Table 6). In
addition, the increased MD value of the PCC-thalamus
(B ==6470.015, P = 0.030) and reduced FC of the PCC-thalamus
(B == —4.294, P = 0.007) were associated with slower speeds in in-
dependent task processing (Table 7).

4. Discussion

The present study investigated the FC and SC patterns of the DMN in
WMH subjects, and the relationship among FC, SC, and cognitive

impairment. We demonstrated that the WMH burden could be ex-
acerbated by aging and hypertension, and the accumulation of WMH
burden was associated with altered FC and SC strength within the DMN.
Notably, at the phase of severe WMH load, the network function was
significantly broken down and the aberrant FC and SC between the PCC
and thalamus were independent risk factors for slower processing
speeds, and the aberrant FC of the PCC-MFG and SC of the PCC-hip-
pocampus were indicative of memory decline.

Consistent with prior studies (Croall et al., 2018; Tully et al., 2017),
the baseline characteristics implied that both hypertension and aging
were strong predictors of a high WMH burden. Cerebral small vessel
disease is known to be age-related and is closely related to vascular risk
factors, including hypertension. The pathogenesis of hypertension in-
cludes loss of smooth muscle cells, vessel wall thickening, and lumen
restriction (Pantoni, 2010). These pathological features result in
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Fig. 4. Comparison of FA or MD values across three groups. (A) The mean FA value of the PCC-hippocampus in the WMH III group was the lowest among the groups,
even though it has not reached statistical significance. (B) The mean MD value of the PCC-hippocampus in the WMH III group was significantly higher than the
former two groups. (C) The mean FA value of the PCC-thalamus was significantly lower than the former two groups. (D) The mean MD value of the PCC-thalamus was
significantly higher than the former two groups. *: P<0.05. Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; PCC, posterior cingulate cortex; WMH,

white matter hyperintensities.

Table 6
Multivariate linear regression analysis for Episodic Memory.
B P-value

PCC—Hippocampus MD —2575.319 0.040*
PCC-MFG FC —2.560 0.006*
Age 0.336 0.236
Sex —0.026 0.354
Edu —0.002 0.962

Note: PCC, posterior cingulate cortex; MD, mean diffusivity; MFG, medial
frontal gyrus; FC, functional connectivity. *: p<0.05.

Table 7
Multivariate linear regression analysis for Processing Speed.
B P-value

PCC-thalamus MD 6470.015 0.030%
PCC-thalamus FC —4.294 0.007*
Age 0.036 0.204
Sex —0.166 0.578
Edu —0.046 0.252

Note: PCC, posterior cingulate cortex; MD, mean diffusivity; FC, functional
connectivity. *: p<0.05.

reduced cerebral blood flow, impaired cerebral autoregulation, and
subsequent ischemia (Sam et al., 2016). Ischemia, as a consequence of
reduced cerebral autoregulation, has been confirmed to result in both
demyelination and Wallerian degeneration (Kern et al., 2017), and
correlates with the severity of the WMH (Duncombe et al., 2017). Given
the important role of hypertension, antihypertensive therapy improving
cerebral blood flow is a major area of interest in the treatment of cer-
ebral small vessel disease.

In this study, we found that subjects with a higher WMH burden
displayed worse episodic memory, and impaired episodic memory
could be related to the increased FC of the PCC-MFG and decreased SC
of the PCC-hippocampus. PCC, the core region of the DMN, has the
highest metabolic activity during rest and serves as a principal node to
cognitive function. Previous studies found that the PCC plays a central
role in supporting internally directed cognition and shows increased
activity when individuals perform memory retrieval tasks
(Buckner et al., 2008; Leech and Sharp, 2014). Patients with amnestic
cognitive impairment displayed reduced metabolism in the PCC when
compared with healthy subjects (Alexander et al., 2002; Buckner et al.,
2005). The MFG encompasses a series of areas that lie along the frontal
midline and belongs to the cortical midline subsystem. In the present
study, higher FC of the PCC-MFG was related to poorer episodic
memory. Increased FC might reflect an impaired balance between sy-
naptic excitation and inhibition, and the loss of the ability to inhibit
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activities in the MFG (Bakker et al., 2012; Duverne et al., 2009). This
might explain the link between impaired episodic memory and the in-
creased FC of the PCC-MFG. However, several studies found that in-
creased activity or FC in the frontal cortex was associated with better
cognitive function in healthy older subjects (Obler et al., 2010;
Wierenga et al., 2008) and subjects at risk for dementia (Ye et al.,
2017a, 2017b), suggesting that the increased activity or FC might re-
flect a compensatory recruitment or reallocation of cognitive resources.
The compensation may occur in normal aging and the early phase of
neurodegenerative diseases. However, as the disease progresses, per-
sistent hyperactivity and hypersynchrony may become harmful for
cognitive function. In the present study, the harmful hypersynchrony
between PCC and MFG was shown in the WMH III group, which had the
heaviest burden of WMH. The hippocampus plays a major role in
memory function, and the interaction between the hippocampus and
other brain regions involves in the formation, consolidation, and re-
trieval of episodic memory (Lavenex and Amaral, 2000; Nyberg, 2017;
Nyberg et al., 2000). Thus, the decreased SC of the PCC-hippocampus in
WMH subjects might have contributed to the impaired episodic
memory in the present study. On the other hand, the medial temporal
subsystem mainly supports memory retrieval processes. The MTC and
MFG appear not to have any direct structural connections, but func-
tional connectivity could exist in the absence of structural connections
(Greicius et al., 2009). It is notable that the PCC may mediate and
coordinate functional connections between the two regions
(Greicius et al., 2009). We found a link between impaired episodic
memory and increased FC of the PCC-MFG in subjects of the WMH III
group but did not observe a link between impaired episodic memory
and the altered FC of the PCC-MTC. Thus, we assume that the increased
FC of the PCC-MFG could be more sensitive in detecting the decline of
memory than the FC of the PCC-MTC.

The present study also found that the FC and SC of the PCC-tha-
lamus was destroyed with the progression of WMH burden and was
related to the decline of processing speed. Previous studies have clas-
sified the thalamus as a part of the DMN, and many thalamic nuclei
show strong functional connectivity with at least one additional cortical
network, such as the dorsal frontoparietal network or sensorimotor
network (Hwang et al., 2017). The thalamus is capable of integrating
information across multiple functional brain networks according to
behavioral context. Accordingly, processing speed reflects ability in the
interaction of cognitive processes which are essential for higher order
cognitive and mental function. Actually, localized atrophy of the tha-
lamus was related to slower cognitive processing speeds in patients with
multiple sclerosis (Bergsland et al., 2016; Bisecco et al., 2018) and Type
2 diabetes mellitus (Chen et al., 2017). Thus, the interaction of the
thalamus and other regions play an important role in processing speed.
In the present study, damage to the FC and SC between the thalamus
and PCC might break down the process of receiving and transmitting
signals and as a result, decrease processing speed.

Several limitations should be addressed. First, our study was per-
formed on cross-sectional data. Whether there were causal effects
should be explored with longitudinal data. Second, the sample size was
relatively small, and our findings should be confirmed with a larger
sample. Third, the thalamus can be divided into multiple thalamic
nuclei, but we did not perform analyses on each thalamic nucleus. It is
not known whether all thalamic nuclei serve as primary hubs to support
cognitive functions.

Conclusion

The present study demonstrated that the accumulation of WMH
burden was associated with increased FC of the MFG-PCC, decreased FC
of the thalamus-PCC, and disrupted SC of the PCC-hippocampus and
PCC-thalamus. These aberrant FC and SC were independently asso-
ciated with slower processing speeds and a poorer memory. Our find-
ings may help to understand the mechanisms underlying the onset of

NeuroImage: Clinical 24 (2019) 102088

cognitive impairment in WMH subjects, and to explore novel brain
markers of vascular cognitive impairment.
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