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Previous studies have demonstrated disruption in structural and functional connectivity
occurring in the Alzheimer’s Disease (AD). However, it is not known how these disruptions
alter brain network reorganization. With the modular analysis method of graph theory, and
datasets acquired by the resting-state functional connectivity MRI (R-fMRI) method, we
investigated and compared the brain organization patterns between the AD group and
the cognitively normal control (CN) group. Our main finding is that the largest homotopic
module (defined as the insula module) in the CN group was broken down to the pieces in
the AD group. Specifically, it was discovered that the eight pairs of the bilateral regions (the
opercular part of inferior frontal gyrus, area triangularis, insula, putamen, globus pallidus,
transverse temporal gyri, superior temporal gyrus, and superior temporal pole) of the insula
module had lost symmetric functional connection properties, and the corresponding gray
matter concentration (GMC) was significant lower in AD group. We further quantified the
functional connectivity changes with an index (index A) and structural changes with the
GMC index in the insula module to demonstrate their great potential as AD biomarkers.
We further validated these results with six additional independent datasets (271 subjects
in six groups). Our results demonstrated specific underlying structural and functional
reorganization from young to old, and for diseased subjects. Further, it is suggested that
by combining the structural GMC analysis and functional modular analysis in the insula
module, a new biomarker can be developed at the single-subject level.
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INTRODUCTION
Alzheimer’s disease (AD) is considered a disconnection syndrome
(Geschwind, 1965; Delbeuck et al., 2003). Recent studies demon-
strated that the underlying neural mechanisms responsible for
the disconnection syndrome are involved in the functional dis-
ruption in the brain of AD patients (Horwitz et al., 1987; Wada
et al., 1998). An increasing number of studies have focused
on imaging the default mode network (DMN) in aging and
dementia by using intrinsic blood oxygenation level-dependent
(iBOLD) signals, acquired by the resting-state functional MRI
(R-fMRI) method (Lustig et al., 2003; Greicius et al., 2004; Sorg
et al., 2009; Khalili-Mahani et al., 2012). The measurement of
functional disruption in the DMN could become a potential clin-
ical diagnostic biomarker for AD because convergent evidence
demonstrated that brain atrophy, Aβ-amyloid plaque deposition
and metabolic deficits co-occurred in the DMN (Buckner et al.,
2009). Several other studies demonstrated that functional disrup-
tion also occurred in other areas besides the DMN, such as the
hippocampus and the insular networks (Li et al., 2002; Bonthius
et al., 2005; Royall, 2008; Xie et al., 2012). However, despite these
scientific advancements, efforts to cross-validate the functional
disruption trait as a biomarker have been of limited success.

Specifically, several studies provided the diagnostic power of
the DMN for AD (Li et al., 2002; Greicius et al., 2004; Fleisher
et al., 2009; Koch et al., 2010, 2012), but follow-up studies by
other research groups are either lacking (Li et al., 2002; Greicius
et al., 2004; Fleisher et al., 2009; Koch et al., 2010, 2012), contro-
versial (Zhang et al., 2009; Yu et al., 2011), or failed to confirm a
solid diagnostic value (Prvulovic et al., 2011). As a result, despite
the efforts during the past decade, there is no robust biomarker
based on R-fMRI technology, which has substantially limited its
potential utility value in AD research and treatment. There are
several factors that may contribute to the current stagnant status.
First, in typical seed-based R-fMRI studies, the group-level t-tests
often statistically identified the connectivity maps that highlight
voxels where functional connectivity is disrupted. Such a statisti-
cal approach often overestimates the diagnostic power, even if the
leave-one-out approach or seven-fold cross-validation method is
employed (Chen et al., 2011a; Westman et al., 2012a,b). Second,
because of compensatory mechanisms or increased activation,
brain connectivity may be reorganized along the continuum of
disease progression (He et al., 2008; Sanz-Arigita et al., 2010). Not
only did the functional connectivity decrease in certain regions,
but it also increased in other regions (Zhang et al., 2010). As a
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result, the summation of the overall connectivity strength may not
change significantly. Third, the disconnection syndrome in AD
may be the result of the functional and structural disruptions in
the large-scale networks; therefore, the seed-based network alone,
such as the DMN, may have no sufficient power as a biomarker. As
a result, when applying trained classifiers to independent datasets,
the specificity and sensitivity were low.

To overcome these shortcomings and to move the research
field forward, the present study is focusing on three new
approaches. First, we extend the seed-based analysis to the mod-
ular analysis method (He et al., 2009; Meunier et al., 2009a,b,
2010) to examine the patterns of brain network reorganization
at the large-scale network level to test the hypothesis that the
AD network organization is a reconfiguration from CN net-
works where some subnetworks that are related to cognitive
processing may change and others are preserved. A previous
study (Faria et al., 2012) addressed the factor that network
(or called Atlas)-based analysis can enhance SNR and repro-
ducibility of resting-state functional connectivity. In addition,
in using network-based functional connectivity, the number of
false positive cross-correlations can be significantly reduced due
to the reduced number of the total pairs of correlations. To our
knowledge, the applicability of the modular analysis to exam-
ine the resting-state functional network reorganization pattern in
mild cognitive impairment (MCI) and AD brains has not been
demonstrated. Second, based on specific changes in brain reor-
ganization patterns at the module level, an exploratory analysis
was performed to evaluate if the changes can be employed as a
biomarker for AD. Third, we employed an additional six inde-
pendent R-fMRI datasets from human subjects to independently
cross-validate the module-based biomarker at the single-subject
level.

MATERIALS AND METHODS
HUMAN SUBJECTS
A total of 331 subjects in eight groups were employed for this
study. Two R-fMRI datasets obtained from the cognitively nor-
mal (CN) group (N = 30) and the mild AD group (N = 30)
from the Medical College of Wisconsin (MCW) site (referred
to herein as MCW datasets) (Table 1) were employed as the
testing datasets to identify changes in the modular reorgani-
zation patterns occurring in AD brains as a biomarker. We
then employed six additional independent R-fMRI datasets to
cross-validate the biomarker. Among the six sets of datasets,
one was obtained from amnestic mild cognitive impairment
(aMCI) subjects (N = 23) from the MCW site, three datasets
were obtained from a group of 56 elderly subjects from Southeast
University, Nanjing, China, comprised of elderly CN subjects
(N = 20), aMCI subjects (N = 22), and AD subjects (N = 14)
(referred to herein as Nanjing datasets) (Table 1) (Zhang et al.,
2010). The other two independent R-fMRI datasets are com-
prised of 192 young subjects; these were downloaded from the
1000 Functional Connectomes Project database (www.nitrc.org/
projects/fcon_1000/) from Beijing Zang’s datasets (http://www.
nitrc.org/frs/shownotes.php?release_id=819) (referred to herein
as Beijing datasets) (Table 1) (Biswal et al., 2010). All of these
subjects were obtained from databanks. For detailed subject

information, please refers to originally published papers (Biswal
et al., 2010; Zhang et al., 2010; Chen et al., 2011a).

IMAGING ACQUISITION OF MCW DATASETS
Imaging was performed using a whole-body 3T Signa GE scan-
ner with a standard quadrature transmit receive head coil. During
the resting-state acquisitions, no specific cognitive tasks were
performed, and the study participants were instructed to close
their eyes and relax inside the scanner. Sagittal resting-state func-
tional MRI (fMRI) datasets of the whole brain were obtained in
6 minutes with a single-shot gradient echo-planar imaging (EPI)
pulse sequence. The fMRI imaging parameters were: TE of 25 ms,
TR of 2 s, flip angle of 90◦; 36 slices were obtained without gap;
slice thickness was 4 mm with a matrix size of 64 × 64 and field
of view of 24 × 24 cm. High-resolution SPGR 3D axial images
were acquired for anatomical reference. The parameters were:
TE/TR/TI of 4/10/450 ms, flip angle of 12◦, number of slices of
144, slice thickness of 1 mm, matrix size of 256 × 192. To make
sure that cardiac and respiratory frequencies did not account
for any significant artifacts in the low-frequency spectrum, a
pulse oximeter and respiratory belt were employed to measure
these physiological noise sources. Further processing ensured a
minimizing of the potential aliasing effects.

IMAGING ACQUISITION OF BEIJING DATASETS
The data was acquired at 3T Siemens Scanner. We used 192 sub-
jects out of a total of 198 young subjects from Beijing Zang’s
datasets. Six subjects were discarded during the preprocessing
procedures for a variety reasons. The imaging acquisition param-
eters can be found on the website (http://www.nitrc.org).

IMAGING ACQUISITION OF NANJING DATASETS
The data was acquired at 1.5T Philips Scanner. Subjects wore
headphones and were instructed to lie in a supine position in a
standard head coil of a 1.5-T MR imaging unit (Eclipse; Philips,
Best, The Netherlands). Structural images were obtained. Resting-
state functional images were acquired by using a gradient-echo
EPI sequence (TR/TE, 3000/40 ms; flip angle, 90◦, slice thick-
ness, 6 mm; slice gap, 0 mm; field of view, 240 mm; and matrix
size, 64 × 64; 18 axial slices and 128 time points). For detailed
parameters and demographic information, please refer to previ-
ous study (Zhang et al., 2010). All of these studies were conducted
with Institutional Review Board approval and were in compli-
ance with Health Insurance Portability and Accountability Act
(HIPAA) regulations or similar polices in China.

DATA PREPROCESSING
We used Analysis of Functional NeuroImages (AFNI) software
(http://afni.nimh.nih.gov/afni/) and MATLAB (Mathworks) in
this study for data processing. The first five volumes of each
raw resting-state functional imaging dataset were discarded
to allow for T1 equilibration. Interleaved slice acquisition-
dependent time shifts were corrected (AFNI command,
to3d -time:zt nz nt TR tpattern). Spikes in time series data were
removed (AFNI command, 3dDespike). Data were then motion
corrected (Six motion parameters, including roll, pitch, in
the superior, left and posterior direction displacement were
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estimated by volume registration of the R-fMRI data, and then,
were regressed out by using Afni command 3dDeconvolve to
control possible micromovement effects). There was no group
difference for movement parameters. Detrend processing pro-
cedure using AFNI commands (3dvolreg and 3dDetrend) was
performed. The reference template in Talairach space, which
contained 116 anatomically defined regions of interest (ROIs)
(Tzourio-Mazoyer et al., 2002), was transformed and aligned
to the SPGR images and EPI resting-state functional images for
each subject (AFNI command, 3dfractionize). This resulted in
116 mapped ROIs. The average time course within each ROI
was extracted from the resting-state functional imaging datasets.
Averaged white matter signal and cerebrospinal fluid (CSF) signal
were extracted using white matter mask (http://afni.nimh.nih.

gov/pub/dist/data/TTwm+tlrc) and CSF (http://afni.nimh.nih.

gov/pub/dist/data/ TT_csf+tlrc) mask in Talairach space. These
two masks were transformed and aligned to the SPGR and echo
planar images for each subject (AFNI command, 3dfractionize).
Then, the average time courses within the CSF or the eroded
white matter mask, together with global mean signals, were
removed as nuisance regressors from the 116 regional time
courses with linear regression using Matlab (Mathworks).

POSTPROCESSING
Brain functional network
We constructed a region-wise whole-brain resting-state func-
tional network for each subject. A network size is N (N is the
number of Nodes or ROIs, in this study, N = 116), there are N ×
(N – 1)/2 possible edges in a fully connected network expressed in
a matrix. The weighted strength of each edge between nodes i and
j was defined as CCij (cross-correlation coefficient (CC) between
two time series of ROI(i) and ROI(j)). The weighted distance
of each edge between a pair of directly connected nodes ROI(i)
and ROI(j) was defined as dij = 1 − CCij. The adjacent matrix
of CCij represents graph G, such that G = {V, S, D}, consisting
of a set of vertices(Nodes) V = {V1, V2, . . . , VN}, a set of edges
S = {CCij|i, j = 1, 2, . . . , N} and a set of associating weighted
edge distances D = {1 − CC_i, j|i, j = 1, 2, . . . ,N} between brain
regions ROI(i) and ROI(j).

Group network
A group functional network matrix (A) is constructed by the ratio
of mean to the standard deviation of all individuals’ matrices in

this group. Each element value of A is calculated as follows:

aij =
1
n

∑n
k = 1 CCk,i,j√

1
n

∑ n
k = 1(CCk,i,j − μij)

2
(1)

This matrix can reduce the intersubject variation of the functional
connectivity especially those connections with large intersubject
variation. k is the subject number, n is the number of subjects, i
and j are two ROIs of ROI(i) and ROI(j). In this study, we only use
the positive CC value in group network as previously described
(Chen et al., 2011b) for further modular analysis.

Modularity
Module is defined as a community, the inside of which has denser
connections than the rest of the network (Newman and Girvan,
2004). Several algorithms have been developed to detect those
modules (Clauset et al., 2004; Duch and Arenas, 2005). The basic
approach is to measure the maximum modularity value, Q, which
is defined as:

Q = 1

2m

∑
i, j

[
aij − kikj

2m

]
δ(ci, cj). (2)

aij is the adjacent weighted matrix which represents the network,
m is the number of connections in the network, and ki is the
degree of node i (Ahnert et al., 2007) and ci is the module i.

In order to find the communities in the brain functional
network, we use the spectral algorithm of Newman (Newman,
2006; Leicht and Newman, 2008), which is implemented in
the Brain Connectivity Tool Box (https://sites.google.com/a/
brain-connectivity-toolbox.net/bct/Home). This program can
find the network organization pattern with the best modularity
value (Q).

Quantitative measurement of modular reorganization in AD
Based on our hypothesis that AD may reorganize modular pat-
terns compared to CN, the reorganization pattern may exhibit
the disruption properties of the whole-brain function network.
In order to quantify the changes in the modular patterns in the
subnetworks, we created two functional indices (index A and
index B) to measure the inter- and intra-hemisphere connections.
Index A measures an average of functional connectivity strength

Table 1 | Summary of demographic information for test and validation groups of subjects.

Groups Number Age Male/Female MMSE Education (year)

CN_3T 30 75.9 ± 6.42 16/14 29.4 ± 1.03 NA Test group

AD_3T 30 76.7 ± 5.28 17/13 24.8 ± 2.97 NA

MCI_3T 23 76.1 ± 6.84 11/12 27.83 ± 1.67 NA Validation group

CN_1.5T 20 68.9 ± 6.44 7/13 28.6 ± 1.05 10 ± 3.71 Validation group

MCI_1.5T 22 71.6 ± 4.95 10/12 27.2 ± 1.4 10.7 ± 3.50 Validation group

AD_1.5T 14 71.3 ± 5.09 5/9 22.2 ± 2.91 9.6 ± 4.96 Validation group

Young 18–22 3T 150 20.4 ± 1.13 59/91 NA NA Validation group

Young 23–26 3T 42 23.9 ± 1.02 27/15 NA NA Validation group
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in homotopic pairs (ROI_L(i), ROI_R(i))

indexA = 1

n

n∑
i = 1

CC (ROI_L(i), ROI_R(i)) (3)

Where ROI_L(i) and ROI_R(i) are two corresponding bilateral
homotopic regions, and CC(ROI_L(i), ROI_R(i)) is the two time
courses CC value of ROI_L(i) and ROI_R(i). The n is the number
of pairs of homotopic regions to calculate index A. Index B is used
to measure an average of functional connectivity strength within
selected unilateral ROIs.

indexB = 1

n

⎛
⎝ n∑

i = 1

n∑
j = 1

CC
(
ROI_L(i), ROI_L(j)

)

+
n∑

i = 1

n∑
j = 1

CC
(
ROI_R(i), ROI_R(j)

)⎞⎠ (4)

There are n ROIs from the right hemisphere (ROI_R) and n cor-
responding homotopic ROIs from the left hemisphere (ROI_L).

Gray matter concentration (GMC)
Besides the functional connectivity, we also calculated the GMC
on the AAL template within the regions that showed functional
disruption. The gray matter of each subject is segmented by using
SPM 8 software (www.fil.ion.ucl.ac.uk/spm/software/spm8/) and
then normalized into Talairach space to extract each part of the
regions using AFNI and 116 AAL templates. GMC value of each
region is the average overall voxel values within those regions
involved in modular reorganization.

RESULTS
MAXIMUM MODULARITY VALUE (Q)
The Q is determined with the modular algorithm, which mea-
sures how a network can be separated into different subnetworks.
With the MCW dataset, Figure 1 shows the averaged maximum
modularity values of individual subjects in each group as a func-
tion of number of edges (NE). All subjects in groups CN and AD

FIGURE 1 | Individual modularity values (Q) distribution of a network

as the function of the number of edges and its corresponding random

network. Error bar shows the standard deviation. All groups’ networks
have a significantly larger Q-value than the corresponding random
networks. Larger Q shows the ability of a network to form modules.

have larger averaged Q values than their corresponding random
networks, indicating that their complex functional networks have
a strong ability to form modules, and the module analysis method
can be applied to disease populations, such as MCI and AD. There
is no group difference in Q value at all different thresholds of NE
after the familywise error correction.

MODULE STRUCTURES IN THE AD GROUP WERE REORGANIZED,
UNLIKE THE CN GROUP
Although the complex functional network of the AD group has
the ability to form the modular structures, similar to the CN
group, the modular patterns and membership are quite different
between the CN and AD groups, and demonstrated network reor-
ganization patterns. The modular structures are expressed into
two forms of presentations: the graphic presentation and map-
ping presentation, as illustrated in Figures 2A,B for CN and AD
groups, respectively. For the CN group, the brains were orga-
nized into seven modules. For the AD group, the brain modules
were reorganized into eight modules. The module-reorganization
patterns between CN and AD are graphically illustrated in
Figures 2C,D. The largest module in the CN group (CN-1) was
broken down into two separated modules in the AD group (AD-
1 and AD-2). The module CN-2 is disrupted into three modules
(AD-3, AD-4, and AD-8) and module CN-6 is disrupted into four
modules (AD-4, AD-6, AD-7, AD-8).

FIGURE 2 | Module of the non-threshold positive group networks of

CN and AD at 3T. Color represents the individual community. First row of
(A) and (B) is the network view, the second row of (A) and (B) shows the
brain module organization overlaid in the brain template and the last row
(C and D) is the module reorganization pattern between CN and AD. The
label module numbers in the brain views of (A) and (B) are matched with
the module numbers in (C) and (D), respectively. Two matrices, (C) and (D),
show the grouped CC matrix of CN and AD. In (C) and (D), numbers along
each matrix labeled the module number for each group. Red arrow and red
connection lines show the reorganization pattern from CN to AD. The
thickness of each line represents the number of members.
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To compare the module membership composition between
CN and AD groups and identify specific brain regions that dis-
rupted away from the original module, the module CN-1 was
cited as an example. As listed in Table 2, the module CN-1 con-
tained eight pairs of homotopic brain regions, which are defined
as geometrically symmetric across interhemispheric regions. This
well-organized module is highly symmetric across hemispheres
in the control network (Figure 2A). We called this module the
“insula module,” because its members are involved in saliency,
switching, attention and control functions of the insula network
(Menon and Uddin, 2010). Noticeably, eight out of 16 homotopic
regions were broken in the AD group. The eight regions on the
right hemisphere formed a new module in the AD group (AD-2)
(labeled in Red bold in Table 2). These eight regions are the right
opercular part of inferior frontal gyrus, right area triangularis,
right insula, right putamen, right globus pallidus, right transverse
temporal gyri, right superior temporal gyrus, and right superior
temporal pole. The formation of the new module AD-2 not only
indicated that the insula module is broken down, but also indi-
cated there is severe disruption between left and right hemisphere
communication in the AD brains.

QUANTIFICATION AND VALIDATION OF THE INSULA MODULE IN
HEALTHY YOUNG, CN, MCI, AND AD GROUPS
To quantify the insula module disruption between hemispheres,
two functional indices were obtained [index A calculated from
Equation (3) and index B calculated from Equation (4)]. As illus-
trated in Figures 3A,B, functional connections of the eight pairs
of homotopic (contralateral) regions of the insula module were

Table 2 | Regions in the insula module (blue module).

Blue module (insula community)

Left Right

Left precentral gyrus Right precentral gyrus

Left opercular part of inferior
frontal gyrus

Right opercular part of inferior frontal

gyrus

Left area triangularis Right area triangularis

Left rolandic operculum Right rolandic operculum

Left insula Right insula

Left middle cingulate Right middle cingulate

Left postcentral gyrus Right postcentral gyrus

Left superior parietal lobule Right superior parietal lobule

Left inferior parietal lobule Right inferior parietal lobule

Left supramarginal gyrus Right supramarginal gyrus

Left paracentral lobule Right paracentral lobule

Left putamen Right putamen

Left globus pallidus Right globus pallidus

Left transverse temporal gyri Right transverse temporal gyri

Left superior temporal gyrus Right superior temporal gyrus

Left superior temporal pole Right superior temporal pole

Right supplementary motor area

Right amygdala

The eight right brain regions (in red bold) are no longer the members of the blue

module in the AD brains.

disconnected in the AD group. As shown in Figure 3C, index
A is significantly (p < 0.018) decreased in the AD group com-
pared to the CN group. Index B shows no significant difference
related to the AD and CN groups but has increasing trends
(p < 0.12). To cross-validate the results with indices A and B, we
employed six additional independent datasets in order to avoid
an overly optimistic estimate of the error rate by the resubstitution
method or the leave-one-out method. First, we employed the MCW
dataset containing 23 aMCI subjects. As shown in Figure 3D,
index A, individually calculated from each aMCI subject in the
aMCI group, was significantly lower than that in the CN group
and index B showed no difference. Second, we employed the
Beijing datasets containing the young groups of subjects (group
age between 18 and 22 years old, and group age between 23 and
26 years old, total 192 subjects). As shown in Figure 3D, index A
of young subjects has stronger homotopic connectivity strength
than that of the elderly CN subjects and no differences for index B.
Third, we further demonstrated that datasets acquired on the 1.5T
scanner can be employed to validate our results. With the Nanjing
datasets acquired from 1.5T scanner, index A of the MCI and
AD groups is significantly reduced compared to the CN group,
as shown in Figure 3E. These validated results demonstrated that
index A as a biomarker can be quantitatively employed for mon-
itoring AD progression in the continuum of disease processes:
higher index A in young, decrease in elderly CN groups, and more
significantly decreased in the MCI and AD groups.

Decreased gray matter concentration (GMC) of these eight
pairs of homotopic regions in MCI and AD groups. The dis-
rupted functional connectivity occurred in the eight pairs of
homotopic regions in the insula module. In addition, the aver-
age gray matter concentration (GMC) of those regions showed
significant decrease in the MCI and AD groups in compari-
son to the CN groups. The GMC decrease in the MCI and
AD group was observed, as shown in Figure 3F. To deter-
mine if the GMC changes affect the calculation of index A,
the variance of the GMC factor was controlled out. As shown
in Figure 3G, index A is still valid in distinguishing between
CN from MCI or AD status. These results also indicated that
although structural density and functional connectivity decrease
may be related, their changes are not necessary proportional
(Palop et al., 2006). With this trait, we have combined index
A and GMC to examine their diagnostic potential, as described
below.

Diagnostic power of index A and GMC as biomarkers to clas-
sify CN, MCI, and AD statuses. Through the measurement of
index A and GMC on each single subject, we have explored their
potential as biomarkers to classify CN, MCI, and AD statuses. As
shown in Figure 4, the result from testing groups (CN vs. AD)
provided 94% of area under the curve (AUC) of the receiver oper-
ation characteristic (ROC) curve. The validation results provided
78 and 71% of AUC to classify between CN and AD, and between
MCI and AD, respectively. With Nanjing datasets acquired on the
1.5T Siemens scanner, these validation results become 85% (AD
vs. CN) and 80% (MCI vs. CN), and 70% (MCI vs. AD). For the
young subject groups as the healthiest population, there is a per-
fect 100% specificity and sensitivity (AUC 100%) in comparison
to the AD group.
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FIGURE 3 | (A) and (B) Show the changes of insula module between CN
(A) and AD (B); each dot is the center of an AAL-based brain region;
regions with same color are in the same module, solid line means higher
connection, while the dash line represents the weaker connection.
(C) Two indices (index A and index B) of CN_3T and AD_3T (test groups).
(D) Two indices of two young subject groups, CN_3T and MCI_3T
(validation groups). (E) Two indices of CN_1.5T, MCI_1.5T, and AD_1.5T

(validation groups). (F) The average of GMC of each group. (G) The two
indices after removal of the GMC effect of each group; where (∗)
represents the significance (p < 0.05) in comparison to CN_1.5T and (∗∗)
represents the significance (p < 0.05) in comparison to the MCI group.
Error bar indicates the standard deviation. (++) represents both young
groups have significant larger index A value than the old CN_3T and
MCI_3T groups.

DISCUSSION
Several studies have employed the modular analysis method to
demonstrate that the brain has modular organization (Hilgetag
et al., 2000; Chen et al., 2008; Hagmann et al., 2008). In com-
parison to small-world metrics, modular analysis can provide
detailed network organization patterns as to how the nodes are
connected to form subnetworks or communities in a complex
network (Hilgetag et al., 2000; Chen et al., 2008; Hagmann et al.,
2008). Using this advantage, modular analysis methods have
been applied to diseased resting-state brain networks, such as
in chronic back pain (Balenzuela et al., 2010) and schizophrenia
(Alexander-Bloch et al., 2010; Yu et al., 2011). Using magnetoen-
cephalography (MEG), it was also found that the module strength

and the number of modules significantly changed in AD patients
(de Haan et al., 2012). Our results are consistent with these find-
ings and demonstrated the applicability of R-fMRI datasets for
modular analysis to AD.

In the control network, as expected, module patterns are well
organized with symmetric distribution. Each pair of the inter-
hemispheric homotopic regions, for the most part, is in the same
communities. Many literature references substantiate that the
brain functional network forms an interhemispheric symmetric
pattern with highly consistent functional connectivity between
homotopic regions (Zuo et al., 2010). A high degree of symmetry
in the motor cortex of resting-state functional connectivity has
been reported (Biswal et al., 1995; Van den Heuvel and Hulshoff
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FIGURE 4 | Classification power (ROC curve) when both biomarkers of GMC and index A are combined.

Pol, 2010). The well-known DMN (Raichle et al., 2001; Greicius
et al., 2004) has a symmetric, well-organized pattern. Similar to
the module method, Mezer (Mezer et al., 2009) used the clus-
tering method and discovered a symmetric pattern of clusters
between the two hemispheres. This was true not only in the
human brain, but also in the rat brain. The highest values of
functional connectivity exist between interhemispheric homo-
topic regions (Pawela et al., 2008, 2010). However, not all the
interhemispheric homotopic regions are symmetric, only some
regions and their homotopic regions belong to different commu-
nities. This may be due to the dynamic changes of the functional
connectivity (Chang and Glover, 2010).

As expected in mild AD group, some of the communities
lost symmetric properties. There are more single regions whose
homotopic regions are in different communities. For example,
module 1 (blue module in Figure 2A) in the control group is
very symmetric, while it is separated into two modules in the AD
group (blue and brown modules in Figure 2B). Decreased sym-
metric properties or functional connectivity between interhemi-
spheric homotopic regions have been found in many diseased
functional networks. In behavioral research, Yamina (Lakmache
et al., 1998) found that AD subjects performed normally when
using intrahemispheric processing, but did poorly when inter-
hemispheric communication was required. For instance, in imag-
ing research, EEG studies (Locatelli et al., 1998; Babiloni et al.,
2004) of AD found decreased coordination between interhemi-
spheric networks. In the cocaine-dependent group, Kelly (Kelly
et al., 2011) investigated the interhemispheric homotopic connec-
tions using the Voxel-Mirrored Homotopic Connectivity method,
and found the striking cocaine-dependence-related reduction
in interhemispheric resting-state functional connectivity among
nodes of the dorsal attention network. Also, decreased inter-
hemispheric functional connectivity in subjects with impaired
awareness were found (Ovadia-Caro et al., 2012). Therefore,
this phenomenon of losing symmetric properties may reflect the

cognitive decline and unbalanced state in the functional network
of the diseased brain.

The most significant finding of this module study is the inter-
rupted integration of insula module in AD group. Anatomically,
the insula is a crucial hub in the human brain network; it is widely
connected to the cortical, limbic, and paralimbic structures.
Functionally, it is involved in high-order cognition, emotion,
autonomic, and sensory process (Naqvi et al., 2007; Allen et al.,
2008). The previous study has shown that the insula was affected
in AD and its atrophy was significantly decreased from the normal
population (Fan et al., 2008). The seed-based functional con-
nectivity of the insular regions was discovered to be significantly
decreased in the regions that functionally connected with insula.
This disruption was associated with episodic-memory deficits in
aMCI patients (Xie et al., 2012). Our results are not only con-
sistent with these previous findings, they indicate a disruption
between the insula and other brain regions. Also, we detected
the breakdown of the insula module in the AD group, which is
a possible neural underpinning of AD dementia.

Our findings demonstrated that the specific reorganized mod-
ular patterns can be quantified with index A in the CN, MCI,
and AD groups. Unlike biomarkers with inverse U-shape patterns,
such as the fMRI method due to the compensatory mechanisms
(Dickerson and Sperling, 2009), index A is a monofunction with
the disease progression of AD. Index A of aMCI and AD subjects
is significantly lower than that of CN and young subjects. Because
the biggest risk factor of AD is aging, the congruency between the
changes in the index A value, and changes in age, demonstrated
the potential of index A to serve as a biomarker. This character-
istic of the monofunction of index A with age is very important
for diagnostic accuracy by decreasing false positive and negative
errors.

We showed the potential of using structural changes (GMC)
and functional disruption in the insula module (index A) as
a biomarker for AD. Recent revision of the NINCDS-ADRDA

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 456 | 7

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Chen et al. Modular reorganization in AD

(National Institute of Neurological and Communicative
Disorders and Stroke and the AD and Related Disorders
Association [now known as the Alzheimer’s Association]) cri-
terion for the diagnosis of AD suggested adding abnormal
biomarkers, such as MRI, positron emission tomography (PET),
CSF, and brain atrophy to strengthen their roles (Kohannim et al.,
2010; Nettiksimmons et al., 2010; Walhovd et al., 2010; McKhann
et al., 2011; Zhang et al., 2011; Dai et al., 2012; Ewers et al.,
2012; Westman et al., 2012b). The effective combination of these
biomarkers can clinically provide more diagnostic power than
using a single biomarker. In this study, we found that the combi-
nation of MRI atrophy biomarker and the R-fMRI biomarker of
insula module could enhance the classification of AD and mon-
itor the progression along the continuum of AD development
both in the test and validation group. Our results demonstrated
the great feasibility of combining both MRI-based biomarkers of
the insula module in AD diagnosis.

In summary, with the modular analysis, we demonstrated the
ability of index A and GMC of the insula module in distin-
guishing MCI and AD from old and young, healthy CN subjects,
and its power of cross-validation with six independent datasets.

The combination of the MRI-based structural biomarker and
functional biomarker will significantly enhance the diagnostic
power. Further studies will be needed to characterize the relation-
ships between different biomarkers for AD (Sperling et al., 2009;
Kohannim et al., 2010; Nettiksimmons et al., 2010; Sheline et al.,
2010a,b; Walhovd et al., 2010; Zhang et al., 2011; Ewers et al.,
2012; Johnson et al., 2012).

ACKNOWLEDGMENTS
Dr. Gao-Jun Teng has full access to all of the study data and
took responsibility for the integrity of the data and the accu-
racy of the data analysis. The authors thank Ms. Carrie M.
O’Connor, M.A., for editorial assistance, and Mr. B. Douglas
Ward, M.S., for discussions related to the statistical analysis. This
work was supported by National Natural Science Foundation
of China (30825014, 30870704, 30971016, 81061120529 (Zhi-
Jun Zhang); 81171323 (Chunming Xie); 91132727 (Xiangyong
Zhang); 81171021 (Yongmei Shi); National Institutes of Health
grants: RO1 AG20279 (Shi-Jiang Li), the DANA Foundation (Shi-
Jiang Li). Social Development and Scientific and Technology
Project of Yangzhou (YZ2011087).

REFERENCES
Ahnert, S. E., Garlaschelli, D., Fink,

T. M., and Caldarelli, G. (2007).
Ensemble approach to the analy-
sis of weighted networks. Phys. Rev.
E Stat. Nonlin. Soft Matter Phys.
76:016101.

Alexander-Bloch, A. F., Gogtay, N.,
Meunier, D., Birn, R., Clasen, L.,
Lalonde, F., et al. (2010). Disrupted
modularity and local connectiv-
ity of brain functional networks
in childhood-onset schizophrenia.
Front. Syst. Neurosci. 4:147. doi:
10.3389/fnsys.2010.00147

Allen, J. S., Emmorey, K., Bruss,
J., and Damasio, H. (2008).
Morphology of the insula in rela-
tion to hearing status and sign
language experience. J. Neurosci. 28,
11900–11905. doi: 10.1523/
JNEUROSCI.3141-08.2008

Babiloni, C., Miniussi, C., Moretti,
D. V., Vecchio, F., Salinari, S.,
Frisoni, G., et al. (2004). Cortical
networks generating movement-
related EEG rhythms in Alzheimer’s
disease: an EEG coherence study.
Behav. Neurosci. 118, 698–706. doi:
10.1037/0735-7044.118.4.698

Balenzuela, P., Chernomoretz, A.,
Fraiman, D., Cifre, I., Sitges, C.,
Montoya, P., et al. (2010). Modular
organization of brain resting state
networks in chronic back pain
patients. Front. Neuroinform. 4:116.
doi: 10.3389/fninf.2010.00116

Biswal, B. B., Mennes, M., Zuo, X.
N., Gohel, S., Kelly, C., Smith,
S. M., et al. (2010). Toward dis-
covery science of human brain

function. Proc. Natl. Acad. Sci.
U.S.A. 107, 4734–4739. doi:
10.1073/pnas.0911855107

Biswal, B., Yetkin, F. Z., Haughton,
V. M., and Hyde, J. S. (1995).
Functional connectivity in the
motor cortex of resting human
brain using echo-planar MRI.
Magn. Reson. Med. 34, 537–541.
doi: 10.1002/mrm.1910340409

Bonthius, D. J., Solodkin, A., and Van
Hoesen, G. W. (2005). Pathology
of the insular cortex in Alzheimer
disease depends on cortical archi-
tecture. J. Neuropathol. Exp. Neurol.
64, 910–922. doi: 10.1097/01.
jnen.0000182983.87106.d1

Buckner, R. L., Sepulcre, J., Talukdar, T.,
Krienen, F. M., Liu, H., Hedden, T.,
et al. (2009). Cortical hubs revealed
by intrinsic functional connectiv-
ity: mapping, assessment of stabil-
ity, and relation to Alzheimer’s dis-
ease. J. Neurosci. 29, 1860–1873. doi:
10.1523/JNEUROSCI.5062-08.2009

Chang, C., and Glover, G. H. (2010).
Time-frequency dynamics of
resting-state brain connec-
tivity measured with fMRI.
Neuroimage 50, 81–98. doi:
10.1016/j.neuroimage.2009.12.011

Chen, G., Ward, B. D., Xie, C., Li, W.,
Wu, Z., Jones, J. L., et al. (2011a).
Classification of Alzheimer disease,
mild cognitive impairment, and
normal cognitive status with large-
scale network analysis based on
resting-state functional MR imag-
ing. Radiology 259, 213–221.

Chen, G., Xie, C., and Li, S. J. (2011b).
Negative functional connectivity

and its dependence on the shortest
path length of positive network
in the resting-state human brain.
Brain Connect. 1, 195–206.

Chen, Z. J., He, Y., Rosa-Neto, P.,
Germann, J., and Evans, A.
C. (2008). Revealing modular
architecture of human brain
structural networks by using
cortical thickness from MRI.
Cereb. Cortex 18, 2374–2381. doi:
10.1093/cercor/bhn003

Clauset, A., Newman, M. E., and
Moore, C. (2004). Finding com-
munity structure in very large net-
works. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 70:066111.

Dai, Z., Yan, C., Wang, Z., Wang,
J., Xia, M., Li, K., et al.
(2012). Discriminative analy-
sis of early Alzheimer’s disease
using multi-modal imaging
and multi-level characteriza-
tion with multi-classifier (M3).
Neuroimage 59, 2187–2195.
doi: 10.1016/j.neuroimage.
2011.10.003

de Haan, W., van der Flier, W.
M., Koene, T., Smits, L. L.,
Scheltens, P., and Stam, C. J.
(2012). Disrupted modular brain
dynamics reflect cognitive dys-
function in Alzheimer’s disease.
Neuroimage 59, 3085–3093. doi:
10.1016/j.neuroimage.2011.11.055

Delbeuck, X., Van der Linden,
M., and Collette, F. (2003).
Alzheimer’s disease as a discon-
nection syndrome. Neuropsychol.
Rev. 13, 79–92. doi: 10.1023/
A:1023832305702

Dickerson, B. C., and Sperling, R.
A. (2009). Large-scale functional
brain network abnormalities in
Alzheimer’s disease: insights from
functional neuroimaging. Behav.
Neurol. 21, 63–75.

Duch, J. A., and Arenas, A. (2005).
Community detection in complex
networks using extremal optimiza-
tion. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 72, 027104–027107.
doi: 10.1103/PhysRevE.72.027104

Ewers, M., Insel, P., Jagust, W. J.,
Shaw, L., Trojanowski, J. J., Aisen,
P., et al. (2012). CSF biomarker and
PIB-PET-derived beta-amyloid sig-
nature predicts metabolic, gray mat-
ter, and cognitive changes in non-
demented subjects. Cereb. Cortex
22, 1993–2004. doi: 10.1093/cer-
cor/bhr271

Fan, Y., Resnick, S. M., Wu, X., and
Davatzikos, C. (2008). Structural
and functional biomarkers of pro-
dromal Alzheimer’s disease: a high-
dimensional pattern classification
study. Neuroimage 41, 277–285. doi:
10.1016/j.neuroimage.2008.02.043

Faria, A. V., Joel, S. E., Zhang, Y.,
Oishi, K., van Zjil, P. C., Miller,
M. I., et al. (2012). Atlas-based
analysis of resting-state func-
tional connectivity: evaluation for
reproducibility and multi-modal
anatomy-function correlation stud-
ies. Neuroimage 61, 613–621. doi:
10.1016/j.neuroimage.2012.03.078

Fleisher, A. S., Sherzai, A., Taylor,
C., Langbaum, J. B., Chen,
K., and Buxton, R. B. (2009).
Resting-state BOLD networks

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 456 | 8

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Chen et al. Modular reorganization in AD

versus task-associated func-
tional MRI for distinguishing
Alzheimer’s disease risk groups.
Neuroimage 47, 1678–1690.
doi: 10.1016/j.neuroimage.
2009.06.021

Geschwind, N. (1965). Disconnexion
syndromes in animals and
man. I. Brain 88, 237–294. doi:
10.1093/brain/88.2.237

Greicius, M. D., Srivastava, G., Reiss,
A. L., and 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. doi:
10.1073/pnas.0308627101

Hagmann, P., Cammoun, L., Gigandet,
X., Meuli, R., Honey, C. J., Wedeen,
V. J., et al. (2008). Mapping the
structural core of human cere-
bral cortex. PLoS Biol. 6:e159. doi:
10.1371/journal.pbio.0060159

He, Y., Chen, Z., and Evans, A.
(2008). Structural insights into
aberrant topological patterns
of large-scale cortical net-
works in Alzheimer’s disease.
J. Neurosci. 28, 4756–4766. doi:
10.1523/JNEUROSCI.0141-08.2008

He, Y., Wang, J., Wang, L., Chen,
Z. J., Yan, C., Yang, H., et al.
(2009). Uncovering intrinsic mod-
ular organization of spontaneous
brain activity in humans. PLoS ONE
4:e5226. doi: 10.1371/journal.pone.
0005226

Hilgetag, C. C., Burns, G. A., O’Neill,
M. A., Scannell, J. W., andYoung,
M. P. (2000). Anatomical connectiv-
ity defines the organization of clus-
ters of cortical areas in the macaque
monkey and the cat. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 355,
91–110.

Horwitz, B., Grady, C. L., Schlageter, N.
L., Duara, R., and Rapoport, S. I.
(1987). Intercorrelations of regional
cerebral glucose metabolic rates
in Alzheimer’s disease. Brain Res.
407, 294–306. doi: 10.1016/0006-
8993(87)91107-3

Johnson, K. A., Fox, N. C., Sperling,
R. A., and Klunk, W. E. (2012).
Brain imaging in Alzheimer disease.
Cold Spring Harb. Perspect. Med.
2:a006213.

Kelly, C., Zuo, X. N., Gotimer, K.,
Cox, C. L., Lynch, L., Brock,
D., et al. (2011). Reduced
interhemispheric resting state
functional connectivity in cocaine
addiction. Biol. Psychiatry 69,
684–692. doi: 10.1016/j.biopsych.
2010.11.022

Khalili-Mahani, N., Chang, C., van
Osch, M. J., Veer, I. M., van Buchem,
M. A., Dahan, A., et al. (2012). The

impact of “physiological correction”
on functional connectivity analy-
sis of pharmacological resting state
fMRI. Neuroimage 65, 499–510. doi:
10.1016/j.neuroimage.2012.09.044

Koch, W., Teipel, S., Mueller, S.,
Benninghoff, J., Wagner, M., Bokde,
A. L., et al. (2012). Diagnostic
power of default mode network
resting state fMRI in the detection
of Alzheimer’s disease. Neurobiol.
Aging 33, 466–478. doi: 10.1016/j.
neurobiolaging.2010.04.013

Koch, W., Teipel, S., Mueller, S.,
Buerger, K., Bokde, A. L., Hampel,
H., et al. (2010). Effects of aging
on default mode network activ-
ity in resting state fMRI: does
the method of analysis mat-
ter. Neuroimage 51, 280–287.
doi: 10.1016/j.neuroimage.
2009.12.008

Kohannim, O., Hua, X., Hibar, D. P.,
Lee, S., Chou, Y. Y., Toga, A. W.,
et al. (2010). Boosting power for
clinical trials using classifiers based
on multiple biomarkers. Neurobiol.
Aging 31, 1429–1442. doi: 10.1016/j.
neurobiolaging.2010.04.022

Lakmache, Y., Lassonde, M., Gauthier,
S., Frigon, J. Y., and Lepore, F.
(1998). Interhemispheric discon-
nection syndrome in Alzheimer’s
disease. Proc. Natl. Acad. Sci. U.S.A.
95, 9042–9046. doi: 10.1073/pnas.
95.15.9042

Leicht, E. A., and Newman, M. E.
(2008). Community structure in
directed networks. Phys. Rev. Lett.
100:118703.

Li, S. J., Li, Z., Wu, G., Zhang, M.
J., Franczak, M., and Antuono, P.
G. (2002). Alzheimer Disease: eval-
uation of a functional MR imag-
ing index as a marker. Radiology
225, 253–259. doi: 10.1148/radiol.
2251011301

Locatelli, T., Cursi, M., Liberati,
D., Franceschi, M., and
Comi, G. (1998). EEG coher-
ence in Alzheimer’s disease.
Electroencephalogr. Clin. Neuro-
physiol. 106, 229–237. doi: 10.1016/
S0013-4694(97)00129-6

Lustig, C., Snyder, A. Z., Bhakta, M.,
O’Brien, K. C., McAvoy, M., Raichle,
M. E., et al. (2003). Functional
deactivations: change with age and
dementia of the Alzheimer type.
Proc. Natl. Acad. Sci. U.S.A. 100,
14504–14509.

McKhann, G. M., Knopman, D. S.,
Chertkow, H., Hyman, B. T., Jack,
C. R., Jr., Kawas, C. H., et al. (2011).
The diagnosis of dementia due to
Alzheimer’s disease: recommenda-
tions from the National Institute on
Aging-Alzheimer’s Association
workgroups on diagnostic

guidelines for Alzheimer’s disease.
Alzheimers Dement. 7, 263–269.

Menon, V., and Uddin, L. Q. (2010).
Saliency, switching, attention
and control: a network model
of insula function. Brain Struct.
Funct. 214, 655–667. doi: 10.1007/
s00429-010-0262-0

Meunier, D., Achard, S., Morcom, A.,
and Bullmore, E. (2009a). Age-
related changes in modular organi-
zation of human brain functional
networks. Neuroimage 44, 715–723.

Meunier, D., Lambiotte, R., and
Bullmore, E. T. (2010). Modular
and hierarchically modular orga-
nization of brain networks.
Front. Neurosci. 4:200. doi:
10.3389/fnins.2010.00200

Meunier, D., Lambiotte, R., Fornito,
A., Ersche, K. D., and Bullmore,
E. T. (2009b). Hierarchical mod-
ularity in human brain functional
networks. Front. Neuroinform. 3:37.
doi: 10.3389/neuro.11.037.2009

Mezer, A., Yovel, Y., Pasternak,
O., Gorfine, T., and Assaf,
Y. (2009). Cluster analysis of
resting-state fMRI time series.
Neuroimage 45, 1117–1125. doi:
10.1016/j.neuroimage.2008.12.015

Naqvi, N. H., Rudrauf, D., Damasio,
H., and Bechara, A. (2007).
Damage to the insula disrupts
addiction to cigarette smok-
ing. Science 315, 531–534. doi:
10.1126/science.1135926

Nettiksimmons, J., Harvey, D., Brewer,
J., Carmichael, O., DeCarli, C., Jack,
C. R. Jr., et al. (2010). Subtypes
based on cerebrospinal fluid and
magnetic resonance imaging
markers in normal elderly predict
cognitive decline. Neurobiol. Aging
31, 1419–1428. doi: 10.1016/j.
neurobiolaging.2010.04.025

Newman, M. E. J. (2006). Modularity
and community structure in
networks. Proc. Natl. Acad. Sci.
U.S.A. 103, 8577–8582. doi:
10.1073/pnas.0601602103

Newman, M. E., and Girvan, M. (2004).
Finding and evaluating community
structure in networks. Phys. Rev.
E Stat. Nonlin. Soft Matter Phys.
69, 026113–026127. doi: 10.1103/
PhysRevE.69.026113

Ovadia-Caro, S., Nir, Y., Soddu,
A., Ramot, M., Hesselmann, G.,
Vanhaudenhuyse, A., et al. (2012).
Reduction in inter-hemispheric
connectivity in disorders of con-
sciousness. PLoS ONE 7:e37238.
doi: 10.1371/journal.pone.0037238

Palop, J. J., Chin, J., and Mucke, L.
(2006). A network dysfunction per-
spective on neurodegenerative dis-
eases. Nature 443, 768–773. doi:
10.1038/nature05289

Pawela, C. P., Biswal, B. B., Cho, Y.
R., Kao, D. S., Li, R., Jones, S.
R., et al. (2008). Resting-state func-
tional connectivity of the rat brain.
Magn. Reson. Med. 59, 1021–1029.
doi: 10.1002/mrm.21524

Pawela, C. P., Biswal, B. B., Hudetz,
A. G., Li, R., Jones, S. R., Cho, Y.
R., et al. (2010). Interhemispheric
neuroplasticity following limb
deafferentation detected by resting-
state functional connectivity
magnetic resonance imaging
(fcMRI) and functional mag-
netic resonance imaging (fMRI).
Neuroimage 49, 2467–2478. doi:
10.1016/j.neuroimage.2009.09.054

Prvulovic, D., Bokde, A. L., Faltraco, F.,
and Hampel, H. (2011). Functional
magnetic resonance imaging as
a dynamic candidate biomarker
for Alzheimer’s disease. Prog.
Neurobiol. 95, 557–569. doi:
10.1016/j.pneurobio.2011.05.008

Raichle, M. E., MacLeod, A. M.,
Snyder, A. Z., Powers, W. J.,
Gusnard, D. A., and Shulman,
G. L. (2001). A default mode of
brain function. Proc. Natl. Acad.
Sci. U.S.A. 98, 676–682. doi:
10.1073/pnas.98.2.676

Royall, D. R. (2008). Insular Alzheimer
disease pathology and the psycho-
metric correlates of mortality. Cleve.
Clin. J. Med. 75(Suppl. 2), S97–S99.

Sanz-Arigita, E. J., Schoonheim, M. M.,
Damoiseaux, J. S., Rombouts, S. A.,
Maris, E., Barkhof, F., et al. (2010).
Loss of ‘small-world’ networks in
Alzheimer’s disease: graph analy-
sis of FMRI resting-state functional
connectivity. PLoS ONE 5:e13788.
doi: 10.1371/journal.pone.0013788

Sheline, Y. I., Morris, J. C., Snyder, A.
Z., Price, J. L., Yan, Z., D’Angelo, G.,
et al. (2010a). APOE4 allele disrupts
resting state fMRI connectivity in
the absence of amyloid plaques or
decreased CSF Abeta42. J. Neurosci.
30, 17035–17040.

Sheline, Y. I., Raichle, M. E., Snyder, A.
Z., Morris, J. C., Head, D., Wang,
S., et al. (2010b). Amyloid plaques
disrupt resting state default mode
network connectivity in cognitively
normal elderly. Biol. Psychiatry 67,
584–587.

Sorg, C., Riedl, V., Perneczky, R.,
Kurz, A., and Wohlschlager, A. M.
(2009). Impact of Alzheimer’s dis-
ease on the functional connectiv-
ity of spontaneous brain activity.
Curr. Alzheimer Res. 6, 541–553. doi:
10.2174/156720509790147106

Sperling, R. A., Laviolette, P. S.,
O’Keefe, K., O’Brien, J., Rentz,
D. M., Pihlajamaki, M., et al.
(2009). Amyloid deposition is
associated with impaired default

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 456 | 9

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Chen et al. Modular reorganization in AD

network function in older persons
without dementia. Neuron 63,
178–188.

Tzourio-Mazoyer, N., Landeau, B.,
Papathanassiou, D., Crivello, F.,
Etard, O., Delcroix, N., et al.
(2002). Automated anatomical
labeling of activations in SPM
using a macroscopic anatomical
parcellation of the MNI MRI
single-subject brain. Neuroimage
15, 273–289. doi: 10.1006/
nimg.2001.0978

Van den Heuvel, M. P., and Hulshoff
Pol, H. E. (2010). Specific soma-
totopic organization of functional
connections of the primary motor
network during resting state. Hum.
Brain Mapp. 31, 631–644.

Wada, Y., Nanbu, Y., Koshino, Y.,
Yamaguchi, N., and Hashimoto, T.
(1998). Reduced interhemispheric
EEG coherence in Alzheimer dis-
ease: analysis during rest and photic
stimulation. Alzheimer Dis. Assoc.
Disord. 12, 175–181. doi: 10.1097/
00002093-199809000-00009

Walhovd, K. B., Fjell, A. M., Brewer,
J., McEvoy, L. K., Fennema-
Notestine, C., Hagler, D. J., et al.
(2010). Combining MR imaging,
positron-emission tomography,

and CSF biomarkers in the diag-
nosis and prognosis of Alzheimer
disease. AJNR 31, 347–354. doi:
10.3174/ajnr.A1809

Westman, E., Aguilar, C., Muehlboeck,
J. S., and Simmons, A. (2012a).
Regional magnetic resonance imag-
ing measures for multivariate anal-
ysis in alzheimer’s disease and mild
cognitive impairment. Brain Topogr.
26, 9–23. doi: 10.1007/s10548-012-
0246-x

Westman, E., Muehlboeck, J. S., and
Simmons, A. (2012b). Combining
MRI and CSF measures for classi-
fication of Alzheimer’s disease and
prediction of mild cognitive impair-
ment conversion. Neuroimage 62,
229–238.

Xie, C., Bai, F., Yu, H., Shi, Y., Yuan, Y.,
Chen, G., et al. (2012). Abnormal
insula functional network is asso-
ciated with episodic memory
decline in amnestic mild cognitive
impairment. Neuroimage 63,
320–327. doi: 10.1016/j.
neuroimage.2012.06.062

Yu, Q., Plis, S. M., Erhardt, E. B.,
Allen, E. A., Sui, J., Kiehl, K. A.,
et al. (2011). Modular organization
of functional network connectiv-
ity in healthy controls and patients

with schizophrenia during the rest-
ing state. Front. Syst. Neurosci. 5:103.
doi: 10.3389/fnsys.2011.00103

Zhang, H. Y., Wang, S. J., Liu, B.,
Ma, Z. L., Yang, M., Zhang, Z.
J., et al. (2010). Resting brain
connectivity: changes during the
progress of Alzheimer disease.
Radiology 256, 598–606. doi:
10.1148/radiol.10091701

Zhang, H. Y., Wang, S. J., Xing, J., Liu,
B., Ma, Z. L., Yang, M., et al. (2009).
Detection of PCC functional con-
nectivity characteristics in resting-
state fMRI in mild Alzheimer’s dis-
ease. Behav. Brain Res. 197, 103–108.
doi: 10.1016/j.bbr.2008.08.012

Zhang, Y., Schuff, N., Ching, C.,
Tosun, D., Zhan, W., Nezamzadeh,
M., et al. (2011). Joint assessment
of structural, perfusion, and dif-
fusion MRI in Alzheimer’s disease
and frontotemporal dementia. Int.
J. Alzheimers Dis. 2011:546871. doi:
10.4061/2011/546871

Zuo, X. N., Kelly, C., Di Martino,
A., Mennes, M., Margulies, D.
S., Bangaru, S., et al. (2010).
Growing together and growing
apart: regional and sex differences
in the lifespan developmental tra-
jectories of functional homotopy.

J. Neurosci. 30, 15034–15043. doi:
10.1523/JNEUROSCI.2612-10.2010

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 06 May 2013; accepted: 22 July
2013; published online: 09 August 2013.
Citation: Chen G, Zhang H-Y, Xie C,
Chen G, Zhang Z-J, Teng G-J and Li S-J
(2013) Modular reorganization of brain
resting state networks and its indepen-
dent validation in Alzheimer’s disease
patients. Front. Hum. Neurosci. 7:456.
doi: 10.3389/fnhum.2013.00456
Copyright © 2013 Chen, Zhang, Xie,
Chen, Zhang, Teng and Li. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 456 | 10

http://dx.doi.org/10.3389/fnhum.2013.00456
http://dx.doi.org/10.3389/fnhum.2013.00456
http://dx.doi.org/10.3389/fnhum.2013.00456
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Modular reorganization of brain resting state networks and its independent validation in Alzheimer's disease patients
	Introduction
	Materials and Methods
	Human Subjects
	Imaging Acquisition of MCW Datasets
	Imaging Acquisition of Beijing Datasets
	Imaging Acquisition of Nanjing Datasets
	Data Preprocessing
	Postprocessing
	Brain functional network
	Group network
	Modularity
	Quantitative measurement of modular reorganization in AD
	Gray matter concentration (GMC)


	Results
	Maximum Modularity Value (Q)
	Module Structures in the AD Group were Reorganized, Unlike the CN Group
	Quantification and Validation of the Insula Module in Healthy Young, CN, MCI, and AD Groups

	Discussion
	Acknowledgments
	References


