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Abstract

Altered functional characteristics have been reported in amnestic mild cognitive impairment (aMCI) and Alzheimer’s disease
(AD); nonetheless, comprehensive analyses of the resting-state networks (RSNs) are rare. This study combined multiple
imaging modalities to investigate the functional and structural changes within each RSN and between RSNs in aMCI/AD
patients. Eight RSNs were identified from functional MRI data from 35 AD, 18 aMCI and 21 normal control subjects using
independent component analysis. We compared functional connectivity (FC) within each RSN and found decreased FC in
the several cognitive-related RSNs in AD, including the bilateral precuneus of the precuneus network, the posterior
cingulate cortex and left precuneus of the posterior default mode network (DMN), and the left superior parietal lobule of
the left frontoparietal network (LFP). We further compared the grey matter volumes and amplitudes of low-frequency
fluctuations of these regions and found decreases in these measures in AD. Importantly, we found decreased inter-network
connectivity between the visual network and the LFP and between the anterior and posterior DMNs in AD. All indices in
aMCI patients were numerically between those of controls and AD patients. These results suggest that the brain networks
supporting complex cognitive processes are specifically and progressively impaired over the course of AD, and the FC
impairments are present not only within networks but also between networks.
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Introduction

Alzheimer’s disease (AD) is the most common type of dementia

in the elderly population and is clinically characterized by an early

impairment of memory function, followed by a slow progression of

additional cognitive deficits that ultimately develop into overt

dementia. AD is a genetically complex and irreversible neurode-

generative disease of the central nervous system with an insidious

onset, but its pathogenesis is poorly understood, and effective

therapies remain elusive. Mild cognitive impairment (MCI),

especially amnestic MCI (aMCI), is considered an intermediary

state between normal cognition and AD [1,2]. Much evidence has

shown that AD is associated with cortical atrophy and a disruption

of metabolism and function [3,4]. Neuropsychological studies have

shown that patients with AD exhibit impairments in multiple

cognitive domains, such as episodic memory, execution, attention,

visuospatial orientation, and verbal ability [5], which suggests that

AD is a disorder that causes deficits in multiple neural networks

[6]. A better understanding of the neurobiology of AD requires

investigations at the brain network level.

Independent component analysis (ICA) of resting-state func-

tional MRI (fMRI) data is intrinsically a multivariate, data-driven

method that extracts from the BOLD time series a number of

independent resting-state networks (RSNs) (spatial components),

each with its own specific time course [7,8]. The common RSNs

include the default mode network (DMN), the frontoparietal

network (FPN), the central-executive network (CEN), the visual

network (VN), the auditory network (AN), and the sensorimotor

network (SMN) [9–14]. Among these RSNs, the DMN has been

extensively investigated and found to be impaired in MCI/AD

patients [15–21]. Recently, several studies have revealed that MCI

or AD patients also show functional changes in other RSNs, such

as the attention-related networks [22,23], the frontal cognitive

networks [24,25], the self-referential network [26], and the motor

and visual processing networks [27,28]. Currently, we still have a

limited understanding of the changes in the functional architecture

of the non-DMN networks in AD/MCI patients. More impor-

tantly, whether the FCs between different RSNs are altered in

MCI/AD patients remains largely unknown, although a recent

region of interest (ROI)-based FC study revealed decreased

network connectivity in AD [29], and a resting-state fMRI study

discovered altered directional connectivity among RSNs in AD

[30]. FC between different brain functional networks that can be

considered a larger scale of FC is termed functional network

connectivity (FNC) [31]. FNC can also be investigated with ICA

because different ICA components are maximally spatially

independent, but their corresponding time courses can show
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considerable amounts of temporal dependency. Thus, FNC

analysis can be performed by analyzing the dependencies among

ICA time courses.

In the present study, we performed a comprehensive analysis on

both structural and functional MRI data from normal controls

(NC) and patients with aMCI/AD to answer the following

questions. Which RSNs are selectively impaired in AD, and are

these RSNs also impaired in aMCI [25]? Do brain areas with

impaired FC in a RSN in AD also exhibit alterations in grey

matter volume (GMV) or regional brain activity as assessed by the

amplitude of low-frequency fluctuations (ALFF)? Which functional

changes are independent of the structural changes [32,33]? And

are FNCs also changed in MCI/AD patients [29,30]?

Materials and Methods

Subjects
This study was approved by the Medical Research Ethics

Committee of Xuanwu Hospital of Capital Medical University,

and written informed consent was obtained from all participants.

Eighty-seven older subjects underwent a standard dementia

screening that included acquisition of a medical history, physical

and neurological examinations, screening laboratory tests, exten-

sive neuropsychological testing and brain MRI. Cognitive function

was evaluated with the mini-mental state examination (MMSE),

and the degree of dementia was determined by the clinical

dementia rating scale (CDR). The diagnosis of AD met the

NINCDS-ADRDA (National Institute of Neurological Commu-

nicative Disorders and Stroke and the Alzheimer’s Disease and

Related Disorders Association) criteria for ‘‘probable AD’’ [34].

The diagnosis of aMCI met the Petersen criteria, which is based

on cognitive impairments that predominantly affect memory in the

absence of dementia or significant functional loss [35], and a

clinical dementia rating (CDR) score of 0.5 [36]. All subjects

satisfied the following criteria: (1) age of 50–90 years; (2) ability to

cooperatively finish all tests; (3) free of definite stroke history; and

(4) free of any serious medical, neurological (except for AD) or

psychiatric disorders, or a history of brain injury. We excluded

mixed dementia and other brain disorders based on conventional

MR images. Two experienced radiologists assessed conventional

MR images of each subject and excluded subjects who satisfied

any of the following criteria: (1) with any brain lesions except for

lacunar infarction and white matter hyperintensity; (2) with more

than one lacunar infarction which is defined as a maximal lesion

diameter of ,1 cm; and (3) with moderate to severe white matter

hyperintensity as assessed by a Fazekas scale of .2. The Fazekas

scale is a widely used measure (grades from 0 to 6) to assess the

severity of white matter hyperintensity [37]. These older subjects

were categorized into 28 NC, 20 aMCI patients, and 39 AD

patients. Thirteen additional subjects were excluded due to

excessive head motion during MR scanning or poor image

quality. In total, 74 subjects, including 21 NC, 18 aMCI, and 35

AD, were included in the further analyses. The demographic and

neuropsychological data for the 74 subjects are shown in Table 1.

MRI Acquisition
MR images were acquired on a 3.0 Tesla MR scanner

(Magnetom Trio, Siemens, Germany). Resting-state fMRI scans

were acquired with an echo planar imaging (EPI) sequence with

the following scan parameters: repetition time (TR) = 2000 ms,

echo time (TE) = 30 ms, flip angle (FA) = 90u, matrix = 64664,

field of view (FOV) = 2206220 mm2, slice thickness = 3 mm, and

slice gap= 1 mm. Each brain volume comprised 32 axial slices,

and 180 volumes were acquired. During fMRI scans, all subjects

were instructed to keep their eyes closed, to stay as motionless as

possible, to think of nothing in particular, and not to fall asleep.

Sagittal T1-weighted MR images were acquired by a magnetiza-

tion prepared rapid gradient echo (MP-RAGE) sequence (TR/

TE=2000/2.6 ms; FA= 9u; matrix = 2566224;

FOV=2566224 mm2; inversion time= 900 ms; slice thick-

ness = 1 mm, no gap; 176 slices; a voxel size of

1 mm61 mm61 mm).

Data Preprocessing
fMRI preprocessing. The fMRI data were analyzed using

the Data Processing Assistant for Resting-State fMRI (DPARSFA)

[38]. The first 10 volumes from each subject were discarded to

allow the signal reach equilibrium and the participants adapt to

the scanning noise. The remaining 170 volumes were corrected for

acquisition time delay between different slices. Then, head motion

parameters were estimated, and each volume was realigned to the

mean map of the whole volume to correct for geometrical

displacements using a six-parameter rigid-body transformation.

Five subjects were excluded from further analysis because they had

maximum displacements in one or more of the orthogonal

directions (x, y, z) of .3 mm or a maximum rotation (x, y, z)

.3.0u. The data were spatially normalized to the standard EPI

template and re-sampled to 2-mm3 voxels. The normalized data

were smoothed with a 4 mm full-width at half-maximum (FWHM)

Gaussian kernel.

Identification of RSNs. We performed ICA using the group

ICA (GICA) of the fMRI toolbox (Stable and Consistent Group

ICA of the fMRI Toolbox, version 1.2; http://www.nitrc.org/

projects/cogicat/) that was established for the analysis of fMRI

data. Recently, Zhang et al. found that in multi-stage principal

component analysis (PCA) reduction, which is adopted and

implemented in GIFT [39] and MELODIC [40], different subject

concatenation orders (SCOs) produce variation in the GICA

results. To achieve robust and accurate results, an improved

algorithm, the Subject Order Independent Group ICA (SOI-

GICA) [41], was implemented multiple times with randomized

initial values and different subject orders. Then, the multiple

results were integrated to form the final output. The toolbox

supports a GICA approach that first concatenates the individual

data across time and subsequently computes the subject specific

components and time courses. The toolbox performed the analysis

in three stages: (i) data reduction, (ii) application of the ICA

algorithm, and (iii) back-reconstruction for each individual subject.

In the present study, we adopted the SOI-GICA, performed

Table 1. Demographic information and clinical measures of
the NC, aMCI, and AD groups.

NC aMCI AD P values

Number of subjects 21 18 35

Gender(males/females) 7/14 10/8 17/18 0.348

Age (years) 65.068.1 70.267.9 65.868.3 ,0.001

Years of education 11.064.4 9.464.8 10.664.2 0.030

MMSE 28.561.4 21.965.0 10.166.7 ,0.001

CDR 0 0.5 1.6360.69

Data are shown as the means 6 the standard deviations. The P values refer to
analysis of variance or chi square tests. Abbreviations: AD, Alzheimer’s disease;
aMCI, amnestic mild cognitive impairment; CDR, Clinical Dementia Rating;
MMSE, Mini-Mental State Examination; NC, normal control.
doi:10.1371/journal.pone.0063727.t001
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GICA 100 times, and obtained 20 independent components (ICs).

Eight meaningful components were identified as RSNs via visual

inspection. The individual-level components were obtained from

back-reconstruction and converted into z-scores, which reflect the

degree to which the time series of a given voxel correlates with the

mean time series of the component to which it belongs.

ALFF calculation. The ALFF was computed using the

DPARSFA [38]. Because the ALFF represents the low-frequency

band, linear-trend removing and temporal band-pass filtering

(0.01–0.08 Hz) were performed on the time series of each voxel to

reduce the effects of very-low-frequency drift and high-frequency

noise [42,43]. Then, the time series of each voxel was transformed

to the frequency domain using the fast Fourier transform

(parameters: taper percent = 0, length = shortest), and the power

spectrum was obtained. The square root of the power spectrum

was calculated at each frequency and averaged across 0.01–

0.08 Hz for each voxel. This averaged square root was taken as

the ALFF [44]. For standardization purposes, the ALFF of each

voxel was divided by the global mean ALFF within the brain tissue

mask. The standardized ALFF of each voxel should have a value

of approximately 1, and this standardization procedure is

analogous to that used in PET studies [45]. Finally, spatial

smoothing was conducted on the standardized ALFF map of each

subject with an isotropic Gaussian kernel of 4 mm full-width at

half-maximum.

Structural MRI preprocessing. Voxel-based morphometry

(VBM) analysis was performed using Statistical Parametric

Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm/software/

spm8). The structural MR images were segmented into grey

matter (GM), white matter and cerebrospinal fluid [46]. Following

segmentation, GM population templates were generated from the

entire image dataset using diffeomorphic anatomical registration

through the exponentiated Lie algebra (DARTEL) technique [47].

After an initial affine registration of the GM DARTEL template to

the tissue probability map in Montreal Neurological Institute

(MNI) space (http://www.mni.mcgill.ca/), non-linear warping of

GM images was performed to the DARTEL GM template in MNI

space with a resolution of 1.5-mm3 (as recommended for the

DARTEL procedure). The GMV of each voxel was obtained by

multiplying the GM concentration map by the non-linear

determinants derived from the spatial normalization step. The

GMVs represent the probability that each voxel is grey matter

with a correction for individual brain sizes. Finally, to compensate

for residual between-subject anatomical differences, the GMV

images were smoothed with a FWHM kernel of 4 mm. In effect,

the analysis of modulated data tests for regional differences in the

absolute volume of the brain and removes the confounding effect

of variance in individual brain sizes. After spatial pre-processing,

the smoothed, modulated, normalized GMV maps were used for

statistical analysis.

Statistical Analysis
All statistical analysis in this study, other than those included in

the MRI analysis tools, were performed using Statistical Package

for the Social Sciences version 16.0 (SPSS, Chicago, Ill). Post hoc

contrasts were tested with the Bonferroni correction (P,0.05) for

multiple comparisons. ICA components representing RSNs were

entered into a one-sample random-effect analyses in SPM8 using a

family-wise error (FWE) correction (P,0.05 and T=8) and a

cluster size of .100 voxels, to create a sample-specific component

map (Fig. 1). All of the following statistical analyses were

performed with age, sex, and years of education as covariates of

no interest.

The FNC was computed for each pair of the 8 RSNs. We first

extracted the mean time series of each RSN of each subject. Then

FNC between each pair of the RSNs was calculated using pair-

wise correlation between the mean time series of the two RSNs

[48]. A one-way analysis of variance (ANOVA) was used to test

which pairs of inter-network FC (FNC) showed significant

differences across the three groups. Multiple comparisons were

corrected using the Bonferroni method (P,0.05, corrected). The

uncorrected P,(corrected P=0.05)/(number of compari-

sons = 28). When a significant group difference was detected, a

post hoc comparison was performed to test the differences in FNCs

between every two groups (P,0.05, Bonferroni correction;

uncorrected P value = 0.05/3= 0.017).

For the intra-network analyses, we first compared the intra-

network FCs among the three groups in a voxel-wise manner using

ANOVA with a false discovery rate (FDR) corrected threshold of

P,0.05 and a cluster size of .20 voxels. To further determine

whether brain areas with impaired intra-network FC in AD also

exhibited alterations in GMV or regional brain activity as assessed

by ALFF, brain regions whose intra-network FCs showed

Figure 1. Cortical representation of the 8 resting state networks (RSNs) identified by independent component analysis. Data are
displayed on the lateral and medial surfaces of the left and right hemispheres of a brain surface map using CARET software [106]. The color scale
represents T values in each RSN. Abbreviations: aDMN, anterior default mode network; AN, auditory network; LFP, left frontoparietal network; Pcu,
precuneus network; pDMN, posterior default mode network; RFP, right frontoparietal network; SMN, sensorimotor network; VN, visual network.
doi:10.1371/journal.pone.0063727.g001

Figure 2. Group differences in functional network connectivity
(FNC). The x-axis represents the pairs of networks, and the y-axis
represents the strength of the FNC. Error bars indicate the standard
errors of the means. *P,0.05, uncorrected; **P,0.05, Bonferroni
corrected. Abbreviations: AD, Alzheimer’s disease; aDMN, anterior
default mode network; aMCI, amnestic mild cognitive impairment;
LFP, left frontoparietal network; NC, normal controls; pDMN, posterior
default mode network; VN, visual network.
doi:10.1371/journal.pone.0063727.g002
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significant differences among the three groups were extracted as

regions of interest (ROIs). After registration of the FC, ALFF, and

GMV maps and ROI resampling, the ALFF and GMV of each

ROI were extracted and compared among the three groups using

ANOVA and post hoc analysis. To exclude the atrophy effect on

the FC and ALFF comparisons, we also repeated the ROI-based

analyses of FC and ALFF by controlling for the GMV of each

ROI.

Finally, partial correlation analysis was performed to investigate

the association between the GMV of each ROI and the MMSE

scores in AD and aMCI groups with age, sex, and years of

education as covariates of no interest. Similar analyses were also

performed for the intra-network FC and ALFF. Moreover, the

same analyses for the functional measures were repeated after

treating the GMV of each ROI as an additional covariate of no

interest. Partial correlation analysis was also performed for the

inter-network FC, with and without treating the mean GMV of

the whole brain as an additional covariate of no interest. The

statistical threshold for these correlation analyses was P,0.05.

Results

Components of the RSNs
Eight RSNs were identified by the SOI-GICA technique. The

RSNs were the SMN, VN, AN, precuneus (Pcu), anterior (aDMN)

and posterior (pDMN) DMN, and left (LFP) and right (RFP) FPN

(Fig. 1). The components and locations of each RSN were

consistent with previous studies [27,49].

Aberrant FC between RSNs
Compared with the NC group, AD patients showed significantly

(P,0.05, Bonferroni correction) decreased FNCs between the

aDMN and pDMN and between the VN and LFP. The values of

the aMCI group were numerically between the NC and AD

groups (Fig. 2). Although there were no significant (P,0.05,

Bonferroni correction) differences in the FNCs of the NC and

aMCI patients or the MCI and AD patients, AD patients showed a

trend toward decreased (P,0.05, uncorrected) FNC between the

aDMN and pDMN compared to the aMCI patients.

Aberrant FC within RSNs
We compared the intra-network FCs among the three groups in

a voxel-wise manner and extracted these significant brain regions

as ROIs (Fig. 3 and Table 2). AD patients showed significantly

decreased FCs in the bilateral (B-Pcu) and right (R-Pcu) Pcu of the

Pcu network, the posterior cingulate cortex (PCC) and left Pcu (L-

Pcu) of the pDMN, and the left superior parietal lobule (L-SPL) of

the left FPN compared with the NCs (Fig. 4A). All of the

comparisons between aMCI and AD patients were significant

(P,0.05, Bonferroni correction). The FC values of these ROIs of

aMCI patients were numerically between those of the NCs and

AD patients. Compared with NCs, aMCI patients showed

significantly (P,0.05, Bonferroni correction) decreased FC in

the PCC.

AD patients had significant decreases in GMV in several ROIs,

such as the PCC and Pcu, which could explain the intra-network

FC differences between groups [50]. Thus, we repeated the ROI-

based intra-network FC comparisons while controlling for the

GMV of each ROI. After GMV correction, compared with aMCI

patients, AD patients showed only a trend toward decreased

(P,0.05, uncorrected) FCs in the ROIs of the pDMN, and the

other results did not change (Fig. 4B).

Aberrant ALFF within RSNs
We also performed ROI-based ALFF analysis to reveal

differences in regional brain activity across the three groups.

Compared with the NC, we found that the ALFF was significantly

(P,0.05, Bonferroni correction) decreased in all five ROIs of the

AD patients. Compared with aMCI patients, AD patients showed

significantly (P,0.05, Bonferroni correction) decreased ALFF in

the R-Pcu, B-Pcu, PCC and L-SPL and exhibited a trend toward

decreased (P,0.05, uncorrected) ALFF in the L-Pcu. The aMCI

group showed a trend toward decreased (P,0.05, uncorrected)

ALFF in the PCC relative to the NC group. Notably, the ALFFs of

the aMCI group were numerically between the NC and AD

groups (Fig. 5A). After GMV correction, most of the between-

group differences in ALFF remained (P,0.05, Bonferroni

correction) except for the ROIs of the pDMN between the aMCI

and AD groups. That is, the AD group showed a trend toward

decreases (P,0.05, uncorrected) ALFF in the PCC compared to

the aMCI group, and no significant difference (P,0.05, uncor-

rected) in ALFF between the aMCI and AD groups was found in

the L-Pcu (Fig. 5B).

Aberrant GMV within RSNs
The GMV comparisons across the three groups are shown in

Fig. 6. Compared with NCs, patients with AD showed significant

(P,0.05, Bonferroni correction) GMV decreases in the PCC and

Figure 3. Brain regions with significant differences in the intra-network FC across groups. Abbreviations: FC, functional connectivity; L,
left; LFP, left frontoparietal network; Pcu, precuneus network; pDMN, posterior default mode network; R, right.
doi:10.1371/journal.pone.0063727.g003

Table 2. Brain areas with significant differences in FC across groups.

RSN Regions BA Cluster size (voxels) Peak z-score MNI Coordination (x, y, z)

Pcu R-Pcu 7 67 14.26 6, 270, 54

Pcu B-Pcu 7 86 12.73 0, 254, 62

pDMN PCC 23 155 15.76 6, 252, 30

pDMN L-Pcu 7 64 11.44 22, 258, 40

LFP L-SPL 7 22 13.39 228, 268, 56

Abbreviations: AD, Alzheimer’s disease; B, bilateral; BA, Brodmann’s area; FC, functional connectivity; L, left; LFP, left frontoparietal network; MNI, Montreal Neurological
Institute; NC, normal controls; PCC, posterior cingulate cortex; Pcu, precuneus; pDMN, posterior default mode network; R, right; RSN, resting-state network; SPL, superior
parietal lobule.
doi:10.1371/journal.pone.0063727.t002
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L-Pcu, and a trend toward decreased (P,0.05, uncorrected) GMV

in the R-Pcu. Compared with aMCI patients, AD patients showed

significantly decreased GMV in the PCC and L-Pcu. The aMCI

group showed a trend toward decreased (P,0.05, uncorrected)

GMV in the PCC and L-Pcu compared with the NC group. The

B-Pcu and L-SPL did not show any significant (P,0.05,

uncorrected) changes in GMV across the three groups.

Differences in ALFF and GMV across the Whole Brain
Considering that the ROI-based analyses of the ALFF and

GMV cannot provide a full picture of the whole brain changes, we

also compared the ALFF and GMV among AD, aMCI and NC

groups in a voxel-wise manner of the whole brain using ANOVA.

Significant ALFF differences (P,0.005, uncorrected) among the

three groups are found in the multiple brain regions (Table S1 and

Figure S1). To test whether the ROIs with significant differences in

the intra-network FCs also show significant differences in ALFF,

we overlaid these ROIs onto the maps that show significant

Figure 4. FC differences within the RSNs across groups without (A) and with (B) GMV correction. The x-axis represents the brain regions
of the RSNs (parenthesis), and the y-axis represents the strength of intra-network FC. Error bars indicate the standard errors of the means. *P,0.05,
uncorrected; **P,0.05, Bonferroni correction. Abbreviations: AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; B, bilateral; FC,
Functional connectivity; GMV, grey matter volume; L, left; LFP, left frontoparietal network; NC, normal controls; Pcu, precuneus; pDMN, posterior
default mode network; PCC, posterior cingulate cortex; R, right; SPL, superior parietal lobule.
doi:10.1371/journal.pone.0063727.g004

Figure 5. ALFF differences within the RSNs across groups without (A) and with (B) GMV correction. The x-axis represents the brain
regions of the RSNs (parenthesis), and the y-axis represents the ALFF. Error bars indicate the standard errors of the means. *P,0.05, uncorrected;
**P,0.05, Bonferroni corrected. Abbreviations: AD, Alzheimer’s disease; ALFF, amplitude of low-frequency fluctuation; aMCI, amnestic mild cognitive
impairment; B, bilateral; GMV, grey matter volume; L, left; LFP, left frontoparietal network; NC, normal controls; Pcu, precuneus; pDMN, posterior
default mode network; PCC, posterior cingulate cortex; R, right; SPL, superior parietal lobule.
doi:10.1371/journal.pone.0063727.g005
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differences in the ALFF (Figure S2). We found that most of these

ROIs were overlapped with brain regions with significant

differences in the ALFF (Figure S2). In the voxel-based GMV

analysis (P,0.05, FDR corrected), we found widespread brain

regions showed significant GMV differences among the three

groups (Figure S3), including several ROIs with significant

differences in intra-network FC, such as the PCC/Pcu.

Correlations between MRI Indices and MMSE
To determine whether MRI indices with significant group

differences contributed to the decline in cognitive function in

patients, we performed partial correlation analyses between these

MRI indices and MMSE scores. We found that most of the FCs,

ALFFs, and GMVs of the ROIs were correlated with MMSE

scores (P,0.05), except for the FNC between the LFP and VN

(P=0.329), the FCs of the PCC (P=0.052), the GMV of the B-Pcu

(P=0.360) (Fig. 7, Fig. 8, Table 3, and Table 4). After correction

for GMV, most of the correlations of functional measures were

significant (P,0.05), except for the FNC between the aDMN and

pDMN (P=0.955), the FCs of the L-Pcu (P=0.142), the ALFF of

the PCC (P=0.233) and L-Pcu (P=0.189) (Table 3 and Table 4).

Discussion

In the present study, we answered the four questions proposed

in the introduction. We found the following: (1) the Pcu, pDMN

and LFP networks were selectively impaired in AD, and only the

pDMN was impaired in MCI; (2) brain regions with impaired FC

in AD also exhibited alterations in ALFF and GMV; (3) most of

the functional changes were independent of the structural changes;

(4) FNCs between the aDMN and pDMN as well as between the

VN and LFP were also changed in AD; and (5) most of these MRI

measures were associated with cognitive decline in older people.

The results suggest that the brain networks supporting complex

cognitive processes are specifically and progressively impaired over

the course of AD.

Multiple RSN Impairments in AD
The main function of the DMN is episodic memory processing

[51], which is impaired in AD [4]. The structural and functional

impairments within the DMN, as found here, have been

frequently reported in AD [19,25]. The novelty of our study is

the finding that the functional deficits of the DMN regions are

independent of their structural impairments in AD patients. It is

generally assumed that the functional connectivity within the

intrinsic networks reflects the direct or indirect structural

connectivity. Nonetheless, it’s not a simple one-to-one mapping.

Functional connectivity can exist in the absence of structural

connectivity. Functional connectivity abnormalities are found at

an early stage of some diseases, even before the detectable

structural impairments [52]. We found that most of the functional

differences remained significant after controlling for GMV,

suggesting that the functional deficits in AD cannot be completely

explained by the decreased GMV. That is to say, AD is associated

Figure 6. Grey matter volume (GMV) differences within the
RSNs across groups. The x-axis represents the brain regions of the
RSNs (parenthesis), and the y-axis represents the GMV. Error bars
indicate the standard errors of the means. *P,0.05, uncorrected;
**P,0.05, Bonferroni corrected. Abbreviations: AD, Alzheimer’s disease;
aMCI, amnestic mild cognitive impairment; B, bilateral; L, left; LFP, left
frontoparietal network; NC, normal controls; Pcu, precuneus; pDMN,
posterior default mode network; PCC, posterior cingulate cortex; R,
right; SPL, superior parietal lobule.
doi:10.1371/journal.pone.0063727.g006

Figure 7. Scatter plots of FNCs versus MMSE scores. Abbreviations: AD, Alzheimer’s disease; aDMN, anterior default-mode network; aMCI,
amnestic mild cognitive impairment; FNC, functional network connectivity; LFP, left frontoparietal network; MMSE, Mini-Mental State Examination;
pDMN, posterior default mode network; PCC, partial correlation coefficient; VN, visual network.
doi:10.1371/journal.pone.0063727.g007
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with relatively more serious functional damage, which is not only

secondary to the structure impairments. These findings suggest

that both structural and functional deficits in the PCC and L-Pcu

of the DMN contribute to AD pathology.

Beyond the DMN, several other RSNs have been shown to be

impaired in AD [22,25,27]. In the present study, AD patients

showed decreased FC, ALFF, and GMV within the Pcu and the

left FPN compared with the NCs. The Pcu network has been

identified as an independent RSN in a previous ICA study [49].

This network responds to a wide range of cognitive processes, such

as reflective, self-related processing [53,54], awareness and

conscious information processing [55,56], episodic memory [57–

59], and visuospatial processing [60,61]. Our finding of structural

and functional impairments in the Pcu network in AD is consistent

with the established concept that the precuneus is particularly

vulnerable in AD [62–68].

As a lateralized RSN, the FPN has been identified by most

previous ICA studies of resting-state fMRI data [69–71]. The FPN

is activated during a wide array of goal-directed cognitive tasks

[72–74] and is associated with memory [14], language [75],

attention [73,76], and visual [77] processes. As a core node of the

FPN, the SPL plays an important role in visual attention [78–81].

The decreased FC, ALFF, and GMV in the SPL may underlie

deficits in visual attention in AD [82]. Moreover, structural and

functional abnormalities in the SPL in AD have been demon-

strated in several previous studies and include decreases in GMV

and cortical thickness [23,83,84], activation [82], resting-state FC

[22], and effective connectivity [23]. In direct support of our

finding, decreased LFP connectivity has been described in AD

[25]. We did not find connectivity changes in the RFP, suggesting

the laterality (left) of impaired FPN in AD. The left lateralized

FPN impairment in AD is supported by a previous study of

resting-state FC changes in the attention network in AD [85].

However, the laterality pattern needs to be further validated.

Inter-network Connectivity Impairments in AD
As mentioned in the introduction, little is known about the FNC

alterations in AD. A recent ROI-based FC study revealed

decreased anticorrelations between three pairs of anticorrelated

RSNs, the DMN-dorsal attention network, the DMN-SMN, and

the control network-SMN [29]. Moreover, a resting-state fMRI

study detected three decreased connections (the SMNRself-

Figure 8. Scatter plots of intra-network FCs (A), ALFFs (B), and GMVs (C) versus MMSE scores. The circles represent the Alzheimer’s
disease subjects and the squares represent the amnestic mild cognitive impairment subjects. Abbreviations: ALFF, amplitude of low-frequency
fluctuation; B, bilateral; FC, functional connectivity; GMV, grey matter volume; L, left; MMSE, Mini-Mental State Examination; PCC, partial correlation
coefficient; PCCa, posterior cingulate cortex; Pcu, precuneus; R, right; SPL, superior parietal lobule.
doi:10.1371/journal.pone.0063727.g008

Table 3. Correlations between MMSEs and FNCs.

FNC Without GMV correction With GMV correction

PCC P PCC P

aDMN-pDMN 0.323 0.022 20.008 0.955

LFP-VN 0.141 0.329 0.277 0.054

Note: P values were adjusted for multiple comparisons using the Bonferroni
correction.
Abbreviations: aDMN, anterior default mode network; FNC, functional network
connectivity; GMV, grey matter volume; LFP, left frontoparietal network; MMSE,
Mini-Mental State Examination; PCC, partial correlation coefficient; pDMN,
posterior default mode network; VN, visual network.
doi:10.1371/journal.pone.0063727.t003
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referential network (SRN), the SRNRventral attention network

(VAN), and the VANRdorsal attention network (DAN) and one

increased connection (DMNRDAN) in AD [30]. However, we

used the data-driven method of ICA to identify RSNs and

computed FNCs between different pairs of RSNs [30,31,86]. We

found decreased positive correlations between the aDMN and

pDMN and between the LFP and VN. The interaction of the

anterior and posterior regions of the DMN may serve to organize

neuronal activity [87] or to support mind wandering during self-

referential mental processing [88,89]. Decreases in resting-state

FCs between the anterior and posterior portions of the DMN have

been well established in AD [90–95]. It has been suggested that

decreased connectivity between the anterior and posterior

components of the DMN may underlie deficits in self-referential

processing, attention control and working memory [96].

It has been suggested that the FPN and VN cooperate to

support visual attention [97]. A pioneering study revealed that

visual cortical areas that selectively process relevant information

are functionally connected with the FPN [98], which is associated

with top-down enhancement of task-relevant stimuli [72]. The

impairment of selective attention, especially visual attention, has

been documented in patients with AD [82,99–104]. The

decreased FNC between the LFP and VN may be a possible

mechanism of impaired visual attention in AD.

Network Markers of aMCI
Although the values of MRI measures of the aMCI patients

were numerically between those of NCs and AD patients, only the

PCC of the posterior DMN showed decreased FC, ALFF and

GMV in aMCI patients compared with NCs. These findings

suggest that the impairment of the PCC occurs as early as the MCI

stage, which is consistent with the observations of previous studies

[15,16,18,19]. It seems that the PCC is preferentially affected in

aMCI patients and could be used as a biological marker to

distinguish MCI patients from NCs.

Biomarkers for Cognitive Decline in Older People
In older people, most of the FCs, ALFFs, and GMVs of the

ROIs were correlated with MMSE scores except for the FCs of the

PCC and GMV of the B-Pcu. Most of these correlations of

functional measures remained significant after GMV correction.

These findings suggest that both structural and functional

impairments in the cognitive-related RSNs independently con-

tribute to cognitive decline in older people.

Limitations
It should be noted that the significance of our results are not as

high as some previous reports [105], the differences in sample size,

demographics, analyzing methods may partly account for the

differences in significance across studies. More importantly, our

current study is limited by the relatively small number of available

samples, especially in the aMCI group, and the large difference in

age between the 3 groups. Further studies with a larger sample size

and more matched groups should be done to validate our findings.

Supporting Information

Figure S1.

(DOC)

Figure S2.

(DOC)

Figure S3.

(DOC)

Table S1.

(DOC)

Author Contributions

Conceived and designed the experiments: CY. Performed the experiments:

JS WQ YL YD JL XH KL XZ TJ CY. Analyzed the data: JS WQ CY.

Contributed reagents/materials/analysis tools: JS WQ CY. Wrote the

paper: JS CY.

References

1. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Kokmen E, et al. (1997) Aging,

memory, and mild cognitive impairment. Int Psychogeriatr (Suppl 1): 65–69.

2. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, et al. (1999) Mild

cognitive impairment: clinical characterization and outcome. Arch Neurol 56:

303–308.

3. Fita IG, Enciu AM, Stanoiu BP (2011) New insights on Alzheimer’s disease

diagnostic. Rom J Morphol Embryol 52: 975–979.

4. Weintraub S, Wicklund AH, Salmon DP (2012) The neuropsychological profile

of Alzheimer disease. Cold Spring Harb Perspect Med 2: a006171.

5. He Y, Chen Z, Gong G, Evans A (2009) Neuronal networks in Alzheimer’s

disease. Neuroscientist 15: 333–350.

6. Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD (2009)

Neurodegenerative diseases target large-scale human brain networks. Neuron

62: 42–52.

Table 4. Correlations between MMSE scores and functional/structural indices.

Regions FC ALFF GMV

Without GMV correction With GMV correction Without GMV correction With GMV correction

PCC P PCC P PCC P PCC P PCC P

R-Pcu 0.426 0.002 0.384 0.006 0.367 0.009 0.370 0.009 0.326 0.021

B-Pcu 0.458 0.001 0.454 0.001 0.402 0.004 0.403 0.004 0.132 0.360

PCCa 0.276 0.052 0.163 0.263 0.289 0.042 0.174 0.233 0.556 ,0.001

L-Pcu 0.301 0.033 0.213 0.142 0.299 0.035 0.191 0.189 0.553 ,0.001

L-SPL 0.328 0.020 0.337 0.018 0.377 0.007 0.321 0.025 0.285 0.045

Note: P values were adjusted for multiple comparisons using the Bonferroni correction.
Abbreviations: ALFF, amplitude of low-frequency fluctuation; B, bilateral; FC, functional connectivity; GMV, grey matter volume; L, left; MMSE, Mini-Mental State
Examination; PCC, partial correlation coefficient; PCCa, posterior cingulate cortex; Pcu, precuneus; R, right; SPL, superior parietal lobule.
doi:10.1371/journal.pone.0063727.t004

Aberrant Functional Organization in AD

PLOS ONE | www.plosone.org 10 May 2013 | Volume 8 | Issue 5 | e63727



7. Calhoun VD, Adali T, Pearlson GD, Pekar JJ (2001) Spatial and temporal
independent component analysis of functional MRI data containing a pair of

task-related waveforms. Hum Brain Mapp 13: 43–53.

8. McKeown MJ, Makeig S, Brown GG, Jung TP, Kindermann SS, et al. (1998)
Analysis of fMRI data by blind separation into independent spatial

components. Hum Brain Mapp 6: 160–188.

9. Liao W, Mantini D, Zhang Z, Pan Z, Ding J, et al. (2010) Evaluating the
effective connectivity of resting state networks using conditional Granger

causality. Biol Cybern 102: 57–69.

10. Liao W, Chen H, Feng Y, Mantini D, Gentili C, et al. (2010) Selective aberrant
functional connectivity of resting state networks in social anxiety disorder.

Neuroimage 52: 1549–1558.

11. van de Ven V, Bledowski C, Prvulovic D, Goebel R, Formisano E, et al. (2008)
Visual target modulation of functional connectivity networks revealed by self-

organizing group ICA. Hum Brain Mapp 29: 1450–1461.

12. Mantini D, Perrucci MG, Del Gratta C, Romani GL, Corbetta M (2007)
Electrophysiological signatures of resting state networks in the human brain.

Proc Natl Acad Sci U S A 104: 13170–13175.

13. Fox MD, Corbetta M, Snyder AZ, Vincent JL, Raichle ME (2006)
Spontaneous neuronal activity distinguishes human dorsal and ventral

attention systems. Proc Natl Acad Sci U S A 103: 10046–10051.

14. Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam CJ, et al. (2006)

Consistent resting-state networks across healthy subjects. Proc Natl Acad

Sci U S A 103: 13848–13853.

15. Sorg C, Riedl V, Muhlau M, Calhoun VD, Eichele T, et al. (2007) Selective

changes of resting-state networks in individuals at risk for Alzheimer’s disease.

Proc Natl Acad Sci U S A 104: 18760–18765.

16. Bai F, Zhang Z, Yu H, Shi Y, Yuan Y, et al. (2008) Default-mode network

activity distinguishes amnestic type mild cognitive impairment from healthy

aging: a combined structural and resting-state functional MRI study. Neurosci
Lett 438: 111–115.

17. Bai F, Watson DR, Yu H, Shi Y, Yuan Y, et al. (2009) Abnormal resting-state
functional connectivity of posterior cingulate cortex in amnestic type mild

cognitive impairment. Brain Res 1302: 167–174.

18. Qi Z, Wu X, Wang Z, Zhang N, Dong H, et al. (2010) Impairment and
compensation coexist in amnestic MCI default mode network. Neuroimage 50:

48–55.

19. Jin M, Pelak VS, Cordes D (2012) Aberrant default mode network in subjects
with amnestic mild cognitive impairment using resting-state functional MRI.

Magn Reson Imaging 30: 48–61.

20. Bai F, Watson DR, Shi Y, Wang Y, Yue C, et al. (2011) Specifically progressive
deficits of brain functional marker in amnestic type mild cognitive impairment.

PLoS One 6: e24271.

21. Petrella JR, Sheldon FC, Prince SE, Calhoun VD, Doraiswamy PM (2011)
Default mode network connectivity in stable vs progressive mild cognitive

impairment. Neurology 76: 511–517.

22. Li R, Wu X, Fleisher AS, Reiman EM, Chen K, et al. (2011) Attention-related
networks in Alzheimer’s disease: A resting functional MRI study. Hum Brain

Mapp 33: 1076–1088.

23. Neufang S, Akhrif A, Riedl V, Forstl H, Kurz A, et al. (2011) Disconnection of
frontal and parietal areas contributes to impaired attention in very early

Alzheimer’s disease. J Alzheimers Dis 25: 309–321.

24. Zhou J, Greicius MD, Gennatas ED, Growdon ME, Jang JY, et al. (2010)

Divergent network connectivity changes in behavioural variant frontotemporal

dementia and Alzheimer’s disease. Brain 133: 1352–1367.

25. Agosta F, Pievani M, Geroldi C, Copetti M, Frisoni GB, et al. (2011) Resting

state fMRI in Alzheimer’s disease: beyond the default mode network.

Neurobiol Aging 33: 1564–1578.

26. Bai F, Shi Y, Yuan Y, Wang Y, Yue C, et al. (2011) Altered self-referential

network in resting-state amnestic type mild cognitive impairment. Cortex 48:

604–613.

27. Rombouts SA, Damoiseaux JS, Goekoop R, Barkhof F, Scheltens P, et al.

(2009) Model-free group analysis shows altered BOLD FMRI networks in
dementia. Hum Brain Mapp 30: 256–266.

28. Bokde AL, Lopez-Bayo P, Born C, Dong W, Meindl T, et al. (2008) Functional

abnormalities of the visual processing system in subjects with mild cognitive
impairment: an fMRI study. Psychiatry Res 163: 248–259.

29. Brier MR, Thomas JB, Snyder AZ, Benzinger TL, Zhang D, et al. (2012) Loss

of intranetwork and internetwork resting state functional connections with
Alzheimer’s disease progression. J Neurosci 32: 8890–8899.

30. Li R, Wu X, Chen K, Fleisher AS, Reiman EM, et al. (2012) Alterations of

Directional Connectivity among Resting-State Networks in Alzheimer Disease.
AJNR Am J Neuroradiol, in press.

31. Jafri MJ, Pearlson GD, Stevens M, Calhoun VD (2008) A method for

functional network connectivity among spatially independent resting-state
components in schizophrenia. Neuroimage 39: 1666–1681.

32. Binnewijzend MA, Schoonheim MM, Sanz-Arigita E, Wink AM, van der Flier

WM, et al. (2011) Resting-state fMRI changes in Alzheimer’s disease and mild
cognitive impairment. Neurobiol Aging 33: 2018–2028.

33. Wang Z, Yan C, Zhao C, Qi Z, Zhou W, et al. (2011) Spatial patterns of

intrinsic brain activity in mild cognitive impairment and Alzheimer’s disease: a
resting-state functional MRI study. Hum Brain Mapp 32: 1720–1740.

34. McKhann G, Drachman D, Folstein M, Katzman R, Price D, et al. (1984)

Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA

Work Group under the auspices of Department of Health and Human Services
Task Force on Alzheimer’s Disease. Neurology 34: 939–944.

35. Petersen RC, Doody R, Kurz A, Mohs RC, Morris JC, et al. (2001) Current
concepts in mild cognitive impairment. Arch Neurol 58: 1985–1992.

36. Morris JC (1993) The Clinical Dementia Rating (CDR): current version and

scoring rules. Neurology 43: 2412–2414.

37. Fazekas F, Chawluk JB, Alavi A, Hurtig HI, Zimmerman RA (1987) MR signal

abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. AJR
Am J Roentgenol 149: 351–356.

38. Yan C, Zang Y (2010) DPARSF: A MATLAB Toolbox for ‘‘Pipeline’’ Data
Analysis of Resting-State fMRI. Front Syst Neurosci 4: 13.

39. Calhoun VD, Adali T, Pearlson GD, Pekar JJ (2001) A method for making

group inferences from functional MRI data using independent component
analysis. Hum Brain Mapp 14: 140–151.

40. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, et al.
(2004) Advances in functional and structural MR image analysis and

implementation as FSL. Neuroimage (Suppl 1): S208–219.

41. Zhang H, Zuo XN, Ma SY, Zang YF, Milham MP, et al. (2010) Subject order-

independent group ICA (SOI-GICA) for functional MRI data analysis.

Neuroimage 51: 1414–1424.

42. Biswal BB, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity

in the motor cortex of resting human brain using echo-planar MRI. Magn
Reson Med 34: 537–541.

43. Lowe MJ, Mock BJ, Sorenson JA (1998) Functional connectivity in single and

multislice echoplanar imaging using resting-state fluctuations. Neuroimage 7:
119–132.

44. Zang YF, He Y, Zhu CZ, Cao QJ, Sui MQ, et al. (2007) Altered baseline brain
activity in children with ADHD revealed by resting-state functional MRI. Brain

Dev 29: 83–91.

45. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)

A default mode of brain function. Proc Natl Acad Sci U S A 98: 676–682.

46. Rajapakse JC, Giedd JN, Rapoport JL (1997) Statistical approach to
segmentation of single-channel cerebral MR images. IEEE Trans Med

Imaging 16: 176–186.

47. Ashburner J (2007) A fast diffeomorphic image registration algorithm.

Neuroimage 38: 95–113.

48. Steffener J, Habeck CG, Stern Y (2012) Age-related changes in task related

functional network connectivity. PLoS One 7: e44421.

49. Veer IM, Beckmann CF, van Tol MJ, Ferrarini L, Milles J, et al. (2010) Whole
brain resting-state analysis reveals decreased functional connectivity in major

depression. Front Syst Neurosci 4: 41.

50. Damoiseaux JS, Beckmann CF, Arigita EJ, Barkhof F, Scheltens P, et al. (2008)

Reduced resting-state brain activity in the ‘‘default network’’ in normal aging.
Cereb Cortex 18: 1856–1864.

51. Greicius MD, Menon V (2004) Default-mode activity during a passive sensory

task: uncoupled from deactivation but impacting activation. J Cogn Neurosci
16: 1484–1492.

52. Roosendaal SD, Schoonheim MM, Hulst HE, Sanz-Arigita EJ, Smith SM, et
al. (2010) Resting state networks change in clinically isolated syndrome. Brain

133: 1612–1621.

53. Kjaer TW, Nowak M, Lou HC (2002) Reflective self-awareness and conscious

states: PET evidence for a common midline parietofrontal core. Neuroimage

17: 1080–1086.

54. Lou HC, Luber B, Crupain M, Keenan JP, Nowak M, et al. (2004) Parietal

cortex and representation of the mental Self. Proc Natl Acad Sci U S A 101:
6827–6832.

55. Kjaer TW, Nowak M, Kjaer KW, Lou AR, Lou HC (2001) Precuneus-
prefrontal activity during awareness of visual verbal stimuli. Conscious Cogn

10: 356–365.

56. Vogt BA, Laureys S (2005) Posterior cingulate, precuneal and retrosplenial
cortices: cytology and components of the neural network correlates of

consciousness. Prog Brain Res 150: 205–217.

57. Dorfel D, Werner A, Schaefer M, von Kummer R, Karl A (2009) Distinct brain

networks in recognition memory share a defined region in the precuneus.
Eur J Neurosci 30: 1947–1959.

58. Lundstrom BN, Petersson KM, Andersson J, Johansson M, Fransson P, et al.

(2003) Isolating the retrieval of imagined pictures during episodic memory:
activation of the left precuneus and left prefrontal cortex. Neuroimage 20:

1934–1943.

59. Lundstrom BN, Ingvar M, Petersson KM (2005) The role of precuneus and left

inferior frontal cortex during source memory episodic retrieval. Neuroimage

27: 824–834.

60. Kawashima R, Roland PE, O’Sullivan BT (1995) Functional anatomy of

reaching and visuomotor learning: a positron emission tomography study.
Cereb Cortex 5: 111–122.

61. Wenderoth N, Debaere F, Sunaert S, Swinnen SP (2005) The role of anterior
cingulate cortex and precuneus in the coordination of motor behaviour.

Eur J Neurosci 22: 235–246.

62. Karas G, Scheltens P, Rombouts S, van Schijndel R, Klein M, et al. (2007)
Precuneus atrophy in early-onset Alzheimer’s disease: a morphometric

structural MRI study. Neuroradiology 49: 967–976.

63. Petrella JR, Wang L, Krishnan S, Slavin MJ, Prince SE, et al. (2007) Cortical

deactivation in mild cognitive impairment: high-field-strength functional MR
imaging. Radiology 245: 224–235.

Aberrant Functional Organization in AD

PLOS ONE | www.plosone.org 11 May 2013 | Volume 8 | Issue 5 | e63727



64. Vannini P, Almkvist O, Dierks T, Lehmann C, Wahlund LO (2007) Reduced

neuronal efficacy in progressive mild cognitive impairment: a prospective fMRI
study on visuospatial processing. Psychiatry Res 156: 43–57.

65. Edison P, Archer HA, Hinz R, Hammers A, Pavese N, et al. (2007) Amyloid,

hypometabolism, and cognition in Alzheimer disease: an [11C]PIB and
[18F]FDG PET study. Neurology 68: 501–508.

66. Damoiseaux JS, Prater KE, Miller BL, Greicius MD (2011) Functional
connectivity tracks clinical deterioration in Alzheimer’s disease. Neurobiol

Aging 33: 828.e19–828.e30.

67. Buckner RL (2004) Memory and executive function in aging and AD: multiple
factors that cause decline and reserve factors that compensate. Neuron 44:

195–208.
68. Buckner RL, Snyder AZ, Shannon BJ, LaRossa G, Sachs R, et al. (2005)

Molecular, structural, and functional characterization of Alzheimer’s disease:
evidence for a relationship between default activity, amyloid, and memory.

J Neurosci 25: 7709–7717.

69. Koechlin E, Summerfield C (2007) An information theoretical approach to
prefrontal executive function. Trends Cogn Sci 11: 229–235.

70. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, et al. (2007)
Dissociable intrinsic connectivity networks for salience processing and executive

control. J Neurosci 27: 2349–2356.

71. Vincent JL, Kahn I, Snyder AZ, Raichle ME, Buckner RL (2008) Evidence for
a frontoparietal control system revealed by intrinsic functional connectivity.

J Neurophysiol 100: 3328–3342.
72. Corbetta M, Patel G, Shulman GL (2008) The reorienting system of the human

brain: from environment to theory of mind. Neuron 58: 306–324.
73. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, et al. (2005)

The human brain is intrinsically organized into dynamic, anticorrelated

functional networks. Proc Natl Acad Sci U S A 102: 9673–9678.
74. Corbetta M (1998) Frontoparietal cortical networks for directing attention and

the eye to visual locations: identical, independent, or overlapping neural
systems? Proc Natl Acad Sci U S A 95: 831–838.

75. Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, et al. (2009)

Correspondence of the brain’s functional architecture during activation and
rest. Proc Natl Acad Sci U S A 106: 13040–13045.

76. Dosenbach NU, Fair DA, Miezin FM, Cohen AL, Wenger KK, et al. (2007)
Distinct brain networks for adaptive and stable task control in humans. Proc

Natl Acad Sci U S A 104: 11073–11078.
77. De Luca M, Beckmann CF, De Stefano N, Matthews PM, Smith SM (2006)

fMRI resting state networks define distinct modes of long-distance interactions

in the human brain. Neuroimage 29: 1359–1367.
78. Han S, Jiang Y, Gu H (2004) Neural substrates differentiating global/local

processing of bilateral visual inputs. Hum Brain Mapp 22: 321–328.
79. Corbetta M, Shulman GL (2002) Control of goal-directed and stimulus-driven

attention in the brain. Nat Rev Neurosci 3: 201–215.

80. Kastner S, Ungerleider LG (2001) The neural basis of biased competition in
human visual cortex. Neuropsychologia 39: 1263–1276.

81. Hedden T, Gabrieli JD (2006) The ebb and flow of attention in the human
brain. Nat Neurosci 9: 863–865.

82. Hao J, Li K, Zhang D, Wang W, Yang Y, et al. (2005) Visual attention deficits
in Alzheimer’s disease: an fMRI study. Neurosci Lett 385: 18–23.

83. Hanggi J, Streffer J, Jancke L, Hock C (2011) Volumes of lateral temporal and

parietal structures distinguish between healthy aging, mild cognitive impair-
ment, and Alzheimer’s disease. J Alzheimers Dis 26: 719–734.

84. Putcha D, Brickhouse M, O’Keefe K, Sullivan C, Rentz D, et al. (2011)
Hippocampal hyperactivation associated with cortical thinning in Alzheimer’s

disease signature regions in non-demented elderly adults. J Neurosci 31:

17680–17688.
85. li R, Wu X, Fleisher AS, Reiman EM, Chen K, et al. (2011) Attention-related

networks in Alzheimer’s disease: A resting functional MRI study. Hum Brain
Mapp 33: 1076–1088.

86. Onoda K, Ishihara M, Yamaguchi S (2012) Decreased Functional Connectivity

by Aging Is Associated with Cognitive Decline. J Cogn Neurosci, in press.

87. Buzsaki G, Draguhn A (2004) Neuronal oscillations in cortical networks.

Science 304: 1926–1929.

88. Fransson P (2005) Spontaneous low-frequency BOLD signal fluctuations: an

fMRI investigation of the resting-state default mode of brain function

hypothesis. Hum Brain Mapp 26: 15–29.

89. Mason MF, Norton MI, Van Horn JD, Wegner DM, Grafton ST, et al. (2007)

Wandering minds: the default network and stimulus-independent thought.

Science 315: 393–395.

90. Greicius MD, Srivastava G, Reiss AL, Menon V (2004) Default-mode network

activity distinguishes Alzheimer’s disease from healthy aging: evidence from

functional MRI. Proc Natl Acad Sci U S A 101: 4637–4642.

91. Supekar K, Menon V, Rubin D, Musen M, Greicius MD (2008) Network

analysis of intrinsic functional brain connectivity in Alzheimer’s disease. PLoS

Comput Biol 4: e1000100.

92. Zhang HY, Wang SJ, Xing J, Liu B, Ma ZL, et al. (2009) Detection of PCC

functional connectivity characteristics in resting-state fMRI in mild Alzheimer’s

disease. Behav Brain Res 197: 103–108.

93. Lustig C, Snyder AZ, Bhakta M, O’Brien KC, McAvoy M, et al. (2003)

Functional deactivations: change with age and dementia of the Alzheimer type.

Proc Natl Acad Sci U S A 100: 14504–14509.

94. Sheline YI, Raichle ME, Snyder AZ, Morris JC, Head D, et al. (2010) Amyloid

plaques disrupt resting state default mode network connectivity in cognitively

normal elderly. Biol Psychiatry 67: 584–587.

95. Galvin JE, Price JL, Yan Z, Morris JC, Sheline YI (2011) Resting bold fMRI

differentiates dementia with Lewy bodies vs Alzheimer disease. Neurology 76:

1797–1803.

96. Broyd SJ, Demanuele C, Debener S, Helps SK, James CJ, et al. (2009) Default-

mode brain dysfunction in mental disorders: a systematic review. Neurosci

Biobehav Rev 33: 279–296.

97. Shomstein S, Kravitz DJ, Behrmann M (2012) Attentional control: temporal

relationships within the fronto-parietal network. Neuropsychologia 50: 1202–

1210.

98. Chadick JZ, Gazzaley A (2011) Differential coupling of visual cortex with

default or frontal-parietal network based on goals. Nat Neurosci 14: 830–832.

99. Rosler A, Mapstone M, Hays-Wicklund A, Gitelman DR, Weintraub S (2005)

The ‘‘zoom lens’’ of focal attention in visual search: changes in aging and

Alzheimer’s disease. Cortex 41: 512–519.

100. Tales A, Muir JL, Bayer A, Snowden RJ (2002) Spatial shifts in visual attention

in normal ageing and dementia of the Alzheimer type. Neuropsychologia 40:

2000–2012.

101. Pignatti R, Rabuffetti M, Imbornone E, Mantovani F, Alberoni M, et al. (2005)

Specific impairments of selective attention in mild Alzheimer’s disease. J Clin

Exp Neuropsychol 27: 436–448.

102. Reid W, Broe G, Creasey H, Grayson D, McCusker E, et al. (1996) Age at

onset and pattern of neuropsychological impairment in mild early-stage

Alzheimer disease. A study of a community-based population. Arch Neurol 53:

1056–1061.

103. Perry RJ, Hodges JR (1999) Attention and executive deficits in Alzheimer’s

disease. A critical review. Brain 122(Pt 3): 383–404.

104. Perry RJ, Watson P, Hodges JR (2000) The nature and staging of attention

dysfunction in early (minimal and mild) Alzheimer’s disease: relationship to

episodic and semantic memory impairment. Neuropsychologia 38: 252–271.

105. Schwindt GC, Chaudhary S, Crane D, Ganda A, Masellis M, et al. (2012)

Modulation of the Default-Mode Network Between Rest and Task in

Alzheimer’s Disease. Cereb Cortex, in press.

106. Van Essen DC (2005) A Population-Average, Landmark- and Surface-based

(PALS) atlas of human cerebral cortex. Neuroimage 28: 635–662.

Aberrant Functional Organization in AD

PLOS ONE | www.plosone.org 12 May 2013 | Volume 8 | Issue 5 | e63727


