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Abstract Amnestic mild cognitive impairment MCI (aMCI)
has a high progression to Alzheimer’s disease (AD). Recently,
resting-state functional MRI (RS-fMRI) has been increasingly
utilized in studying the pathogenesis of aMCl, especially in
resting-state networks (RSNs). In the current study, we aimed
to explore abnormal RSN related to memory deficits in aMCI
patients compared to the aged-matched healthy control group
using RS-fMRI techniques. Firstly, we used ALFF (amplitude
of low-frequency fluctuation) method to define the regions of
interest (ROIs) which exhibited significant changes in aMCI
compared with the control group. Then, we divided these
ROIs into different networks in line with prior studies. The
aim of this study is to explore the functional connectivity
between these ROIs within networks and also to investigate
the connectivity between networks. Comparing aMCI to the
control group, our results showed that 1) the hippocampus
(HIPP) had decreased FC with the medial prefrontal cortex
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(mPFC) and inferior parietal lobe (IPL), and the mPFC
showed increased connectivity to IPL in the default mode
network; 2) the thalamus showed decreased FC with the pu-
tamen and HIPP, and the HIPP showed increased connectivity
to the putamen in the limbic system; 3) the supplementary
motor area had decreased FC with the middle temporal gyrus
and increased FC with the superior parietal lobe in the senso-
rimotor network; 4) increased connectivity between the lin-
gual gyrus and middle occipital gyrus in the visual network;
and 5) the DMN has reduced inter-network connectivities
with the SMN and VN. These findings indicated that func-
tional brain networks involved in cognition such as episodic
memory, sensorimotor and visual cognition in aMCI were
altered, and provided a new sight in understanding the impor-
tant subtype of aMCI.

Keywords Default mode network - Limbic system -
Sensorimotor network - Visual network - Functional
connectivity - Amnestic mild cognitive impairment

Introduction

Mild cognitive impairment (MCI) referring to patients who
experience cognitive impairments, is a transitional phase be-
tween Alzheimer’s disease (AD) and healthy aged people
(Feldman and Jacova, 2005; Petersen et al. 2001). Amnestic
MCI (aMCI), which is one of several MCI subtypes, is char-
acterized by primary memory impairment and has a high pro-
gression to AD at an annual rate between 6 %-25 % (Petersen
et al. 2014). Neuroimaging studies have shown that patients
with aMCI exhibit impairment in many cognitive functions
such as memory, sensorimotor, and visual ability (Baker
et al. 1996; Bokde et al. 2008; de Leon et al. 2001; Jin et al.
2012; Liet al. 2012).
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Recently, resting-state fMRI (RS-fMRI) has been increas-
ingly utilized in studying the pathogenesis of MCI patients. Li
et al. (2002) first used RS-fMRI to study the abnormalities of
intrinsic functional activity in aMCI subjects and observed
reduced regional correlations of spontaneous brain activity in
the hippocampus compared with a normal Control. song et al.
(2013) also utilized RS-fMRI to investigate functional and
structural changes of eight resting-state networks (RSNs) in
aMCI/AD and found that brain networks supporting complex
cognitive processes were progressively impaired due to brain
regions forming tight interconnected neural circuits rather than
isolated entities. Thus, it is important to explore interactions
between brain regions, especially within the resting-state net-
works. More and more researchers regarded the network as an
integral part to study neurophysiological diseases, and the re-
sults suggested that alterations of networks have been directly
related to disease pathology. For example, the default mode
network (DMN) has been cited in many introspective behaviors
including episodic memory processing, stream of conscious-
ness, and monitoring the internal and external environment
(Andrews-Hanna et al. 2010; Buckner et al. 2008; Buckner
and Carroll, 2007; Fair et al. 2008; Mazoyer et al. 2001;
Raichle et al. 2001b; Raichle and Snyder, 2007; Shulman
et al. 1997b), and the visual network (VN) is crucial for pro-
cessing visual information relating to visual cognition (Petroni
et al. 2001). AD/aMCI patients showed memory impairment
and visual cognition deficits tightly related to the functional loss
of the DMN and VN. Additionally, using a technique that com-
bined anatomical MRI and positron emission tomography
(PET), Peters et al. (2009) found severe reductions in metabo-
lism throughout the network of limbic structures (e.g., the hip-
pocampal complex and thalamus) which influences or produces
emotion and also participates in the activities of learning and
memory in patients with mild AD. In general, the research on
RSN can provide a broadened perspective on functional brain
disorders in the field of neuroimaging.

One main approach being used to characterize the RSN is
the regions of interest (ROI) analysis, requiring a priori selec-
tion of an ROI. Previously, independent component analysis
has been widely used in RS-fMRI to study the pathogenesis of
patients with aMCI (Beckmann et al. 2005; Damoiseaux et al.
2006; Jafri et al. 2008; Jin et al. 2012; Zhao et al. 2012).
However, this method explored the RS-fMRI signal from the
aspect of temporal correlation, not from the aspect of regional
activity (Zang et al. 2007). Subsequently, Zang et al. (2007)
proposed amplitude low-frequency fluctuations (ALFF) to as-
sess spontaneous brain activity in attention deficit hyperactiv-
ity disorder and found that it was able to represent different
physiological states of the brain during resting-state. Using
this method, many researchers successfully applied this index
in many diseases, including AD and aMCI (Han et al. 2011b;
Song et al. 2013; Wang et al. 2011; Zhao et al. 2014). On the
other hand, functional connectivity was first proposed by
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Biswal et al. (1995), attracting the attention of many re-
searchers to quantify the complex interaction between brain
regions in RSNs.

Based on the analysis above, we used the ALFF method to
explore abnormal brain regions and considered them as ROls.
Then, we divided these ROIs into different networks in line
with prior studies. The aim of this study is to explore the
functional connectivity between these ROIs within networks
and also to investigate the functional connectivity between
networks. We hypothesised that the functional connectivity
within and between networks presents abnormal in aMCI pa-
tients compared to the control group.

Materials and methods
ADNI

Data used in the preparation of this article were obtained from
the Alzheimer’s disease Neuroimaging Initiative (ADNI) da-
tabase (adni.loni.usc.edu). ADNI was launched in 2003 by the
National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food
and Drug Administration (FDA), private pharmaceutical com-
panies and non-profit organizations, such as a $60 million, 5-
year public-private partnership. The primary goal of ADNI
has been to test whether serial MRI, PET, other biological
markers, and clinical and neuropsychological assessment can
be combined to measure the progression of mild cognitive
impairment (MCI) and early Alzheimer’s disease (AD).
Determination of sensitive and specific markers of very early
AD progression is intended to aid researchers and clinicians to
develop new treatments and monitor their effectiveness, as
well as lessen the time and cost of clinical trials. For up-to-
date information, see www.adni-info.org.

Compliance with ethical standards

This study was carried out in accordance with the recommenda-
tions of ADNI database. All procedures performed in studies
involving human participants were in accordance with the ethical
standards of the institutional and/or national research committee
and with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards. Informed consent was obtained
from all individual participants included in the study (www.adni-
info.org). We also complied with ADNI’s requirement to
“submit all manuscripts to the ADNI Database and
Publications Committee (DPC) prior to submitting to a journal”.

Subjects

We downloaded 82 subjects’ (42 aMCI and 40 normal control
subjects) 3 T functional MRI data and clinical data from the
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ADNI publicly available database (http://adni.loni.usc.edu/).
Cognitive function was evaluated with the degree of dementia
determined by the clinical dementia rating scale (CDR) and
mini-mental state examination (MMSE) (Petersen et al. 2014).
Among them, 39 aMCI patients and 38 normal control sub-
jects were used in this study after 5 subjects (3 aMCI, 2
NC) were excluded due to excessive head motion (see
data preprocessing). Table 1 shows more details of clin-
ical and demographic data of the remaining subjects in
the two groups. There are significant differences in
MMSE and CDR scores, and No significant differences
in gender or age were noted.

fMRI data and T1 data acquisition

MR images were acquired on a 3.0-Tesla Philips MRI scanner.
Resting-state functional images were obtained by using an
echo-planar imaging (EPI) sequence with the following scan
parameters: repetition time (TR) = 3 s, echo time
(TE) = 30 ms, flip angle (FA) = 80°, number of slices =48,
slice thickness = 3.3 mm, voxel size = 3 x 3 x 3 mm>, and
acquisition matrix =64 x 64. 3D T1-weighted magnetization-
prepared rapid gradient echo (MP-RAGE) sagittal images
were acquired by using the following parameters:
TR = 6700 ms, TE = 3.1 ms, FA = 9°, slice thickness = 1.2 mm,
matrix =256 x 256 x 170. All original image files are avail-
able to the general scientific community.

Data preprocessing

The data preprocessing steps are similar with our previ-
ous studies (Cai et al. 2015; Cai et al. 2014). Data
preprocessing was carried out using the Data Processing
Assistant for Resting-State fMRI (DPARSF, http://rfmri.org/
DPARSF) (Chao-Gan and Yu-Feng, 2010), which is based on
Statistical Parametric Mapping (SPMS) (http://www.fil.ion.

Table 1 Demographics and clinical data of aMCI patients and control
group

aMCI (n = 39) NC (n = 38) P value
Gender (female/male) 20F/19M 19F/19M 1?
Age (years) 72.4 +5.01 73.92 +3.90 037
MMSE score 25.51 +2.88 29.28 + 0.88 0.01°
CDR score 0.50 + 0.00 0.00 + 0.00 0.001°
Head motion 0.31+0.24 0.26 £ 0.27 0.129°

Data: mean + standard deviation (SD);

aMCI patient with amnestic mild cognitive impairment, NC normal con-
trol subjects, MMSE Mini-Mental State Examination, CDR Clinical
Dementia Rating

#The P value was obtained by a two-tail Pearson chi-square test

°The P value was obtained by a two-sample #test

ucl.ac.uk/spm) and Resting-State fMRI Data Analysis
Toolkit (REST, http://www.restfmri.net) (Song et al. 2011).
Initially, the first 10 volumes of the functional images were
discarded due to signal equilibration of the magnetic field. The
remaining functional images had slice-timing correction done
for different signal acquisition between each slice and motion
effects (six-parameter rigid body). Participants with head mo-
tion exceeding 1.5 mm in any dimension of x, y and z or 1.5°
in any angular motion through the resting-state were excluded
for further analysis. Next, the remaining images (39 aMCI
patients and 38 normal subjects) were spatially normalized
to the Montreal neurological institute (MNI) space by a T1
anatomical image, which had been co-registered to the
mean functional image after motion correction using a
linear transformation and re-sampled to a voxel size of
3 mm X 3 mm x 3 mm. Finally, the functional images
were smoothed with a Gaussian kernel of 6 mm full
width at half maximum (FWHM) to decrease spatial
noise. After the linear trends had been removed to wipe
out any residual effects of motion and other non-
neuronal factors, a band-pass filter (0.01 Hz < f < 0.
08 Hz) was applied to the time series of each voxel to
reduce the effect of low-frequency drifts and high-
frequency noise such as respiratory and cardiac rhythms.
Finally, the nuisance covariates, including 6 head mo-
tion parameters, global mean signals, white matter sig-
nals and cerebrospinal fluid, were regressed for the next
analysis. Since the T1 images were used as an anatom-
ical reference, T1-weighted MRI images were obtained
using the FSL tool ‘BET’ (http://fsl.fmrib.ox.ac.uk/fsl/).

Head motion may have impact on resting-state fMRI met-
rics, such as the method of functional connectivity (Power
et al. 2012; Power et al. 2015; Satterthwaite et al. 2012; Van
Dijk et al. 2012). In order to examine if there are any differ-
ences in head motion between the two groups, we extracted
the head motion information of each subject in the two groups.
Then, we tested the group differences in head motion followed
those in Power et al. (2012)’s study and found that there are no
significant differences in head motion between the two groups
(Table 1).

ALFF analysis

The ALFF analysis was calculated using REST software to
select the ROIs. Briefly, the time series was converted to the
frequency domain using a Fast Fourier Transform. The square
root of the power spectrum was computed and then averaged
across 0.01-0.08 Hz at each voxel. This averaged square root
was taken as the ALFF. To reduce the global effects of
variability across subjects, the ALFF of each voxel was
divided by the global mean ALFF (mALFF) value for each
participant, generating a relative ALFF. Finally, we extracted
the grey volume of these ROIs using FMRIB’s Software
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Library (FSL) (http://fsl.fmrib.ox.ac.uk/fsl/) and then
contrasted that between aMCI and the control group to make
assistant analyses.

Functional connectivity analysis within and
between networks

When we obtained the ROIs that showed significant ALFF
differences between the two groups, we marked off these
ROIs into four networks. Then, a functional connectivity anal-
ysis was carried out within and between these networks. We
extracted the time series of each ROI, and then the temporal
correlation between paired-wise of ROIs was calculated on the
voxel time series within each network. For each of the net-
work, the network signal was defined as the mean time series
of the ROIs in the same network. The between-network con-
nectivity strength of each subject was calculated by Pearson’s
correlation between each pair of network signal. Design of the
current study is in Fig. 1.

Preprocessing

| ALFF

e

|

|

‘cnmm Variable

Fig.1 Design of the current study. Firstly, we preprocessed the necessary
data. Then, we conducted the ALFF analysis and compared the baseline
brain activity level between aMCI and control groups. Thirdly, among
these 12 altered brain regions (12 ROIs), we marked off four resting state
networks (RSNs) including the default mode network (DMN), limbic
system, sensorimotor network (SMN) and visual network (VN).
Fourthly, functional connectivity (FC) and functional network
connectivity (FNC) analysis were carried out within each RSN and
between networks respectively. Then we obtained the altered FC
within and between networks in the aMCI group. Finally, we
made a correlation analysis between the FC strength and the clinical
variable in the aMCI group

@ Springer

Relationship between functional connectivity strength
and clinical variable

We performed a correlation analysis between functional con-
nectivity strength and the clinical variable (MMSE) to explore
whether the functional connectivity strength had a relationship
with the clinical variable. The clinical variable was the Mini-
mental State Examination (MMSE). We also performed a cor-
relation analysis between functional network connectivity
strength and the MMSE. We used a statistical significance
level of p < 0.05 and corrected the p values using with multi-
ple comparison correction (False Discovery Rate (FDR)
correction).

Statistical analysis

After obtaining the mALFF of the two groups, a two-sample ¢-
test was applied to compare the differences in mALFF be-
tween patients with aMCI and normal control subjects with
ages and grey volumes as the covariance (threshold: & = 30
voxels, P < 0.05, FDR corrected). We averaged the FC
strength across the subjects of the two groups, and then ob-
tained the functional connectivity value between each pair of
ROIs each pair of networks. We used a Fisher’s r-to-z to con-
vert the correlation coefficients to z values to improve the
normality (Lowe et al. 1998). We applied a two-sample #-test
with the grey volumes of paired regions and ages as the co-
variance to detect the FC difference of each pair of ROIs and
each pair of networks between the aMCI and control group.
Then, we corrected each p value with multiple comparison
correction (P < 0.05, FDR correction).

Results
Altered ALFF in aMCI and selection of RSNs

Compared with normal controls, the patients with aMCI ex-
hibited a significant difference in ALFF including the left
middle temporal gyrus (MTQG), left middle occipital gyrus
(MOG), left and right superior parietal lobe (SPL), right infe-
rior parietal lobe (IPL), right hippocampus (HIPP), left and
right putamen (PUT), right thalamus (THAL), left medial pre-
frontal cortex (mPFC), supplementary motor area (SMA) and
left lingual gyrus (threshold: £ = 30 voxels, P < 0.05, FDR
corrected). Please refer to Fig. 2 to acquire more information.
Among these altered brain regions, we marked off four net-
works including the DMN, limbic system, sensorimotor net-
work (SMN) and VN: 1) the left mPFC, right IPL and right
HIPP belong to the DMN; 2) right HIPP, right THAL, and left
and right putamen belong to the limbic system; 3) right SMA,
left MTG, and left and right SPL belong to the SMN; 4) right
lingual gyrus and left MOG belong to the VN (Allen et al.
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Fig. 2 Brain regions of interest
showing significant ALFF
differences comparing the aMCI
group with the NC group. The red
color represents increased ALFF
and blue color represents
decreased ALFF. The statistical
threshold was set at p < 0.05 and a
minimum cluster size of 30
voxels (FDR corrected). All of the
abbreviations are shown in

Table 2

Regions of interest (

2011; Buckner et al. 2008; Greicius et al. 2003a; Gusnard
etal. 2001; Hanggi et al. 2010; Raichle et al. 2001b). In addi-
tion, we contrasted the grey volume of these ROIs between
aMCT and the control group and found that the right HIPP and
right putamen exhibited voluminal atrophy. See Fig. 3 for
more information.

Altered functional connectivity within and
between networks in the aMCI group

We found altered functional connectivity within four networks
in the aMCI group relative to the control group. Our results
showed that: 1) the HIPP had decreased FC with the mPFC
and IPL, and increased connectivity between the mPFC and
IPL in the default mode network; 2) the thalamus showed
decreased FC with the putamen and HIPP, and increased con-
nectivity between the HIPP and putamen in the limbic system;
3) the SMA had decreased FC with the MTG and increased

ALFF Increase ALFF Decrease)

FC with the right SPL in the sensorimotor network; and 4)
increased connectivity between the lingual gyrus and middle
occipital gyrus in the visual network. For more information
please see Fig. 4. Besides, we also detected reduced inter-
network connectivities between the DMN and SMN, and be-
tween the DMN and VN in aMCI group. No significant dif-
ferences of inter-network connectivity were found in other
networks (Fig. 5).

Relationship between FC Strength and clinical variables

To determine the relationship between FC strength and
MMSE scores of aMCI, we extracted the average FC strength
of all voxels between each pair of ROIs. Several connections
which had remarkable positive correlations between FC
values and MMSE scores were detected in the aMCI group.
These FCs included the connection between the left mPFC
and right HIPP and the connection between the right SMA

500 —

400 —

Grey volume

300 —

200 —

100 —

LMTG R.SPL

R.Lingual

R.THAL L.SPL

Fig. 3 Comparison of the grey volume of 12 ROIs between the aMCI
and control groups. The grey volume was obtained by cross-subject
averaging for aMCI (n = 39, light blue bar) and control (n = 38, light
green bar) groups. Error bars represent the standard deviation. The

L.HIPP

I Control
f_o_(l’s - M
P<0.05
R.HIPP L.MOG R.IPL L.putamen R.putamen L.mPFC

R.HIPP and right putamen showed significant differences in grey
volume between the two groups by the two-sample #tests (p < 0.05).
All of the abbreviations are shown in Table 2
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Fig. 4 Altered functional connectivity within the four networks in the
aMCI group. Compared with the control group, the aMCI group showed
that: 1) the R.HIPP had decreased FC with the L. mPFC and R.IPL (blue
lines), and the L. mPFC showed increased connectivity to the R.IPL (red
lines) in the default mode network; 2) the R. THAL showed decreased FC
with the putamen and HIPP (blue lines), and the HIPP showed increased
connectivity to the putamen (red lines) in the limbic system; 3) the
R.SMA had decreased FC with the LMTG (blue lines) and increased
FC with the right SPL (red lines) in the sensorimotor network; and 4)
increased connectivity between the right lingual gyrus and L.MOG (red
lines) in the visual network (p < 0.05). The number on the lines stands for
the statistic p value. No significant FC alterations were observed in the
other connections. All of the abbreviations are shown in Table 2

Fig. 5 Bar graph of the DMN-
SMN and DMN-VN connectivity r
strength in the two groups. The
functional network connectivity
strength of DMN-SMN and
DMN-VN differed significantly
in the control group compared
with the aMCI (p = 0.019 and

p = 0.026) groups. The aMCI
group is indicated by black
rectangles, the control group is
indicated by white rectangles. The
error bars represent the standard
error of each group

09

Functional network connectivity strength

DMN-SMN
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p=0.019

and left MTG. No significant correlations were detected in
other connections. For more information refer to Fig. 6.
Besides, there are no significant correlations between func-
tional network connectivity strength and the MMSE.

Discussion

In the current study, we employed ALFF to define the ROIs
which exhibited significant changes in spontaneous brain ac-
tivity when comparing aMCI with the control group. Then, we
divided these ROIs into different networks in line with prior
studies. The aim of this study is to explore the functional
connectivity between these ROIs within networks and also
to investigate the functional connectivity between networks.
We found that 1) the altered brain regions were distributed
within four networks, which included the DMN, SMN, VN
and limbic system; 2) the functional connectivity within the
four networks was changed in the aMCI group; and 3) the
inter-network connectivity between several networks was
changed. The evidence indicated that there were differences
in the resting state networks related to cognition compared
with the age-matched control group.

Altered ALFF in aMCI

In this study, we found that there were a set of regions showed
significant differences in spontaneous brain activity when

-V
[ |control

p=0.026

]

DMN-VN
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comparing aMCI with the control group (Fig. 2 and Table 2).
The decreased brain spontaneous activity in the mPFC, HIPP,
THAL and putamen are consistent with previous studies (Han
et al. 2011b; Rombouts et al. 2007; Wang et al. 2011). The
reduced ALFF in the lingual gyrus is a new finding in the
current study. The lingual gyrus is an important region to
process visual function and destruction of it can affect visual
processing. In addition, we also detected increased ALFF in
MTG, SPL and MOG. Wang et al. (2011) found increased
activity in the lateral temporal regions and superior parietal
regions in aMCI as compared with controls. A previous RS-
fMRI study has revealed that aMCI patients had increased
connectivity in the middle temporal region relative to the con-
trol group (Qi et al. 2010). Using PET, Truchot et al. (2008)
observed a significant increase in metabolism in the occipital
region in aMCI. Likewise, increased occipital activities in AD

were also found during the performance of cognitive tasks
(Backman et al. 2000; Prvulovic et al. 2002). These previous
results provided further support for our findings. Moreover,
our findings of increased ALFF in aMCI suggested that the
patients had relative preservation of brain spontaneous activity
in these regions.

Altered functional connectivity within the RSNs in aMCI

The DMN has the highest metabolic activity at rest (Raichle
et al. 2001a) and presents “deactivation” during various tasks
(O’Callaghan et al. 2015; Shulman et al. 1997a). Connectivity
of the DMN plays a pivotal role in the activity of human
cognition such as the integration of short-term memory and
episodic retrieval (Greicius et al. 2003b). Dunn et al. (2014)
have revealed that deficits in episodic memory retrieval is
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Table 2 Brain regions of interest

(ROIs) showing significant ROIs Abbreviations BA MNI coordinates Max T

changes in amplitude of low-

frequency fluctuation (ALFF) x y z

between aMCI and the control

group Left middle temporal gyrus LMTG 20 —49 —-19 -15 3.362
Right superior parietal lobe R.SPL 7 34 —54 60 2.744
Right lingual gyrus R.Lingual 27 18 -38 1 -3.17
Right thalamus R.THAL N/A 6 —-18 14 -3.24
Left superior parietal lobe L.SPL 7 —20 —68 51 2.794
Right supplementary motor area R.SMA 6 12 -1 51 -3.01
Right hippocampus R.HIPP 20 37 —-18 -15 —2.827
Left middle occipital gyrus LMOG 19 —43 —81 6 3.896
Right inferior parietal lobe R.IPL 7 30 —49 52 3319
Left putamen L.Putamen N/A —28 -3 6 -2.932
Right putamen R.Putamen 48 29 11 6 —4.169
Left medial prefrontal cortex L.mPFC 32 -9 45 25 -2.976

The T value was obtained by a two-tailed two-sample #-test (P < 0.05, False Discovery Rate (FDR) corrected)

related to impaired DMN connectivity in amnestic MCI. In
this study, we found that patients with aMCI showed de-
creased connectivity between the right HIPP and left mPFC,
and between the right HIPP and right IPL suggested that the
connectivity of DMN appeared abnormal. The abnormal
connectivity in DMN might have relationship with the
deficits in episodic memory retrieval. The HIPP is an
important brain region in the DMN. Hirano et al. (1962) found
that neurofibrillary tangles selectively afflict specific cortical
layers in the HIPP. Lacoste et al. (1993) demonstrated that
these specific cortical layers serve as the gateway of neural
projection between the HIPP and the rest of the brain.
Therefore, damage in the specific cortical layers might affect
the connectivity between the HIPP and the other cerebral cor-
tex (Hyman et al. 1986; Hyman et al. 1984) and enhance the
probability that functional interactions between them might be
abnormal in patients with aMCI (Delbeuck et al. 2003). The
mPFC and IPL showed decreased connectivity relative to the
HIPP which most likely contributed to the impact of specific
cortical layers in the HIPP. Moreover, there is some evidence
demonstrating that the mPFC is involved in episodic retrieval,
especially the autobiographical event from neuroimaging
studies (Cabeza et al. 2004; Levine et al. 2004). For example,
Cabeza et al. (2004) detected aberrant brain activity in a net-
work including the HIPP, mPFC, bilateral visual cortices and
IPL during an autobiographic retrieval task. The disconnected
brain areas which we found in the current study overlapped
considerably with these aberrant regions. More importantly,
we examined the loss of grey volume in the HIPP (Fig. 4).
Atrophy is regarded as an important marker of neurodegener-
ative pathology. In addition to HIPP atrophy, we also found
the FC strength between the HIPP and mPFC had a positive
correlation with clinical scores (Fig. 6). Combining these facts
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with our finding, the decreased HIPP connectivity with the
mPFC and IPL suggested that decreased activity of the
DMN contributed to episodic memory impairment in patients.
In addition to the reduced connectivity within the DMN, in-
creased connectivity between the mPFC and right IPL was
also detected in aMCI patients. The mPFC is vital for episodic
retrieval and the IPL is reported to be involved in short-term
memory storage and retrieval (Todd and Marois, 2004).
Previous studies showed that the early stage of AD patients
presented increased functional connectivity within the pre-
frontal regions during various memory tasks (Pariente et al.
2005). This increased connectivity has been interpreted to be
compensatory recruitment of cognitive resources to maintain
task performance (Gould et al. 2006; Grady et al. 2003). The
increased interactions between the mPFC and IPL observed in
our study potentially indicated that patients possess a relative
boost in short-term memory function compared with the con-
trol group. The enhanced short-term memory temporarily
remedied its defect in long-term memory. With the worsening
of the disease, short-term memory would eventually be lost.
Our findings provided further support that aMCI patients
could utilize additional brain resources in the frontal lobe to
compensate for the deficit in cognitive function. Moreover,
increased connectivity between the mPFC and IPL was con-
sistent with one of our previous studies (Zhong et al. 2014).
In the limbic system, the right THAL exhibited decreased
connectivity to the right HIPP and right putamen. The HIPP is
the primary brain region of neuronal degeneration in
Alzheimer’s disease (Braak et al. 2006). As we mentioned
before, we also examined grey volume atrophy in the HIPP
(Fig. 4). Moreover, Zarei et al. (2010) successfully detected
regional THAL atrophy in AD combining shape and connec-
tivity methods. The decreased connectivity between the HIPP
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and THAL might be due to grey matter atrophy suggesting
altered degeneration in the thalamo-hippocampal circuit. This
result was consistent with a previous study of THAL function-
al connectivity which also detected decreased connectivity
between the THAL and HIPP (Cai et al. 2014). Besides, a
new findings is the right putamen exhibited decreased connec-
tivity to its other side and THAL (Fig. 4). For many years, the
functional connectivity of putamen very little has been report-
ed in AD patients. Some previous literatures showed that the
putamen, as part of the striatum, is observed as being active in
working memory tasks (Dahlin et al. 2008) and probabilistic
learning tasks (Bellebaum et al. 2008; Graybiel, 2005).
Furthermore, the putamen was correlated with the occurrence
of dementia in other neurodegenerative disorders, such as
Parkinson’s disease (Emre 2003). In addition, we demonstrat-
ed that the volume of putamen is reduced in aMCI group. This
finding suggested that deep grey matter structure in aMCI
suffer atrophy and is consistent with a result of putamen re-
ported by Jong et al. (2008). Thus, our finding of impaired
functional connectivity and volumetric atrophy of putamen
together with the recognition that AD pathology hinted that
the putamen is an important brain region worthy of our atten-
tion. In contrast to the putamen, more information is known on
the THAL and its cognitive functions involved in suppressing
irrelevant sensory input and directing attention (Newman,
1995). Grey matter structures in aMCI suffered atrophy in
the putamen and a reduced connection between putamen and
the THAL indicated that degenerative processes in these re-
gions, like the HIPP, might lead to cognitive decline in
Alzheimer’s disease. In addition to decreased connectivity,
we found increased connectivity between the right HIPP and
putamen as well. The enhanced connectivity is in order to
compensate the reduced connectivity from the right HIPP
and right putamen to the THAL which we have mentioned
above. In summary, alterations in the limbic system, which is
implicated in working memory, learning and some other cog-
nitive functions, could explain a set of the clinical character-
istics of AD.

In the SMN, likewise, we also detected several abnormal
connections. A recent work conducted by Wang et al. (2015)
reported that intra-network connectivity of SMN were im-
paired in AD and then extended to the key functional systems
in the AD individuals. In the current study, we confirmed the
abnormal connectivities within SMN. The SMA is mainly
involved in movement of production and control (Luppino
et al. 1993) and the role of the superior parietal lobe (SPL) is
to maintain internal representations (Wolpert et al. 1998).
Yetkin et al. (2006) found that aMCI patients had more func-
tional activation in the SMA during a working memory task as
compared with controls. The increased functional connectivi-
ty between the SMA and right SPL has been proposed as a
compensatory reallocation or recruitment of motion and sen-
sation cognitive resources in aMCI patients. Except for

increased connectivity, we found the SMA had decreased con-
nectivity with the left middle temporal gyrus (MTQ).
Felleman et al. (1987) demonstrated that the middle temporal
visual area of primates plays a remarkable role in the visual
motion function using physiological experiments, and
Newsome et al. (1988) observed there was selective damage
of motion perception following lesions of the middle temporal
visual area. Thus, the decreased connectivity between the
SMA and MTG might be due to lesions in the MTG.
Interestingly, we also observed that the functional connectiv-
ity strength between SMA and MTG had a positive correlation
with MMSE scores (Fig. 6). Combining our findings and pre-
vious studies, we could obtain that the changes in functional
connectivity had been expanded to the primary motor region
in aMCI patients.

In addition, we detected increased connectivity between
the right lingual gyrus and left middle occipital gyrus
(MOG) in the visual network. The lingual gyrus is a signifi-
cant brain area to process visual function and bilateral destruc-
tion of the lingual gyrus can affect complex visual processing.
However, a deficit in the lingual gyrus alone is not sufficient to
lead to impaired visual processing. A study reported that the
MOG is located in the primary visual cortex and appears to be
involved in processing visual recognition. The abnormal con-
nectivity between them would lead to impaired visual cogni-
tion in aMCI patients. This interpretation supported and ex-
tended several previous studies indicating that AD could im-
pact many aspects of visual processing, such as perceptual
discrimination, spatial frequency, colors, orientation and ob-
jects (A., 1995; Cronin-Golomb et al. 1993; Kurylo et al.
1994; Rizzo et al. 2000). From another aspect, Golby et al.
(2005) reported that the AD group presented intact implicit
memory, as well as intact implicit encoding in the occipital
cortex. The increased connectivity between the MOG and
lingual gyrus might help guarantee intact implicit memory in
patients.

Altered functional network connectivity between RSNs
in aMCI

Besides, we also detected the DMN has reduced inter-network
connectivities with the SMN and VN in aMCI group (Fig. 5).
Resting-state functional connectivity and network analysis
provides an important tool for mapping large-scale function
and dysfunction in the brain system. The phenomenon of ab-
normal inter-network connectivity between the DMN and the
SMN and VN prompted us to rethink the role of the interac-
tions between the RSNs in understanding AD pathology.
Upon we have mentioned above, The DMN plays a key role
in cognitive processes, and the SMN, composed of the prima-
ry visual, auditory and somatomotor cortices, plays a role in
receiving external signals which could aid in perceiving the
world, selecting the relevant information and determining the
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target. The visual network mainly involved in processing and
integrating visual information (Greicius et al. 2003b; Petroni
et al. 2001; Wolpert et al. 1995). The multiple integrations of
cognitive systems, sensorimotor and visual cognition provide
the signals for the organism to perceive and respond to its
environment. In other words, deficits in any of these compo-
nents will result in impaired function at the clinical level
(Albers et al. 2015; Cabeza et al. 2008). Usually, lesions in
memory, vision and sensory or motor are seen as features of
aging; clinically, the performance of these functions is poor in
MCI patients and even worse in AD (Galton et al. 2000). Our
research prompted us to infer that the impaired connectivity
within the SMN, VN and DMN or reduced connectivity be-
tween them might be one of the reasons for the cognitive
deficits in the early stages of AD. Moreover, convergence
evidence has indicated that AD pathology develops over
many years, raising the infusive possibility that daily cognitive
deficits, even very slight such as lessened sensorimotor and
visual ability may be early, noninvasive markers for AD
(Albers et al. 2015).

Two concerns need to be taken into account in the current
study. First, we removed the global signal as this regressor
might be associated with variance in fMRI functional connec-
tivity analyses (Desjardins et al. 2001). However, there is
much debate about regressing the global mean signal. We will
explore this issue in the future. Second, there are also a set of
studies applying whole-brain connectivity to investigate the
brain mechanism of neurodegenerative disorders such as
(Bai et al. 2011). We recognized the importance of global
(whole-brain) connectivity. We will carry out our research
by using the global connectivity to study the pathogenesis of
AD and find potential biomarkers to diagnose and predict AD.

Conclusions

In summary, the purpose of the current study was to explore
the functional alterations on the integrity of resting-state net-
works in the aMCI relative to the control group. Our results
demonstrated that the patient group showed altered functional
brain networks involved in cognition such as memory, senso-
rimotor and visual cognition including the DMN, limbic sys-
tem, SMN and VN networks. These findings provided new
insight in perceiving the crucial subtype of aMCIL.
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