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network (CON) pair in the rLLD group than the HC group. The aMCI group showed only
focal functional changes in regions of interest pairs, a trend toward increased correlations
within the salience network and SMN, and a trend toward a reduced correlation in the
DMNeCON pair. Furthermore, the rLLD group exhibited more severely altered functional
connectivity than the aMCI group. Interestingly, these altered connectivities were associated with specific multi-domain cognitive and behavioral functions in both rLLD and aMCI.
The degree of functional connectivity in the right primary auditory areas was negatively
correlated with Hamilton Depression Scale scores in rLLD. Notably, altered connectivity
between the right middle temporal cortex and the posterior cerebellum was negatively
correlated with Mattis Dementia Rating Scale scores in both rLLD and aMCI.
Conclusions: These results demonstrate that rLLD and aMCI may share convergent and
divergent aberrant intranetwork and internetwork connectivity patterns as a potential
continuous spectrum of the same disease. They further suggest that dysfunctions in the
right specific temporal-cerebellum neural circuit may contribute to the similarities
observed in rLLD and aMCI conversion to AD.
© 2016 Elsevier Ltd. All rights reserved.

1.

Introduction

Late-life depression (LLD) is very common in late life, is
characterized by depressive syndromes and cognitive impairments (regardless of whether the individual was
depressed or in remission) (Alexopoulos, 2005), and occurs in
10%e20% of patients with Alzheimer disease (AD) (Wragg &
Jeste, 1989). Evidence from prospective studies has supported the notion that LLD is associated with a 2- to 5-fold
increased risk of developing AD (Andersen, Lolk, KraghSorensen, Petersen, & Green, 2005; Byers, Covinsky, Barnes,
& Yaffe, 2012; Chen et al., 2008; Gatz, Tyas, St John, & Montgomery, 2005; Saczynski et al., 2010). Mild cognitive impairment (MCI) is generally thought to reflect a transitional state
between normal aging and AD (Petersen & Negash, 2008), and
can be further classified into subtypes including amnestic MCI
(aMCI)/non-amnestic MCI (naMCI) and single/multi-domain
MCI (Petersen et al., 2001, 2009). Approximately 10%e15% of
patients with aMCI progress to AD per year (Petersen, 2011).
The aMCI-multiple domain is consistently considered to have
a higher conversion rate to AD than other MCI subtypes
(Brodaty et al., 2013; Ganguli et al., 2011). LLD and aMCI can
occur either alone or together in older adults, and they are
associated with an increased risk of developing AD (Richard
et al., 2013; Saczynski et al., 2010; Steffens et al., 2006).
Although LLD and aMCI are considered to be distinct clinical
entities, they share some common clinical features, such as
impairment in memory, executive, and attention functions,
changes in sleep patterns, and a reduction in social and
occupational function (Bai et al., 2012; Steffens & Potter, 2008),
in addition to common risk factors, such as vascular symptoms, alterations in glucocorticoid steroids, hippocampal atrophy, and inflammatory changes (Byers & Yaffe, 2011; Panza
et al., 2010). Furthermore, they may share underlying pathogenic mechanism that confer a heightened risk of conversion
to AD (Bai et al., 2012; Li et al., 2015). Therefore, in certain
characteristics, LLD, aMCI, and AD might represent a potential
clinical continuum (Panza et al., 2010).

Resting-state functional connectivity magnetic resonance
imaging (rs-fcMRI) is a powerful technique that noninvasively assesses brain function (Zhang & Raichle, 2010).
rs-fcMRI measures temporal correlations between regions in
spontaneous fluctuations of the blood oxygen leveldependent (BOLD) signal (Biswal, Yetkin, Haughton, & Hyde,
1995). A growing amount of evidence from neuroimaging
studies consistently demonstrates that the five well-defined
key resting-state networks (RSNs) used in our study,
including the default mode network (DMN), executive control
network (CON), salience network (SAL), dorsal attention
network (DAN), and sensory-motor network (SMN, a combination of three originally separate RSNs that correspond to the
primary auditory, primary visual, and somatomotor cortices)
(Brier et al., 2012; Smith et al., 2009), play a pivotal role in
integrating information among spatially segregated brain
areas. These RSNs have been deeply and widely examined in
an excellent group of previously published studies (Brier et al.,
2012; Brier, Thomas, Snyder, et al., 2014; Thomas et al., 2014;
Wang et al., 2014). The functional dynamic interactions that
occur across all of these RSNs via certain pivotally connected
circuits are considered to play key roles in maintaining daily
functions, and the destruction of certain specific parts of this
connectivity network can lead to cognitive decline or disease
(Anticevic et al., 2012; Brier et al., 2012; Jilka et al., 2014; Menon
& Uddin, 2010).
In terms of the spectrum including AD, an accumulating
amount of evidence from neuroimaging studies supports the
hypothesis that AD is a disconnection syndrome (Delbeuck,
Collette, & Van der Linden, 2007; Delbeuck, Van der Linden,
& Collette, 2003; Vallet, Hudon, Simard, & Versace, 2013).
Both remitted LLD (rLLD) and aMCI have also been hypothesized to be disconnection syndromes that disrupt brain networks that subserve multi-domain cognitive and behavioral
functions (Dickerson & Sperling, 2009; Drevets, Price, & Furey,
2008; Weisenbach, Boore, & Kales, 2012), which are symptoms
that have been associated with a high risk of developing AD
(Bai et al., 2012; Drevets et al., 1997; Li et al., 2015). Previous
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studies have consistently indicated that LLD subjects present
dysfunctions in several core brain networks, including DMN
(Anticevic et al., 2012; Sheline et al., 2009) and CON
(Tadayonnejad & Ajilore, 2014). aMCI subjects exhibit altered
connections within/among the DMN (Agosta et al., 2012; Chen,
Zhang, & Li, 2015; Petrella, Sheldon, Prince, Calhoun, &
Doraiswamy, 2011; Sorg et al., 2007), CON (Liang, Wang,
Yang, & Li, 2012; Wu et al., 2014), SAL (He et al., 2014; Liang
et al., 2012), and DAN (Celone et al., 2006; Dannhauser et al.,
2005; Liang et al., 2012; Wang et al., 2007). Evidence from the
above-mentioned studies has indicated LLD and aMCI share a
convergent set of altered RSNs. Although recent studies have
also focused on the existence of group differences between
LLD and aMCI (Bai et al., 2012; Li et al., 2015), these studies
have included only graph-based theory measures of a relatively small cohort, and this may have influenced their statistical power or sensitivity, thus preventing them from fully
revealing the exact relationship between the pathological
impairments that are associated with cognitive and behavioral functions in rLLD and aMCI. Little is known about the
altered patterns within and between these RSNs. Of particular
interest are both the common and distinct mechanisms that
have been shown to be involved in the associations between
rLLD and aMCI in subjects at a high risk of developing AD.
Furthermore, it has been established that pathological
neurodegenerative alterations first affect certain core brain
regions and then spreads via functional networks (Lehmann
et al., 2013). The result is that they are characterized by disrupted interactions between different brain networks
(Barkhof, Haller, & Rombouts, 2014; Brier et al., 2012; Thomas
et al., 2014). Eventually, however, the entire cortex becomes
affected (Lehmann et al., 2013). Therefore, although LLD and
aMCI are considered distinct clinical entities, they may
represent a possible clinical continuum (Panza et al., 2010) in
that they share altered trajectories of focal, intranetwork and
internetwork connectivity features. Patients with these conditions may therefore present with different degrees of alterations indicating that the diseases themselves are different
stages of disease progression in the same clinical disease
continuum.
The principal aim of the present study was therefore to
investigate convergent and divergent patterns of intranetwork and internetwork connectivity in a large sample size of
rLLD and aMCI patients and to compare them to healthy
controls (HC). We hypothesized that rLLD and aMCI share
convergent dysfunctional connectivity patterns that account
for their similar pathophysiological pathways, and that this
may indicate the presence of certain pivotally connected circuits. We further hypothesized that rLLD and aMCI patients
should present with different degrees of alterations in
convergent intranetwork and internetwork connections that
are associated with different cognitive performances because
they are located on the same clinical disease continuum,
which. To test this hypothesis, we investigated the functional
connectivity patterns of five well-defined RSNs (DMN, DAN,
SAL, CON, and SMN) at three levels (integrity level, network
level, and edge level).

2.

Materials and methods

2.1.

Subjects

The present study initially recruited 264 elderly individuals,
including 59 with rLLD, 87 with aMCI, and 118 age- and
gender-matched HC, through normal community health
screening, newspaper advertisement, and hospital outpatient
services. Of these subjects, 4 controls and 4 rLLD were
excluded as a result of excessive motion artifacts (i.e., cumulative translation or rotation of more than 2.5 mm or 2.5 and
mean point-to-point translation or rotation of more than
.15 mm or .1 ; for details see the data preprocessing section).
The remaining 55 rLLD, 87 aMCI, and 114 HC subjects were
included in further analyses. Written informed consent was
obtained from all of the participants, and the study was
approved by the responsible Human Participants Ethics
Committee of the Affiliated ZhongDa Hospital, Southeast
University.
All first-episode rLLD subjects (i.e., those who were not
depressed after the remission of depressive symptoms) were
interviewed using a semistructured interview that is included
in the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV)
Axis I Disorders (SCID-I), Clinician Version, and all subjects
met the following inclusion criteria: (1) all subjects had previously met the DSM-IV criteria for major depression disorder
and had been remitted for >6 months before enrollment, (2)
these subjects had experienced only one depressive episode
that had an age of onset of >50 years old, (3) all subjects had
Hamilton Depression Rating Scale (HDRS) scores that were <7
and Mini-Mental State Examination (MMSE) scores that were
>24, and (4) for all subjects, the duration of the illness was <5
years and the medication-free period was longer than 3
months prior to the assessment. The exclusion criteria were
the following: (1) another major psychiatric illness, including
substance abuse or dependence; (2) primary neurological
illness, including dementia or stroke; (3) a medical illness that
impaired cognitive function; (4) a history of electroconvulsive
therapy; and (5) a T2-weighted MRI showing major white
matter (WM) changes, infarction, or other lesions (two experienced radiologists analyzed the scans). The rLLD subjects
had a mean age of illness onset of 60.80 (±10.11) years. The
mean duration of illness was 3.10 (±1.21) years. All patients
had previously taken antidepressant medication.
All aMCI-multiple domain subjects met the diagnostic
criteria proposed by Petersen et al. (1999) and the revised
consensus criteria of the International Working Group on
aMCI (Winblad et al., 2004), including: (1) subjective memory
impairment was corroborated by the subject and an informant, (2) objective memory performance was documented
according to an Auditory Verbal Memory Test-delayed recall
score that was within 1.5 SD of age- and education-adjusted
norms (the cut-off was 4 correct responses on 12 items for 8
years of education), (3) normal general cognitive function
were evaluated by an MMSE of 24 or higher, (4) a Clinical
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Dementia Rating of .5 with at least a .5 rating in the memory
domain, (5) no or minimal impairment in daily living activities, and (6) the absence of dementia, or symptoms that were
not sufficient to meet the National Institute of Neurological
and Communicative Disorders and Stroke or the AD and
Related Disorders Association criteria for AD. The exclusion
criteria were the following: (1) a past history of known stroke
(modified Hachinski score of >4), alcoholism, head injury,
Parkinson's disease, epilepsy, major depression (excluded
using a Self-Rating Depression Scale), or other neurological or
psychiatric illness (excluded by clinical assessment and case
history), (2) major medical illness (e.g., cancer, anemia, or
thyroid dysfunction), (3) severe visual or hearing loss, and (4) a
T2-weighted MRI showing major WM changes, infarction, or
other lesions (two experienced radiologists analyzed the
scans).
The HC subjects were required to have a Clinical Dementia
Rating of 0, an MMSE score of 26, and a delayed recall score of
>4 for those with 8 years of education. These participants
were matched by the subject to rLLD and aMCI subjects. All
subjects underwent a standardized clinical interview that
included a demographic inventory, medical history and
neurological and mental status examination. Group-specific
information for the subjects is provided in Table 1. Fig. 1
shows a flowchart that summarizes the experimental procedures that were conducted in the present study (Table 2).

2.2.

Neuropsychological assessments

All subjects underwent a standardized clinical interview and
comprehensive neuropsychological assessments that were
performed by neuropsychologists (Dr. Shu, Wang, and Liu).

These tests were used to evaluate multi-domains of cognitive
function, including general cognitive function, episodic
memory, information processing speed, executive function,
and visuospatial function (Chen et al., 2016). The details of the
neuropsychological assessments are provided in our previously published study (Chen et al., 2016) and the SI Methods.

2.3.

MRI data acquisition

MRI images were acquired using a 3.0 T Trio Siemens scanner
(Siemens, Erlangen, Germany) with a 12-channel head-coil at
ZhongDa Hospital Affiliated to Southeast University. The details regarding the image acquisition parameters are provided
in our previously published study (Chen et al., 2016) and the SI
Methods.

2.4.

Image preprocessing

The preprocessing steps are described in our previously published studies and were performed using a Brainnetome fMRI
toolkit (in-house software, available at: www.brainnetome.
org/brat) based on SPM8 (http://www.fil.ion.ucl.ac.uk/spm).
The first ten volumes of the scanning session were discarded
to allow for T1 equilibration effects. A correction was performed to account for intra-volume acquisition time differences among slices and inter-volume motion effects that
occurred during the scan. Participants with excessive head
motion (a cumulative translation or rotation of more than
2.5 mm or 2.5 and mean point-to-point translation or rotation
of more than .15 mm or .1 ) were excluded (4 HC subjects and 4
LLD were excluded). The fMRI data were spatially normalized
to a standard EPI template and then resampled to

Table 1 e Demographics, clinical measures, and head rotation parameters of aMCI, rLLD and HC.
Items

F Values (c2)

p Values

69.47 (5.37)
19/36
12.15 (2.70)
27.60 (1.59)c
135.40 (5.59)bc
4.02 (3.06)bc
20.55 (1.27)c

1.134
5.33
1.772
25.095
37.224
14.072
25.438

.323
.069
.172
.000*
.000*
.000*
.000*

.71 (.67)a
.10 (.42)a
.17 (.38)a
.13 (.73)a

.05 (.61)bc
.21 (.60)c
.08 (.41)b
.28 (.94)b

116.021
14.258
13.035
12.279

.000*
.000*
.000*
.000*

.72 (.41)
.80 (.46)
.91 (.04)
.04 (.02)

.82 (.47)
.84 (.42)
.11 (.08)
.04 (.02)

1.158
.418
1.546
1.176

.144
.659
.215
.310

HC

aMCI

rLLD

n ¼ 114

n ¼ 87

n ¼ 55

68.92 (10.27)
47/40
11.83 (3.18)
26.21 (2.63)a
131.30 (6.82)a
1.79 (3.08)
21.84 (2.34)a

Age (years)
67.36(10.61)
Gender (male/female)
50/64
Education level (years)
12.62 (3.00)
MMSE scores
28.16 (1.43)
DRS scores
137.77 (3.64)
HAMD scores
1.71 (2.46)
ADL scores
20.31 (.65)
Composite Z scores of each cognitive domain
Episodic memory
.57 (.51)
Information processing speed
.11 (.35)
Executive function
.14 (0.44)
Visuospatial function
.27 (.57)
Head rotation parameters
Cumulative translation (mm)
.74 (.44)
Cumulative rotation (degree)
.77 (.51)
Mean point-to-point translation (mm)
.10 (.05)
Mean point-to-point rotation (degree)
.04 (.03)

The data are presented as the mean (with standard deviation, SD). Abbreviations: HC, healthy controls; rLLD, remitted late-life depression;
aMCI, amnestic mild cognitive impairment; MMSE, Mini-Mental State Examination; DRS, Mattis Dementia Rating Scale; HAMD, Hamilton
Depression Scale; and ADL, activities of daily living. *Significant differences were found among the three groups. The p values were obtained by
using ANOVA except for gender (for which we used a chi-square test). Post-hoc comparisons (Bonferroni correction was used for multiple
comparisons) further revealed the source of ANOVA derived differences (a: aMCI vs HC; b: rLLD vs HC; c: rLLD vs aMCI). The performance scores
on the MMSE and DRS are presented as raw scores. The level of each cognitive domain is indicated by the composite Z scores. The details of the
raw scores and the corresponding Z scores of individual neuropsychological tests are shown in Table S1.
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Fig. 1 e Schematic of the data analysis pipeline. The regional mean fMRI time series for each of 36 seed regions was
separately extracted as the reference time course for each qualified subject. The 36 £ 36 correlation matrix for each subject
was then obtained by calculating the Pearson's correlation coefficient (r) between the time course from that seed region and
all other seeds. One-way ANOVA was used to compare differences among all three groups at three levels (integrity,
network, and connectivity) based on 5 RSNs. A post-hoc comparison for each two pairs of groups was performed using
Student's t-test. Pearson's correlation was performed to examine the relationships between the altered functional
connectivity at each level and the clinical variables and neuropsychological performance in the aMCI and rLLD patients.
Finally, the intersections were calculated to illustrate the overlap between aMCI and rLLD. Abbreviations: HC, healthy
controls; aMCI, amnestic mild cognitive impairment; rLLD, remitted late-life depression; DMN, default mode network; DAN,
dorsal attention network; CON, control network; SAL, salience network; SMN, sensory-motor network; and ANOVA,
analysis of variance. Detailed seed MNI coordinates for the 5 RSNs are shown in Table S2.
2  2  2 mm3 voxels. Several nuisance variables, including
linear trend, the constant, six head motion parameters, cerebrospinal fluid (CSF) signal, and WM signal, were removed
using a multiple linear regression analysis. Temporal band-

pass filtering (.01e.08 Hz) was applied to reduce the effect of
low-frequency drifts and high-frequency physiological noise.
Finally, functional images were spatially smoothed using a
Gaussian kernel of 6  6  6 mm (full width at half maximum,

Golay et al. (1998),
 pez and Sanjua
n
Lo
(2002), Jiang et al. (2004)

Brier et al. (2012)

Brier et al. (2012)

Jiang et al. (2004)

Gi represents the amount of information the node
i received from the particular network
cN ¼ 〈hij〉
The intranetwork measure was performed by averaging
the transformed correlation coefficients of all ROI pairs
in a particular network
cX,Y ¼ 〈hij〉
Where X and Y represent different networks, i refers The internetwork measure was conducted by averaging
to the ROI in X, j refers to the ROI in Y and 〈〉 indicates the composite scores for the correlation coefficients of
the mean across the ROI pairs
all the ROIs in separate networks
hij represents the conventional pairwise connectivities
Where x is a subjective selected positive constant
hij ¼ exdij ;
dij ¼ (1  rij)/(1 þ rij) (x here is fixed to x ¼ 2 according to a previous study); among all possible pairs of regions; for the 36 selected
where dij represents the distance between two seed
ROIs, we characterized the patterns of connectivity
regions and is computed as a hyperbolic correlation
between all 630 (36  35/2) pairs of ROIs
measure; where rij is the Pearson's correlation
coefficient between two seed regions
Where Gi indicates the sum of all connectivity
degrees between i and all other nodes
Where i and j refer to ROIs in a particular network N
and 〈〉 indicates the mean across all ROI pairs
j¼1 hij

Functional
connectivity: hij
Edge level

Internetwork: cX,Y

Network level Intranetwork: cN

Integrity level Connectivity degree: Gi Gi ¼

Significance
Symbol
Formula
Index
Level

Table 2 e Three measurements at the integrity, network, and edge levels.

Pn
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FWHM). To reduce the impact of head motion on the results of
rs-fcMRI, stringent quality assurance measures were implemented, as described in previous studies (Power, Barnes,
Snyder, Schlaggar, & Petersen, 2012; Power et al., 2014; Van
Dijk, Sabuncu, & Buckner, 2012), and no significant differences in head motion were observed among the groups in the
quality assurance parameters (Table 1).

2.5.

Definition of regions of interest

The five well-established RSNs used in our study have been
extensively and widely examined in excellent previously
studies (Brier et al., 2012; Brier, Thomas, Snyder, et al., 2014;
Thomas et al., 2014; Wang et al., 2014, 2015; Zhan et al.,
2016). The present study was inspired in part by a series of
previous studies that were led by Dr. Ances (Brier et al., 2012;
Brier, Thomas, Snyder, et al., 2014; Thomas et al., 2014). To
maximize comparisons of certain features between the results of this and the prior studies, the regions of interest (ROI)
were defined according to the well-established thirty-six
spherical (6 mm radius) seeds that were originally represented
as five major RSNs in previously published studies (Brier et al.,
2012; Wang et al., 2015; Zhan et al., 2016). These included
DMN, DAN, SAL, CON, and SMN. The distributions of the
thirty-six seed regions in the brain and the five RSNs are
shown in Fig. S1. The Montreal Neurological Institute (MNI)
coordinates for these seeds are shown in Table S2.

2.6.

Functional connectivity analyses

The individual mean time series for each of the 36 seed regions
were separately extracted as the reference time course. First, the
strength of the correlation between each pair of seed regions
was measured by calculating the Pearson's correlation coefficient (r) of these time series [Fig. S2 for the mean functional
correlation matrix across subjects (size: 36*36) for three group
patients]. The correlation coefficients were then converted to
the connectivity degree hij using a simple method in which it
was exponentially related to the distance between the node i
 pez & Sanjua
 n, 2002), i.e., hij ¼ exdij , where x is
and the node j (Lo
a subjective selected positive constant (x here is fixed to x ¼ 2,
according to a previous study) (Jiang, He, Zang, & Weng, 2004).
This method measures how the strength of the relationship
decreases with the distance between the two nodes (two seed
 pez & Sanjua
 n, 2002), and dij ¼ (1  rij)/(1 þ rij) repregions) (Lo
resents the distance between two seed regions and is computed
as a hyperbolic correlation measure (Golay et al., 1998; Jiang
et al., 2004). To investigate the shared general and distinct specific connectivity patterns in rLLD and aMCI, we studied intranetwork and internetwork connections in the subjects at three
levels. The detailed definitions and their meanings follow:
i) Integrity level: The integrity level represents all information flow from the whole brain or the amount of information flow that the node i receives from the whole
brain. The total connectivity degree of node i was
P
calculated using Gi ¼ nj¼1 hij (Jiang et al., 2004). Notably,
relative to conventional pairwise connectivity (Lahaye,
Poline, Flandin, Dodel, & Garnero, 2003), the G takes
into account n-to-1 connectivity using 1-to-1
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connectivity measures. Therefore, investigating G in
different brain activity states, we can detect changes in
the total functional connectivity degree. This measure
is equivalent to the “degree centrality” in graph theory
(Wang et al., 2015; Zhan et al., 2016).
ii) Network level: Intranetwork and internetwork analyses
refer to terms defined in a previous study (Brier et al.,
2012). Briefly, the intranetwork measure was defined
by averaging the transformed correlation coefficients
(hij) of all ROI pairs within a network as cN ¼ 〈hij〉, where i
and j refer to an ROI pair within network N and 〈〉 indicates the mean across the examined ROI pairs. The
internetwork measure was defined as the average of the
transformed correlation coefficients (hij) of all the ROIs
in separate networks using cX,Y ¼ 〈hij〉, where X and Y
represent different networks, i refers to an ROI in X, j
refers to an ROI in Y, and 〈〉 indicates the mean across
the examined ROI pairs (Brier et al., 2012).
iii) Edge level: While the integration of connected brain regions as networks might achieve data reduction and
reduce the impact of sampling error across node pairs, it
might also obscure focal phenomena (Brier et al., 2012).
Therefore, we also investigated the functional connectivities between all the possible pairs of regions, including
the 36 selected ROIs, and we explored the pattern of
connectivity between 630 (36  35/2) pairs of ROIs.

ANOVA (p < .05). The statistical significance of the observed
effects was corrected using nonparametric permutation tests.
Specifically, to measure how often such results would be expected by chance in a study of three levels of multiple comparisons, we performed a permutation test (10,000
permutations) in which case-control status was randomized
within each level. This generated a statistic and an empirical
estimate of the cumulative distribution of the statistic under
the null hypothesis (Figs. S3, S4, and S5).

2.7.3. Behavioral significance of the altered connectivity
pattern at each level in aMCI and rLLD
To investigate the association between behavior and altered
connectivity patterns at each level, partial correlation analyses were performed to evaluate correlations between the
altered functional connectivities at each level and clinical
variables in aMCI and rLLD. To explore the convergent and
divergent functional connectivity patterns in aMCI and rLLD,
the overlapped regions in the altered functional connectivities
at each level were identified and associated with clinical
variables in aMCI and rLLD. The statistical significance
threshold was set at p < .05 for these analyses only for
exploratory purposes. To evaluate the significance of these
analyses, we used a re-sampling method that consisted of a
stationary bootstrap (10,000 bootstrap samplings) to achieve
the confidence interval.

2.7.

Statistical analysis

3.

2.7.1.

Demographic and neuropsychological data

3.1.
Demographic and neuropsychological
characteristics

All statistical analyses were performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) and chi-square tests (applied only in
comparisons between genders) were used to test differences
in demographic data and neuropsychological performance
among the aMCI, rLLD, and HC groups.
To increase statistical power by reducing random variability, as has previously been described (Shu et al., 2016; Xie
et al., 2012), this study composited the neuropsychological
tests into 4 cognitive domains and transformed the raw scores
into 4 composite Z scores (p < .05, Bonferroni corrected). The
details of the composites that were used in the neuropsychological tests and the transformation of raw scores are
provided in the SI Methods.

2.7.2. Investigating inter-group differences in functional
connectivity
Because the APOE genotype affects functional connectivity in
the resting brains (Buckner, Andrews-Hanna, & Schacter,
2008; Sheline et al., 2010; Shu et al., 2016; Trachtenberg et al.,
2012), this study needed to regress out the APOE genotype
before performing ANOVA so that we could control the effect
of APOE on functional connectivity in the resting brain.
Therefore, statistical analyses were performed at all levels
using one-way ANOVA among groups after regressing out the
age, gender, education level and the apolipoprotein E (APOE)
genotype. A post-hoc Student's t-test was then performed for
each two pairs of groups to further investigate the differences
and to determine the presence of any statistical significance in

Results

The demographic and neuropsychological characteristics of
the included groups are listed in Table 1. No significant differences were observed in age, gender, or education level between the aMCI, rLLD and HC groups (all p > .05). The aMCI
subjects showed significantly lower Mini-Mental State Examination (MMSE) and Mattis Dementia Rating Scale (DRS) scores
than were observed in the HC subjects, while the rLLD group
presented lower DRS and higher Hamilton Depression Scale
(HAMD) scores than the HC subjects. Furthermore, both aMCI
and rLLD subjects showed significant deficits in performance
in multiple domains of cognitive functions, including episodic
memory, information processing speed (aMCI only), and visuospatial cognition (all p < .05). The detailed raw scores and
corresponding Z scores that were obtained from individual
neuropsychological tests are shown in Table S1.

3.2.
Integrity level: node distribution of the altered
degree of total functional connectivity in aMCI and rLLD
One-way ANOVA showed that there was a significant main
group effect in the degree of total functional connectivity at
the five nodes, including left inferior temporal (liTmp,
F ¼ 4.296, p ¼ .015, corrected), right inferior temporal (riTmp,
F ¼ 3.927, p ¼ .021, corrected), right insula (rIns, F ¼ 3.366,
p ¼ .036, corrected), supplemental motor area (SMA, F ¼ 3.039,
p ¼ .050, corrected), and right primary auditory (rA1, F ¼ 3.212,
p ¼ .042, corrected), after controlling for age, gender,
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education, and APOE genotype (Fig. 2A and Table S3). Post-hoc
comparisons further indicated that rLLD was associated with
a reduced degree of functional connectivity in liTmp, riTmp,
and SMA, while aMCI was associated with a trend toward an
increased degree of functional connectivity at all nodes
(except for riTmp) than the results found in the HC group
(Fig. 2A). The rLLD subjects showed a degree of functional
connectivity in liTmp, riTmp, SMA, and rIns than was
observed in the aMCI subjects (Fig. 2A).
Interestingly, the degree of functional connectivity of the
rIns was positively correlated with Clock Drawing Test (CDT)
scores in aMCI while the degree of functional connectivity in
rA1 was negatively correlated with HAMD scores in rLLD
(Fig. 2B and Table S3).

3.3.
Network level: altered intranetwork and
internetwork connectivities in aMCI and rLLD
In our tests of intranetwork connectivities, one-way ANOVA
demonstrated that there was a significant main group effect of
the intra-connectivity within the SAL and SMN after
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regressing out the effects of age, gender, education, and APOE
genotype (F ¼ 4.909, p ¼ .015 for SAL; F ¼ 4.135, p ¼ .021 for
SMN, corrected) (Fig. 3A and Table S4). Post-hoc comparisons
further indicated that rLLD showed reduced connectivity
strength in SMN (p ¼ .011, corrected), while the aMCI group
showed a trend toward increased connectivity strength within
the SAL and SMN than was observed in the HC group (Fig. 3A).
Moreover, the rLLD group showed a reduced connectivity
strength within the SAL and SMN than was observed in the
aMCI group (Fig. 3A, p ¼ .001 for SAL and p ¼ .008 for SMN,
corrected). Interestingly, only the altered connectivity
strength of SAL was positively correlated with TMT-B scores in
aMCI, whereas no such correlation was observed in rLLD
(Fig. 3A and Table S4).
In the analysis of internetwork connectivities, one-way
ANOVA showed that there was a significant group effect for
the magnitude of correlations in the specific DMNeCON pair
only after controlling for age, gender, education, and APOE
genotype (Fig. 3B and Table S4, F ¼ 3.939, p ¼ .015, corrected).
Post-hoc comparisons further demonstrated that rLLD was
associated with reduced connectivity strength in the

Fig. 2 e Results from analysis of variance and post-hoc comparisons of the total degree of connectivity between nodes at the
integrity level among three groups. (A) Regions of interest (ROIs) that were statistically significant (p < .05) in ANOVA are
displayed on the brain surface. ROIs from the same RSNs are represented as spheres of the same color. Histograms showing
comparisons of the mean values of the total degree of connectivity of the nodes among three groups. (*p < .05 and **p < .01).
(B) Scattergrams depicting the relationships between the altered total degree of connectivity of the nodes and the clinical
variables and neuropsychological performance in aMCI and rLLD. Pearson's correlation coefficients (r) and p values are
reported at the top of each graph. Abbreviations: liTmp, left inferior temporal (in DMN); riTmp, right inferior temporal (in
DMN); SMA, supplemental motor area (in SMN); rA1, right primary auditory (in SMN); rIns, right insula (in SAL); L, left
hemisphere; and R, right hemisphere. Note: here, the mean values of the total degree of connectivity of the nodes were
defined as the composite score.

202

c o r t e x 8 3 ( 2 0 1 6 ) 1 9 4 e2 1 1

Fig. 3 e Results from analysis of variance and post-hoc comparisons of composite scores for the transformed correlation
coefficients of intranetwork and internetwork connectivities among three groups. (A) A sketch of the brain surface showing
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DMNeCON pair (p ¼ .008, corrected), while there was a trend
toward connectivity strength in the DMNeCON pair in the
aMCI group compared to the HC group (Fig. 3B, p ¼ .165).
Interestingly, altered connectivity strength in the DMNeCON
pair was closely correlated with HAMD, AVLT-T, AVLT-DR,
and TMT-B scores in aMCI, whereas no such correlations were
observed in rLLD (Fig. 3B and Table S4).

3.4.
Edge level: altered functional connectivity across
ROI pairs in aMCI and rLLD
One-way ANOVA showed that there was a significant group
effect for functional connectivities in 62 ROI pairs (9.84% of the
630 analyzed ROI pairs, including 2.38% of intranetwork and
7.46% of internetwork connectivities; see Fig. 4A and
Supplementary Excel S1). Furthermore, post-hoc comparisons
from the weighted analysis of functional connectivity further
demonstrated that aMCI and rLLD showed similar patterns of
impaired functional connectivity, whether they were intranetwork (mainly distributed in DMN, SAL, and SMN) or internetwork connectivities (Fig. 4B). Specifically, rLLD showed a
more altered functional connectivity than aMCI (mainly
distributed in SMN and SAL and the DMNeSAL, SMNeSAL,
SMNeDAN, and SALeCON pairs) (Fig. 4B). Notably, in Fig 4B,
the green arc line and red arrow indicate that aMCI and rLLD
showed differentially altered connectivities in the DMNeDAN
pair (Fig. 4B).
Histograms (Fig. 4C) were used to show the comparisons
between the composite scores of the top three altered connectivities (e.g., lalPSelMC, lACCelMC, and laPFCeSMA). More
details of this analysis can be found in Table S5. Post-hoc
comparisons further demonstrated that rLLD showed a
reduced degree of functional connectivity in all three ROI pairs
(all p < .01), whereas functional connectivity was increased in
laIPSelMC in the aMCI than in the HC group (Fig. 4C, p < .05).
Moreover, the rLLD group showed a reduced degree of functional connectivity between the laIPSelMC and laPFCeSMA
pairs but an increased degree of functional connectivity between the lACCelMC pair than was observed in the aMCI
group (Fig. 4C, p < .01).
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A novel finding of this study is that the altered connectivity
between the right posterior cerebellum and rMT was negatively correlated with DRS scores in both rLLD and aMCI [rLLD:
r ¼ .227, p ¼ .035; bootstrap 95% confidence interval (.5022,
.0266); aMCI: r ¼ .283, p ¼ .036; bootstrap 95% confidence
interval (.4269, .0190)] (Fig. 4A,D and Table S5). The details
of the correlations between all altered connectivities across
the analyzed ROI pairs, which were determined using ANOVA
and based on clinical variables, are shown in Supplementary
Excel S1.

4.

Discussion

The novelty of this study is that it distinguishes shared and
distinct patterns in the intranetwork and internetwork connectivities between rLLD and aMCI using a large sample size.
In particular, the most fascinating findings of this study
should be emphasized. First, rLLD showed a reduced degree of
functional connectivity in the bilateral inferior temporal cortex and SMA and correlations within the SMN and in the DMN
and CON pair, whereas aMCI was associated with focal functional changes only in certain connected pairs and a trend
toward an increased degree of correlations within the SAL and
SMN. Second, rLLD subjects exhibited more severely altered
functional connectivities than aMCI subjects. Third, these
altered connectivities were associated with specific multidomain cognitive and behavioral functions in both rLLD and
aMCI. Finally, the altered connectivity between the right
posterior cerebellum and rMT was negatively correlated with
DRS scores in both the rLLD and aMCI groups. Taken together,
the results of the current study provide novel insight into
functional organization patterns within and between functional RSNs in rLLD and aMCI as continuous spectrum of the
same disease.

4.1.
Distinct patterns of reduced degrees of total
functional connectivity between rLLD and aMCI
By applying the principle of measuring the connectivity degree using the h value, which completely characterizes the

the intranetwork connectivities within five RSNs (a). The black arrows indicate that all connectivities in each network were
calculated into the composite scores of intranetwork connectivity for each network. A colored circle indicated the composite
of five RSNs. The red triangles indicate that the RSNs showed altered intranetwork connectivities based on a result showing
statistical significance in ANOVA (b). Histograms showing comparisons between composite scores for mean transformed
correlation coefficients of altered intranetwork connectivity among three groups based on a statistically significant result in
ANOVA (c, d), *p < .05, **p < .01. The scattergrams depict the relationships between the composite scores for the mean
transformed correlation coefficients of the altered intranetwork connectivities and neuropsychological performance in aMCI
(e). Pearson's correlation coefficients (r) and p values are reported at the top of each graph. (B) Color circle showing five RSNs.
The red arc line and black arrow indicate altered individual internetwork connectivities based on statistically significant
results in ANOVA (a); Histograms showing comparisons between composite scores for mean transformed correlation
coefficients of internetwork connectivities among three groups (b), *p < .05, **p < .01. Scattergrams depicting the
relationships between the composite scores for mean transformed correlation coefficients of altered internetwork
connectivities and neuropsychological performance in aMCI (c, d, e, and f). Abbreviations: HC, healthy controls; aMCI,
amnestic mild cognitive impairment; rLLD, remitted late-life depression; DMN, default mode network; DAN, dorsal attention
network; CON, control network; SAL, salience network; SMN, sensory-motor network; TMT-B, Trail Making Test-B; HAMD,
Hamilton Depression Scale; AVLT-DR, Auditory Verbal Learning Test-20-minute delayed recall; and AVLT-T, Auditory
Verbal Learning Test-total score.
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functional connectivity among multiple functionally related
regions of the brain (Jiang et al., 2004), we show that rLLD is
associated with a reduced degree of total functional connectivity in liTmp, riTmp, and SMA. These data suggest that in
rLLD patients, in these regions, there is a reduced amount of
total information interaction with other functionally connected regions.
However, aMCI showed a trend toward an increased degree
of functional connectivity at several nodes (e.g., liTmp, rIns,
SMA, and rA1), suggesting that aMCI may recruit other
network resources to compensate for the losses that result
from the degenerative process of the disease (Das et al., 2013).
One reason for this may be that the recruited samples in the
present study were in the early stage of aMCI disease progression. Importantly, the altered degree of functional connectivity in the rIns (located in the anterior part of the insula)
was positively correlated with visuospatial functional performance (i.e., CDT score) in aMCI. The anterior insula has often
been shown to contribute to the global representation of the
body state through integrated homeostatic afferent signals
from the posterior insula that carry emotional salience information (Seeley et al., 2007; Sridharan, Levitin, & Menon,
2008). Therefore, the results of this study may indicate that
the altered degree of functional connectivity that was
observed in the anterior insula contributes to the impairment
of spatial cognitive functions in aMCI (Chen, Shu, et al., 2015).

4.2.
Convergent and divergent functional connectivity
patterns in LLD and aMCI
For intranetwork connectivities, the present study shows that
rLLD is associated with a loss of spontaneous correlated brain
activity signals within the SMN. This phenotype is consistent
with the results of a previous positron emission tomography
(PET) study of rLLD that revealed altered correlations in relative glucose metabolism between the primary sensorimotor
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area and the anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), and frontal lobe in both hemispheres in
these patients (Fujimoto et al., 2008). It has been established
that depression results in psychomotor disturbance symptoms that manifest via functional rather than structural deficits (Chen et al., 2014; Sobin & Sackeim, 1997), and that these
symptoms are associated with impaired mood and motivation
and an underlying neurophysiological deficit (Chen et al.,
2013). Therefore, a converging collection of data has been
produced by the above-mentioned studies in addition to the
present study that suggest that individuals with LLD may
display altered neural circuits within the SMN that are associated with the psychomotor disturbance symptoms of
depression. These data further suggest the presence of a
pattern in the development and spread of altered functional
connectivity within the RSNs in rLLD. This indicates that
sensory and motor changes, which are early signs of AD
(Albers et al., 2015), may precede the cognitive symptoms of
LLD and indicate an increased risk of developing AD.
As shown in Fig. 3, aMCI was associated with only a trend
toward increased connectivity within SMN and SAL. The
altered correlations that were observed within SAL are in line
with the results of a previous study (Liang et al., 2012). It has
been established that SAL is an important network that
identifies salient stimuli and switches between communicating with CON and DMN (Menon & Uddin, 2010), which are
themselves associated with core processes necessary for
selecting, initiating and maintaining task-relevant modes of
brain function (Dosenbach et al., 2006). Notably, this notion is
also supported by our results with regard to the relationships
between altered connectivity within SAL and attention
switching functions (i.e., TMT-B scores) in aMCI (Fig. 3A and
Table S4). Therefore, these results suggest that aMCI patients
may employ a special method to identify salient stimuli and
switch between CON and DMN, which are thought to
competitively interact during cognitive information

Fig. 4 e Results from analysis of variance and post-hoc comparisons of functional connectivity across ROI pairs among three
groups. (A) This matrix representing the F value matrix (size: 36*36) from ANOVA. This brain surface visualizing the
significant discriminative connections obtained from ANOVA. A colored circle showing five RSNs. All arc lines indicate
altered functional connectivity across ROI pairs based on statistically significant results in ANOVA. In color circle, blue arc
lines indicate altered connectivity in an intranetwork and black arc lines indicate altered connectivity in an internetwork.
Note the red arc line and red arrow indicating the overlapping altered connectivity that was associated with differences in
neuropsychological performance between aMCI and rLLD. (B) This brain surface visualizing the significant discriminative
connections obtained from post-hoc comparisons in any statistical significance for ANOVA (p < .05). A color circle showing
five RSNs. All arc lines indicate weighted altered connectivity across ROI pairs, which were based on statistically significant
results in post-hoc comparisons. Blue arc lines indicate the weighted altered connectivity in an intranetwork, and black arc
lines indicate the weighted altered connectivity in an internetwork. Note that the green arc line and the red arrow indicate
differentially altered connectivities that were associated with differences in neuropsychological performance between aMCI
and rLLD. (C) Histograms showing comparisons between composite Z scores for the top three altered connectivities among
three groups (*p < .05 and **p < .01). (D) Histogram showing comparisons between composite Z scores indicating the
overlapping altered connectivity that was associated with neuropsychological performance between aMCI and rLLD (a);
*p < .05 and **p < .01). (D) Scattergrams depicting the relationships between the composite Z scores of overlapping altered
connectivities and neuropsychological performance in aMCI and rLLD (b, c). Abbreviations: HC, healthy controls; aMCI,
amnestic mild cognitive impairment; rLLD, remitted late-life depression; lalPS, left anterior intraparietal sulcus (DAN); lMC,
left motor cortex (SMN); lACC, left anterior cingulate cortex (SAL); laPFC, left anterior prefrontal cortex (DAN); SMA,
supplemental motor area (SMN); rpCBLM, right posterior cerebellum (DMN); rMT: right middle temporal (DAN); and DRS,
Mattis Dementia Rating Scale.
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processing (Fox et al., 2005). Previous studies have also suggested that SAL acts to identify salient stimuli from the vast
and continuous stream of SMN inputs (i.e., visual, auditory,
and other sensory system inputs) (Menon & Uddin, 2010).
Furthermore, the altered intranetwork correlations within
SMN and SAL might reflect the presence of sensory and motor
dysfunction, which are early noninvasive biomarkers of AD
(Albers et al., 2015), and they may therefore precede the onset
of cognitive impairments and predict conversion from aMCI to
AD (Devanand et al., 2008).
Our findings suggest that the DMNeCON pair was preferentially affected in both rLLD and aMCI and that this effect
was more serious in LLD (Fig. 3B). Surprisingly, no losses were
observed in intranetwork correlations within DMN and CON
(Fig. 3A and Table S4). We hypothesize that this phenotype is
related to the sequence of the involvement of functional
systems between the RSNs. Indeed, rLLD was associated with
a loss in the degree of total functional connectivity at certain
nodes (liTmp and riTmp) within the DMN (Fig. 2A and Table
S3). It is widely accepted that the DMN is a connectivity hub,
based on its anatomical (Hagmann et al., 2008) and functional
(Lehmann et al., 2013; Sperling et al., 2009; Zuo et al., 2012)
connectivities. Therefore, our finding suggests that focal
changes in RSN functions occur early in rLLD and that if
certain pivotal hubs in one RSN of a RSN pair are impaired,
local dysfunction may then spread leading to synaptic
dysfunction within the unaffected RSN of the pair (Brier et al.,
2012; Drzezga et al., 2011). Although aMCI was associated with
only a trend toward an increase in the degree of total functional connectivity at these nodes, it may still be a maladaptive and/or pathogenic mechanism, and it may reflect an
unsuccessful attempt to recruit preserved neuronal areas to
compensate for the pathology, and an imbalance between
inhibition and excitation in impaired networks that results
from these impending pathological processes (Douaud,
Filippini, Knight, Talbot, & Turner, 2011; Verstraete et al.,
2010; Wu et al., 2009). Therefore, these findings suggest that
aMCI may occur earlier than rLLD in a potential clinical continuum and that it may lead to synaptic dysfunctions across
networks to occur as altered neural information is conveyed.
Furthermore, disrupted intrinsic network connectivity may
also link Ab pathology with impaired cognition in aMCI (Koch
et al., 2015). This is generally consistent with observed relationships between altered connectivity strength in the
DMNeCON pair and the impairment of episodic memory (i.e.,
AVLT-T and AVLT-DR scores) and executive function (i.e.,
TMT-B score) (Fig. 3B and Table S4). Taken together, the results
of the present study suggests that rLLD and aMCI as a potential continuous spectrum of the same disease appear to
involve both shared and distinct pathogenical mechanisms
that result in cognitive impairment.

4.3.
Overlapping patterns of altered functional
connectivity in rLLD and aMCI
Notably, in the present study, rLLD and aMCI showed similar
patterns of altered intranetwork and internetwork connectivities, which suggests that rLLD and aMCI may share pathogenic mechanisms and therefore represent a possible
continuum in disease progression toward AD (Panza et al.,

2010). Another novel finding is that the connectivity strength
between the right posterior cerebellum and rMT was negatively correlated with DRS scores in both rLLD and aMCI. This
relationship further supports our hypothesis that rLLD and
aMCI may share a common neural circuit foundation that is
associated with a high risk of developing AD. It further suggests that the common mechanism between rLLD and aMCI is
more likely to involve a focal neural circuit and not the entire
network. The common direction of this common pathological
spread may be that the two diseases are initiated in specific
“off-target” hub regions and later converge on a focal neural
circuit. This would explain the observed vulnerability of these
patients to AD.
Furthermore, the present study showed that the altered
trajectories of the individual ROI pairs did not parallel the
trajectory of the composite scores of the intranetwork and
internetwork connectivities (Figs. 3A,B and 4B). The altered
functional connectivities were mainly distributed within
DMN, SAL, and SMN, and in all RSN pairs (except for the
DMNeDAN pair in LLD) (Fig. 4A,B). One interpretation of these
results that may be supported by this notion is that the
pathological spread in both the intranetwork and the internetwork is self-reinforcing and co-occurs in rLLD and aMCI via
the same mechanism but possibly shifted in time, depending
on how early Ab plaques aggregate in a particular network
(Myers et al., 2014). If the number and magnitude of the altered
functional connectivities in the individual ROI pairs achieve or
exceed a certain cut-off, the resulting dysfunction may then
affect the integrated RSNs and cause altered interactions
across them. This may represent the development and spread
that occurs during the progression of these two diseases
(Myers et al., 2014). A converging amount of evidence suggests
that more attention should be focused on specific, appropriate
hubs or neural circuits during the development new biomarkers for the early detection of rLLD and aMCI conversion
to AD.
In summary, we propose the following speculative model
to explain how network-based mechanisms between rLLD
and aMCI are associated with a high risk of developing AD as
continuous spectrum of the same disease (Fig. 5). The neurotoxic effects of Ab adversely decreases connectivity anywhere
they occur in an affected network in accordance with the local
Ab plaque concentration, and altered intrinsic network connectivity links Ab pathology with impaired cognition during
both rLLD and aMCI conversion to AD (Koch et al., 2015). Focal
changes in RSNs function occur early in both rLLD and aMCI
(Fig. 2), and then spread via commonly functional networks.
Eventually, the entire cortex is affected (Brier et al., 2012).
Three specific networks (i.e., SMN, DMN, and SAL) are similarly affected by pathophysiological processes in rLLD and
aMCI Fig. 4), and this may indicate that there is a common
basis for the vulnerability of these patients to AD (Bero et al.,
2011; Myers et al., 2014; Thal, Rub, Orantes, & Braak, 2002).
In addition, certain networks are differentially affected by
rLLD and aMCI pathophysiological processes, and these differences lead to the induction of syndrome-specific neurodegenerative patterns Figs. 3 and 4). Meanwhile, the neurotoxic
effects of Ab may aggregate throughout highly interconnected
cortical hub regions (Lehmann et al., 2013; Myers et al., 2014),
especially in network cores with a high degree of connectivity
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Fig. 5 e Schematic model summarizing our findings and hypothesis. rpCBLMerMT connectivity involves a neural circuit that
is commonly altered in rLLD and aMCI and is associated with a high risk of developing AD. Three networks (SMN, DMN, and
SAL) are also similarly affected by pathophysiological processes in both rLLD and aMCI, which suggests a common basis for
vulnerability to AD. Certain networks are also differentially affected by rLLD and aMCI, and these differences lead to the
development of syndrome-specific neurodegenerative patterns. Note that it is not shown that some brain regions, or
“nodes”, from the same networks also show a reduced degree of intrinsic functional connectivity with all other “nodes”.
The present study hypothesizes the presence of a new framework for the development and spread of Ab aggregates and
misfolded tau proteins through neural networks that converge on a common altered neural circuit between rLLD and aMCI.
This process may contribute to the similarities observed during rLLD and aMCI conversion to AD. Abbreviations: aMCI,
amnestic mild cognitive impairment; rLLD, remitted late-life depression; DMN, default mode network; DAN, dorsal attention
network; CON, control network; SAL, salience network; SMN, sensory-motor network; rpCBLM, Right posterior cerebellum;
and rMT, right middle temporal.

that lie along the zone of decreased clearance of Ab in rLLD
and aMCI. Ab pathology would therefore spread throughout
the disrupted intrinsic network according to its connectivity,
and this may start in the SMN (Thal et al., 2002). Tau pathology, possibly driven by Ab (Chabrier et al., 2012), may develop
in these three networks, which are vulnerable to AD (Myers
et al., 2014; Thal et al., 2002). They could then spread transneuronally (de Calignon et al., 2012) into closely interconnected networks via the same mechanism. Eventually, the
pathology converges on a common neural circuit in both rLLD
and aMCI as a potential continuous spectrum of the same
disease, and this convergence is associated with a high risk of
developing AD.

4.4.

Caveats and limitations

It should be noted that several previous studies have used the
similar method to study altered patterns of connectivity in AD
or preclinical AD (Brier, Thomas, Fagan, et al., 2014; Brier et al.,
2012; Wang et al., 2015) and MCI patients (Wang et al., 2015;
Zhan et al., 2016). Wang and colleagues have suggested that
in MCI subjects, the interaction between sensorimotor and
attention functions is the first to be attacked (Wang et al.,
2015), and Zhan and colleagues have demonstrated that the
SAL as well as interactions between the default mode network
and the SAL are disrupted in MCI (Zhan et al., 2016). The
present study showed that there is a trend toward a reduced
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correlation in DMNeCON connectivity. One explanation for
the inconsistencies in these findings may be the greater statistical power of sensitivity that is provided by a greater effect
size, as in the present sample (i.e., 87 aMCI subjects in the
present study vs no more than 30 MCI subjects in previous
studies). Another potential reason is that our sample population was in the early clinical stage of MCI (with a mean age
68.9 years old in the current sample, which is younger than
the mean of 73.8 or 71.2 years old in previous studies). Hence,
future mega-analyses based on multi-center data are needed
to identify the most generalizable patterns of impairments in
these patients.
Some limitations of the present study should be noted.
First, there is considerable clinical and biological heterogeneity among rLLD and aMCI patients, and the recruitment of
these patients was based on only clinical criteria. Second, we
cannot avoid the limitations imposed by the use of crosssectional design. Future longitudinal studies will need to be
conducted that focus on the disease progression in the same
samples. Third, as discussed in one of our previous studies
(Zhan et al., 2016), we should note that another methodological consideration of the present analysis was the conversion
of the Pearson's correlation coefficient to positive indices,
which was performed using an exponential transformation
(Jiang et al., 2004). This transformation avoided the offsetting
effect of positive and negative correlations in investigations of
mean effects, but it ignored negative correlations that have
previously been demonstrated to be reasonable (Thompson &
Fransson, 2015; Zhan et al., 2016). Finally, the results of rsfcMRI were uncorrected at the integrity level, network level,
and edge level, and this might have contributed to Type II
errors. However, we performed a permutation test (10,000
permutations) and used bootstrapping (10,000 bootstrap
samplings) to confirm that our results did not occur by chance
to demonstrate that we appropriately corrected for the effects
of age, gender, education, and APOE genotype. All of these
methods increase the statistical power of the results in this
study. Therefore, our thorough analysis, applied from the
local to the global level, support the notion that our results
reveal a real mechanism by which pathological impairment
occurs in both rLLD and aMCI, and our findings can be
considered strong and stable.

5.

Conclusion

The current study provides novel insights into the functional
organization of RSNs, the altered sequences that are involved
in functional systems both inside and outside of RSNs, and the
alterations in functional interactions that occur between RSNs
in both rLLD and aMCI, which subserve multi-domain cognitive and behavioral functions. The results of this study suggest
that the development of rLLD and aMCI may involve both
convergent and divergent patterns of alterations in intranetwork and internetwork connections, and may be different
stages of disease progression in the same clinical disease
continuum. They further suggest that the dysfunctions in the
right specific temporal-cerebellum neural circuit may
contribute to the similarities observed during aMCI and rLLD
conversion to AD.
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