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Background: Leukoaraiosis (LA) is a phenomenon of the brain that is often observed in elderly people.
However, little is known about the role of LA in cognitive impairment in neurodegeneration and disease.
This cross-sectional, retrospective Leukoaraiosis And Disability (LADIS) study aimed to characterize the
relationship between brain white matter connectivity properties with LA ratings in patients with Alzheimer’s
disease (AD) as compared with age-matched cognitively normal controls.

Methods: Patients with AD (n=76) and elderly individuals with normal cognitive (NC) function (n=82)
were classified into 3 groups, LAI, LA2, and LA3, according to the rating of their white matter changes
(WMCs). Diffusion tensor imaging (DTI) data were analyzed by quantifying and comparing the white
matter connectivity properties and gray matter (GM) volume of brain regions of interest (ROIs).

Results: The rich-club network properties in the AD LA1 and LA2 groups showed significant patterns of
disrupted peripheral regions and reduced connectivity compared to those in the NC LAI and LA2 groups,
respectively. However, the rich-club network properties in the AD LA3 group showed similar patterns of
disrupted peripheral regions and reduced connectivity compared to those in the NC LA3 group, despite
there being significant hippocampal and amygdala atrophic differences between AD patients and NC elders.
Compared to the NC LAl group, the characteristic path length of white matter fiber connectivity in the NC
LA3 group was significantly increased, and the brain’s global efficiency, clustering coefficient, and network

connectivity strength were significantly reduced (P<0.05, respectively). However, no significant differences
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(P>0.05) were observed in characteristic path length, reduced global efficiency, or the clustering coefficient
between the NC LA3 and AD LALI groups, or between the NC LA3 and AD LA2 groups.
Conclusions: Our findings offer some insights into a potential role of LA in cognitive impairment
that may predict the development of disability in older adults. The occurrence of LA, an intermediate
degenerative change, during neurodegeneration and disease may potentially lead to the remodeling of the
brain network through brain plasticity. LA, therefore, representing a possible compensatory mechanism to
buffer cognitive decline.
Keywords: White matter hyperintensities (WMH); brain plasticity; network-based statistic (NBS); voxel-based
morphometry (VBM); quantitative magnetic resonance imaging (QMRI); rich club
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Introduction

White matter, or substantia alba, is composed primarily of
myelinated axons and support cells named oligodendroglia (1).
Causes of changes in white matter include vascular or other
risk factors, as well as genetic variation. The mechanisms
underlying the development of white matter changes
(WMCs) are extremely complex. Histopathologic correlates
have been reported in the enlarged perivascular (Virchow-
Robin) spaces, and myelin degeneration and axons with
increased intracellular and extracellular water content,
gliosis, and even infarction, have also been observed (2-11).
In aging individuals with Alzheimer’s disease (AD),
stroke, and cerebral small vessel disease, white matter
hyperintensities (WMHs) are often found on proton
density (PD) and T2-weighted magnetic resonance imaging
(MRI) scans, including fluid-attenuated inversion recovery
(FLAIR) MRI scans. WMHs on MRI are also referred
to as leukoaraiosis (LA) (12-14); this term was first used
by Hachinski, who combined two Greek roots, “leuko”
and “raiosis”, to reflect the white matter and radiological
phenomena found, respectively (3). Usually, MRI is preferred
for the detection of age-related WMCs (ARWMCs) due
to it having higher sensitivity than computed tomography
(CT). Wahlund et 4l. studied ARWMC:s in a large cohort
of patients who underwent examination with both MRI and
CT; a rating scale was developed and evaluated, with MRI
found to have a slightly better interrater reliability in the
detection of small lesions (15). A large number of current
studies are focused on WMHs (16); however, the role of LA
in human cognitive function is not fully understood, and
the clinical significance of LA has not been fully elucidated.
As a phenomenon observed in the brains of AD patients or
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aging individuals, the structure, function, and behavioural
characteristics of LA need to be explored. The iz vivo human
brain is a complex network that is neither uniformly random
nor ordered and shares a number of common features with
the networks of other biological and physical systems. For
this reason, to study the human brain iz vive, a complex
network method is needed.

Recent advances in quantitative MRI (gMRI) and
modern 7z vivo brain mapping techniques, such as diffusion
MR, voxel-based morphometry (VBM), and the network-
based statistic (NBS), have facilitated a complex network
analysis, including graph theory, to describe the important
properties of complex systems. These advances have also
enabled the parameters of neuroanatomical connectivity
to be defined through quantifying the topologies of their
respective network representations, which allows us to
characterize large brain networks with a small number
of neurobiologically meaningful and easily computable
measures (17-19). The network analyses can be represented
in multiple ways, and the measures of individual network
elements (such as nodes or links) typically quantify
connectivity profiles associated with these elements (17).
Therefore, the terms “nodes”, “edges”, and “rich club”
have been used to represent brain cortical and subcortical
structures, white matter connections, and key hubs with a
high density of interconnections, respectively. Comparisons
of structural or functional network topologies between
subject populations have revealed presumed connectivity
abnormalities in disorders related to human cognitive
function (17). These developments led us to quantify and
compare white matter connectivity properties and gray
matter (GM) volume of brain regions of interest (ROIs)
between AD patients and elderly individuals with normal
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cognitive (NC) function by combining structural and
diffusion MRI to model the brain as a network and evaluate
its topological properties and VBM. These measurements
can help us to evaluate the compensatory mechanism
hypotheses of LA in cognitive function and verify if LA,
the phenomena “of loose texture” (13), in NC individuals
or AD patients could modulate global and local structural
brain networks with GM against serious hippocampal and
amygdala atrophy.

In this study, we aimed to investigate changes in the
patterns of rich-club organization in NC individuals and
AD patients with the same or different LA ratings, and
to characterize the relationship between the GM volume
and LA rating by using advanced diffusion MRI analysis
techniques and complex network analysis combined
with VBM. These changes and correlations in rich-club
organization might serve as a biomarker for early cognitive
dysfunction, as well as a guide for clinical trials and
interventions.

Methods
Study design and participants

This was a retrospective case-control observational MRI
study. All AD patients and age- and sex-matched NC
individuals were selected from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database, where
participants were recruited from over 50 institutions
across US and Canada (20). All participants had provided
informed written consent before recruitment and filled
out questionnaires approved by the respective Institutional
Review Board (IRB).

Image acquisition and LA classification

The ADNI image acquisition protocol was adopted for all
MRI scans used in this study. The 3D T1-weighted images
were acquired with the following parameters: Acquisition
plane = sagittal; Acquisition type =3D; Coil = PA; Field
strength =3.0 tesla; Flip angle =9.0 degree; Manufacturer =
Siemens; Matrix X =240.0 pixels; Matrix Y =256.0 pixels;
Matrix Z =176.0 pixels; Mfg model = Prisma-Fit; Pixel
spacing X =1.1 mm; Pixel spacing Y =1.1 mm; Pulse
sequence = GR/IR; Slice thickness =1.2 mm; TE =3.0 ms;
TI=900.0 ms; TR =2,300.0 ms; Weighting = T'1.

Sagittal 3D FLAIR images were acquired with the
following parameters: Acquisition plane = sagittal;
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Acquisition type =3D; Coil = PA; Field strength =3.0 tesla;
Flip angle =120.0 degree; Manufacturer = Siemens; Matrix
X =256.0 pixels; Matrix Y =256.0 pixels; Matrix Z =160.0
pixels; Mfg Model = Prisma-Fit; Pixel spacing X =1.0 mmy;
Pixel spacing Y =1.0 mm; Pulse sequence = SE/IR; Slice
thickness =1.2 mm; TE =441.0 ms; TT =1,650.0 ms; TR
=4,800.0 ms; Weighting = T2.

Diffusion-weighted images from axial diffusion tensor
imaging (DTT) scans were acquired with the following
parameters: 59 slices of 2.7-mm thickness, with no gap
between slices; repetition time/echo time =9 s/60 ms;
256x256 matrix with a field of view of 35 cm; flip angle 90.
T1-weighted (T'1W) images were obtained from sagittal
inversion recovery-prepared spoiled gradient-echo scan.
Forty-one diffusion-weighted images (b =1,000 s/mm®)
with noncollinear directions and one with a volume without
diffusion weighting (b =0 s/mm’) were collected.

The clinical and demographic characteristics of the
participants were collected. The MRI images were evaluated
by one radiology fellow who had 3 years of experience in
neuroimaging diagnosis, and 2 chief radiologists who had
>20 years of experience in neuroimaging diagnosis. To
reduce interobserver variability, the two chief radiologists
redid the evaluations of MRI images based on raw data
downloaded by the radiology fellow. The participants
with poor MR image quality were excluded. The LA
classification were respectively performed according to
Wahlund’s WMC rating scale (15) by the three evaluators.
Subsequently, the AD and NC cohorts were each divided
into three groups: LA, LA2, and LA3, Namely, there were
AD LAIL, AD LA2 and AD LA3 in AD group; NC LA1,
NC LA2, and NC LA3 in NC group.

Image preprocessing, tractography, and VBM

All diffusion-weighted imaging data involved in this study
were analyzed with the software library of FMRIB (FSL)
toolbox. The ‘Eddy’ script was used to correct motion
and eddy current distortions. The FSL brain extraction
tool (BET) was utilized to create a brain mask of the non-
diffusion-weighted images. The ‘ditfit’ script was used to
calculate diffusion tensors and created fractional anisotropy
(FA) images, which were later co-registered linearly in
native space to their corresponding T'1-weighted images.
Structural images were non-linearly registered to the
standard Montreal Neurological Institute (MNI) space
(the ICBM152 template). By inversely transforming the
above two steps, the automated anatomical labeling (AAL)
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atlas, with its 90 GM ROIs in the standard space, inversely
warped images back to individual native space.

Deterministic tractography was performed on whole
brain MR images in subject-specific native space. Fiber
assignment by continuous tracking (FACT) algorithm in
Diftusion Toolkit (http://www.trackvis.org/dtk/) was used to
reconstruct a streamline that started from each seed (8 seeds
per voxel) and terminated when streamline reached the
following conditions: reached voxel with an FA value lower
than 0.2, exceeded the brain mask, or the trajectory of the
streamline made a turn sharper than 45°.

Statistical Parametric Mapping package [SPM12, Wellcome
Department of Imaging Neuroscience, London, UK (www.
fil.ion.ucl.ac.uk/spm)], and the Computational Anatomy
Toolbox 12 [CAT12 (http://dbm.neuro.uni-jena.de/cat.html)]
were used in voxel-based morphometric analysis. Bias-field
inhomogeneity correction, white and GM segmentation,
and normalization to diffeomorphic anatomical registration
through exponentiated lie algebra (DARTEL) template
in MNTI space (voxel size: 1.5 mm x 1.5 mm x 1.5 mm)
were performed on the T1-weighted MR images in the
computational anatomy toolbox (CAT'12) on default setting.
Next, the preprocessed GM data were smoothed with an 8-mm
full-width-half-maximum isotropic Gaussian kernel.

Image construction, connectivity matrix, and metrics

A weighted and undirected 90x90 connectivity matrix was
created for each subject by mapping tractography streamlines
through cortical and subcortical structures. Changes in the
structural volumes of ROIs were not corrected. Weighted
and undirected edges were analyzed by obtaining streamline
counts defined as the total number of streamline connections
between two nodes, and FA edge weight defined as the FA
mean between two nodes (21). FA edge weights were adopted
in graph theory and sub-network analysis to account for FA
reductions (22). Effects of high connection volume nodes
were examined through utilizing streamline count edge
weights in rich-club connection analysis.

Graph theory measures were applied to weighted
undirected edge strengths for all analyses through the Brain
Connectivity Toolbox (17). Regional and global measures
were used to explore integration and segregation properties
(17,22-24). The analysis metrics used in this study were
common weighted graph properties including weighted
degree, clustering coefficient, characteristic path length, and
global and local efficiency (22). By referencing a previous DTT
analysis with similar cohort (25,26), 9 bilateral nodes were
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selected (listed in Table 1) as endpoints of callosal splenium,
cingulum, and prefrontal white matter connections (25).
Due to the variability of structural connectivity among
participants, our study focused on the backbone network
mask, which was consistent among the participants.

NBS

The NBS toolbox allowed for mass univariate
testing in identifying the cluster lever experimental
effect. We performed 5,000 permutation tests at a
significance threshold of P<0.05. Investigation across
three suprathreshold values (27,28) was adopted. The
suprathreshold of the connected components was compared
between groups (27).

Rich-club organization and membership

Nodes clubbing with dense connections, also known as a
rich club (29,30), among cortical-subcortical regions were
investigated for structural membership and between-group
variations. Rich-club regions were defined as the top 10
(11%) brain regions with the highest degree averaged across
all groups (31-33). The top 10 highest degree nodes were
chosen to validate the threshold selection (30,34), which
confirmed that rich-club members were not dependent
on one hub definition alone. Rich-club membership was
investigated following examination of rich-club connectivity
effects. This rich-club selection ensured equal numbers of
nodes were used to construct the rich clubs, regardless of
the average degree across subjects.

The rich-club coefficient ®(k) (29,35), defined as
the density of connections (average connection weight)
between rich-club nodes (36), reflects the level of between-
node interconnectivity. A normalized rich-club coefficient
®norm(k) can be used to compare random networks
with preserved degree distribution in order to eliminate
effects attributable only to chance (30). We selected rich-
club structures by the group-averaged cortico-subcortical
network for the statistically significant ®norm(k) and
identified nodes connected by this pathway. Rich-club
members defined at the statistically significant network
between AD and NC (k=56) displayed approximately
10-12 highly connected nodes. We applied a threshold
of 60% to identify the findings that were consistent. In a
previous study, pathways present in >50% of participants
were analyzed (30). Rich-club members with ®wnorm
>1 across range k at a group threshold of 60% and 70%
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Table 1 Differences in regional connectivity between the AD and NC groups for each LA level (1-3)

Brain Clustering coefficient (P values) Local efficiency (P values)
Nodes hemisphere LA1 LA2 LA3 LA1 LA2 LA3
Superior frontal gyrus Left 0.34 0.13 0.51 <0.001 0.18 0.57
Right 0.095 0.10 0.88 0.002 0.047 0.89
Middle frontal gyrus Left 0.042 0.98 0.91 0.002 0.21 0.68
Right 0.24 0.81 0.58 0.061 0.47 0.75
Olfactory Left 0.18 0.28 0.51 0.002 0.047 0.10
Right 0.34 0.41 0.47 0.003 0.17 0.36
Insula Left 0.001 0.36 0.47 <0.001 0.093 0.27
Right 0.004 0.034 0.36 0.001 0.034 0.18
Anterior cingulate gyrus Left 0.004 0.59 0.86 0.013 0.093 0.68
Right 0.008 0.19 0.81 <0.001 0.21 0.68
Middle cingulate gyrus Left <0.001 0.46 0.11 <0.001 0.041 0.049
Right 0.004 0.021 0.24 <0.001 0.034 0.10
Posterior cingulate gyrus Left 0.34 0.34 0.51 0.051 0.073 0.092
Right 0.065 0.030 0.043 0.013 0.022 0.045
Hippocampus Left 0.035 0.13 0.043 0.043 0.034 0.10
Right 0.10 0.074 0.11 0.013 0.034 0.049
Parahippocampal gyrus Left 0.98 0.074 0.87 0.003 0.022 0.27
Right 0.008 0.13 0.47 <0.001 0.022 0.10
Amygdala Left 0.046 0.27 0.51 0.013 0.022 0.42
Right 0.11 0.13 0.96 0.13 0.093 0.75
Caudate Left 0.12 0.97 0.81 0.011 0.15 0.87
Right 0.92 0.93 0.74 0.057 0.13 0.68
Putamen Left 0.0043 0.93 0.81 <0.001 0.093 0.45
Right 0.48 0.59 0.89 0.003 0.093 0.45
Thalamus Left 0.046 0.28 0.74 0.13 0.093 0.87
Right 0.98 0.31 0.51 0.086 0.093 0.049
Middle temporal gyrus Left 0.031 0.087 0.86 0.001 0.034 0.45
Right 0.003 0.028 0.56 <0.001 0.055 0.39

of participants would result in the most consistent rich-
club structures across individual networks. Based on the
categorization of the nodes of the network into rich-club
and peripheral regions, the edges of the network were
classified as follows: rich-club connections, linking two
rich-club nodes; feeder connections, linking one rich-club
node to one peripheral node; and local connections, linking
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two peripheral nodes (32,37). The ‘connectivity strength’, a
summary measure of connectivity, was calculated as the sum
of the edge weights for each connection type.

Statistical analysis

The GM volume of brain ROIs in the AD and NC groups
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Table 2 Clinical and demographic variables
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LA1 LA2 LA3

Characteristics

AD NC P value® NC P value* AD NC P value®
Number of subjects 31 32 30 18 20
Age (year) 72.48+8.33 73.31+14.72  0.79 76.22+8.54 77.77+7.15  0.46 80.00+8.35 81.25+6.67  0.61
Gender (M/F) 18/13 19/13 0.92' 17/13 0.28" 10/8 11/9 0.97"
Education (year) 15.00+2.71 16.13+2.86 0.13 15.64+2.61 17.33x2.02  0.009 16.53+2.81 17.50+2.54  0.28
MMSE 21.71+4.57 29.29+1.04  <0.001 21.08+2.91 27.90+3.07 <0.001 22.56+3.37 28.60+1.47 <0.001
MoCA 15.70+4.76 26.06+£3.02  <0.001 14.29+4.35 24.37+4.48 <0.001 16.19+5.48 24.47+2.87 <0.001

AD, Alzheimer’s disease; FM, female; M, male; LA, leukoaraiosis; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive
Assessment Scale; NC, normal cognitive subjects. Values are represented as the mean + standard deviation. *, unless otherwise
indicated, P values were calculated with t-tests. T, Chi-squared test was used. There were no significant differences (P>0.05) between
the comparison groups in age or sex ratio. There were significant differences (P<0.001) between the comparison groups in Mini-Mental
State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) scores of AD and NC samples. There were no significant
differences (P>0.05) between the comparison groups of LA1 and LA3 in education. There were significant differences (P<0.01) between

the comparison groups of LA2 in education.

with 3 degrees of LA were examined by 7-tests. These ROIs
included the superior frontal, middle frontal, olfactory,
insula, anterior cingulate, middle cingulate, posterior
cingulate, hippocampus, parahippocampal, amygdala,
caudate, putamen, thalamus, and middle temporal gyri.
To compare the aberrant connections in the AD and NC
groups, we explored the significant non-zero connections
within each group by one-tailed Wilcoxon test (P<0.05)
with the false discovery rate (FDR) corrected to the P
values to rectify for multiple comparisons across all edges
(FDR <0.05). Then, the non-zero connections within LAI,
LA2, and LA3 groups within the AD and NC cohorts were
selected and combined into a connection mask, respectively.
The #-test was used to detect significant differences between
each AD and NC group with P value <0.05 and FDR <0.05.
For each AD group, a chi-squared (y’) test was performed
to assess the differences between the expected proportions
of the edges (i.e., the known number of average rich-club,
feeder, and local connections) and the observed proportions
compared to its respective NC group (33).

Statistical analysis of global and regional metrics
(degree, clustering coefficient, characteristic path length,
global efficiency, and local efficiency) applied multivariate
analysis of covariance (MANCOVA) tests, co-varied for
age and gender, using IBM SPSS statistics software version
22 (SPSS Inc., IBM Company, Chicago, IL, USA). The
calculated global values from nodal measures were averaged
across all 90 nodes to generate a global average for each
measure. We corrected for global connectivity to assess
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whether findings were indicative of reduced connectivity
globally, or potentially affected by topological organization.
Global analyses and regional comparisons underwent FDR
correction for multiple comparisons (38).

Permutation testing was used to assess between-
group effects in rich-club connectivity. We performed
9,999 Monte Carlo resamples using R software. Multiple
comparisons corrected for 28 possible values of k density
were implemented using the FDR method (38).

Results

Demographic and clinical information for all participants
are reported in Table 2. There were 76 AD patients and 82
NC individuals enrolled in this study. The study participants
had an average age of 76.3+10.0 years (range, 55-90 years
for the AD group, and 63-89 years for the NC group).
Females accounted for 40.5% of the study participants. We
combined the assessments of the participants’ 3T MR axial
DTI, T2, fluid attenuated inversion recovery (FLAIR),
and T1-weighted images; It was found that the same
classification of LA was visible in the brains of both the AD
patients and NC individuals (Figure I).

According to Wahlund’s ARWMC rating scale (15),
the AD patients were divided into the LAl (n=31), LA2
(n=27), and LA3 (n=18) groups, and the NC individuals
were divided into the LAl (n=32), LA2 (n=30), and LA3
(n=20) groups (Tuble 2). We found that Wahlund’s ARWMC
rating score of AD patients was weakly correlated with
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AD LA-1 NC LA-1

NC LA-2

Figure 1 The representative LAl to LA3 in AD patients and NC

adults. The red arrow showed examples of LA.

individual age (correlation coefficient r=0.349), and was not
correlated to Mini-Mental State Examination (MMSE) and
Montreal Cognitive Assessment Scale (MoCA) cognitive
scores (correlation coefficients were r=0.066 and r=0.014,
respectively).

Subsequent analyses focused on DTI and T1-weighted
MR images because they had the advantage of analyzing
white matter connectivity and GM atrophy in the whole
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brain. To date, macroscopically, anatomical connections
(structural connectivity) were often estimated by fiber
tractography from DTT (30,39). The structural connectivity
measured by MRI usually reflects large-range fiber bundles
inferred from DTT (40); one could derive a structural brain
network in terms of fiber bundles according to the regions
they interconnect (41,42).

Brain structural connectivity characteristics in different
LA conditions

We explored the brain structural connections among rich-
club and peripheral regions in the condition of LA; if
AD patients with the same LA rating as NC individuals
displayed structural connections different from that of
the NC individuals; and if there were different structural
connections among the different LA stages in both NC
individuals and AD patients.

Analysis of global properties revealed statistically
significant group differences whereby the AD LAl
and 2 groups displayed increased characteristic path
length, and reduced global efficiency and clustering
coefficient compared with the matched NC group when
the connections were weighted by FA (Figure 2A4,B,C).
Some of the regions connected by frontolimbic pathways
revealed significantly reduced connectivity that survived
multiple comparison correction in the LAl and 2 groups.
Particularly in the AD LAl group, reduced clustering and
local efficiency predominantly incorporated the bilateral
insula, anterior and middle cingulate nodes, as well as
the middle temporal nodes. Meanwhile, significantly
reduced local efficiency was observed in the superior and
middle frontal, olfactory, hippocampus, parahippocampal,
caudate, posterior cingulate, putamen, and left amygdala
and right thalamus nodes in the AD LAl group. In the
AD LA2 group, significantly reduced local efficiency was
observed in the right superior frontal, left olfactory, right
insula, bilateral middle cingulate, right posterior cingulate,
bilateral hippocampal and parahippocampal, as well as the
left amygdala and middle temporal nodes (Table I).

The two different local graph measures in FA
connections are shown. Multivariate analyses of covariance
(MANCOVA) were carried out between groups. Bilateral
nodes (n=14) were selected a priori from a previous data-
driven DTT analysis (26,27) for analyses of local graph
theory measures.

All P values were obtained from the #-tests between the
AD and NC groups after FDR correction.
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Figure 2 Global metrics in different LA rating scale. Global metrics defined by fractional anisotropy connection weight in AD LA1-3 and
NC LA1-3 show unadjusted values for (A) characteristic path length, (B) global efficiency and (C) clustering coefficient. Values are presented

as mean = standard deviation, the symbols (* and N.S.) indicate being and not being significant, respectively. (¥, P<0.05).

Our data showed that all AD and NC brain structural
networks constructed from DTT had rich-club hubs in
the precuneus, superior frontal and superior parietal
cortex, subcortical hippocampus, putamen, and thalamus
(Figure 3). In the AD group, rich-club membership at the
group threshold of 60% indicated that the right angular
gyrus was not included in the rich-club in most patients
(Figure 34,C,D); however, most AD rich-club structures
incorporated the right superior and middle temporal
gyri (Figure 34,B,C). In the AD LAl group, rich-club
membership at the group threshold of 60% indicated
that the superior orbital and dorsolateral superior frontal
gyri in the left hemisphere were not included in the rich-
club in most patients (Figure 3B). In the AD LA2 group,
rich-club structures incorporated the right superior and
middle temporal, as well as the right superior orbital gyri
(Figure 3C). In the AD LA3 group, rich-club structures
mainly incorporated the left dorsolateral superior frontal,
and right precentral and precuneus gyri (Figure 3D).
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When connections were weighted by FA, the AD
LA1 and LA2 groups displayed significant increases
in characteristic path length, and reduction in global
efficiency and clustering coefficient compared to the NC
LA1 and LA2 groups, respectively (P<0.05). Meanwhile,
there was a significant difference (P<0.05) in characteristic
path length, global efficiency, and clustering coefficient
between the AD LA1 vs. NC LA2, and AD LA2 vs. NC
LA1 groups, respectively. In the AD LA3 group increased
characteristic path length, reduced global efficiency and
clustering coefficient showed a significant difference
(P<0.05) compared to the NC LAl and NC LA2 groups,
respectively. Moreover, increased characteristic path length,
and reduced global efficiency and clustering coefficient
in the NC LA3 individuals showed significant difference
(P<0.05) compared to the NC LA1 individuals. However,
these increased characteristic path lengths, and reduced
global efficiencies and clustering coefficients did not show
the significant difference (P>0.05) between the groups of
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Present in AD group rich club,
not in NC group

. Not present in AD group rich club
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Figure 3 Rich-club membership in AD and NC. The difference in the composition of the rich club between groups was coded in three

colors: blue, red, and green. Nodes in blue represent the rich club members common to all AD participants. Nodes in red represent rich-

club structures present in the AD group, not in the NC group. Nodes in green indicate structures absent in the rich-club in the AD group.

Size of sphere relates to rich-club structures common to 60% of participants, larger spheres common to 95-100% of participants. (A) AD
group vs. NC group without LA classification; (B) AD group vs. NC group with LA1 rating; (C) AD group vs. NC group with LA2 rating; (D)

AD group vs. NC group with LA3 rating. AL, angular gyrus; ORBsup, superior orbital gyrus; SFGdor, dorsolateral superior frontal gyrus;

Put, putamen; THA, Thalamus; STG, superior temporal gyrus; MTG, middle temporal gyrus; PCUN, precuneus; SOG, superior occipital

gyrus; MOG, middle occipital gyrus; L, left; R, right.

AD LA3 vs. NC LA3, AD LA3 vs. AD LAL, and AD LA3 vs.
AD LA2, respectively (Figure 2A4,B,C). Furthermore, there
was no significant difference (P>0.05) in characteristic path
length, reduced global efficiency, and clustering coefficient
between the NC LA3 and AD LAl groups, or between the
NC LA3 and AD LA2 groups, meaning that that LA3 might
be a critical point, at which the white matter connectivity
in NC LA3 individuals is almost similar to that in all AD
LA patients (P>0.05 in NC LA3 vs. AD LA3, NC LA3 vs.
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AD LA2, NC LA3 vs. AD LALl). Essentially, the NC LA3
group may be considered “abnormal”, and the connectivity
differences compared to the AD LA groups may become
obscured. The white matter connectivity abnormalities in
the NC LA3 group may resemble pathological changes in
the AD LA groups, although these are representative of a
normal cognitive state. The individuals in NC LA3 showed
normal cognitive function probably due to compensatory
mechanisms, cognitive reserve, as well as absence of the
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Figure 4 Group differences in rich club network properties are displayed. Bar graphs display the mean (standard deviation) connectivity
strengths for (A) rich club, (B) feeder, and (C) local (N=158). *, P<0.05, N.S. representative has no significant significance.

pathophysiological factors specific for AD.

Further, connectivity strength in rich-club, local, and
feeder connections was examined in AD LA patients and
NC LA individuals (Figure 4). Connectivity strength was
examined by distinguishing different types of connections
including: local connections between peripheral nodes;
feeder connections between peripheral and rich-club nodes;
and rich club connections between rich-club nodes only.
The results in connectivity strength showed that rich-club,
feeder, and local connectivity strength was significantly
decreased in the AD LA1 and AD LA2 groups compared
to that in the NC LA1 and NC LA2 groups (P<0.05,
respectively). In the LA3 stage, the decreased connectivity
in AD patients was not significantly different (P>0.05)
compared to that in the NC individuals (Figure 44,B,C).
Basically, AD patients from the LA1-LA3 groups and NC
LA3 individuals suffered disturbances in the connections
between rich-club regions, local connections between
peripheral nodes, as well as feeder connections between
peripheral and rich-club regions. In NC individuals, the
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rich-club, feeder, and local connectivity strength in the
LA3 group was significantly decreased compared to that in
the LAI group (P<0.05, respectively), similar to the ones
in all AD LA patients (P>0.05 in NC LA3 vs. AD LA3,
NC LA3 vs. AD LA2, NC LA3 vs. AD LAl), meaning that
the WMH may reach its limit to buffer cognitive decline.
Meanwhile, these results suggest that these disturbances
appear to be more likely to occur in the peripheral brain
regions where connectivity strength was <0.05 (Figure 4C).

LA modulation in cognitive structural connections

We tested how LA modulated the structural connections
among rich-club and peripheral regions against
hippocampal and amygdala atrophy in AD patients and NC
individuals (Figure 5). We analyzed the rich-club coefficient
(Q) (Figure 5A), and normalized rich-club coefficient
(@Onorm) (Figure 5B) as a function of node degree (k),
respectively. Our findings did not change when corrected
for global connectivity, defined by the global density metric.
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Figure 5 Rich club functions of FA-weighted group networks. The figures show (A) rich club coefficients and (B) normalized rich club

coefficients for a range of ks. The graph shows the association between the mean (standard error) @norm as a function of node degree (k)

for each of the groups. The differences between NC and patient groups emerge as the node degree increases (N=158). *, P<0.05; **, P<0.01;

*** P<0.001. Normalized rich club coefficients were larger than 1, suggesting rich club organization in all groups.

Preserved measures of degree and density indicated that
significant differences in topology might be the primary
feature of AD. Rich-club organization was evident in all
groups, with Unorm increasing as a function of node degree
(k) >1. A k-value of 16 was the highest value for which all
subjects had data, and the k-value functions exhibited no
sharp discontinuities, as the edges that interconnected brain
regions dropped off more readily in patients (especially AD
patients) than in individuals with NC. We only reported
the k-levels of patient groups from which the rich-club
effects were detected across most participants (90%) (31).
Especially at low-degree k-levels such as k=3-13 in AD
LA1 patients, k=4-11 in AD LA?2 patients, and k=9-11 in
AD LA3 patients (Bonferroni-corrected for groups and all
degree levels, Figure 5A), the rich-club coefficient (J) was
significantly lower (P<0.01) in all AD LA patients compared
to their matched NC individuals (AD LAl vs. NC LAI,
AD LA2 vs. NC LA2, and AD LA3 vs. NC LA3). At low-
degree k-levels such as: k=5-15 in AD LAl patients, k=4-8
in AD LA?2 patients (Bonferroni-corrected for groups and
all degree levels, Figure 5B), the Onorm was significantly
higher (P<0.01) in the LA1 and LA2 AD groups relative to
their matched NC counterparts, respectively. Onorm in the
LA3 NC individuals almost matched the high of the AD
patients at k=1-16. Similar to other AD study findings (43),
these data might suggest that the low k-value regions were
more affected than the high-degree regions in patients, as
indicated by the tendency for higher @Onorm values with
mounting disease progression. Consistent with Daianu’s
research, the @norm increased in the AD LAI-LA3 groups
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and in the LA3 NC group, mostly in the low-degree k-value
regime (k<15) (31).

Rich-club distribution in different LA and cognitive
conditions

An additional analysis was performed to assess the distribution
among rich-club, feeder, or local edges between each LA
level in the AD and NC cohorts (Figure 6). The connectivity
was affected in the AD LAl group, with 66 connections
(1/41 rich-clubs, 21/553 feeders, and 44/1,399 local edges.
Figure 64), in the AD LA2 group, with 45 connections
(1/41 rich-clubs, 14/563 feeders, and 30/1527 local edges.
Figure 6B), and in the AD LA3 group, with 20 connections
(1736 rich-clubs, 7/453 feeders, and 12/1,142 local edges.
Figure 6C), relative to the NC group, which showed a lower
connection trend in LA3. No significant differences were
found in the proportions of significantly altered rich-club,
local, and feeder connections between any of the AD and
NC groups (¥’ LA1 P=0.746, LA2 P=0.744, LA3 P=0.511.
Figure 6D), indicating that the differences in the abnormal
edges in the NC and AD groups were proportionally
distributed between rich-club and feeder, rich-club and local
edges, and between feeder and local edges. These findings
also indicated that the connectivity effects were affected
throughout the brain networks in the all AD LA groups and
NC LA3 groups. This finding of the connectivity effects in
NC LA3 groups similar to all AD LA groups offers a new
evidence to support the involvement of LA in the neural basis
of the progressive risk for cognitive decline.
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(D) Proportion (%, y-axis) of significantly altered connections (100% x observed/expected) illustrated by rich club, feeder and local edges.

Nodes with abnormal connectivity in different LA stages

Some nodes exhibited abnormal connectivity in AD and
NC groups. To test if the disturbance in these nodes was
an important source of abnormal communication, we
explored the effects of different LA stages on whole-brain
connectivity within this subset of nodes. We identified the
nodes with higher numbers of abnormal connections (range
>3 aberrant connections). The nodes with the most aberrant
connections that showed significant group differences
(P<0.05) in nodal efficiency between the AD and NC
groups were further analyzed and plotted (Figure 7).

The nodes with the highest numbers of aberrant
connections in AD participants relative to NC were DCG.
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R, PHG.R, PCUN.R, and PCUN.L in LA1 (Figure 74);
ORBsupmed.L, SFGmed.L, and ITG.R in LA2 (Figure 7B);
and IFGtrang.L, ORBsupmed.R, and PCUN.R in LA3
(Figure 7C), respectively.

From LAl to LA2, the results indicated that rich-club
regions tended to remain persistent in AD patients and were
disrupted gradually as the disease progressed compared to
those in the NC individuals. Especially in the LA2 groups,
AD patients were more likely to suffer disruptions in the
peripheral regions relative to their NC counterparts. The
results from the LA3 groups showed that aberrant nodes
and connections were reduced in AD patients relative to
NC individuals, with the nodes with the highest number
of aberrant connections being IFGtrang.L, ORBsupmed.
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Figure 7 Whole-brain structural connectivity of nodes with the highest number of aberrant connections in AD individuals relative to NC.
(A-C) Nodes in the red triangle (DCG.R, PHG.R, PCUN.R, PCUN.L, etc.) were those with the highest number of aberrant connections

in AD individuals relative to NC. Nodes in red means rich club regions. Nodes in blue means peripheral regions. The connections displayed

were those that connect with the nodes in the red Triangle. ORBsup, superior orbital gyrus; SFGdor, dorsolateral superior frontal gyrus;

Put, putamen; THA, Thalamus; STG, superior temporal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; PCUN,

precuneus; SOG, superior occipital gyrus; IOG, inferior occipital gyrus; IFGtriang, inferior frontal triangular gyrus; DCG, median cingulate

and paracingulate gyri; PHG, parahipppocampal gyrus; HIP, hippocampus; SPG, superior parietal gyrus; LING, Lingual gyrus; L, left; R,

right.

R, and PCUN.R, which are related to many high-level
cognitive functions. These results suggested that the
compensatory changes of LA reached their limits as a result
of the brain’s plasticity, to buffer cognitive decline.

Collective network dysconnectivity in different LA stages

We identified collective network dysconnectivity differences
with suprathreshold connections (t=3, P<0.05) consisting
of frontolimbic connections in AD. Higher suprathreshold
connections (t=4, P<0.05; and t=5, P<0.05) revealed
structural dysconnectivity among frontolimbic connections
in AD patients compared to the NC individuals. The
AD group displayed significantly weaker subnetwork
connectivity, with a single disconnected sub-network
identified for each threshold (3-5). The NBS provides two
outputs, (I) the suprathreshold set of connections involved
in the graph component found to show a significant effect;
and (I) a corresponding P value for each such network (27).

In the AD LAI group, the inferior frontal triangular,
parahippocampal, amygdala, lenticular pallidum nucleus,
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thalamus, middle temporal, and superior frontal medial
gyri in the left hemisphere, as well as the anterior cingulate,
paracingulate and posterior cingulate gyri in the right
hemisphere, displayed significantly weaker suprathreshold
connectivity compared to those of the NC individuals;
the same results were observed in the bilateral median
cingulate and paracingulate gyri, and precuneus (Figure 84).
In the AD LA2 group, the parahippocampal and superior
frontal medial gyri, amygdala in the left hemisphere,
and the anterior cingulate and paracingulate, posterior
cingulate gyri in the right hemisphere, the bilateral median
cingulate and paracingulate gyri, and precuneus, displayed
significantly weaker suprathreshold connectivity compared
to those of the NC individuals (Figure §B). In the AD LA3
group, the parahippocampal and superior frontal medial
gyri, amygdala, in the left hemisphere, as well as the
anterior cingulate, paracingulate, and posterior cingulate
gyri in right hemisphere, displayed significantly weaker
suprathreshold connectivity compared to those of the
NC individuals, as did the bilateral median cingulate and
paracingulate gyri and precuneus (Figure 8C).
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Figure 8 Density of nodal connections in AD and NC groups determined by network-based statistic (NBS) analysis. Nodal alterations

identified in NBS toolbox, with color and size of sphere indicating increasing t-statistic thresholds. Dark blue nodes indicate Automated
Anatomical Labeling (AAL) nodes without significantly difference at any threshold. Light blue nodes (T=3) identify a reduction in density

of connections in the AD group compared with the NC group. Similarly, yellow nodes (T=4) and red nodes (T=5) represent reduced density

of connections in the AD group at higher thresholds. (I) Axial orientation; (II) coronal orientation; (III) left sagittal orientation; (IV) right
sagittal orientation. (A) AD LAl vs. NC LAI; (B) AD LA2 vs. NC LA2; (C) AD LA3 vs. NC LA3.

Relationship between network metrics and cognitive
Sfunction in LA

We tested the relationship between network metrics and
cognitive scores (Figure 9) as well as their relationship in each
LA stage (Figure S1) for the AD and NC groups. Our data
showed that: the rich-club connectivity strength was highly
correlated to the clustering coefficient, feeder connectivity
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strength, global efficiency, and local connectivity strength,
respectively; the clustering coefficient was highly correlated
to the feeder connectivity strength, global efficiency, and local
connectivity strength, respectively; the feeder connectivity
strength was highly correlated to global efficiency, and local
connectivity strength, respectively; and global efficiency
was highly correlated to local connectivity strength.
However, the characteristic path length was negatively low

Quant Imaging Med Surg 2021;11(1):183-203 | http://dx.doi.org/10.21037/qims-20-580


https://cdn.amegroups.cn/static/public/QIMS-20-580-supplementary.pdf

Quantitative Imaging in Medicine and Surgery, Vol 11, No 1 January 2021 197

\Q
$
v\z(\ &
X0
.OQQ’ (\o@o & & o &
& ° oM &F &
& 0 ~(\Q o S O
@ X < B S
& & S S ) & > N
& N & R N & & i
S N N & © <« © 0
1.0
Characteristic path length QBG Q.ZQ
0.8
MMSE ‘ “ O.Q 0.@ O.Q 0. O.Q 06

0.4
wor (@) o R oR ) R

+0.2

Rich club connection
0.0
Clustering coef
+—0.2
Feeder connection ‘ 0 c 0.4
Global efficiency ' 0 -06
-0.8
Local connection

-1.0

Figure 9 The relationship among network metrics and cognitive function. The relationship among network metrics and MMSE or MoCA

score after Bonferroni corrections in AD patients and NC adults was plotted by R package “corplot”. Rich_club_connection, Rich club

connectivity strength; clustering_coef, clustering coefficient; Feeder connection, Feeder connectivity strength; Local connection, Local

connectivity strength; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment Scale.

correlated with the MMSE (r=-0.36) and MoCA (r=-0.29)
scores, respectively, after Bonferroni corrections, the rich-
club connectivity strength, global efficiency, clustering
coefficient, and connectivity strength (feeder and local) in
group together (Figure 9) were low positively correlated
(r between 0.3 to 0.5) with MMSE and MoCA scores,
respectivley, and negligible correlated (r between 0.0 to
0.3) with MMSE and MoCA scores in each LA staged
(Figure S1), respectively. Similar to Seo’s findings (44),
WMH independently affected cognitive impairment. But,
the correlation between network metrics and cognitive scores
of the AD patients and NC individuals in each LA stage was
not strong.

GM changes in different LA stages
We analyzed GM changes on selected brain ROIs of each
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AD patient and their matched NC counterparts (Tible 3).
Extensive and significant voxel-wise GM volume differences
in AD patients from LA1-LA3 compared to the matched
NC individuals (P<0.05) (Table 3) were illustrated by
VBM. The frontal limbic pathway including the frontal,
parahippocampal, and temporal gyri, as well as cingulate
cortex, amygdala is a core neural pathway representing
the pathophysiological feature of cognition. In particular,
both the hippocampus and amygdala are critically involved
in memory processes. In this study, AD patients with LA
showed decreased GM density in the frontal and temporal
gyri, cingulate cortex. GM atrophy was correlated with
the higher white matter lesions (WML) in AD patients,
which was consistent with research into GM changes in
WMLs and AD (45-47). In the LA3 stage, only the left
parahippocampal gyrus and amygdala volume showed
significant differences (P<0.05) in AD patients compared
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Table 3 Regions showing GM volume with significant differences between the AD and NC groups

MNI coordinates of peak difference

LA level Brain region Size (voxels) Trax
X Y z

LA1 (AD < NC) Left superior frontal gyrus -17 29 48 150 5.86
Left middle frontal gyrus -30 50 3 97 5.87
Right middle frontal gyrus 29 36 32 164 5.81
Left insula -33 15 9 232 5.87
Left anterior cingulate gyrus -20 -6 -12 157 6.05
Left middle cingulate gyrus 0 -26 41 976 6.45
Left hippocampus -17 -6 -15 1,780 10.08
Right hippocampus 18 -6 -15 1,438 9.42
Left parahippocampal gyrus -17 -5 -18 1,772 9.97
Right parahippocampal gyrus 18 -6 -15 1,587 9.14
Left amygdala -20 -6 -15 463 10.22
Right amygdala 21 -6 -15 485 9.59
Left middle temporal gyrus -62 -20 ) 3,289 8.19
Right middle temporal gyrus 56 -18 -17 3,085 8.14

LA2 (AD < NC) Right olfactory 18 5 -21 64 6.8
Right anterior cingulate gyrus 8 35 -11 196 6.44
Right middle cingulate gyrus 2 -29 42 83 5.52
Left hippocampus -23 -9 =21 1,463 8.17
Right hippocampus 21 -6 -23 1,403 8.35
Left parahippocampal gyrus =27 -23 =21 1,544 7.87
Right parahippocampal gyrus 21 -5 -26 1,478 8.29
Left amygdala -23 -8 -20 460 8.17
Right amygdala 23 -6 -20 483 8.48
Right putamen 26 -2 -12 147 6.86
Left middle temporal gyrus —44 2 -39 897 7.58
Right middle temporal gyrus 51 -3 =27 1,185 7.06

LA3 (AD < NC) Left parahippocampal gyrus -18 -2 =21 463 5.74
Left amygdala -18 -3 -18 138 5.7

AD, Alzheimer’s disease; LA, leukoaraiosis; MNI, Montreal Neurological Institute; NC, normal cognitive subjects; Tmax, maximum t-score.
Significant differences in gray matter (GM) volume between AD and NC groups for each LA level (LA1-LA3), after whole-brain analyses at

false discovery rate (FDR), P<0.05.

to their matched NC counterparts, and this relationship
was further analyzed. The maximum t-score (T'max) at
the left parahippocampal gyrus and amygdala was found
to be highly nonlinearly negatively correlated with

LA rating (correlation coefficients r=-1.000, -0.999,
respectively), and the left parahippocampal gyrus and
amygdala volume (size in voxels) and LA rating were also
found to be highly nonlinearly negatively correlated (the
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correlation coefficients are r=-0.936, -0.870, respectively).
Previous studies have reported that GM tissue loss could
subsequently cause lower cognitive reserve (48,49), and that
both hippocampal and amygdala atrophy were biomarkers
of Alzheimer’s pathology (50-53). Our current study showed
results consistent with these reports.

Discussion

In this study, LA in the brains of AD patients and
individuals with normal cognition matched for age,
gender, and education was found to have the same rating.
Meanwhile, the increase of LA rating with age in AD
patients was not directly related to the cognitive changes
in MMSE and MoCA in AD patients. These results offer
new evidence about WMH and general cognitive function
in disabled elderly individuals, such as AD patients. Prior to
our study, the Leukoaraiosis And Disability (LADIS) study
in the elderly had reported that cognitive impairment was
related to the WMH Fazekas score in nondisabled elderly
individuals (54).

We reported that LA remodeled the structural
connections among rich-club and peripheral regions against
hippocampus and amygdala atrophy in AD patients and
NC individuals. Based on the characteristics of MRI and
cognitive function in AD patients, quantitative MR analysis
techniques such as quantitative analysis of white matter
fibers and complex graph theory network analysis were
used to determine the white matter connections, rich-club
and feeder distributions, and node connectivity, as well
as GM changes in different LA conditions by quantifying
topologies of their respective network representations and
VBM. Our data were consistent with previous studies in
human brain structural organization. Rich clubs in humans
include the precuneus, superior frontal and superior parietal
cortex, hippocampus, putamen, and thalamus (30). A
greater vulnerability and topological reorganization forms
after damage to central hubs or rich clubs (30,55). The
results showing that the peripheral brain regions were more
likely to be disturbed and the low-degree k-value regions
were more affected than the high-degree regions in AD
were similar to those of previous studies (43). Our data
were also consistent with a former study about anatomical
integration and rich-club connectivity, which found that the
normalized rich-club coefficient showed trend connectivity
effects and rich-club membership differences, as well as
global efficiency associated with rich-club connectivity,
thus supporting the role of rich-club connections in
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global integration (22). These phenomena of rich-club
organization might help to elucidate a buffer or reserve
capacity of the human brain to counteract a certain degree
of cognitive decline brought about by aging or disease (56).

Moreover, our data offered new evidences of LA being
in the neural basis of the progressive risk for cognitive
decline. We successfully leveraged cognitive information
and a complex network analysis with its graph theory to
describe the collective network dysconnectivity differences
in different stages of LA. In NC individuals, although there
were significantly increased characteristic path lengths and
significantly reduced global efficiency, clustering coefficient,
and strength of network connectivity in the NC LA3 group
(P<0.05, respectively) compared to in the NC LAl group,
there were no significant differences in their MMSE and
MoCA scores. The pattern changes of rich-club, feeder, and
local connectivity strength in NC LA3 were similar to those
in all AD LA patients. This meant that rich-club regions
became involved, and the brain network was damaged
more severely as more LA formed due to aging or disease
progression.

White matter played an important role in the stable
rich-club connections, helping to maintain the core
organization of the brain when some rich-club regions
suffered from disruptions (30). However, LA might
represent a degenerative change of white matter fibers,
buffering, modulating, or counteracting a certain degree
of neurodegeneration or the progression of diseases such
as small vessel diseases or ischaemic disorders, as well as
inflammation. Prior to the atrophy of hippocampus and
amygdala that are closely related to cognitive function, LA
could be an intermediate compensatory change produced
by strong brain plasticity and reserve capacity. Although the
probabilistic tractography is generally considered a superior
method for reconstructing and dissecting individual white
matter fascicles, particularly there is a need to quantify the
confidence (probability) of each reconstructed pathway and
to imagine this kind of compensatory response. Therefore,
longitudinal investigations involving bigger cohorts and
in vivo quantitative MRI that directly address white matter
pathophysiology changes would be helpful to validating our
connectivity results and theories.

The analyses in the current study showed only that
volume changes of the hippocampus and amygdala played
an important role in cognitive function as biomarkers of
cognitive decline when LA diffuses throughout the entire
brain through aging or disease progression. There were
no data available to confirm whether these NC individuals
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would develop cognitive impairment in the future. A
separate longitudinal in-depth study will be required to
substantiate this theory.

The suffix “-osis” means “the action or process of”;
therefore, leukoaraiosis may help brain GM to organize
local interactions to cope with diverse environmental
demands, ensuring adaptability, robustness, resilience to
damage, efficient message relay, and diverse functionality
(communications or neuronal coupling) from a fixed
structure. Our current topological network analyses may
shed some light on white matter functionality mechanism
research. However, our understanding of brain white
matter at the network level is still in its infancy; we have
studied few aspects of brain networks, and with rather crude
measurements. Although the organization of structural
networks supports local and global integration (57), the small
world of weak ties for global integration from structural
connectivity based on DTT cannot resolve intracortical or
intrinsic connections (58,59). The structural connectivity
based on DTT is potentially blind to weak long-range axonal
connections.

Conclusions

Taken together, our in vive data indicated that LA could
serve as an imaging biomarker of the potential or underlying
hippocampal and amygdala atrophy. The data provided in
this study are valuable for AD research. Our findings offer a
deeper understanding of the relationships between LA, GM
atrophy, and cognitive function in AD patients and older
individuals with normal cognition. However, the current
applications of network theory and theoretical neuroscience
to brain networks are inceptive in demystifying LA, and give
some suggestions and direction for future research in brain
white matter, and LADIS as well as brain plasticity. More
studies about the relationship between LA and disability,
LA and brain plasticity, LA and cognitive rehabilitation and
their biology mechanisms will be needed.
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