
C
p

S
H
a

b

c

d

a

A
R
R
A
A

K
C
F
P
M

1

t
B
t
c
A
t
i
e
(
i
F
l
F
e
2
l

i

h
0

Neuroscience Research 98 (2015) 50–58

Contents lists available at ScienceDirect

Neuroscience  Research

jo ur nal home p age: www.elsev ier .com/ locate /neures

onnectivity  analysis  of  normal  and  mild  cognitive  impairment
atients  based  on  FDG  and  PiB-PET  images

eong-Jin  Sona,  Jonghoon  Kima,  Jongbum  Seob,  Jong-min  Leec,
yunjin  Parkd,∗,  the  ADNI1

Department of Electronic Electrical and Computer Engineering, Sungkyunkwan University, Republic of Korea
Department of Biomedical Engineering, Yonsei University, Republic of Korea
Department of Biomedical Engineering, Hanyang University, Republic of Korea
School of Electronic and Electrical Engineering, Sungkyunkwan University, Republic of Korea

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 4 December 2014
eceived in revised form 2 April 2015
ccepted 8 April 2015
vailable online 17 April 2015

a  b  s  t  r  a  c  t

Connectivity  analysis  allows  researchers  to  explore  interregional  correlations,  and  thus  is  well  suited
for  analysis  of  complex  networks  such  as  the  brain.  We  applied  whole  brain  connectivity  analysis  to
assess  the  progression  of  Alzheimer’s  disease  (AD).  To  detect  early  AD  progression,  we focused  on  dis-
tinguishing  between  normal  control  (NC) subjects  and  subjects  with  mild  cognitive  impairment  (MCI).
Fludeoxyglucose  (FDG)  and  Pittsburgh  compound  B (PiB)-positron  emission  tomography  (PET)  were
eywords:
onnectivity analysis
DG-PET
iB-PET

acquired  for 75  participants.  A graph  network  was  implemented  using  correlation  matrices.  Correla-
tion  matrices  of FDG  and  PiB-PET  were  combined  into  one  matrix  using  a  novel  method.  Group-wise
differences  between  NC  and  MCI  patients  were  assessed  using  clustering  coefficients,  characteristic  path
lengths,  and betweenness  centrality  using  various  correlation  matrices.  Using  connectivity  analysis,  this
study identified  important  regions  differentially  affected  by AD progression.

15  El

ild cognitive impairment
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. Introduction

Alzheimer’s disease (AD) is the most common form of demen-
ia and has worldwide implications (Berchtold and Cotman, 1998;
rookmeyer, 1998; Hebert and Scherr, 2003). Many AD patients
ransition from a cognitively normal status to an intermediate stage
alled mild cognitive impairment (MCI), before finally converting to
D. There is no generally-accepted cure for far-progressed AD, and

hus early detection of AD is important. Various imaging modal-
ties, including magnetic resonance imaging (MRI), single photon
mission tomography (SPECT), and positron emission tomography
PET) have been successfully applied to assess the progression of AD
n patients (Greicius et al., 2004; Matsuda, 2007; Fripp et al., 2008;
risoni et al., 2010; Mosconi et al., 2010a). The usage of PET has
ed to many discoveries in AD research as well (Klunk et al., 2004;
oster et al., 2007; Koivunen et al., 2008; Fripp et al., 2008; Mosconi

t al., 2010a; Bohnen and Djang, 2012; Hatashita and Yamasaki,
013). PET imaging provides contrast information derived from

ocal radiotracer activity. PET imaging using fludeoxyglucose (FDG)

∗ Corresponding author. Tel.: +82 31 299 4956; fax: +82 31 290 5819.
E-mail address: hyunjinp@skku.edu (H. Park).

1 Data used in this article were obtained from the Alzheimer’s Disease Neuroimag-
ng  Initiative (ADNI) database.
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sevier  Ireland  Ltd and  the  Japan  Neuroscience  Society.  All rights  reserved.

reflects local metabolism by region glucose uptake, which has
been shown to be effective at distinguishing normal subjects from
patients with AD (Foster et al., 2007; Mosconi et al., 2010a; Bohnen
and Djang, 2012; Ishii, 2013). Pittsburgh compound B (PiB) is a
radiotracer that binds to a well-established biomarker of AD known
as beta-amyloid (Klunk et al., 2004; Koivunen et al., 2008; Fripp
et al., 2008; Hatashita and Yamasaki, 2013). PET imaging using
PiB (PiB-PET) provides contrast information based on local deposi-
tion of beta-amyloid, which has shown a high correlation with the
progression of AD in patients (Klunk et al., 2004; Koivunen et al.,
2008; Hatashita and Yamasaki, 2013). Many brain regions show
decreased FDG-PET activity for AD patients compared to normal
while the same regions show increased PiB-PET activity (Hatashita
and Yamasaki, 2013; Klunk et al., 2004). A multi-modal PET study
should exhibit this anti-proportional behavior of FDG and PiB PET.

Raw data from imaging modalities cannot be used directly for
extracting relevant information for AD research. Imaging data are
processed using various algorithms implemented in software pack-
ages for proper research (Friston and Holmes, 1994; Jenkinson et al.,
2012). Many of these image-processing algorithms are intended to
identify regions that reflect group-wise differences. Another type

of algorithm, known as connectivity analysis, focuses on how activ-
ities in one region correlate with activities in another region of a
complex network (Anwander et al., 2007; He et al., 2007; Bullmore
and Sporns, 2009). Connectivity analysis allows observation of the

erved.
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Table 1
Demographic information for NC and MCI  groups. Mean and standard deviation
values are reported.

PET tracer Information NC (n = 20) MCI  (n = 20) p-Value

FDG Gender (M:F) 12:8 14:7 0.6673
Age 76.34 (6.41) 78.49 (7.19) 0.3245
MMSE  score 30 (0) 22.9 (1.74) <0.001
CDR score 0 (0) 0.5 (0) 0

PET  tracer Information NC (n = 15) MCI  (n = 20) p-Value

PiB Gender (M:F) 9:6 12:8 1
Age 77.78 (6.23) 76.07 (6.68) 0.4445
S. J. Son et al. / Neuroscie

hole brain as a complex, connected network. Well-established
heories and tools borrowed from network graphs can be applied to
uantify the connectivity of any given brain (Bullmore and Sporns,
009; He and Evans, 2010; Watts and Strogatz, 1998). Connectivity

n our study refers to functional connectivity whose information
s derived from functional imaging modalities such as fMRI or
ET. The functional connectivity is primarily a statistical concept
easured via correlation between distinct regions, which many

tudies adopted (Zalesky et al., 2012). It is different from structural
onnectivity where physical neuronal fibers connect two distinct
egions. If two regions share a similar signal pattern, be it from
lood-oxygen-level-dependent (BOLD) signal or some other rele-
ant signal, the strength of functional connectivity is assumed to
e high. Many studies successfully applied functional connectivity
nalysis to resting state fMRI and FDG-PET and the brain networks
dentified were large consistent with known brain circuitries (He
nd Evans, 2010; Seo et al., 2013; Wang et al., 2013; Zalesky et al.,
012). Some studies went further an adopted a morphological fea-
ure, cortical thickness, to compute connectivity (He et al., 2007;

ee  et al., 2013; Wheeler et al., 2015). If two regions share a sim-
lar pattern of cortical thickness, the connectivity was assumed to
e high. In the same vein, we applied functional connectivity anal-
sis to patterns of amyloid deposition for PiB-PET. In this study,
onnectivity derived from PET reflects correlation between pat-
erns of regional cerebral metabolism (FDG) or amyloid deposition
PiB). Connectivity analysis typically involves a matrix whose ele-

ents reflect some degree of correlation between two regions of
nterest (ROIs). The matrix, referred to as the correlation matrix,
ontains correlation values that are derived from underlying imag-
ng modalities. More and more studies have adopted multi-modal
pproaches, thereby a single brain is described in two  or more
odalities. In such scenarios, more than two correlation matrices

eed to be combined properly for further analysis. Combing corre-
ation matrices requires careful attention, because the matrices are
erived from different modalities.

The focus of this study is to assess information regarding MCI  in
atients showing AD progression. We  attempt to distinguish MCI
rom normal cognitive aging in an effort to detect AD progression
arly on. Unlike many studies that utilize various methods of MRI  to
nvestigate AD, we utilized PET imaging. We  obtained FDG-PET and
iB-PET imaging from the Alzheimer’s Disease Neuroimaging Ini-
iative (ADNI), an extensive research database on the topic (Carrillo
t al., 2012). For our purposes, connectivity analysis was applied to
ET images of normal control (NC) and MCI  patients. Each imaging
odality resulted in a separate correlation matrix, which we  later

ombined using pseudo-logical operations. Group-wise differences
i.e., differences between MCI  and NC subjects) were assessed using
lustering coefficients, characteristic path lengths, and between-
ess centrality. The goals of this study are (1) to apply connectivity
nalysis to two types of PET imaging, FDG-PET and PiB-PET, and (2)
o combine the results of the connectivity analyses of both types of
ET imaging in a novel way. As a brief preview of the findings, we
ere able to combine different correlation matrices and to replicate

mportant known ROIs for AD progression.

. Materials and methods

.1. Subjects and PET images

We  collected two types of PET imaging, PiB and FDG imag-
ng, from the ADNI database (Carrillo et al., 2012). For FDG-PET,

he following imaging parameters were used on a Siemens
canner. Image matrix = 128 × 128; number of slices = 63; pixel
esolution = 2 mm × 2 mm;  slice thickness = 2.4 mm;  radiopharma-
eutical = 18F-FDG, reconstruction method = iterative. For PiB-PET,
MMSE  score 29 (1) 23.65 (1.87) <0.001
CDR score 0 (0) 0.5 (0) 0

the following imaging parameters were used on a Siemens
scanner. Image matrix = 128 × 128; number of slices = 63; pixel
resolution = 2 mm × 2 mm;  slice thickness = 2.4 mm;  radiopharma-
ceutical = 11C-PiB, reconstruction method = iterative. In patients,
MCI can be associated with non-AD type dementias such as vas-
cular or Lewy body dementia, which we excluded in this study
(Hansen and Samuel, 1997; Braak et al., 1999; Lee et al., 2009).
We  focused on the type of MCI  that is an early stage of AD known
as “MCI due to AD.” Seventy-five patients were divided into NC
(n = 20) and MCI  (n = 20) sub-groups for the FDG group, and NC
(n = 15) and MCI  (n = 20) sub-groups for the PiB group. Patients
in the NC group had global clinical dementia rating (CDR) scores
of 0 and mini-mental state examination (MMSE) scores between
27 and 30. Patients in the MCI  group had global CDR  scores of 0.5
and MMSE  scores between 20 and 26 (Folstein et al., 1975; Morris,
1993). Details regarding the patient groups, including age and sex
ratios, are provided in Table 1. There were no significant differences
(p-value > 0.05) between the groups in age or sex ratio.

2.2. Image pre-processing and ROIs

The PET images in the ADNI database were standardized from
different systems using a system of pre-processing steps. First, each
extracted frame of PET is co-registered to the first extracted frame
of the raw image file (frame acquired at 30–35 min  post-injection).
The base frame image and the five co-registered frames (or all
the co-registered frames for quantitative studies) are recombined
into a co-registered dynamic image set. Second, the co-registered
dynamic image set is averaged to create a single 30-minute PET
image, which averages six 5-min frames (or the last six frames
for quantitative studies). Third, each subject’s co-registered, aver-
aged image from their baseline PET scan is then reoriented into
a standard 160 × 160 × 96 grid, having 1.5-mm cubic voxels. This
image grid is oriented in such a way that the anterior–posterior
axis of the subject is parallel to the anterior–posterior commissure
(AC-PC) line. Fourth, each image obtained from the third step is
filtered with a scanner-specific filter function to produce images
of a uniform isotropic resolution of 8-mm full width half maxi-
mum (FWHM), the approximate resolution of the lowest resolution
scanners used in the ADNI database. The standardized uptake value
(SUV) of PET is normalized by the mean SUV of the cerebellar region.

Connectivity analysis requires specifying ROIs in order for any
correlations among them to be investigated. ROIs can be specified
manually or by automatic methods. We  used an automatic method
to propagate ROIs from a pre-defined atlas onto the standard space.
A well-known atlas with 90 labeled ROIs is available as a result of
previous research (Tzourio-Mazoyer et al., 2002). We applied an

image registration software based on C/C++ to register the atlas
with the standard space of PET using mutual information cost func-
tion and affine geometric transform (Meyer et al., 1997). Once the
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Fig. 1. Correlation matrices and the binarized matrices of NC and MCI  groups. The
first row shows the correlation matrices of (A) NC-FDG and (B) NC-PiB. The second
row shows the correlation matrices of (C) MCI-FDG and (D) MCI-PiB. The upper
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Fig. 2. Two correlation matrices, together with the results of combined correla-
tion matrices, using various approaches for the NC group. The first row shows the
correlation matrices of (A) NC-FDG and (B) NC-PiB. The second row shows the cor-
relation matrices of (C) NC-AND and (D) NC-MULT. NC-MULT is the matrix obtained
riangular matrices show the weighted un-directed correlation matrices of each
ub-group. The lower triangular matrices show the binarized matrices of the same
ub-group at a sparsity level of 17%.

tlas was registered onto the standard space, we transferred the
tlas ROI information onto the PET volume.

.3. Network construction using graph theory

Whole brain connectivity was assessed using nodes and edges
f a graph (Bullmore and Sporns, 2009; He and Evans, 2010). Nodes
ere assigned as 90 ROIs transferred from the atlas, which has also

een used to assign nodes in previous studies (Hansen and Samuel,
997; Tian et al., 2011; Wee  et al., 2012; Seo et al., 2013; Wang et al.,
013; Hong et al., 2013; Varoquaux and Craddock, 2013). Each edge
alue was assumed to be the correlation value between two ROIs,
hich was entered into the correlation matrix as a matrix element.
orrelation values were computed as a partial correlation, regress-

ng out the effects of age and sex. We  adopted a simple network
odel where un-directed and un-weighted edges were considered.

he correlation matrix was  converted into a binary matrix by a fixed
ensity threshold method. The fixed density threshold ensures that
he network graphs being compared have the same number of
dges. We applied a wide range of density (between 6% and 40%),
nd compared correlation matrices of the different groups. Each
roup resulted in two correlation matrices, one from FDG-PET and
he other from PiB-PET. A total of four correlation matrices were
omputed. Correlation matrices for each group together with the
hreshold matrices are shown in Fig. 1. The correlation matrices
ere further transformed using Fisher’s r-to-z transform.

.4. Combining correlation matrices

Given an imaging modality, one might compare two  correla-
ion matrices to assess differences between groups. If there are
wo matrices per group, one might take an element-wise average
f matrices to arrive at a new correlation matrix and perform the
nsuing connectivity analysis. In this way, certain patterns of cor-
elation values in a matrix might be blurred. The average of a large
orrelation value and a small correlation value would be an inter-
ediate value. We  wanted to combine correlation values in a way

nalogous to logical AND and OR operations. The AND operation
eeps a correlation value high only if two correlation values are

igh prior to a combining operation. In the same way, an AND oper-
tion keeps a correlation value low only if two correlation values
re low before the combining operation. The OR operation keeps

 correlation value high if one of two correlation values are high
by element-wise multiplication. The third row shows the correlation matrices of
(E) NC-OR and (F) NC-AVG. NC-AVG is the matrix obtained by the element-wise
average.

prior to a combining operation. The AND operator of correlation
matrices was implemented as an element-wise minimum operator.
Using element-wise multiplication will lead to a similar combined-
matrix value, but will negatively affect the combined value. In the
specific case of data herein, if two correlation values were 0.3 (mod-
erately low) and 0.7 (moderately high), we  wanted to extract a
value of 0.3 (moderately low) for the combined correlation value.
Using element-wise multiplication results in a value of 0.21 (still
moderately low), which is an approximate value. The OR opera-
tor of correlation matrices was implemented as an element-wise
maximum operator. Using an element-wise average will lead to a
similar combined-matrix value, but will negatively affect the com-
bined value. Two  correlation matrices of NC-FDG and NC-PiB, along
with various approaches to combine the two matrices, are shown
in Fig. 2.

2.5. Connectivity analysis

The correlation matrix of the brain network, whether com-
bined or not, was further analyzed using connectivity analysis.
We computed clustering coefficient (Cp) and characteristic path
length (Lp) values to quantify properties of the network. The clus-
tering coefficient reflects the average degree of local connectivity,
while the characteristic path length reflects the functional inte-
gration of the entire network. The brain is considered a highly
complex network, which can possess properties of both local speci-
fication and global integration. Many studies have reported that the
brain network has a “small-world” property, which implies high
values of local clustering (Cp) and similar path lengths (Lp) rel-
ative to matched random networks (Bullmore and Sporns, 2009;

He and Evans, 2010; Watts and Strogatz, 1998). This “small-world”
property reinforces findings that the brain is an efficient network,
capable of local specification and global integration. We  confirm
the “small-world” property of the brain by comparing a given



nce Re

n
d
c
p
v
r
a
(
i
a
b
s
i
p
e
n
i
t
m
o
v
n
1
o
f
n
o
R
t
c
w
S

2

f
w
l
p
1
r
n
f
q
a
S
w
n
n
s
c
w
t
T
n

3

3

s
m
v

S. J. Son et al. / Neuroscie

etwork with a matched random network with the same node
egree distribution. We  generated 1000 random networks and then
omputed mean values of clustering coefficients and characteristic
ath lengths. Clustering coefficient and characteristic path length
alues were normalized by the respective mean values from the
andom network. The ratio of normalized clustering coefficients
nd characteristic path lengths is called the small-world index
� = Cp norm/Lp norm). If a given network yields a small-world
ndex with a value larger than 1, then the network is classified
s a “small-world” network. We  applied a wide range of sparsity,
etween 6% and 40% (6% ≤ S ≤ 40%, at 1% steps), and quantified
mall-world index values (Zhu et al., 2012). Betweenness central-
ty is another parameter to describe the brain network. Unlike the
revious two parameters, betweenness centrality is a local param-
ter that quantifies the importance of a given node in terms of
etwork organization. The betweenness centrality of a given node

s the number of shortest paths between any two nodes that run
hrough the given node, which quantifies how much information

ight go through the given node. In the analysis herein, the value
f the betweenness centrality was normalized using the average
alue of betweenness centrality over the whole brain. If a given
ode has a normalized betweenness centrality value that is over
.5, then the node is considered a hub node. Unlike the previ-
us two network parameters, betweenness centrality is computed
or each node, not for the entire network. Normalized between-
ess centrality was computed at a sparsity level of 17%. This level
f sparsity was chosen as the minimum sparsity at which all 90
OIs are connected. All three brain network parameters – clus-
ering coefficients, characteristic path lengths, and betweenness
entrality – were computed using “brain connectivity analysis soft-
are” (http://www.brain-connectivity-toolbox.net) (Rubinov and

porns, 2010).

.6. Statistical tests

Four correlation matrices (FDG, PiB, AND, and OR) were obtained
or each group. Group-wise differences based on the three net-
ork parameters (i.e., clustering coefficients, characteristic path

engths, and betweenness centrality) were assessed using non-
arametric permutation tests. For each network parameter, 20 (or
5) participants were randomly assigned to the NC group, and the
emaining participants were assigned to the MCI  group. For the
ewly-assigned groups, the correlation matrices were computed

or each group, and the three network parameters were subse-
uently computed. The process was repeated 7000 times, yielding

 null distribution that would be used for group-wise differences.
ignificant differences between groups were assessed if group-
ise differences resulted in a value outside the 95% interval of the
ull distribution (determined by two-tailed tests with p < 0.05). The
on-parametric permutation test was repeated for the same spar-
ity range (between 6% and 40%) for clustering coefficients and
haracteristic path lengths. Correction for multiple comparisons
as not adopted, because we were mainly interested in general

rends of group-wise differences for the range of sparsity values.
he same non-parametric tests were performed for the between-
ess centrality at a sparsity level of 17%.

. Results

.1. Small-world property and group-wise differences
Networks constructed for both the NC and MCI groups demon-
trated “small-world” characteristics for all four types of correlation
atrices (FDG, PiB, AND, and OR), confirmed by small-world index

alues that were greater than 1 (Fig. 3). This shows that the brain is
search 98 (2015) 50–58 53

a “small-world” network in whichever ways that we  construct the
correlation matrices from two types of PET imaging.

Group-wise differences of cluster coefficients showed higher
clustering coefficients in the MCI  group relative to the NC group
for the range of sparsity values (Fig. 4). This finding is consistent
with previous research reporting increased clustering coefficients
for MCI  groups using FDG-PET (Seo et al., 2013; Daianu et al., 2013).
Based on our analysis herein, using PiB-PET resulted in significant
differences at more sparsity values. We  observed significant dif-
ferences at 14 sparsity values for PiB in comparison to significant
differences at 11 sparsity values for FDG. PiB-PET is considered
to have better sensitivity in detecting the progression of AD than
FDG-PET (Mintun et al., 2006; Jack et al., 2008; Zhang et al., 2012).
Thus, the increased sensitivity of PiB-PET might be translated to
increased instances of significant differences at a wider range of
sparsity values. Using the correlation matrix obtained by the AND
operation resulted in significant differences at 13 sparsity values,
while using the correlation matrix obtained by the OR operation
resulted in significant differences at 18 sparsity values. One pos-
sible explanation for this finding is that the AND operation forces
the combined correlation matrix to have a lower occurrence of high
and low values in comparison to both the FDG  correlation matrix
and the PiB correlation matrix, thus leading to a lower chance of
differences being found. Along the same lines, the OR operation
forces the combined matrix to have a greater occurrence of high
and low values, and thus leads to a greater chance of differences
being found.

Group-wise differences of characteristic path lengths showed
a higher characteristic path length in the NC group relative to
the MCI  group for a very limited range of sparsity values (Fig. 4).
This finding is consistent with previous research reporting very
few differences between MCI  and NC groups using FDG-PET (Seo
et al., 2013). According to our results, we observed significant dif-
ferences at 2 sparsity values for PiB in comparison to significant
differences at 1 sparsity value for FDG. Using the correlation matrix
obtained by the AND operation resulted in significant differences
at 7 sparsity values, while using the correlation matrix obtained
by the OR operation resulted in no significant differences over
the searched sparsity range. We  observed significant differences
at 7 sparsity values at the most, in comparison to significant dif-
ferences at 18 sparsity values for clustering coefficients. Overall,
using characteristic path lengths was  not very sensitive in distin-
guishing between the MCI  and NC groups. Using the correlation
matrix by the AND operation resulted in significant differences
at 7 sparsity values, in comparison to significant differences at 1
sparsity value in the case of FDG. One would expect to observe
fewer differences by utilizing the AND operation, but we observed
the opposite trend. Further discussion regarding this issue appears
below.

3.2. AD progression and alteration of functional hubs

A hub node is a node whose betweenness centrality is higher
than the betweenness centrality of nodes in the rest of the brain
network. Thus a hub node is considered to be an important region
in the brain. We  assessed changes in the betweenness central-
ity of hub nodes in the MCI  and NC groups. Hub nodes whose
betweenness centrality decreased significantly (p = 0.05 level, one-
tailed) between the NC and MCI  groups were identified. We  only
searched for cases in which the MCI  group had lower between-
ness centrality in comparison to the betweenness centrality of
the NC group, because the progression of AD is believed to neg-

atively impact connections in many regions (He and Evans, 2010;
Rubinov and Sporns, 2010; Tian et al., 2011; Zhu et al., 2012; Seo
et al., 2013). Five regions were identified, as follows. The left ante-
rior cingulum, right superior parietal, right fusiform, right inferior

http://www.brain-connectivity-toolbox.net/
http://www.brain-connectivity-toolbox.net/
http://www.brain-connectivity-toolbox.net/
http://www.brain-connectivity-toolbox.net/
http://www.brain-connectivity-toolbox.net/
http://www.brain-connectivity-toolbox.net/
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ig. 3. Demonstration of the “small-world” property for the NC and MCI groups us
or  (A) NC-FDG, (B) NC-PiB, (C) NC-AND, and (D) NC-OR. The right column shows the

emporal gyrus, and right cuneus were found to have group-wise
ifferences in betweenness centrality (Fig. 5 and Table 2). Pre-
ious studies have reported that these regions are differentially
ffected by the progression of AD (Koivunen et al., 2008; Förster
t al., 2010; Ossenkoppele et al., 2012; Okamura et al., 2014). The
eft anterior cingulum was identified using FDG, PiB, and the OR
orrelation matrix. The regions showed significant changes for AD
elative to normal in previous studies by Koivunen et al. (2008),
rimmer et al. (2009) and Mori et al. (2013). The region of the right

uperior parietal, reported about in studies by Edison et al. (2007),
evanand et al. (2010), Meyer et al. (2011) and Ossenkoppele et al.

2012), was identified using PiB and the OR correlation matrix. The
egion of the right fusiform, reported about in studies by Mosconi
rious correlation matrices. The left column shows the “small-world” index values
ll-world” index values for (E) MCI-FDG, (F) MCI-PiB, (G) MCI-AND, and (H)  MCI-OR.

et al. (2010b), Förster et al. (2010), Bauer (2013) and Sanabria-
Diaz et al. (2013), was identified using PiB and the AND correlation
matrix. The region of the right inferior temporal gyrus, reported
about in studies by Melrose et al. (2009), Mattsson et al. (2014)
and Okamura et al. (2014), was identified using PiB and the AND
correlation matrix. Finally, the region of the right cuneus, reported
about in studies by Nestor et al. (2003), Förster et al. (2010), Tosun
et al. (2011) and Codispoti et al. (2012), was  identified using the OR
and the AND correlation matrix. If we were limited to FDG-PET,

then only the left anterior cingulum region could be identified.
With the addition of PiB-PET and the AND/OR operations, we
were able to locate four other ROIs related to AD progression in
patients.
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Fig. 4. Comparison of clustering coefficient and characteristic path length network parameters for the NC and MCI  groups, based on various correlation matrices. Significant
g  comp
T iB, AN

4

y
o
f
o
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roup-wise differences are noted with an asterisk (*). The first (top) and second row
he  third and fourth (bottom) row compare characteristic path lengths from FDG, P

. Discussion

This study is the first study to (1) perform connectivity anal-
sis for both FDG-PET and PiB-PET, and (2) combine them using

perations analogous to logical AND/OR operations. Our results
ound important regions differentially affected by the progression
f AD. We  focus on making distinctions between the MCI  and NC
roups so that our study might contribute to early detection of AD.
are clustering coefficients from FDG, PiB, AND, and OR correlation matrices (A)–(D).
D, and OR correlation matrices (E)–(H).

Many existing studies consider only FDG-PET, but this study con-
siders additional PiB-PET, a promising PET modality. Furthermore,
we report findings based on combining the results of FDG-PET and
PiB-PET imaging.
Our study selected 40 FDG-PET and 35 PiB-PET images from
the ADNI database. Our findings showed five regions wherein sig-
nificant changes in betweenness centrality were observed. Our
findings failed to identify other regions, including the inferior
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ig. 5. Hub regions were visualized using the BrainNet Viewer (http://www.nitrc.o
etwork, which show decreased betweenness centrality relative to the normal con

rontal gyrus, which are differentially affected by AD (Klunk et al.,
004; Miao et al., 2011; Seo et al., 2013). This may be due to the

imited sample of the study. The ADNI database contained many
ore than 75 PET images, but once we applied criteria for sepa-

ating the MCI  group from the NC group and the image acquisition
rotocols, we were limited to 75 participants. A greater number
f PET images could be obtained if we considered heterogeneous
mage acquisition protocols within a given group. In that case, how-
ver, the group-wise differences would be undesirably confounded
y the difference in image acquisition.

The correlation matrices of PiB and FDG-PET were combined
sing element-wise minimum and maximum operations for AND
nd OR matrices. For clustering coefficients, our way  of combing
atrices worked well. Using the AND matrix led to observing dif-

erences at fewer sparsity values than individual PET (i.e., AND: 13
parsity values; PiB: 14 sparsity values). Using the OR matrix led
o observing differences at a greater number of sparsity values in
omparison to individual PET (OR: 18 sparsity values; PiB: 14 spar-
ity values). The AND and OR matrices provided results in line with
ur expectations. We  might go so far as to conjecture that FDG
nd PiB provide complementary information regarding clustering
oefficients. For characteristic path lengths, using the AND matrix
ed to observing differences at a greater number of sparsity val-
es in comparison to individual PET (AND: 7 sparsity values; PiB:

 sparsity values), which was not expected. An explanation for this
eparture from expectation may  be that PiB and FDG-PET provide
ontradictory information regarding characteristic path lengths.

Our connectivity analysis incorporated two different types of

ET imaging. FDG-PET draws its contrast from region glucose
ptake, which tends to be lower for MCI  patients in comparison to
C patients. PiB-PET draws its contrast from beta-amyloid deposi-

ion, which tends to increase from NC to MCI  patients. Our analysis

able 2
OIs showing significant decreases in betweenness centrality from NC to MCI  groups.

ROI Method adopted for the correlation ma

Left anterior cingulum FDG 

PiB  

OR  

Right  superior parietal PiB 

OR  

Right  fusiform PiB 

AND 

Right  inferior temporal gyrus PiB 

AND 

Right  cuneus OR 

AND 
ojects/bnv/). The circle indicates the regions of a mild cognitive impairment (MCI)
C). L = left; R = right.

was able to combine the results of these two types of imaging and
find important regions for AD progression in terms of hub regions.
The region of the right fusiform showed the greatest decrease in
betweenness centrality (from 540 to 36) using PiB, which was  the
most significant difference among the five identified regions. This
may  imply that local deposition of beta-amyloid changes the most
in that region, causing the disruption in connectivity parameters
(Minoshima et al., 1997; Walsh and Selkoe, 2004; Buckner and
Sepulcre, 2009). Another hub region associated with AD, the right
cuneus, was  identified using AND and OR correlation matrices (as
opposed to PiB and FDG correlation matrices) (Nestor et al., 2003;
Förster et al., 2010; Tosun et al., 2011; Codispoti et al., 2012). Simi-
larly, the right superior parietal showed a decrease in betweenness
centrality using PiB and OR correlation matrices. The right fusiform
and right inferior temporal gyrus showed decreases in betweenness
centrality using PiB and AND correlation matrices. These findings
seem to imply that the combined AND or OR matrices provide addi-
tional information to complement PiB and FDG-PET images. Our
results of FDG imaging showed a decrease in betweenness cen-
trality for one region, the left anterior cingulum, while a previous
study reports a decrease in betweenness centrality for both the
left inferior frontal triangular and left precuneus (Seo et al., 2013).
Our results of PiB imaging showed a decrease in betweenness cen-
trality for three regions, including the right superior parietal, right
fusiform, and right inferior temporal gyrus. These results might be
in line with findings regarding the increased sensitivity of PiB for
AD progression, considering that our use of PiB led to the identifi-
cation of more affected regions (Zhang et al., 2012). Further studies

with more data samples are needed to investigate this issue.

The connectivity analysis method adopted in this study was
applied in FDG-PET studies to distinguish between normal and
MCI  patients (Seo et al., 2013). The identified regions showing

trix Betweenness centrality value p-Value

NC MCI

186.86 96.76 <0.001
367.52 77.07 <0.001
322.84 116.47 <0.001

253.39 145.58 <0.001
147.59 75.10 0.0298

539.65 36.08 <0.001
206.59 80.68 <0.001

392.00 269.10 0.0403
336.33 96.93 <0.001

133.60 11.17 <0.001
289.24 149.61 <0.001

http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
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ignificant group-wise difference were also reported in our study.
e could not find studies using the same connectivity analysis

or PiB-PET to distinguish between normal and MCI. A few stud-
es involving PiB-PET and fMRI which bear some resemblance were
ound (Lim et al., 2014; Song et al., 2015). They used amyloid imag-
ng to distinguish between comparison groups and performed fMRI
onnectivity analysis. Our study and the previous studies reported
ignificant regions with group-wise difference, which are mostly
onsistent (Lim et al., 2014; Song et al., 2015). One study performed
MRI connectivity analysis to patients with positive and negative
myloid deposition and reported cingulate region as the significant
egion for group-wise difference (Lim et al., 2014). Another study
lso performed fMRI connectivity analysis to patients with posi-
ive and negative amyloid deposition determined by Florbetapir
ET and reported the temporal lobe as the significant region (Song
t al., 2015). The cingulate and temporal regions were included in
he five identified regions of this study.

This study is cross-sectional study distinguishing between MCI
nd NC groups. One needs to collect longitudinal PET imaging and
pply the connectivity analysis to the follow-up PET imaging to
uantify progression of AD. One might perform connectivity anal-
sis of the test patient’s imaging and compare it with existing
orrelation matrices of NC or MCI  groups. One possible way  to
chieve this task is to compare changes in correlation matrix before
nd after the addition of the test patient’s data. For example, if the
ddition of the test patient’s data resulted in small change in the NC
orrelation matrix but a large change in the MCI  correlation matrix,
ne might treat this test patient’s case as an MCI  case. Another pos-
ibility is to construct the full correlation matrix based on single
est patient imaging data using local morphological patterns (Wee
t al., 2013). Then one might be able to compare test patient’s cor-
elation matrix with existing correlation matrices of NC and MCI
roup. This is left for future investigation.

We focused on well-known network parameters (i.e., clustering
oefficients, characteristic path lengths, and betweenness central-
ty) to quantify the brain network. There are many promising
etwork parameters, including degree centrality and eigenvector
entrality, that may  be better and more highly sensitive in making
istinctions between patient brains in MCI  and NC groups (De Haan
t al., 2012; Binnewijzend et al., 2014).

We  adopted a pre-defined atlas to transfer 90 ROIs to individ-
al PET images. The atlas is based on structural parcellation of the
ntire brain. Other structural atlases divide the brain into more
OIs, namely 200 or 300 ROIs (Craddock et al., 2012; Varoquaux
nd Craddock, 2013). Using a more finely divided atlas may  in
act provide better sensitivity in detecting changes related to the
rogression of AD. There are atlases derived from functional parcel-

ation of the brain (Craddock et al., 2012; Varoquaux and Craddock,
013). Using functional atlases may  be a more sensitive method
or locating specific regions related to functional changes in AD
atients.
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