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Abstract

Alzheimer’s disease (AD) has a preclinical phase that can last for decades prior to clinical dementia
onset. Subjective cognitive decline (SCD) is regarded as the last preclinical AD stage prior to the
development of amnestic mild cognitive decline (aMCI) and AD dementia (d-AD). The analysis of
brain structural networks based on diffusion tensor imaging (DTI) has identified the so-called ‘rich
club’, a set of cortical regions highly connected to each other, with other regions referred to as
peripheral. It has been reported that rich club architecture is affected by regional atrophy and
connectivity, which are reduced in patients with aMCl and d-AD.

Methods: We recruited 62 normal controls, 47 SCD patients, 60 aMCl patients and 55 d-AD
patients and collected DTI data to analyze rich-club organization.

Results: We demonstrated that rich club organization was disrupted, with reduced structural
connectivity among rich club nodes, in aMCl and d-AD patients but remained stable in SCD patients.
In addition, SCD, aMClI and d-AD patients showed similar patterns of disrupted peripheral regions
and reduced connectivity involving these regions, suggesting that peripheral regions might
contribute to cognitive decline and that disruptions here could be regarded as an early marker of
SCD. This organization could provide the fundamental structural architecture for complex cognitive
functions and explain the low prevalence of cognitive problems in SCD patients.

Conclusions: These findings reveal a disrupted pattern of the AD connectome that starts in
peripheral regions and then hierarchically propagates to rich club regions, when patients show
clinical symptoms. This pattern provides evidence that disruptions in rich club organization are a key
factor in the progression of AD that can dynamically reflect the progression of AD, thus
representing a potential biomarker for early diagnosis.
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Introduction

neurodegenerative disorder characterized by loss of
memory and cognitive decline. Early diagnosis and

Alzheimer’s disease (AD) is a progressive interventions for preclinical AD are urgently needed

due to the failures seen in clinical trials of patients
with AD dementia (d-AD) and prodromal AD/
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amnestic mild cognitive impairment (aMCI).
Subjective cognitive decline (SCD) has been defined
as the last stage in the preclinical phase of AD, and it
refers to elderly people who have consistent
complaints of gradual cognitive decline, especially
memory related, with a high risk of conversion to
aMCI and d-AD [1-4]. Recent neuroimaging studies
have found that patients with SCD present white
matter (WM) degeneration [5, 6], gray matter atrophy
[7, 8], high levels of brain amyloid-beta depositions [9,
10], altered spontaneous functional activity [11, 12],
and brain hypometabolism [13-15]. These findings are
similar to the pattern of alterations seen in aMCI and
d-AD patients. Comparing and analyzing SCD, aMCI
and d-AD patients can help us better understand the
neurodegenerative mechanisms of AD from the
preclinical to dementia stages and identify possible
targets for treatment and prevention.

In addition to the neuropathological amyloid or
tau hypotheses, AD is also viewed as a disconnection
syndrome [16]. Jones et al. hypothesized a cascading
network failure in AD: the failure begins with a local
overload, which then transfers a processing burden to
other systems that contain prominent connectivity
hubs, eventually leading to widespread system
failures [17]. Martijin and Olaf et al. demonstrated
that a ‘rich club’ is formed by brain hubs of
high-degree nodes. The rich club is characterized by a
tendency for hubs to be more densely connected
among themselves than with peripheral regions, i.e.,
lower-degree nodes; this organization provides
important information on the higher-level topology of
the brain network [18-20].

Network disruptions within the rich club have a
significant impact on cognition, because the rich club
is a high-capacity central core, and rich club
connections play a key role in the global integration of
neural information among regions of the brain [18].
Many studies have reported that patients with AD,
from the preclinical to dementia stages, have
significant hub-concentrated lesion distributions
[21-25]. However, Daianu et al. proposed that the
network disruption was predominate in the
peripheral network components in patients with
d-AD and less pronounced in those with MCI [26].
Zhao et al. also found that decreases in the connection
strength of the edges between peripheral nodes were
observed in aMCI patients compared with that in
normal controls (NC) [27]. Wang et al. failed to detect
significant hub alterations between patients with SCD
and NC [28]. These inconsistent findings suggest that
the network disruption mechanisms remain unclear.

Here, we recruited a relatively large sample
(N=224) of study participants that consisted of NC
and SCD, aMCI and d-AD subjects, representing

normal aging and the preclinical, prodromal and
dementia stages of AD, respectively. Diffusion tensor
imaging (DTI) data were collected and utilized to
reconstruct brain structural networks. We aimed to
reveal how the patterns of rich club organization
change with disease progression. This pattern of
changes might be a biomarker for early diagnosis and
may act as a guide for clinical trials and interventions.

Methods

Participants

A total of 224 right-handed Han Chinese subjects
were recruited into this study between September
2009 and December 2015. Among them, 62 NC
subjects were recruited from the local community
through advertisements. A total of 162 subjects with
memory concerns were recruited from the memory
clinic of the Neurology Department of XuanWu
Hospital in Beijing, China, including 47 SCD, 60
aMCI, and 55 d-AD subjects. The study was approved
by the Medical Research Ethics Committee and
Institutional Review Board of XuanWu Hospital
(ClinicalTrials.gov identifiers: NCT02353884 and
NCT02225964).

All subjects provided written informed consent
prior to any experimental procedures. All subjects
underwent a series of standardized clinical
evaluations, including a medical history interview, a
neurologic examination, and a battery of
neuropsychological tests. Neuropsychological tests
included the Chinese version of the Mini-Mental State
Examination (MMSE), the Beijing version of Montreal
Cognitive Assessment (MoCA) [29], the Clinical
Dementia Rating Scale (CDR) [30], the auditory verbal
learning test (AVLT) [31], an activities of daily living
(ADL) assessment, the Hachinski Ischemic Scale, the
Hamilton Depression Rating Scale (HAMD) [32], and
The Center for Epidemiologic Studies Depression
Scale. [33]. The diagnoses were performed by
experienced neurologists. All the subjects were
diagnosed according to guidelines and asked to
undergo a brain magnetic resonance imaging (MRI)
scan once they were enrolled.

(1) The NC patients were required to meet the
following research criteria: (a) no memory concerns;
(b) MMSE and MoCA scores within the normal range
(adjusted for age, sex, and education); and (c) a CDR
score of 0.

(2) The diagnosis of SCD was based on the
published SCD research criteria proposed by the
Subjective Cognitive Decline Initiative (SCD-I) [1]: (a)
self-perceived continuous decline in memory
compared with a previous normal status within the
last 5 years combined with an informant report; (b)
MMSE and MoCA scores within the normal range
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after age, gender, and education adjustments; and (c)
a CDR score of 0.

(3) Inclusion criteria for aMCI diagnosis
included the following: (a) memory complaints,
confirmed by an informant; (b) objectively impaired
memory confirmed by neuropsychological tests; (c) a
definite history of cognitive decline; (d) not meeting
the criteria for dementia according to the Diagnostic
and Statistical Manual of Mental Disorders, Fourth
Edition, Revised (DSM-IV-R); and (e) a CDR score of
0.5.

(4) d-AD subjects were diagnosed according to
the National Institute of Aging-Alzheimer’s
Association (NIA-AA) criteria for clinically probable
AD [34, 35]: (a) meeting the criteria for dementia; (b)
insidious and gradual onset (not sudden) over more
than 6 months; (c) definite history of declining
cognition; (d) initial and most prominent cognitive
deficits evident in amnestic or non-amnestic
performance; and (e) hippocampal atrophy confirmed
by structural MRI.

The exclusion criteria applied to all subjects and
included the following: (a) a history of stroke
(Hachinski Ischemic Scale score > 4 points); (b) severe
depression (HAMD score > 24 points or The Center
for Epidemiological Studies Depression Scale score >
21 points); (c) other central nervous system diseases
that could cause cognitive decline (e.g., epilepsy,
brain tumors, Parkinson’s disease, or encephalitis); (d)
systemic diseases that could cause cognitive
impairments (e.g., anthracemia, syphilis, thyroid
dysfunctions, severe anemia, or HIV); (e) a history of
psychosis or congenital mental growth retardation; (f)
severe hypopsia or dysacusis; (g) cognitive decline
caused by traumatic brain injury; (h) severe end-stage
disease or severe diseases in acute stages; or (i) unable
to complete neuropsychological tests or with a
contraindication for MRIL
Imaging

All MR scans were performed on a 3.0 Tesla MR
system (Siemens Magnetom Trio Tim MRI system,
Germany) using a standard head coil. During the
entire scanning procedure, cushions and headphones
were used to reduce subject movements and scanner
noise. Structural DTI data and T1-weighted data were
collected for all participants.

(1) Diffusion tensor imaging. DTI data were
collected three times using an echo planar imaging
(EPI) sequence with the following parameters: 31
independent, non-collinear  directions of a
b-value=1000 s/mm? and one additional image with
no diffusion weighting (b=0), slices=60, TR=11000 ms,
TE=98 ms, flip angle=90°, field of view (FOV)=256
mm X 232 mm, acquisition matrix=128x116, no gap,
and thickness=2 mm, with reversed k-space read-out.

The resulting T1-weighted images and cortical models
were linearly aligned to the space of the diffusion
weighted images (DWIs). DWIs as well as resulting
tracts were further elastically registered to the
T1-weighted images to account for susceptibility
artifacts (we assume that the T1-weighted scan serves
as a relatively undistorted anatomical reference).

(2) Anatomical T1. T1-weighted MR images were
obtained by a 3D magnetization-prepared rapid

gradient echo (MPRAGE) with the following
parameters: slices=176, TR=1900 ms, TE=2 ms,
inversion time (T)=900 ms, flip angle=9°,

FOV=224x256 mm?, acquisition matrix=448x512, no
gap, and thickness=1.0 mm [28]. These images were
acquired for anatomical reference.

Image preprocessing

Image preprocessing steps were performed

using the PANDA toolbox
(http:/ /www.nitrc.org/projects/panda) based on
FSL 5.0 for all DTI images

(http:/ /fsl.fmrib.ox.ac.uk/fsl/fslwiki) and Diffusion
Toolkit (http://www.trackvis.org/dtk/), including
motion and eddy current corrections [36]. The
fractional anisotropy (FA) of each voxel was
computed, with higher values indicating more
directionally restricted diffusion of water molecules.
Affine transformation was used to co-register FA
images in native space to their corresponding
T1-weighted images. Structural images were then
non-linearly registered to the ICBM152 template.
Based on the above two steps, an inverse warping
transformation from the standard space to the native
dMRI space can be obtained. The automated
anatomical labeling (AAL) atlas in the standard space
was then used to inversely warp images back to
individual native space by applying this inverse
transformation. This parcellation divided the cortical
surface into 90 regions (45 per hemisphere). The
resulting inverse deformation map (T) for each
subject was then applied to warp the AAL template to
the DTI native space of each subject, using the nearest
neighbor interpolation method, as each AAL region
was defined as a brain network node.

Finally, for each individual DTI data set, WM
pathways were reconstructed and referred as fibers or
tracts using streamline tractography. The Fiber
assignment by continuous tracking (FACT) algorithm
was used [37, 38]. In the brain mask, 8 seeds followed
the main diffusion direction from voxel to voxel. A
streamline was terminated when it reached a voxel
with an FA value lower than 0.1 (reflecting low levels
of preferred diffusion, often gray matter voxels),
when the streamline exceeded the brain mask (i.e.,
gray and white matter voxels), or when the trajectory
of the streamline made a turn sharper than 45 degrees
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[18, 39]. Streamlines longer than 15 mm were
considered in further analyses.

The integrity of the interregional WM
connections was measured by estimating FA values
for each of the interconnecting tracts. FA values
represented the extent of the anisotropic diffusion of
WM in a brain voxel and are one of the commonly
used metrics to examine the microstructural aspects of
brain connectivity. It is believed that a large
contribution to the direction-dependent diffusion
signal comes from axonal membranes, which hinder
the diffusion of water molecules. Higher FA values
indicate a higher level of microstructural organization
of WM connections [18, 40], while lower levels of FA
are commonly used as a marker for WM damage [41,
42]. Furthermore, higher FA values of WM tracts have
been linked to faster task performance [43, 44],
making FA values a possible marker for the efficacy of
brain connections. In this paper, for each of the
existing connections, the FA based inter-regional
connection (FABIRC) was computed as the mean of
the FA values of all included streamlines that formed
the connection between two regions. The FABIRC
value was then entered in the FABIRC-weighted
connectivity matrix [18].

Network construction

Structural connectivity between regions differs
across subjects. This study focused on the connections
that were the most consistent across subjects, that is,
the backbone network mask. To identify the highly
consistent cortical connections, a nonparametric
one-tailed sign test was applied. For each pair of
cortical regions, the sign test was performed with the
null hypothesis that there was no existing connection,
that is, FABIRC =0. The Bonferroni method was used
to correct for multiple comparisons (i.e.,
90%x89/2=4005 pairs of regions) at P<0.05. The sign
test was chosen because of doubts about the validity
of the absolute FABIRC estimation and to minimize
the inclusion of false positives. The use of this
conservative  statistical criterion generated a
symmetric binary matrix that can be considered a
mask for each group that captured the underlying
structural connectivity patterns in the cerebral cortex
of each group [45]. The mask was chosen to balance
the statistical evidence of connectivity, to avoid less
reliable and sparser networks and exclude
connections due to noise rather than pathology. The
mask was then used as a threshold for the
connectivity matrices in each group and generated
sparse connectivity matrices for subsequent graph
theoretic analyses. Thus, this paper generated four
masks overall. Then, we controlled the network
density at 16% for each subject.

Rich club organization

A connection matrix was constructed for each
subject with the sparse mask defined above. The
GRETNA toolbox (http://www.nitrc.org/projects/
gretna/) [46], implemented in Matlab (MathWorks,
Inc.), was used for network analyses.

We computed the ‘rich club coefficient’, defined
as the density of connections (average connection
weight) between rich club nodes [47]. A rich club
analysis was performed to identify the rich club
organization in each group. The weighted rich club
coefficients were calculated for each participant and
normalized relative to a set of 1000 comparable
random networks [48, 49] (see Supplementary
Material for details). Normalized rich club coefficients
greater than 1 over a range of degrees (k) suggests the
existence of a rich club organization in the brain [18,
26, 39].

Rich club regions were defined as the top 13
(15%) brain regions with the highest degree averaged
across all groups [18, 26, 39, 50, 51]. Based on the
categorization of the nodes of the network into rich
club and peripheral regions, the edges of the network
were classified into rich club connections, linking two
rich club nodes; feeder connections, linking one rich
club node to one peripheral node; and local
connections, linking two peripheral nodes (Figure 2B)
[39, 51]. The ‘connectivity strength’, a summary
measure of connectivity, was calculated as the sum of
the edge weights for each connection type.

In this study, the nodal efficiency was computed
to examine the regional characteristics of each cortical
region in a structural network, which describe the
network integrity after deleting a node or the effects
of perturbations on local network states [48, 52-54].
The results of the network analyses were visualized
using the BrainNet Viewer toolbox (http://
www.nitrc.org/ projects/bnv) [55].

Statistical analysis

Statistical Package for Social Science (SPSS,
v20.0) (http:/ /www.spss.com/) was employed for all
statistical analyses. ANOVAs were used to test for
group differences in age and education, and a
chi-square test was used to test for differences in
gender.

ANCOVAs (age- and gender-corrected) were
used to test for group differences in network topology
metrics, nodal efficiency and three classes of
connectivity strength, with post hoc tests and
Bonferroni corrections for multiple comparisons at
P<0.05. In addition, rich club coefficients and
normalized rich club coefficients were corrected
(Bonferroni) for groups and all degree levels.

We used partial Pearson’s correlations controlled
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for age, gender, and education to assess how graph
metrics related to clinical performance in each group.
The P values were Bonferroni-corrected for the
number of cognitive test variables (AVLT-immediate
recall, AVLT-delayed recall, AVLT-recognition,
MMSE and MoCA). Significance was set at P<0.05.
For nodal efficiency, we only examined the nodes
with the most abnormal connectivity (more than 11
abnormal edges) [56].

To compare the abnormal connections in patient
groups and NC, we first detected the significant
non-zero connections (backbone) within each group
by performing a nonparametric one-tailed sign test
(P<0.05, corrected). Next, the non-zero connections
within both the patient and control groups were
detected and combined into a connection mask.
Two-sample t-tests (NC group versus each diagnostic
group) were then conducted within the connection
mask, with the FDR corrected to the P values to
correct for multiple comparisons across all edges.
Significance was set at P<0.05. For each diagnostic
group, a chi-squared (x?) 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 edges) and the observed
proportions (i.e., altered edges) compared to the NC
group [50].

Age-matched replication dataset

Since there was almost 10 years of difference
between NC and d-AD patients, to obtain a matched
sample for NC and SCD, aMCI and d-AD patients,
this paper excluded participants above the age of 75.
A total of 183 participants were included in this
replication dataset, consisting of 59 NC, 42 SCD
patients, 47 aMCI patients, and 35 d-AD patients.

ANOVAs were used to test for group differences
in age and education, and a chi-square test was used

Table 1. Demographic, clinical and cognitive test variables.

to test for group differences in gender. ANOV As were
used to test for group differences in rich club
coefficients, normalized rich club coefficients, three
classes of connectivity strength and network
topological metrics, with post hoc tests and
Bonferroni corrections for multiple comparisons at
P<0.05. In addition, rich club coefficients and
normalized rich club coefficients were corrected
(Bonferroni) for groups and all degree levels. We used
partial Pearson’s correlations controlled for education
to assess how rich club organization and network
topological metrics related to clinical impairments in
each group. The P values were Bonferroni-corrected
for the number of cognitive test variables
(AVLT-immediate recall, AVLT-delayed recall,
AVLT-recognition, MMSE and MoCA). Significance
was set at P<0.05.

Results
Neuropsychological testing

A total of 62 NC and 47 SCD, 60 aMCI, and 55
d-AD patients were included in this study. Table 1
summarizes the demographic characteristics and
neuropsychological performance of the four groups.
Significant group differences were found in age and
education (See post hoc details in Table S1), but no
significant group differences were found (P>0.05 for
all) in gender. Group differences (ANCOVA; age,
gender and education covariates) were found for all
cognitive variables (Table 1). d-AD and aMClI patients
performed significantly worse than NC and SCD
patients on all tasks. The best memory performance
was for the NC, intermediate performance in the SCD
patients, worse performance in aMCI patients, and the
worst performance in d-AD patients (See post hoc
details in Table S2).

Demographics and NC SCD aMCI d-AD F p? Esb Post hocse
Neuropsychological Tests 62 47 60 55

Age (years) 63.27 (8.11) 65.34(8.35) 67.27(9.39) 70.93 (9.80) 7.436 <0.001 0.093 NC<aMCI<d-AD; SCD<d-AD
Education (years) 10.95 (4.97) 11.70 (4.61) 9.75 (4.91) 8.85 (5.55) 3.274 0.022 0.043 SCD>aMCI, d-AD; NC>d-AD
Gender (F/M) 39/23 26/21 31/29 35/20 2.442 0.486 - -

AVLT-Immediate Recall 9.01 (1.87) 8.32 (1.74) 6.11 (1.72) 3.67 (1.65) 81.23 <0.001 0.553 NC>SCD>aMCI>d-AD
Scores

AVLT-Delayed Recall Scores  9.76 (3.00) 8.55 (2.72) 3.85 (2.91) 1.08 (1.67) 96.56 <0.001 0.595 NC>SCD>aMCI>d-AD
AVLT-Recognition Scores 11.70 (2.58) 11.11 (2.40) 7.71 (3.83) 3.67 (3.33) 55.07 <0.001 0.456 NC, SCD>aMCI>d-AD
MMSE 27.78 (2.25) 27.98 (1.72) 24.74 (412) 16.96 (6.33) 70.56 <0.001 0.518 NC, SCD>aMCI>d-AD
MoCA 25.89 (3.36) 25.14(2.87) 19.71(4.30) 12.75(5.12) 117.6 <0.001 0.642 NC>SCD>aMCI>d-AD

a Values for age and education derived from ANOVA; gender from chi-square test; all clinical/cognitive variables from ANCOVA with age, gender, and education as

covariates.

b Effect size; n? for demographic and clinical variables and partial 2 for cognitive variables.
¢ Least significant difference; post hoc testing on cognitive variables based on means adjusted for age, gender and education.
aMCI: amnestic mild cognitive impairment; AVLT: auditory verbal learning test; d-AD: dementia of Alzheimer’s disease; MMSE: mini-mental state examination; MoCA:

Montreal cognitive assessment; NC: normal control; SCD: subjective cognitive decline.
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Figure 1. Rich club functions of FABIRC-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=224). *P<0.05, ** P<0.01, *** P<0.001. Normalized rich club coefficients were larger than 1,

suggesting rich club organization in all groups.

Rich club organization of all groups

In the whole-brain network, rich club coefficient
was significantly lower in patients than in controls
(Figure 1A). Rich club organization was evident in all
groups (Figure 1B), with the normalized rich club
coefficient (Dnorm) increasing as a function of node
degree (k) higher than 1. A k of 16 was the highest
value where all subjects had data and the k-value
functions exhibited no sharp discontinuities, as edges
that interconnected brain regions dropped off more
readily in patients (especially in aMCI and d-AD
patients) than in NC. We only reported degree (k)
levels in all patient groups at which the rich club
effects were detected across most participants (90%)
[26]. The top 13 (15%) highest-degree nodes (Figure
2A, red nodes) were chosen to represent rich club
regions on the basis of the averaged nodal degree
across all groups. This rich club selection ensures
equal numbers of nodes are used to construct the rich
clubs regardless of the average degree across subjects.
In other words, this method avoids a (potential) bias
towards the notion of patients having fewer hub
regions and therefore (as a rather trivial result) less
inter-hub connectivity. The rich club regions
identified included (in order of degree): the left and
right precuneus (PCUN), right and left lenticular
nucleus, putamen (PUT), left calcarine fissure and
surrounding cortex (CAL.L), left thalamus (THA.L),
left and right cuneus (CUN), left middle temporal
gyrus (MTG.L), right caudate nucleus (CAU.R), right
hippocampus (HIP.R), right middle temporal gyrus
(MTG.R), left temporal pole: superior temporal gyrus
(TPOsup.L). The remaining regions were identified as
peripheral regions.

Rich Club Disturbances with Disease
Progression

Figure 1A-B display & and @norm as a function of
node degree (k), respectively. A k of 16 was the
highest value for which all subjects had data and the
k-value functions exhibited no sharp discontinuities.
The rich club coefficient (J) was significantly lower in
all patient groups relative to controls, but especially at
low-degree k-levels: k=3-8 in SCD patients, k=3-15 in
aMCI patients, and k=1-16 in d-AD patients
(Bonferroni-corrected for groups and all degree levels,
Figure 1A; see ANCOVA details in Table S3 and post
hoc details in Table S4).

Normalized rich club coefficients (Dnorm) wWere
significantly higher in all patient groups relative to
controls, but especially at low-degree k-levels: k=8-11
in SCD patients, k=5-12 in aMCI patients, and k=3-13
in d-AD patients (Bonferroni-corrected for groups and
all degree levels, Figure 1B; see ANCOVA details in
Table S5 and post hoc details in Table S6). Gnorm in the
d-AD group was the largest among all groups at
every k-level. These findings may suggest that the
low-degree k-value regions are more affected than the
high-degree regions in patients, as indicated by the
tendency for higher Qnom values with increasing
disease progression.

Connectivity —strength was examined by
distinguishing different types of connections: local
connections between peripheral nodes; feeder
connections between peripheral and rich club nodes;
and rich club connections between rich club nodes
only (Figure 2B). Significant group differences
(ANCOVA; age and gender covariates) were
observed in rich club connectivity strength

http://www.thno.org
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Figure 2. Rich club regions of all groups. (A) Rich club members (red nodes)
across all healthy and patient groups (N=224). (B) A simplified example of the
three classes of connections: rich club connections, linking two rich club nodes;
feeder connections, linking one rich club node to one peripheral node; and local
connections, linking two peripheral nodes.

(F(3,220)=13.594, P<0.001, partial n2=0.158), feeder
connectivity strength  (F(3,220)=67.933, P<0.001,
partial n?=0.483), and local connectivity strength
(F(3,220)=116.247, P<0.001, partial n2=0.615).

Post hoc tests demonstrated that compared to
that in the NC, local connectivity strength
significantly decreased in the SCD (P<0.001), aMCI
(P<0.001) and d-AD (P<0.001) patients, meaning that
all patient groups had abnormal connections between
peripheral regions (see post hoc details in Table S7
and Figure 3). Significant declines were seen in aMCI
(P=0.045) and d-AD (P<0.001) patients versus SCD
patients, and a more severe decline was seen in d-AD
patients versus aMCI patients (P<0.001). In other
words, this disruption of local connections between
peripheral nodes gradually increased as the disease
progressed (Figure 3C). The feeder connectivity
followed a similar trend with disease progression as
the local connectivity strength. Aberrant feeder
connections between peripheral and rich club regions
were observed in all patient groups, as indicated by
the significant declines in the SCD (P<0.001), aMCI
(P<0.001) and d-AD (P<0.001) patients compared to
NC. The d-AD group also showed more severe
disturbances in feeder connections (declines in the
d-AD group compared to the SCD group (P<0.001)
and the aMCI group (P<0.001). Although there was no
significant difference between the SCD and aMCI
groups (P=0.109), the corresponding values in the
aMCI group were lower than those in the SCD group,
meaning that the disruption of feeder connections
between peripheral and rich club nodes had a
tendency to worsen as the disease progressed (Figure

3B). The rich club connectivity strength patterns were
not entirely similar to the two types of connections
above (Figure 3A): while significant declines were
observed in the aMCI (P<0.001) and d-AD (P<0.001)
groups compared to NC, there were no significant
group difference between the SCD group and NC. In
other words, aMCI and d-AD groups suffered
disturbances in the connections between rich club
regions, while the SCD group had relatively stable
rich club connections. A gradually increasing
abnormal tendency was witnessed as the disease
progressed, as indicated by lower rich club
connectivity strength in the aMCI group than the SCD
group and the lowest connectivity strength among all
groups in the d-AD group. These results suggest that
these disturbances seem to be more likely to occur in
the peripheral brain regions. On the other hand, the
rich club regions show preserved structural stability
during the preclinical stage (SCD). Additional
analyses were performed using different rich club
node selection methods based on individual networks
to examine the robustness of the results independent
of the method used, but these differences did not
substantially affect the results. (see results in
Supplementary Material and Figure S1).

To examine whether the relatively stable
connectivity might, to some extent, be concentrated to
rich club connections or be disproportionally
distributed among rich club, feeder, or local edges in
the SCD group compared to NC group, an additional
analysis was performed in which the distributions
between rich and feeder connections and between rich
club and local connections were assessed. FABIRC
connectivity was lower in the SCD group than the NC,
with 233 connections (5/45 rich club, 74/348 feeder,
154/614 local; Figure 4A), and the proportion of rich
club connections was significantly less altered than
that of the local connections in the SCD group
compared to NC (x2 P=0.034, Figure 4D). On the other
hand, the FABIRC connectivity was affected in the
aMCI group, with 383 connections (16/47 rich club,
123/360 feeder, 244/634 local; Figure 4B), and in the
d-AD group, with 481 connections (20/47 rich club,
158/356 feeder, 303/620 local; Figure 4C), relative to
NC. Neither of these two groups showed significant
differences in the proportions between rich club and
local connections or between rich club and feeder
connections, meaning that the group differences in the
abnormal edges were proportionally distributed
between rich club and feeder or between rich club and
local edges in the aMCI and d-AD groups. These
findings tend to suggest that connectivity effects
might be concentrated to local connections in patients
with SCD and are affected throughout the brain
networks in patients with aMCI and d-AD.
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Additional analysis was performed to examine
whether the observed relatively stable rich club
connectivity was simply an effect of the relatively
stable longer distances in patients with SCD. Similar
results were obtained when FABIRC measurements
were corrected for the influences of physical length by
regressing out average fiber length across each
category of connections. These results showed that the
vulnerability of the peripheral regions in patients with
SCD is independent of the shorter fiber length (see
results in Supplementary Material and Figure S2-3).

ok

Network topological metrics

Group differences (ANCOVA; age and gender
covariates) were observed for the strength metric
(F(3,220)=108.939, P<0.001, partial n2=0.600; Table 2).
Post hoc comparisons revealed decreased strength in
the SCD group versus NC (P<0.001), the aMCI group
versus the SCD group (P=0.024), and the d-AD group
versus the aMCI group (P<0.001; Figure 5A and Table
S8).
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Figure 3. Rich club organization during disease progression. Group differences in rich club network properties are displayed. Bar graphs display the mean (standard
error) age- and gender-adjusted connectivity strengths for (A) rich club, (B) feeder and (C) local (N=224). *P<0.05, ** P<0.01, *** P<0.001. Scatter plots show the
relationship between the feeder connectivity strength and AVLT-delayed recall score (age-, gender- and education-corrected, after Bonferroni corrections for the
number of cognitive test variables) for the (D) NC group, (E) SCD group, (F) aMClI group, and (G) d-AD group. The solid lines show the best-fitting linear

regression line and the 95% confidence intervals.
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Figure 4. The aberrant connections in diagnostic groups relative to NC: (A) SCD patients and NC, (B) aMCI patients and NC, and (C) d-AD patients and NC. Red
edges indicate affected rich club connections, purple edges indicate affected feeder connections, and green edges indicate affected local connections. The classification
of rich club nodes and non-rich club nodes is depicted by the inner ring (gray palette, with black squares indicating rich club nodes and gray ones indicating non-rich
club nodes). (D) Proportion (%, y-axis) of significantly altered connections (100% % observed/expected) illustrated by rich club, feeder and local edges.

Group differences were observed for the
clustering coefficient (F(3,220)=13.693, P<0.001, partial
n?=0.159; Table 2). Significant reductions were seen in
the three patient groups compared to NC (SCD
patients versus NC: P=0.003; aMCI patients versus
NC: P<0.001; d-AD patients versus NC: P<0.001).
There were no significant differences between patient
groups (P>0.05; Figure 5B and Table S8). In addition,

there were significant group differences in
normalized clustering coefficient (F(3,220)= 41.412,
P<0.001, partial n?=0.363; Table 2). Normalized
clustering coefficient was significantly higher in SCD
patients versus NC (P<0.001) and in d-AD patients
versus aMCI patients (P<0.001), although there was
no significant difference in SCD patients versus aMCl
patients (P>0.05; Figure 5D and Table S8).
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Table 2. Network topological metrics.

Network Topological Metrics F p? Esb
Strength 108.939 <0.001 0.600
Clustering Coefficient 13.693 <0.001 0.159
Normalized Clustering Coefficient 41.412 <0.001 0.363
Characteristic Path Length 47.919 <0.001 0.397
Normalized Characteristic Path length 4.787 0.003 0.062
a Values from ANCOVA with age, gender, and education as covariates.
b Effect size; partial n?2 for network topological metrics.
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characteristic path length (N=224). *P<0.05, ** P<0.01, *** P<0.001.

There were significant group differences in
characteristic path length (F(3,220)=47.919, P<0.001,
partial n?=0.397; Table 2).Characteristic path length
was significantly higher in SCD patients versus NC
(P<0.001) and in d-AD patients versus aMCI patients
(P<0.001), although there was no significant
difference in SCD patients versus aMCI patients
(P>0.05; Figure 5C and Table S8). Group differences
were also observed for the normalized characteristic
path length (F(3,220)= 4.787, P= 0.003, partial
n?=0.062; Table 2). Post hoc comparisons revealed

increased value in the d-AD group versus NC
(P=0.019), the d-AD group versus the aMCI group
(P=0.025; Figure 5E and Table S8).

Whole-brain structural connectivity of
abnormal nodes

Some nodes exhibited abnormal connectivity in
the SCD, aMCI and d-AD groups. As disturbances in
these nodes might be an important source of
abnormal communication, we explored the effects of
disease progression on ‘whole-brain connectivity’
within this subset of nodes. To identify these nodes,
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the frequency of aberrant connections linked by the 90
nodes in patient groups was plotted (Table S9 and
Figure S4). We identified the nodes with higher
number of abnormal connections (range=11 to 27
aberrant connections; Table S9). The nodes with the
most aberrant connections that showed significant
group differences in nodal efficiency between patient
groups and NC were further analyzed.

In the SCD group, three nodes (Figure 6A-C)
were chosen as they contained most aberrant
connections compared to NC, including two
peripheral nodes, the left caudate nucleus (CAU.L)
and left middle frontal gyrus, orbital part
(ORBmid.L), and one rich club node, the right caudate
nucleus (CAU.R). There were 29 regions (9 rich club
regions: PCUN.L, HIP.R, PCUN.R, THA.L, CAU.R,
CAL.L, CUN.L, PUT.L, and PUT.R) and 47 regions (9
rich club regions: PCUN.L, PCUN.R, CAU.R, THA.L,
PUT.R, PUT.L, HIP.R, CAL.L, and CUN.R) that were
shown to be aberrant in the aMCI and d-AD groups,
respectively (see Table S9 and Figure S4).

The nodal efficiency of the CAU.L and
ORBmid.L followed strikingly similar patterns as the

A SCD vs. NC B

aMCl vs. NC

disease progressed (Figure 6D-E): they both showed
decreases in all patient groups compared with the
levels in the NC and no significant differences among
the three patient groups. Significant declines were
seen in the local efficiency of CAU.L in the SCD group
versus NC (P=0.004), the aMCI group versus NC
(P=0.031) and the d-AD group versus NC (P=0.003).
Corresponding figures for ORBmid.L showed
significant declines in the SCD group versus NC
(P<0.001), the aMCI group versus NC (P<0.001) and
the d-AD group versus NC (P<0.001). The patterns in
the CAU.R were not entirely different from the two
regions above (Figure 6F): while no significant group
differences were observed between the SCD group
and NC, the aMCI (P=0.044) and d-AD (P<0.001)
groups showed significantly different declines
relative to the NC (see post hoc details in Table S10).
These results indicate that rich club regions tend to
remain persistent in SCD patients and are disrupted
gradually as the disease progresses. However, the
peripheral regions are more likely to suffer
disruptions, even in preclinical stages.
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Figure 6. Whole-brain structural connectivity of nodes with the highest number of aberrant connections in SCD individuals relative to NC. (A-C) Nodes in the blue
box (CAU.L, CAU.R, ORBmid.L) were those with the highest number of aberrant connections in SCD individuals relative to NC. The connections displayed are those
that connect with the CAU.L, CAU.R, and ORBmid.L. The bar graphs display the mean (standard error) of the age- and gender-corrected nodal efficiency values of

(D) CAULL, (E) ORBmid.L and (F) CAU.R for each group.
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Table 3. Partial Pearson’s correlations between rich club coefficients and clinical performance. Partial Pearson’s correlations controlled for age,
gender, and education were used to assess how rich club coefficients related to clinical performance in each group. The bold numbers represent
significant correlations at P<0.05 without Bonferroni corrections. The star-labeled numbers represent significant correlations at P<0.05 after
Bonferroni corrections for the number of cognitive test variables (AVLT-immediate recall, AVLT-delayed recall, AVLT-recognition, MMSE and

MoCA).
COV: Age & Gender & k 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Education
NC AVLT-Immediate r 0.104 0.111 0.144 -0.064 0.081 -0.074 -0.031 0.049 -0.046 -0.025 0.071 0.090 0.079 0.129 0.155
DF=49 Recall Scores p 0233 0219 0157 0.327 0.286 0304 0414 0366 0374 0430 0309 0265 0290 0.184 0.139
AVLT-Delayed r 0197 0043 0020 -0.029 -0.070 -0.166 -0.126 0.047 -0.050 0.053 0.069 0.086 0.059 0.108 0.099
Recall Scores p 0083 0381 0443 0419 0.313 0122 0190 0373 0363 035 0314 0275 0342 0225 0.245
AVLT-Recognition r  0.275 0.081 0.050 -0.011 0.081 -0.005 0.053 0249 0223 0.188 0113 0.055 0.037 0.127 0.067
Scores p 0.025 0.287 0.365 0470 0.287 0.486 0.355 0.039 0.058 0.093 0215 0350 0.397 0.188 0.321
MMSE r 0061 0063 0120 0.135 0.188 0103 0.074 0125 0219 0.136 0.027 0148 0176 0.209 0.102
p 0335 0330 0200 0172 0.094 0237 0.303 0190 0.061 0.171 0425 0150 0.108 0.071 0.237
MoCA r 0019 0052 0138 0.224 0.245 0226 0.194 0264 0280 0.187 0126 0203 0243 0.215 0.142
p 0448 0359 0.167 0.057 0.041 0.056 0.086 0.030 0.023 0.094 0190 0.077 0.043 0.065 0.160
SCD  AVLT-Immediate r 0.109 0.164 0262 0.266 0.246 0.217 0.077 0.101 0.001 -0.091 0.023 0.081 0.050 0.115 0.079
DF=39 Recall Scores p 0249 0.152 0.049 0.046 0.061 0.086 0.317 0265 0498 0.286 0.443 0308 0.378 0.236 0.312
AVLT-Delayed r 0157 0083 0177 0.237 0.301 0326 0.200 0201 0109 0.115 0227 0209 0229 0.215 0.288
Recall Scores p 0164 0304 0134 0.068 0.028 0.019 0.105 0.104 0250 0.238 0.077 0.095 0.075 0.088 0.034
AVLT-Recognition r 0101  0.043 -0.072 -0.133  -0.142 -0.102 -0.273 -0.139 -0.057 -0.132 -0.046 -0.086 -0.100 -0.060 0.004
Scores p 0265 0.39% 0.326 0203 0.187 0264 0.042 0193 0361 0.206 0388 0297 0266 0.354 0.491
MMSE r 0146 -0.009 -0.017 0.027 -0.011 -0.061 -0.088 -0.126 -0.092 -0.068 -0.005 0.032 -0.001 -0.034 0.106
p 0181 0478 0458 0434 0.473 0352 0.291 0216 0284 0.337 0488 0422 0498 0416 0.255
MoCA r -0.046 0059 0.094 -0.078 -0.139 -0.094 0.023 0.081 0168 0.054 0.064 0.042 0.070 0.074 0.273
p 0387 0356 0280 0.313 0.194 0279 0444 0308 0146 0369 0346 0397 0332 0.324 0.042
aMCI  AVLT-Immediate r 0237 0272 0.060 0.065 -0.012 -0.108 -0.072 -0.095 0.035 0.056 0.089 0113 0180 0.141 0.165
DF=53 Recall Scores p 0.041 0.022 0.332 0318 0.465 0.217 0.300 0245 0401 0.343 0260 0.206 0.095 0151 0.114
AVLT-Delayed r 0225 0274 0202 0.155 0.187 0.023 0.053 0.051 0189 0.266 0352 0.395 0.459 0.385 0.435
Recall Scores p 0.049 0.021 0.069 0.129 0.086 0432 0.350 0.357 0.083 0.025 0.004* 0.001* 0.000* 0.001* 0.000*
AVLT-Recognition r 0.055 -0.016 0.068  0.013 0.069 -0.053 0.025 0.011 0190 0.174 0241 0183 0258 0.169 0.188
Scores p 0344 0453 0312 0462 0.309 0350 0429 0468 0.082 0.101 0.038 0.091 0.029 0.109 0.085
MMSE r 0056 0226 0138 0.015 -0.001 -0.127 -0.075 -0.046 0.078 0.123 0209 0.215 0147 0.086 0.102
p 0342 0.049 0.158 0455 0.497 0178 0.292 0368 0285 0.185 0.063 0.057 0142 0.267 0.229
MoCA r 0193 0261 0120 0.027 0.104 -0.012 0.093 -0.023 0.040 0.154 0258 0.257 0.261 0.195 0.269
p 0.079 0.027 0.191 0422 0.225 0466 0.249 0434 0386 0.131 0.028 0.029 0.027 0.077 0.023
d-AD  AVLT-Immediate r 0378 0.139 0.028  0.041 0.078 0104 0.179 0.180 0.145 0.025 -0.013 -0.073 -0.078 -0.032 -0.026
DF=43 Recall Scores p 0.005* 0182 0426 0.395 0.306 0249 0.120 0119 0172 0436 0467 0316 0305 0417 0433
AVLT-Delayed r 0286 0060 -0.046 -0115 -0.053 0.099 0.077 0.099 0015 0.020 -0.075 -0.129 -0.107 -0.108 0.002
Recall Scores p 0.028 0.347 0.382 0226 0.365 0259 0.307 0259 0460 0447 0313 0200 0.242 0.240 0495
AVLT-Recognition r 0176  -0.009 0.040  0.024 0.038 0.088 0.055 0.118 0.120 0.079 -0.005 -0.078 -0.053 -0.074 -0.004
Scores p 0124 0477 0.398 0439 0.403 0282 0.360 0221 0217 0.303 0488 0.306 0.365 0.316 0.489
MMSE r 0520 0151 0118  0.200 0.249 0273 0.390 0379 0313 0.8 0179 0103 0.077 0.104 0.141
p 0.000* 0162 0221 0.094 0.050 0.035 0.004* 0.005* 0.018 0.112 0120 0.250 0.307 0.248 0.177
MoCA r 0550 0117 0.095 0.105 0.197 0268 0.344 0366 0232 0.118 0106 0.063 0.049 0.061 0.102
p 0.000* 0.221 0.267 0.247 0.097 0.037 0.010* 0.006* 0.063 0.221 0244 0340 0.374 0.345 0.252

Behavioral correlation analysis

In aMCI patients, rich club coefficient was
significantly positive correlated with AVLT-D
performance, after Bonferroni corrections (k=12-16,
Table 3). In d-AD patients, rich club coefficient
showed a significantly positive association with
AVLT-I (k=2), MMSE (k=2,8,9) and MoCA (k=2,8,9,
Table 3). These relationships were not observed in
NC and SCD groups (Table 3). For normalized rich
club coefficient, in NC patients, this metric was
significantly negative correlated with AVLT-D
performance, after Bonferroni corrections (k=3, Table
4). In addition, in aMCI patients, normalized rich club
coefficient showed a significantly negative association
with AVLT-D (k=4,5) and MoCA (k=5, Table 4).
These relationships were not displayed in SCD and
d-AD patients (Table 4).

In SCD patients, the AVLT-D performance was
significantly =~ positively correlated with feeder
connectivity strength after Bonferroni corrections:
those people who showed poorer memory
performance tended to suffer from a greater
disruption of feeder connections involving peripheral
regions (r=0.362). Similar results were also found in
aMCI patients (r=0.442). This relationship seen in SCD
and aMClI patients was not displayed by NC or d-AD
patients (Figure 3D-G and Table S11).

After Bonferroni corrections, in aMCI patients,
the AVLT-D performance was significantly negatively
correlated with normalized clustering coefficient
(r=-0.391). Similar association was also between
MoCA and normalized characteristic path length
(r=-0.360). This relationship was not displayed by NC,
SCD and d-AD patients (Table 5).
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Table 4. Partial Pearson’s correlations between normalized rich club coefficients and clinical performance. Partial Pearson’s correlations
controlled for age, gender and education were used to assess how normalized rich club coefficients related to clinical performance in each group.
The bold numbers represent significant correlations at P<0.05 without Bonferroni corrections. The star-labeled numbers represent significant
correlations at P<0.05 after Bonferroni corrections for the number of cognitive test variables (AVLT-immediate recall, AVLT-delayed recall,

AVLT-recognition, MMSE and MoCA).

COV: Age & Gender&  k 2 3 4 5 6 7 8 9 0 1 12 13 14 15 16
Education
NC  AVLT-Immediate r -0104 -0227 -0070 0043 0087 0156 0139 0109 0049 0089 0048 0074 -0001 -0.018 -0.017
DF=49 Recall Scores p 0233 0054 0313 0381 0273 0137 0166 0223 0367 0268 0370 0303 0496 0451 0453
AVLT-Delayed ~ r 0.063 -0.351 -0.288 -0.035 -0.107 0.035 -0.030 -0.042 -0.057 -0.043 -0.036 -0.028 -0.135 -0.123 -0.186
Recall Scores p 0330 0.005* 0020 0403 0227 0404 0417 0384 0346 0382 0400 0424 0173 0195 0.095
AVLT-Recognition r 0112  -0.094 -0102 0110 0082 0208 0178 0136 0071 0026 -0.034 -0186 -0262 -0.158 -0.233
Scores p 0217 0257 0239 0221 0284 0071 0106 0171 0310 0429 0406 0095 0032 0134 0050
MMSE r 0063 0111 -0.007 -0.038 005 0150 0038 -0.058 -0103 -0.052 -0.089 0057 -0.019 -0.035 -0.161
p 0329 0220 0480 0395 0357 0147 0395 0342 0235 0359 0268 0345 0446 0404 0130
MoCA r 0053 0188 -0.074 0020 -0.031 0034 -0.053 -0.037 -0.047 -0.011 -0.086 0014 -0.05 -0.043 -0.122
p 0355 0093 0304 0445 0414 0405 0357 0399 0370 0469 0275 0461 0346 0383 0197
SCD  AVLT-Immediate r -0.065 0010 0078 0055 -0.080 -0.052 -0114 -0110 -0163 -0115 0030 -0.018 -0.083 -0.079 0.063
DF=39 Recall Scores p 0344 0475 0314 0367 0310 0374 0240 0247 0154 0236 0425 0457 0303 0312 0349
AVLT-Delayed ~ r 0105 -0.051 -0.186 -0.183 -0222 -0197 -0194 -0.062 -0.185 -0203 -0.035 -0.027 0056 -0.019 0.080
Recall Scores p 0257 0377 0122 0126 0081 0108 0113 0350 0124 0102 0415 0433 0365 0453 0309
AVLT-Recognition r 0.049 0176 -0.036 -0.160 -0132 -0.106 -0.121 -0.098 -0.146 -0.154 -0171 -0266 -0.236 -0.280 -0.189
Scores p 0381 0135 0412 0159 0206 0255 0226 0271 0181 0168 0142 0046 0069 0038 0118
MMSE r 0007 0042 0077 0067 0119 -0151 -0102 -0.098 -0217 -0.284 -0161 -0.167 -0.184 -0307 0.036
p 0482 0398 0315 0338 0230 0173 0264 0272 0087 0036 0158 0148 0125 0.026 0412
MoCA r 0061 0128 0011 0033 0107 -0.018 -0.039 -0.037 -0.023 -0167 -0.079 -0.133 -0.131 -0.208 0.086
p 0352 0212 0472 0418 0254 0455 0405 0408 0442 0149 0312 0204 0207 009 0295
aMCl AVLT-Immediate r -0.151 -0134 -0269 -0238 0159 -0.009 -0.031 -0.126 -0.108 -0.161 -0.094 -0.035 0031 -0.014 -0.030
DF=53 Recall Scores p 0135 0165 0023 0040 0123 0474 0411 0179 0216 0120 0247 0399 0412 0460 0414
AVLT-Delayed ~ r -0.083 -0.097 -0.314 -0358 -0259 -0.228 -0.189 -0.201 -0.199 -0260 -0169 -0.029 0086 -0.092 0.204
Recall Scores p 0273 0239 0.009* 0.003* 0028 0047 0084 0071 0073 0028 0109 0416 0266 0251 0.068
AVLT-Recognition r -0.109 -0.226 -0.204 -0261 -0209 -0.202 -0.108 -0102 -0.09 -0213 -0.090 -0.074 0035 -0.173 0.075
Scores p 0215 0049 0068 0027 0063 0069 0216 0229 0258 0059 0257 0295 0400 0104 0.293
MMSE r 0050 0157 0136 0173 0236 -0.142 -0217 -0.043 -0.027 -0.019 0091 0115 0029 -0.031 -0.050
p 0359 0126 0161 0104 0041 0151 0056 0379 0421 0445 0254 0201 0417 0410 0359
MoCA r 0055 0249 0377 0411 0273 0191 -0241 -0238 -0237 -0.232 -0.074 0050 0020 -0.026 0014
p 0345 0034 0002 0001 002 0082 0038 0040 0041 0044 0295 0358 0442 0426 0460
d-AD AVLT-Immediate r -0.011 0072 -0202 -0121 -0247 -0231 -0.205 -0.057 -0.045 -0.029 -0136 -0246 -0112 0126 0.077
DF=43 Recall Scores p 0471 0319 0091 0214 0051 0063 0088 0356 0385 0424 0186 0052 0231 0205 0308
AVLT-Delayed ~ r -0.275 -0.287 -0.104 -0.004 -0.093 -0.050 -0.141 -0.104 -0.131 -0.010 -0.147 -0.164 -0.040 0169 0.073
Recall Scores p 0.034 0028 0248 0490 0271 0371 0177 0249 019 0473 0168 0141 0397 0134 0317
AVLT-Recognition r -0.239 -0.240 -0.023 -0170 -0229 -0.183 -0.235 -0180 -0.121 -0.161 -0241 -0271 -0194 0224 0.206
Scores p 0057 0056 0440 0131 0065 0114 0060 0119 0214 0146 0056 0036 0100 0070 0.087
MMSE r 0032 0072 0130 0142 0221 0263 -0280 -0115 -0121 -0192 -0.167 -0.255 -0.046 0.025 0074
p 0416 0320 0197 0176 0072 0040 0031 0226 0214 0103 0137 0046 0382 0436 0314
MoCA r 0019 0007 0068 -0.09 -019% -0217 -0271 -0129 -0175 -0207 -0.177 -0.199 -0.049 0019 0046
p 0450 0483 0329 0272 0099 0076 0.036 0199 0125 0086 0122 0095 0374 0451 0382
To assess the relationships between network  Age-matched dataset
metrics and behavioral performance, we only

examined the nodes (CAU.L and ORBmid.L) that had
the most abnormal connectivity in SCD patients and
showed significant group differences compared with
that in NC. In d-AD patients, the CAU.L efficiency
values showed a significant association with AVLT-D
(r=0.339, Figure 7) and AVLT-R (r=0.385, Figure 8),
meaning that the patients who showed the greatest
reduction in nodal efficiency in peripheral nodes
tended to show the worst memory performance. This
relationship was not displayed by NC, SCD patients
or aMCI patients. There were no significant
correlations between the nodal efficiency of the
ORBmid.L and any clinical variables in any individual
group (Table S12).

Neuropsychological testing

A total of 59 NC, 42 SCD patients, 47 aMClI
patients, and 35 d-AD patients were included in an
age-matched dataset. Table S13 summarizes the
demographic characteristics and neuropsychological
performance of the four groups. No significant group
differences were found in age, gender, or education
(P>0.05 for all). Group differences (ANCOVA;
education covariates) were found for all cognitive
variables (Table S13). The d-AD and aMCI groups
performed significantly worse than the NC and SCD
groups on all tasks. The best memory performance
was in NC, an intermediate performance was seen in
SCD patients, a worse performance in aMCI patients,
and the worst performance in d-AD patients (see
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Table S14 in post hoc details).

The rich club analysis and network topological
metrics results were similar to those of the
non-age-matched  dataset  (see  results in
Supplementary Material)

Discussion

Rich club organization is a property common to
complex networks [47] and is hypothesized to be a
basis for efficient global information transfer and
complex neurological function in the brain [51, 57].
Rich club regions efficiently integrate information
between peripheral brain regions and engage in
various behavioral and cognitive tasks [58, 59]. The
rich club phenomenon has been found not only in the

adult brain also in the newborn human brain [57]. A
rich club network of densely connected brain hubs
was established in all groups that involved the
parietal, occipital, and temporal cortices, thalamus
and basal ganglia. It has been demonstrated that the
precuneus as well as important subcortical regions
including the hippocampus, thalamus, and putamen
form a rich club network. All midline cortical rich club
nodes (i.e., bilateral precuneus, superior frontal,
superior parietal) are connector hubs, playing an
important role in between-module connectivity, while
subcortical rich club regions (bilateral thalamus,
putamen) play an important role in module structure
[18, 60-62].

Table 5. Partial Pearson’s correlations between network topological metrics and clinical performance. Partial Pearson’s correlations controlled
for age, gender, and education were used to assess how network topological metrics related to clinical performance in each group. The bold
numbers represent significant correlations at P<0.05 without Bonferroni corrections. The star-labeled numbers represent significant correlations
at P<0.05 after Bonferroni corrections for the number of cognitive test variables (AVLT-immediate recall, AVLT-delayed recall, AVLT-recognition,

MMSE and MoCA).

COV: Gender & Age & Education Strength Clustering Normalized Characteristic Normalized
Coefficient Clustering Path Length Characteristic
Coefficient Path Length
NCDF=49 AVLT-Immediate Recall r  0.09 0.019 -0.083 -0.119 0.052
Scores p 0264 0.448 0.282 0.203 0.358
AVLT-Delayed Recall r 0015 0.207 0.076 -0.020 0.162
Scores p 0459 0.072 0.299 0.443 0.128
AVLT-Recognition Scores  r 0.143 0.093 -0.096 -0.119 0.117
p 0159 0.259 0.252 0.203 0.206
MMSE r 0154 0.050 -0.068 -0.181 -0.104
p 0141 0.363 0.317 0.102 0.234
MoCA r 0205 0.162 -0.130 -0.156 -0.057
p 0074 0.127 0.181 0.137 0.347
SCD DF=39 AVLT-Immediate Recall r 0156 0.111 -0.294 -0.086 0.079
Scores p 0164 0.245 0.031 0.297 0.313
AVLT-Delayed Recall r 0305 0.050 -0.232 -0.297 -0.119
Scores p 0.026 0.378 0.072 0.030 0.230
AVLT-Recognition Scores  r 0.025 0.105 -0.091 0.009 0.145
p 0438 0.256 0.286 0.478 0.183
MMSE r  0.002 0.252 -0.113 -0.031 -0.182
p 049 0.056 0.242 0.425 0.127
MoCA r 0045 0.034 -0.210 -0.073 -0.022
p 0389 0.417 0.094 0.325 0.446
aMCI AVLT-Immediate Recall r 0119 0.172 -0.171 -0.024 -0.101
DF=53 Scores p 019 0.105 0.106 0.431 0.232
AVLT-Delayed Recall r 0304 0.294 -0.391 -0.218 -0.170
Scores p 0012 0.015 0.001* 0.055 0.107
AVLT-Recognition Scores 0.117 0.294 -0.276 -0.047 -0.249
p 0197 0.015 0.021 0.367 0.033
MMSE r  0.079 0.196 -0.086 -0.018 -0.202
p 0282 0.075 0.267 0.450 0.070
MoCA r 0203 0.263 -0.189 -0.119 -0.360
p  0.068 0.026 0.084 0.193 0.003*
d-AD AVLT-Immediate Recall r  0.060 -0.121 -0.270 0.010 -0.133
DF=43 Scores p 0347 0.213 0.036 0.473 0.192
AVLT-Delayed Recall r  0.060 -0.009 0.040 -0.055 -0.102
Scores p 0348 0.477 0.398 0.360 0.252
AVLT-Recognition Scores 0.219 0.105 -0.090 -0.253 -0.103
p 0074 0.247 0.278 0.047 0.251
MMSE r 0274 0.149 -0.213 -0.207 -0.075
p 0034 0.164 0.080 0.086 0.313
MoCA r 0172 -0.007 -0.209 -0.123 -0.107
p 0129 0.483 0.084 0.211 0.243
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Rich club organization may provide a new
perspective on how AD affects brain topology and
function. The main finding of this study was a
relatively resistant rich club connectivity in SCD
patients that was affected in aMCI and d-AD patients.
Peripheral region connectivity was significantly
affected in all patient groups. Another main
observation was that the brain regions with the most
aberrant connections involving peripheral and rich
club regions in aMCI patients compared with NC
were distributed throughout the whole brain (frontal,
parietal, occipital, temporal, cingulate and insula).
Similar and additional regions were distributed
throughout the whole brain, especially frontal
regions, in d-AD patients.

An increasing normalized rich club coefficient
(Dnorm) greater than 1 over a range of degrees (k)
reflects the existence of a rich club organization in
brain networks [18, 26, 39]. So far, as to our literature
research, only Daianu’s research group assessed the
rich club coefficient in DTI networks in AD.
Consistent with Daianu’s research, the Onorm
increased in patient groups, mostly in the low-degree
regime (k<15) [26]. This finding indicates that
connections that link rich club regions remain
resistant to disruptions in the total amount of the
strongest connections they could share, which may
connect to peripheral regions in patients; this finding
suggests a distinctive pattern of disruptions where
brain connectivity is targeted globally and
concentrated in more peripheral regions rather than
the central core of the network in d-AD patients. This
pattern is less pronounced in aMCI and SCD patients.
The highly connected core was relatively preserved,
which offers new evidence of the neural basis of the
progressive risk for cognitive decline. Specifically, the
mechanisms of AD onset and progression may be
different from those of schizophrenia and
Huntington's disease, in which the selective
vulnerability of rich club regions and a decreased
Ororm were found, especially in the high-degree
regime (i.e., schizophrenia: rich club range k=16 to
k=28) [39, 56].

We found that two affected peripheral regions
(CAU.L and ORBmid.L) that were showed the most
aberrant connections in SCD patients relative to NC.
In addition, rich club regions remained stable in SCD
patients, consistent with previous findings [28].
Functional MRI research has found that SCD patients
exhibit higher amplitude of low-frequency
fluctuations (ALFF) values than NC in peripheral
regions such as parietal, occipital and temporal lobes,
and these values are negatively correlated with
memory task performance [28]. This finding is
consistent with our results and further demonstrate

that our results are reasonable and credible. In
addition, previous research has found localized WM
alterations in the corpus callosum, anterior corona
radiata and bilateral superior longitudinal fasciculus
in SCD patients, similar to the alterations seen in
aMCI and d-AD patients; these alterations defined the
structural connections involving peripheral regions in
our analysis [11]. These findings converged to the
notion that AD-related patients all present
widespread  aberrant  connections  involving
peripheral regions, which may contribute to the early
memory declines they experience.

The CAU is related to learning and working
memory, involved in the integration of various
sources of information as well as instructions, and
involved in the coordination of the transmission of
information among cortical regions when no
established pathways exist [63, 64]. The CAU
atrophies progressively in patients with AD, and the
bilateral CAU are affected and atrophied in both
aMCI and d-AD patients [65-67]. Amyloid and tau
deposit accumulations have been demonstrated in the
CAU in d-AD patients, which could lead to deficits in
executive control and cognitive processing speed [68,
69]. Combining this information, we can conclude that
the connections linked to the CAU are already
disturbed in SCD patients before obvious symptoms
appear. In this study, the CAU.R was identified as
rich club region, while the CAU.L was classified as a
peripheral region. It has been reported that the
CAU.R possess a larger volume, higher neuronal
density and more connections than the CAU.L [70,
71]. The atrophy of the CAU.R has been correlated
with cerebrospinal fluid tau concentrations, cognitive
behavior, and the conversion from MCI to d-AD [66].
ORBmid.L was found to be abnormal in all patient
groups, and this region is involved in the multimodal
processing of complex cognitive functions such as
imagery, associations, memory and novelty [72]. The
three selected regions showed relationships with
cognitive performance in the patient groups.
Although cognitive changes in SCD patients are
subtle and often not clinically significant, potential
deterioration in these regions may be present before
diagnosis.

Previous studies have found the selective
vulnerability of rich club regions involving the
parietal, cingulate and frontal lobes in patients with
aMCI and d-AD [28, 54, 73]. One of the rich club
regions, PCUN, which is a posterior element of the
default mode network (DMN) that is consistently
associated with the successful recollection of
previously studied items, was affected in aMCI and
d-AD patients but remained consistent in SCD
patients [74]. Previous studies have found that AD is
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associated with cognitive dysfunction in domains
linked to the DMN [20, 75], which are disrupted early,
even in the preclinical stage, as the disease progresses
[76]. The DMN is implicated in various “high-level’
cognitive processes [20]. Memory systems may be
preferentially affected by AD because these systems
play a central role in resting brain activity as part of
the DMN [75].

Previous graph theory studies found a decrease
of strength and an increase of characteristic path
length in preclinical AD, which was consistent with
our results [25, 77]. In addition, in line with MCI and
AD DTI network studies, there is a decrease in
clustering coefficient [78]. In the behavioral
correlation analysis, rich club coefficient, normalized
club coefficient and network topological metrics did
not provide sufficient evidence to illustrate the
relationship between disrupted brain connectome and
clinical performance in SCD. In contrast, this study
demonstrated that dividing the connections into rich
club, feeder and local connections helps reveal the
association between cognitive function decline and
different classes of connections in SCD. Rich club
organization is associated with cognitive performance
[79], and its disruptions have a significant impact on
cognition. Abnormal feeder connectivity strength was
correlated with decreased AVLT-D scores in SCD and
aMCI patients. The delayed recall test best
discriminates early stages of AD and predicts the
conversion to d-AD [11, 80]. Although we observed
significant differences between SCD patients and NC
in AVLT-D and AVLT-I scores, the performance of
SCD patients on the AVLT was still within the normal
range adjusted for age and gender [29, 31]. The
relatively stable rich club organization may contribute
to the normal performance of SCD patients on this
test. The biomarker model that relates disease stage to
AD suggests that synaptic dysfunction and brain
structural losses occur earlier than the decline of
clinical performance. Therefore, neuroimaging
methods are more sensitive than traditional
neuropsychological tests in detecting the early
changes and abnormity of brains in the early stages of
AD.

Combining these results and previous studies,
we propose that rich club organization disturbances
dynamically and potently interrupt communication
among peripheral and rich club regions of the brain in
patients with AD. In the preclinical stage (SCD),
peripheral regions are originally disrupted, while rich
club regions are relatively preserved. This
perturbation gradually extends to rich club regions in
the prodromal (aMCI) and dementia stage (d-AD) and
becomes more severe. The persistence of the rich club
organization may help explain why the brain has a

buffer or reserve capacity to withstand a certain
degree of change brought about by aging and disease
[81]. A loss of connectivity involving peripheral
regions (feeder and local connections) followed by
rich club regions (feeder and rich club connections)
may contribute to the breakdown of global scale
network organization. As the disease progresses, rich
club regions become involved, and the brain network
is damaged more severely, making clinical symptoms
evident and visible. In conclusion, AD may be a
disorder best characterized by overall, or global,
underlying changes in connectivity, not the selective
vulnerability of rich club regions and connections.
The stable rich club connections help to maintain the
core organization of the brain when some rich club
regions suffer from disruptions [18].

Stam has proposed a scenario of hub overload
and failure that is consistent with our findings. He
proposed that hub overload is a final common
pathway in brain networks with multilayered
hierarchical structures [82]. In the SCD phase,
peripheral regions are initially affected due to their
reduced resistance and lower level in the hierarchical
network, and then they redirect their input to
higher-up nodes. Nodes at higher hierarchy levels
thus load more traffic. As the disease propagates, this
abnormal rerouting becomes severe and sustained,
and hub nodes may also be affected, resulting in a
diminished capacity to handle traffic [82].

Although results were corrected for age and
gender, there was an almost 10-year difference
between NC and AD patients, so this paper also used
an age-matched sample for the SCD, aMCl and AD
groups. These results followed a similar pattern as
those of the non-age-matched dataset, suggesting that
age is not a factor leading to AD progression.

The diagnoses of SCD, aMCI and AD were based
on clinical criteria without any pathological or
amyloid imaging data. Although we did not collect
amyloid data in this study, other research has found
using amyloid data that there are affected peripheral
and rich club regions in patients with early-onset AD,
which corresponds with our results [50]. We plan to
re-test aMCI and SCD patients at follow-up to check
for conversion to AD or aMCI or stability over the
next several years.

The disruption pattern may shed light on how
AD progresses and affects brain function. Peripheral
regions and connections were abnormal earlier than
rich club regions and connections. As these results
mirror the gradual progression of AD, we suggest that
this disrupted rich club organization pattern could be
used to investigate prevention and treatment
strategies for early AD patients. Moreover, this study
aids in the development of more efficient therapies
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and diagnostic tools for this very early stage of AD.
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