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Abstract: Previous studies have led to the proposal that patients with Alzheimer’s disease (AD) may have
disturbed functional connectivity between different brain regions. Furthermore, recent resting-state func-
tional magnetic resonance imaging (fMRI) studies have also shown that low-frequency (<0.08 Hz) fluctua-
tions (LFF) of the blood oxygenation level-dependent signals were abnormal in several brain areas of AD
patients. However, few studies have investigated disturbed LFF connectivity in AD patients. By using rest-
ing-state fMRI, this study sought to investigate the abnormal functional connectivities throughout the
entire brain of early AD patients, and analyze the global distribution of these abnormalities. For this pur-
pose, the authors divided the whole brain into 116 regions and identified abnormal connectivities by com-
paring the correlation coefficients of each pair. Compared with healthy controls, AD patients had decreased
positive correlations between the prefrontal and parietal lobes, but increased positive correlations within
the prefrontal lobe, parietal lobe, and occipital lobe. The AD patients also had decreased negative correla-
tions (closer to zero) between two intrinsically anti-correlated networks that had previously been found in
the resting brain. By using resting-state fMRI, our results supported previous studies that have reported an
anterior—posterior disconnection phenomenon and increased within-lobe functional connectivity in AD
patients. In addition, the results also suggest that AD may disturb the correlation/anti-correlation effect in
the two intrinsically anti-correlated networks. Hum Brain Mapp 28:967-978,2007.  ©2006 Wiley-Liss, Inc.
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INTRODUCTION

Abnormalities in connectivity between different brain
areas have been thought as plausible explanations for
many of the cognitive function deficits observed in Alz-
heimer’s disease (AD), such as working memory, episodic
memory, and attention/executive function impairments
[De Lacoste et al., 1993; Delbeuck et al., 2003; Gomez-Isla
and Hyman, 1997; Perry and Hodges, 1999]. There has
been much anatomical evidence pointing toward AD as a
disconnection syndrome [Delbeuck et al., 2003]. For exam-
ple, some neuropathological studies have shown a disrup-
tion of the efferent and afferent linkages between the hip-
pocampal formation and other brain areas [Damasio et al.,
1990; De Lacoste et al., 1993; Morrison et al.,, 1986; Van
Hoesen, 1990; Van Hoesen et al., 1997]. Rose et al. [2000]
evaluated the white matter integrity of mild to moderate
AD patients using magnetic resonance diffusion tensor
imaging and found that AD patients showed a significant
decrease in associative white matter fibers such as the
splenium of the corpus callosum, the superior longitudinal
fasciculus, and the cingulum.

In addition to these investigations into anatomical con-
nectivity, analysis of functional connectivity, which refers
to a measurement of temporal synchrony and correlations
between distinct brain regions [Friston et al., 1993], has
become more and more popular. Some functional connec-
tivity studies on AD using positron emission tomography
(PET) have been done [Azari et al, 1992; Grady et al.,
2001, 2003; Horwitz et al., 1987, 1995]. These studies found
disrupted functional connectivity between the anterior and
posterior regions [Azari et al, 1992; Horwitz et al., 1987,
1995]. A number of studies also found increased functional
connectivity within the prefrontal lobe or between prefron-
tal regions and other brain regions [Grady et al., 2001,
2003; Horwitz et al., 1995]. However, most of these studies
were based on task conditions and only focused on the
functional connectivity associated with one or a few prese-
lected seed regions of interest (ROIs). To our knowledge,
there have only been two PET studies that investigated the
altered functional connectivity throughout the entire brain
in AD patients [Azari et al., 1992; Horwitz et al., 1987].
They both selected ROIs throughout the entire brain and
calculated the correlation coefficients of the regional cere-
bral metabolic rates for glucose consumption between each
pair of them. They found a reduced number or smaller
amplitude in frontal-parietal positive correlations. Azari
et al. [1992] also showed that AD patients had larger posi-
tive correlations between occipital ROIs and stronger nega-
tive correlations in general. On the whole, these PET stud-
ies gave some support for the hypothesis that AD patients
could have widespread disturbance in functional connec-
tivity.

Recently, blood oxygenation level-dependent contrast
functional magnetic resonance imaging (fMRI) studies have
found that spontaneous low-frequency (<0.08 Hz) fluctua-
tions (LFF) measured during the resting-state showed high

temporal coherence between spatially distinct but function-
ally related regions [Biswal et al., 1995]. This result sug-
gested that LFF may also be appropriate for examining the
functional connectivity between different brain regions.
Following that study, the LFF connectivity has been found
within the primary motor, auditory, visual cortices, as well
as some other regions such as the hippocampus, thalamus,
and so on [Cordes et al., 2001; Greicius et al., 2003; Hamp-
son et al., 2002; Jiang et al., 2004; Lowe et al., 1998; Stein
et al., 2000]. With respect to AD, some studies have found
that the pathophysiology of AD may be associated with
abnormality in resting-state LFF [Grecius et al., 2004; Li
et al., 2002; Maxim et al., 2005]. Li et al. [2002] found a
decreased functional synchrony of LFF within the hippo-
campus in AD patients. Maxim et al. [2005] found that AD
patients had greater noise in resting fMRI signals in the
temporal lobe, dorsal cingulate/medial premotor cortex,
and insula. Greicius et al. [2004] suggested a disrupted
resting-state activity within the default-mode network in
AD patients. All these studies showed that the resting-state
LFF in some brain regions were abnormal in AD patients.
Therefore, it is reasonable to presume that the LFF connec-
tivity between different brain regions might also be dis-
turbed. However, to date, there have been very few stud-
ies examining the disturbed LFF connectivity of different
brain areas in AD. On the basis of a ROIs method, Wang
et al. [2006] found disturbed functional connectivity
between the hippocampus and some other brain areas
such as the medial prefrontal cortex, ventral anterior cin-
gulate cortex, and posterior cingulate cortex (PCC). It
should be noted that studies based on ROI only provide
limited information. Considering the possibility that dis-
tributed abnormality of functional connectivity may exists
in the resting brain of AD, we think it will be helpful to
study functional connectivity from the perspective of
whole brain for a better understanding of the pathophysio-
logy of AD.

In the present study, by using resting-state fMRI, we
tested the hypotheses that patients with early AD may
have widespread alterations in functional connectivity
and analyzed the global distribution of abnormal connec-
tivities throughout the entire brain. To this end, we di-
vided the whole brain into 116 regions and then analyzed
the correlations between each pair of them. Using an
unbiased approach similar to that used by Horwitz et al.
[1987] in a PET study, we evaluated the global distribu-
tion of abnormal functional connectivities throughout the
entire brain, and sought to find if there are interesting
differences that have not been previously reported. As
well as positive correlations, we also paid much attention
to the differences in negative correlations between AD
patients and healthy controls. In the end, we used a ROI-
based functional connectivity method to further test one
of our new findings of this unbiased approach, i.e., dis-
turbed functional connectivity in the two intrinsically
anti-correlated networks that were proposed by Fox et al.
[2005].
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METHODS
Subjects

The medical research ethics committee of Xuanwu Hos-
pital of Capital University of Medical Sciences approved
this study and all participants gave written, informed con-
sent prior to taking part in the study. Seventeen healthy el-
derly controls and seventeen early AD patients partici-
pated in our study. We recruited the AD patients from a
memory outpatient clinic at Xuanwu Hospital and the
healthy controls by advertisement from the local commu-
nity. The diagnosis of AD patients fulfilled the Diagnostic
and Statistic Manual of Mental Disorders, 4th ed. [DSM-
IV, American Psychiatric Association, 1994] criteria for de-
mentia, and the National Institute of Neurological and
Communicative Disorders and Stroke/Alzheimer’s Disease
and Related Disorders Association (NINCDS-ADRDA)
[McKhann et al., 1984] criteria for AD. The AD patients
were free of other diseases and the healthy controls were
free of any known medical, neurological, and psychiatric
disorders. Prior to this study, none of the patients had
been on any medications for the cognitive impairments of
AD. We discarded two normal controls and three AD
patients that had greater than 1 mm maximum displace-
ment in any of the x, y, z directions or greater than 1° of
angular rotation about three axes. In the residual 14 AD
patients and 15 normal controls, because of age-matching
and gender-matching consideration, we used 14 AD
patients and 14 healthy controls in the subsequent analy-
sis. Seven of the 14 patients had a Clinical Dementia Rate
(CDR) [Morris, 1993] score of 1 and six patients had a
CDR score of 0.5. The remaining one patient had a CDR
score of 2. We considered those patients with a CDR score
of 1 to be mild AD patients and those with a CDR score of
0.5 to be very mild AD patients [Morris et al., 2001].

Data Acquisition

All the images were scanned on a Siemens 1.5-T Magne-
tom Sonata system using a standard headcoil. During data
acquisition, the subjects were instructed to keep their eyes
closed, relax their minds, and move as little as possible. A
foam pad and headphones were also used to reduce head
motion and scanner noise. The blood oxygenation level-de-
pendent images of the entire brain were acquired in 20
axial slices by using an echo-planar imaging sequence
[TR/TE = 2000/60 ms, FA = 90°, field of view = 24 cm,
matrix = 64 x 64, thickness = 5 mm, gap = 2 mm]. The
fMRI scanning lasted for 6 min. Other images not used in
the present study were not described here.

Data Preprocessing

Most of the preprocessing steps were carried out using
statistical parametric mapping (SPM2, http://www. fil.ion.
ucl.ac.uk/spm/). Because of the instability of the initial
signal and the subjects’” adaptation to the situation, the first

10 images were discarded. The remaining fMRI images
were first corrected for within-scan acquisition time differ-
ences between slices and then realigned to the first volume
to correct for interscan head motions. In the next, we spa-
tially normalized the realigned images to the standard
echo-planar imaging template and resampled them to 3 x
3 x 3 mm®. Subsequently, the functional images were spa-
tially smoothed with a Gaussian kernel of 4 x 4 x 4 mm?®
FWHW to decrease spatial noise. Besides discarding the
subjects with large amounts of head motions, we also used
a linear regression process to further remove the effects of
head motion and other possible sources of artifacts [Fox
et al., 2005]: (1) six motion parameters, (2) whole-brain sig-
nal averaged over the entire brain, (3) linear drift. In the
end, the fMRI waveform of each voxel was temporally
band-pass filtered (0.01 Hz < f < 0.08 Hz) using the AFNI
(http:/ /afninimh.nih.gov /).

Anatomical Parcellation

The fMRI datasets that had been registered with the
MNI template were segmented using the anatomically la-
beled template previously reported by Tzourio-Mazoyer
et al. [2002]. This parcellation divided the whole brain into
116 regions: 90 regions in the cerebra and 26 regions in the
cerebella. The regions and their abbreviations used in this
paper can be seen in Table I.

Functional Connectivity Analysis
Functional connectivity of the whole brain

We obtained the mean time series of each of the 116
regions by averaging the fMRI time series over all voxels
in the region [Achard et al., 2006; Salvador et al., 2005].
Correlation coefficients were computed between each pair
of them. Then a Fisher’s r-to-z transformation was applied
to improve the normality of these correlation coefficients.
The individual z values were entered into a random effect
one-sample two-tailed t-test to determine brain regions
showing significant correlations within each group. These
z values were also entered into a random effect two-sam-
ple two-tailed t-test to determine the regions showing dif-
ferences in correlations between the groups. The functional
correlations which were considered as significantly differ-
ent between AD patients and the control group must sat-
isfy two criterions: (1) there were significantly different z
values between the two groups at the threshold of P <
0.01 (uncorrected); (2) the z values of the correlations were
significantly different from zero in at least one group at a
threshold of P < 0.01 (uncorrected).

Functional connectivity associated with the PCC

To evaluate the new findings obtained by using the
above unbiased approach, we further analyzed the positive
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TABLE I. Anatomical parcellation of the entire brain and their abbreviations used in this paper

Region Abbreviation ~ Region Abbreviation

Prefrontal Lobe Insula INS
Superior frontal gyrus SFG Thalamus THA
Superior frontal gyrus, dor.solateral SFGD Temporal lobe
Superior frontal gyrus, orbital SFGO Superior temporal gyrus STG
Superior frontal gyrus, medial SFGM Superior temporal gyrus, temporal pole STGP
Superior frontal gyrus, medial orbital SFGMO Middle temporal gyrus MTG
Middle frontal gyrus . MFG Middle temporal gyrus, temporal pole MTGP
Mldcue frontal gyrus, orbital MFGO Inferior temporal gyrus TG
Inferior frontal gyrus, opercular IFGOP Heschl gyrus HES
Infer@or frontal gyrus, triapgular IFGT Hippocampus HIP
Inferior frontal gyrus, orbital IFGO Parahippocampal gyrus PHIP
Gyrus. rectus RECT Amygdala AMYG
Anterior cingulate gyrus ACC Fusiform gyrus FG
Olfactory cortex OLF C triat

Other parts of frontal lobe oCrpuz strla urln CAU
Precentral gyrus PRECG Laut' a (13 nuce e?s b PUT
Supplementary motor area SMA Lent%cular nucleus, p “H‘”’.‘g‘en PAL
Median cingulated and MCC enticufar hucleus, pathdum

paracingulate gyrus Ce(r:ebelljlul? I CERCRI

Rolandic operculum ROL erebellum crus

Parietal lobe Cerebellum crus II CERCR2
Postcentral gyrus POSTCG Cerebellum IIT CER3
Superior parietal gyrus SPG Cerebellum IV & V CER4&5
Inferior parietal gyrus PG Cerebellum VI CER6
Supramarginal gyrus SMG Cerebellum VIIB CER7b
Angular gyrus ANG Cerebellum VIII CERS8
Paracentral lobule PCL Cerebellum IX CER9
Precuneus PCU Cerebellum X CER10
Posterior cingulate gyrus PCC Vermis

Occipital lobe Vermis I & 11 VER1&2
Calcarine fissure and CAL Vermis III VER3

surrouding cortex Vermis IV & V VER4&5

Cuneus CUN Vermis VI VER6
Lingual gyrus LING Vermis VII VER7
Superior occipital gyrus SOG Vermis VIII VERS
Middle occipital gyrus MOG Vermis IX VER9
Inferior occipital gyrus 10G Vermis X VER10

The cerebra include 90 regions (45 in each hemisphere) and the cerebella include 26 regions (9 in each cerebellar hemisphere and 8 in
the vermis). More details for the cerebral parcellation can be seen in [Tzourio-Mazyer et al., 2002], and more details for the cerebella par-

cellation can be seen in [Schmahamann et al., 1999].

and negative correlations associated with the PCC, as fol-
lows:

1. A seed reference time course was obtained by averag-
ing the time series over the voxels in the left and right
PCC of the template used in this paper. Correlation

analysis was carried out between the seed reference 3.

and the whole brain in a voxel-wise manner. Then a
Fisher’s r-to-z transformation was applied to improve
the normality of these correlation coefficients.

2. The individual z value was entered into a random
effect one-sample t-test in a voxel-wise manner to
determine the brain regions showing significant func-
tional connectivity to the PCC in each group under a
combined threshold of P < 0.001 and cluster size
>540 mm?>. This yield a corrected threshold of P <
0.001, determined by Monte Carlo simulation using
the AlphaSim program written by D. Ward in AFNI
software (Parameters were: FWHM = 4 mm, with a

mask of the whole brain tissues). In each group, this
procedure provided two sets of regions: one included
regions that were significantly correlated with the
PCC (“task negative” set) and the other included
regions that were significantly anti-correlated with
the PCC (“task positive” set).

The z values were also entered into a random effect
two-sample f-test in a voxel-wise manner to determine
the brain regions showing significantly different con-
nectivity to the PCC between AD patients and elderly
healthy controls. The significantly different positive
correlations were determined with a corrected thresh-
old of P < 0.001 (single voxel threshold of P < 0.01 and
cluster size >405 mm?, using the AlphaSim program
with parameters: FWHM = 4 mm and a mask includ-
ing voxels in the “task negative” sets of either elderly
healthy controls or AD patients). The significantly dif-
ferent negative correlations were also determined with
a corrected threshold of P < 0.001 (single voxel thresh-
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TABLE Il. Characteristics of the AD patients and the
healthy controls

AD Controls P
Characteristics (n =14) (n =14) value
Gender (female/male) 7/7 7/7 >0.997
Age (year) 702+ 63  69.6*55 0.80°
Handedness (right/left) 14/0 14/0 >0.99%
Education (year) 9.8+50 10.1 =41 0.89°
231+26  288+10  <0.00001°

MMSE, Mini-Mental State Examination.

?The P value was obtained by Pearson ¥? two-tailed test with con-
tinuity correction.

P The P value was obtained by two-sample two-tailed t-test.

old of P < 0.05 and cluster size >540 mm?, using the
AlphaSim program with parameters: FWHM = 4 mm
and a mask including voxels in the “task positive” sets
of either elderly healthy controls or AD patients).

RESULTS

The demographic characteristics and neuropsychological
scores of the subjects analyzed in this study are shown in
Table II. No significant differences in gender, age, handed-
ness, and education level were found between the two
groups. However, the MMSE scores of AD patients were
significantly lower than those of the healthy controls.

Functional Connectivity of the Whole Brain

In all, there were 104 interregional correlations that
showed significant differences between the AD patients
and the healthy controls (P < 0.01, uncorrected). These
included 36 different positive correlations and 68 different
negative correlations.

TABLE Ill. The decreased positive interregional
correlations in AD patients compared with
elderly healthy controls

Region 1 Classification  Region 2 Classification P value
L.SFGO Prefrontal L.IPG Parietal 0.0073
L.MFG Prefrontal L.IPG Parietal 0.0025
LMFGO  Prefrontal L.IPG Parietal 0.0003
R.SFGM Prefrontal R.PCU Parietal 0.0060
L.IFGO Prefrontal R.SMG Parietal 0.0010
R.RECT Prefrontal RMTGP Temporal 0.0005
L.PCC Parietal L.PCU Parietal 0.0072
L.PCC Parietal R.PCU Parietal 0.0028
L.PCC Parietal L.CUN Occipital 0.0013
R.ANG Parietal R.CUN Occipital 0.0013
R.ANG Parietal R.SPG Occipital 0.0090
VERS8 Cerebellum L.ROL Other frontal 0.0001
VERS Cerebellum L.CAL Occipital 0.0070
VER6 Cerebellum L.POSTCG Parietal 0.0048
L.OLF Prefrontal R.RECT Prefrontal 0.0029

L, left; R, right.

TABLE IV. The increased positive interregional
correlations in AD patients compared with
elderly healthy controls

Region 1 Classification Region 2 Classification P value
R.SFG Prefrontal L.CAU Prefrontal 0.0056
L.SFGO Prefrontal L.ACC Prefrontal 0.0066
R.IFGO Prefrontal R.SEFEGM Prefrontal 0.0005
R.IFGO Prefrontal R.ACC Prefrontal 0.0021
R.HIP Temporal RSTG Temporal 0.0061
R.HIP Temporal L.STGP Temporal 0.0092
L.HES Temporal RSTG Temporal 0.0080
L.HES Temporal LMTG Temporal 0.0048
LSTG Temporal R.STG Temporal 0.0034
L.SPG Parietal R.PCU Parietal 0.0040
R.SPG Parietal L.PCU Parietal 0.0078
L.CAL Occipital R.LING Occipital 0.0073
L.SOG Occipital R.SOG Occipital 0.0078
L.SOG Occipital L.MOG Occipital 0.0088
VER9 Cerebellum R.CER9 Cerebellum 0.0097
VER9 Cerebellum VER6 Cerebellum 0.0062
VER7 Cerebellum L.THA Thalamus 0.0004
L.OLF Prefrontal LMTG Temporal 0.0023
L.ROL Other frontal R.STG Temporal 0.0024
LROL Other frontal LMTG Temporal 0.0084
RPOSTCG  Parietal R.SOG ‘Occipital 0.0002

L, left; R, right.

Altered positive correlations

Compared with healthy controls, 15 positive correlations
showed a significant decrease in AD patients. Details can be
seen in Table III. The results showed decreased correlations
between the anterior and posterior regions, mostly between
the prefrontal and parietal lobe. There were also some
decreased positive correlations within the posterior regions,
either within the parietal lobe or between parietal lobe and
occipital lobe. In addition, we also found some decreased
positive correlations between the cerebellum and other brain
regions. In comparison, as shown in Table IV, there were 21
increased positive correlations in AD patients. These
increased correlations were mainly limited to intralobes
including the prefrontal lobe, parietal lobe, occipital lobe, tem-
poral lobe, and cerebellum. There were also a few increased
correlations between frontal regions and other brain regions.

Altered negative correlations

There were 68 negative correlations that were signifi-
cantly different between the healthy controls and the AD
patients. As shown in Table V, 26 negative correlations sig-
nificantly decreased (closer to zero) in AD patients. Most
of these negative correlations were associated with the pa-
rietal lobe. More interestingly, nearly half of these
decreased negative correlations occurred between the two
intrinsically anti-correlated networks that were found dur-
ing the resting-state by Fox et al. [2005]. The regions
needed to satisfy two criterions in order to be considered
as parts of the two intrinsically anti-correlated networks:
(1) the coordinates of the peak foci of the two intrinsically
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TABLE V. The decreased negative interregional
correlations (closer to zero) in AD patients
compared with elderly healthy controls

Region 1 Classification Region 2 Classification P value
L.MFG® Prefrontal L.pCCP Parietal 0.0090
R.MFG? Prefrontal L.PCU Parietal 0.0010
R.IFGO Prefrontal R.PCCP Parietal 0.0041
RIFGT Prefrontal RHIP Temporal 0.0089
RIFGT Prefrontal R.MFGO Prefrontal 0.0041
L.SMA® Other frontal ~R.PCCP Parietal 0.0024
L.SMA? Other frontal ~ L.PCC" Parietal 0.0004
L.SMA? Other frontal ~L.PCU® Parietal 0.0058
L.SMA?® Other frontal L.ANGP Parietal 0.0094
R.PRECG? Other frontal R.PCCP Parietal 0.0040
R.PRECG? Other frontal L.PCU® Parietal 0.0043
R.PRECG? Other frontal R.PCUP Parietal 0.0018
R.POSTCG  Parietal L.PCU® Parietal 0.0014
R.POSTCG  Parietal R.PCUP Parietal 0.0009
RIOG? Occipital R.PCC? Parietal 0.0086
R.CUN Occipital R.PHIP" Temporal 0.0054
L.CUN Occipital RPOSTCG  Parietal 0.0048
R.CUN Occipital RPOSTCG Parietal 0.0002
R.CAL Occipital L.SMG Parietal 0.0033
RINS* Insula R.PCCP Parietal 0.0003
VER3® Cerebellum R.SPG? Parietal 0.0052
VERS Cerebellum R.IPG? Parietal 0.0079
VERS8 Cerebellum L.IFGT Prefrontal 0.0067
R.CER6 Cerebellum R.SPG? Parietal 0.0059
R.CER7b®  Cerebellum  RJINS® Insula 0.0056
R.CERCR2®  Cerebellum R.RECT Prefrontal 0.0004

L, left; R, right.

?The regions are similar to those that have been found in an
intrinsically “task positive” network [Fox et al., 2005], or anti-cor-
related with PCU/PCC [Fransson, 2005].

PThe regions are similar to those that have been found in an
intrinsically “task negative” network [Fox et al., 2005] or corre-
lated with PCU/PCC [Fransson, 2005].

anti-correlated networks described by Fox et al. [2005] lie
in the regions that we considered; (2) the regions that we
considered overlapped with those in the paper of Fox
et al. [2005] for a large part through visual inspection. In
addition, 42 pairs of regions showed increased negative
correlations (farther from zero). More details can be seen
in Table VI. In contrast with the decreased negative corre-
lations, over half of the increased negative correlations
were associated with the occipital lobe. Some increased
negative correlations were also associated with the two
intrinsically anti-correlated networks. However, only three
of these increased negative correlations were between the
two networks. Sometimes the two regions of one correla-
tion were even from the same network, either the “task
positive” one or the “task negative” one, which suggests
that some anti-correlations not existing in healthy controls
may appeared in AD patients.

Functional Connectivity Associated With the PCC

In the elderly healthy controls, the PCC showed signifi-
cant connectivities to a number of brain regions. The

detailed results can be seen in Figure 1A,B and Table SI in
the supplementary materials. Among those regions that
were significantly correlated with the PCC, the precuneus
(BA 31/7), lateral parietal cortex (BA 39/40), angular gyrus
(BA 39), superior frontal gyrus (BA 8/9), inferior temporal
gyrus (BA 20/21), and cerebellar tonsils partially over-
lapped with those regions lying in the “task negative” net-
work that was proposed by Fox et al. [2005]. Among those
regions that were significantly anti-correlated with the

TABLE VI. The increased negative interregional
correlations (farther from zero) in AD patients
compared with elderly healthy controls

Region 1 Classification Region 2 Classification P value
RIFGOP®  Prefrontal RITG? Temporal  0.0087
R.RECT Prefrontal L.HIP Temporal 0.0069
LIFGO Prefrontal L.SPG” Parietal 0.0090
R.IFGO Prefrontal L.SPG* Parietal 0.0026
RIFGO Prefrontal R.SPG* Parietal 0.0049
L.SFGP Prefrontal L.LING Occipital 0.0085
L.SFG® Prefrontal R.LING Occipital 0.0015
R.SFGP Prefrontal R.LING Occipital 0.0016
R.SFGO Prefrontal L.LING Occipital 0.0043
RIFGT Prefrontal L.IOG* Occipital 0.0030
R.SFGM Prefrontal L.IOG* Occipital 0.0027
R.SFGMO  Prefrontal R.SOG Occipital 0.0061
R.RECT Prefrontal R.LING Occipital 0.0013
R.ACCP Prefrontal R.SOG Occipital 0.0068
R.ACC® Prefrontal L.MOG Occipital 0.0056
R.ACCP Prefrontal L.IOG® Occipital ~ 0.0016
L.SMA® Other frontal R.LING Occipital 0.0089
L.SMA? Other frontal L.IOG" Occipital 0.0046
LMCC Other frontal RMOG Occipital 0.0041
R.MCC Other frontal L.IOG® Occipital 0.0096
L.HIP Temporal L.PCU" Parietal 0.0060
L.PHIP® Temporal L.CAU Corpus 0.0023
striatum
R.PHIP® Temporal L.ANG®  Parietal 0.0068
RAMYG Temporal RIPG* Parietal 0.0057
RAMYG  Temporal L.ANG®  Parietal 0.0034
R.PCC" Parietal R.SOG Occipital ~ 0.0042
R.SMG Parietal RITGP Temporal 0.0018
LPAL Corpus striatum  L.SOG Occipital 0.0037
L.PAL Corpus striatum  R.SOG Occipital 0.0099
L.PAL Corpus striatum L.MOG Occipital 0.0006
R.PAL Corpus striatum L.MOG Occipital 0.0029
R.PAL Corpus striatum  LIOG? Occipital 0.0064
VER7 Cerebellum R.MFGO Prefrontal ~ 0.0026
R.CER3 Cerebellum R.RECT Prefrontal ~ 0.0075
R.CERCR2®  Cerebellum R.HIP® Temporal  0.0073
R.CER7b®  Cerebellum LMTG? Temporal  0.0030
VER9 Cerebellum RPOSTCG Parietal 0.0072
VER9 Cerebellum L.SPG* Parietal 0.0089
R.CER7b®  Cerebellum L.CAL Occipital 0.0017
R.CER7b®  Cerebellum R.LING Occipital 0.0013
VER9 Cerebellum R.SOG Occipital 0.0039

L, left; R, right.

?The regions are similar to those that have been found in an
intrinsically “task positive” network [Fox et al., 2005] or anti-corre-
lated with PCU/PCC [Fransson, 2005].

PThe regions are similar to those that have been found in an
intrinsically “task negative” network [Fox et al., 2005] or corre-
lated with PCU/PCC [Fransson, 2005].
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“task-negative” network

AD
Patients

“task-positive” network

Figure I.

Maps of brain regions showing significant positive or negative corre-
lations with the PCC in elderly healthy controls (A and B) and early
AD patients (C and D). The statistical threshold was P < 0.001 (cor-
rected). Most of the regions that were significantly correlated with

PCC, the precentral gyrus (BA 6/44), inferior parietal
lobule (BA 40), supplementary motor area (SMA)/pre-
SMA (BA 6/32), inferior frontal gyrus (BA 45), and insula
(BA 13) partially overlapped with those regions lying in
the “task positive” network [Fox et al.,, 2005]. The results
from the early AD patients are shown in Figure 1C,D and
Table SII of the supplementary materials. Among the
regions that were significantly correlated with the PCC,
the precuneus (BA 31/24/7), lateral parietal cortex (BA
39), angular gyrus (BA 39), middle frontal gyrus (BA 8/
10), superior frontal gyrus (BA 8/9), and cerebellar tonsils
partially overlapped with those regions lying in the “task
negative” network [Fox et al., 2005]. Among those regions
that were significantly anti-correlated with the PCC, the
precentral gyrus (BA 6), middle temporal gyrus (BA 6/22),

the PCC overlapped with those regions lying in the “task negative”
network, and most of the regions that were significantly anti-corre-
lated with the PCC overlapped with those regions lying in the “task
positive” network proposed by Fox et al. [2005].

and insula (BA 38/22) partially overlapped with those
regions underlying the “task positive” network [Fox et al.,
2005]. However, the results also showed that the number
of regions that were significantly correlated/anti-correlated
with the PCC was fewer than the number found for the el-
derly healthy controls, especially in the case of signifi-
cantly anti-correlated regions.

When comparing the connectivity between AD and con-
trol groups, a set of regions, including the left/right precu-
neus (BA 7/30/31), the right supramarginal gyrus (BA 40),
and the left superior frontal gyrus (BA 6/8), showed sig-
nificantly decreased positive correlations with the PCC in
the AD group (Table VII and Fig. 2A). Another set of
regions, including the left/right SMA /Pre-SMA (BA 6/32),
the left precentral gyrus (BA 44), the left superior temporal
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TABLE VII. Brain regions exhibiting significantly
decreased positive correlations with the PCC in AD
patients compared with healthy controls

Region Hem BA (x, vy, 2) T value
PCC/PCU L 29/30/31 (-6,—55,5) 4.26
(—6,—57,28)  4.19
(-6,-57,19) 332
PCC/PCU R 7/31 (3, —62,50) 5.39
(15,-55,14)  4.17
(9,—63,22) 3.98
Supramarginal gyrus R 40 (50, — 48,22) 3.92
Superior frontal gyrus L 6/8 (—27,20,57) 3.68
(—30,29,31) 3.33

Hem, hemisphere; BA, Brodmann’s area; (x, y, z), coordinates of
primary peak locations in the space of Talairach [Talairach and
Tournoux, 1988].

gyrus (BA 22), and the left insula (BA 13/47), showed sig-
nificantly decreased negative correlations (closer to zero)
with the PCC in the AD group (Table VIII and Fig. 2B).
The results did not show any cluster having significantly
increased positive or negative correlations (farther from
zero) with the PCC.

DISCUSSION

We examined the altered functional connectivity of AD
patients from the following aspects: (1) We analyzed the
functional connectivity during the resting-state by fMRI;
(2) In comparison with conventional functional connectiv-
ity analysis based on ROIs, we used an unbiased approach
to examine the distributions of abnormal functional con-
nectivity throughout the entire brain; (3) In addition to
positive correlations, we also paid much attention to

A B

Figure 2.

The glass brain representation of the brain regions showing sig-
nificantly different positive or negative correlations with the
PCC between early AD patients and elderly healthy controls.
The statistical threshold was P < 0.00] (corrected). (A) Brain
regions showing significantly decreased positive correlations with
the PCC in early AD patients compared with elderly healthy
controls. (B) Brain regions showing significantly decreased nega-
tive correlations (closer to zero) with the PCC in early AD
patients compared with elderly healthy controls.

abnormal negative correlations; (4) Since there has been no
previous study reporting abnormalities in the two intrinsi-
cally anti-correlated networks in AD, we further analyzed
the abnormal positive and negative correlations associated
with the PCC, which is one of the most important nodes
of the two networks [Fox et al., 2005; Fransson, 2005].

To date, there have been very few resting-state fMRI
studies on AD, especially with respect to the analysis of
functional connectivity between different brain areas. Most
functional connectivity analyses on AD have been based
on PET. To our knowledge, this is the first study examin-
ing abnormal functional connectivity throughout the entire
brain using resting-state fMRI. Unlike the PET and single-
photon emission computerized tomography methods, fMRI
is noninvasive. In addition, resting-state fMRI has the
advantage of easier manipulations, especially for patients,
compared with task-driven methods. Hence the resting-
state fMRI may have potential in clinical applications.

In our study, the results showed that AD patients had
decreased positive correlations between prefrontal and parie-
tal regions (Table III). This result is compatible with previ-
ous studies that have suggested an anterior-posterior dis-
connection, either in task conditions or in the resting-state
[Azari et al., 1992; Grady et al., 2001; Horwitz et al., 1987,
1995]. Both frontal and parietal association areas showed
marked neuropathological abnormalities in AD patients
[Wenk, 2003]. In addition, some studies have also shown
that language and visuoconstructive abilities, whose integ-
rity depended on frontal and parietal lobe interactions, were
significantly impaired in AD patients [Backman et al., 2005;
Brouwers et al., 1984; Henry et al., 2004]. Therefore, we sug-
gest that the fontal-parietal disconnection could be an im-
portant biomarker for AD patients.

Our results also showed that AD patients had some
increased positive correlations either within the prefrontal
regions or between the prefrontal regions and other brain
regions (Table IV). Some neuroimaging studies of early
AD have found increased prefrontal activity during certain
cognitive tasks compared with elderly controls [Becker
et al.,, 1996; Woodard et al.,, 1998; Pariente et al., 2005].

TABLE VIIl. Brain regions exhibiting significantly
decreased (closer to zero) negative correlations with
the PCC in AD patients compared with healthy controls

Region Hem BA (x, y, z) T value
SMA /Pre-SMA L 6/32 (—6,8,49) 3.35
R 6/32 (6,5,38) 2.72
(0,20, 46) 243
Precentral gyrus L 44 (—45,-1,10) 3.29
(—53,-6,3) 2.31
Superior temporal gyrus L 22 (—48,0,—-2) 2.01
Insula L 13/47  (-12,12,8) 3.06
(—45,17,-3) 2.35

Hem, hemisphere; BA, Brodmann’s area; (x, y, z), coordinates of
primary peak locations in the space of Talairach [Talairach and
Tournoux, 1988].
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Increased functional connectivity associated with prefron-
tal regions has also been reported in AD patients com-
pared with healthy controls [Grady et al., 2001, 2003; Hor-
witz et al., 1995]. These increases in prefrontal activities
and functional connectivity have been interpreted as a
compensatory reallocation or recruitment of cognitive
resources. Besides those related to prefrontal regions, there
were also some increased positive correlations in other
brain areas. Most of them were within the temporal lobe,
parietal lobe, or occipital lobe (Table IV). Bokde et al.
[2006] found increased linear correlations in the parietal
lobe when the subjects with mild cognitive impairment
participated in a face-matching task. Azari et al. [1992]
found that AD patients had larger positive correlations of
regional cerebral metabolic rates for glucose consumption
between occipital ROIs. When considered with our results,
this suggests that the increased functional connectivity of
within-lobe regions might be not only restricted in the pre-
frontal lobe but also distributed in other lobes. When con-
sidered together with the decreased positive correlations,
the results showed that in the brain of early AD patients
the decreased connectivities were mainly between lobes,
especially between the prefrontal lobe and parietal lobe,
but the increased connectivities were mainly within-lobes.
This could possibly imply that the increased within-lobe
connectivities reflect a compensatory effect for the reduced
connectivities between lobes. The previous studies men-
tioned above have shown that the compensatory effect can
be found in different tasks, and our current results sug-
gests that even during the resting-state the increased
recruitment still exists and may reflect a more general ad-
aptation to the deficits of AD.

It is important to note that almost all previous fMRI
studies of functional connectivity only focused on positive
correlations. Negative correlations between different brain
regions and their abnormalities in diseases have seldom
been reported [Bokde et al., 2006]. Recently, two pioneer-
ing studies by Fox et al. [2005] and Fransson [2005] began
to focus on the presence of negative correlations among
brain regions. Fox et al. [2005] identified two diametrically
opposed brain networks on the basis of both correlations
within each network and anti-correlations between net-
works during the resting-state. They suggested that the
presence of anti-correlated networks may reveal the intrin-
sic organization of brain function and the anti-correlations
may serve a differentiating role segregating neuronal pro-
cesses subserving opposite goals or competing representa-
tions. By examining the positive and negative correlation
maps of the precuneus cingulate cortex (PCU)/PCC during
the resting-state, Fransson [2005] revealed two networks
that were similar to those found by Fox et al. [2005], and
suggested that the default mode of brain function [Raichle
et al., 2001] might be augmented with a second mode of
brain function which reflected the existence of an extro-
spectively oriented attention network.

In our study, as shown in Table V, there were 26 signifi-
cantly decreased negative correlations in AD patients. Many

regions were adjacent to those that have been found in the
two anti-correlated networks, though they were unlikely to
be exactly the same because we used a template to automati-
cally segment the whole brain. Some of these regions,
including the supplementary motor area, the precentral
gyrus, the middle frontal gyrus, insula, and the inferior occi-
pital gyrus, were very similar to those that were found in
the “task positive” network by Fox et al. [2005]. It was very
interesting that the counterparts of those regions mentioned
above were mostly those regions that were very similar to
those that have been found in the “task negative” network,
such as the posterior cingulate gyrus, the precuneus, the
angular gyrus, the parahippocampal gyrus. Together with
the increased negative correlations, these abnormal negative
correlations implied that the anti-correlation effect, which
was intrinsically existent between the two opposed net-
works in healthy controls, might be disturbed in AD pa-
tients. Fox et al. [2005] suggested that the anti-correlations of
the two networks might be interpreted as competition
between focused attention and process subserving stimulus-
independent thought. From the perspective of the neural
networks governing control of attention [Corbetta and Shul-
man, 2002], Fransson [2005] found that those regions in the
top-down (goal-directed) and bottom-up (stimulus-driven)
control systems of attention largely lay within the network
of cortical regions that were anti-correlated with the PCU/
PCC, and thus proposed that the anti-correlations between
the two networks reflected a recurring switch between an
introspectively versus an extrospectively oriented attention
state-of-mind. From this point of view, the disturbance of
the anti-correlation effect between the two intrinsic net-
works may be a partial reason for the attention deficits of
AD patients. AD patients have often been described as hav-
ing difficulty in concentrating, or being easily distractible
[Perry and Hodges, 1999]. A number of studies have sug-
gested that attention and executive impairments may be the
first nonmemory domain to be affected [Grady et al., 1988;
Lafleche and Albert, 1995; Reid et al., 1996]. Perry and
Hodges [1999] have proposed that the attention deficits of
AD patients might possibly be associated with the discon-
nection problem. Our results may offer a new perspective to
interpret the attention deficits associated with AD. In fact,
two task-based studies by Lustig et al. [2003] and Grady
et al. [2006] have found that there was reduced default mode
suppression in older adults. Lustig et al. [2003] also found
that between AD patients and age-matched healthy controls
there were significant differences in activation of the PCC,
which was an important node in the default mode network.
Consistent with our hypothesis, they suggested that an alter-
ation in the balance between default mode and task-related
activity could account for increased vulnerability to distrac-
tion from irrelevant information, and thereby could affect
multiple cognitive domains. To review, we suggest that the
disturbance between the two intrinsically anti-correlated
networks may be associated with the attention deficits of
AD patients. Of course, further neuropsychology studies are
still required to confirm this hypothesis.
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Note that the results of our unbiased approach should
be taken as descriptive. Since there are so many compari-
sons (116 x 115/2 = 6670), correction for multiple compar-
isons may make most of the differences not statistically
significant. However, from the perspective of the entire
brain, this unbiased approach offers a descriptive repre-
sentation of the global distribution of the abnormal con-
nectivity in early AD patients. Among these abnormal cor-
relations, the decreased positive correlations between the
frontal and parietal regions and the increased positive cor-
relations within the prefrontal lobe, parietal lobe, and occi-
pital lobe have been reported in previous studies, either in
the task state or in the resting state [Azari et al., 1992;
Bokde et al., 2006; Grady et al., 2001, 2003; Horwitz et al.,
1987, 1995]. In addition, we paid much attention to altera-
tions in the negative correlations in AD patients, and the
results showed a disruption of the two intrinsically anti-
correlated networks [Fox et al., 2005; Fransson, 2005].

Since there has been no previous study reporting the
abnormal negative correlations between the two networks in
AD, we further analyzed the abnormalities of the functional
connectivity associated with the PCC to evaluate this new
finding. Considering that the PCC is one of the most impor-
tant regions in the two intrinsically anti-correlated networks,
the alterations in functional connectivity associated with it
can partially reflect the disturbance of the two networks. As
shown in Figure 1, in elderly healthy controls most of the
regions that showed significant positive/negative correla-
tions with the PCC overlapped with those in the “task nega-
tive” network and “task positive” network, respectively [Fox
et al., 2005]. This result suggests that in elderly individuals
the two intrinsically anti-correlated networks still exist, and
this further supports the idea that the two networks may
reflect an intrinsic organization in human brains [Fox et al.,
2005]. However, many of these regions did not appear in
the functional connectivity map of the early AD patients.
This may suggest that the two intrinsically anti-correlated
networks have been disrupted in early AD patients. The
direct comparison of the positive /negative correlations asso-
ciated with the PCC between the two groups showed that
the positive correlations between the PCC and the precu-
neus, supramarginal gyrus, and superior frontal gyrus,
which were also in the “task negative” network, were signif-
icantly decreased in early AD patients (Table VII and Fig.
1A). The negative correlations between the PCC and the pre-
central gyrus, SMA/Pre-SMA, superior temporal gyrus, and
insula, which were in the “task positive” network, were sig-
nificantly decreased (closer to zero) in early AD patients (Ta-
ble VII and Fig. 1B). These results were partially consistent
with those of the above unbiased approach, and both of
them suggested that not only the correlations within the
default mode network [Grecius et al., 2003] but also the anti-
correlations between the “task positive” network and the
“task negative” network [Fox et al., 2005] were abnormal in
early AD patients.

One limitation of our present study lies in the effects
of physiological noises such as cardiac and respiratory

rhythms. We used a relatively low sampling rate (TR =
2 s) for multislice acquisitions. According to the Nyquist
sampling theorem, high frequency noises such as cardiac
rhythm can not be completely removed just by band-pass
filtering of 0.01-0.08 Hz. In the future, these physiological
effects may be estimated and removed by simultaneously
recording the respiratory and cardiac cycle during the data
acquisition. In addition, as a resting-state fMRI study, we
did not examine the special cognitive dysfunctions in AD
patients. Further studies are needed to investigate the rela-
tion between resting-state functional connectivity and the
neuropsychological measurements, and to examine whe-
ther disturbed functional connectivity can be a biomarker
for cognitive dysfunctions in AD patients.

In summary, we examined the disturbed functional con-
nectivity throughout the entire brain in AD patients by
analyzing resting-state fMRI data. Our results provided
some new evidence for the anterior-posterior disconnec-
tions and increased within-lobe connectivities that had
been reported in previous studies. In addition, we paid
much attention to negative correlations for the first time,
and the results implied a disruption between two intrinsi-
cally anti-correlated networks. As a whole, our study gave
a descriptive representation for the global distribution of
abnormal functional connectivities throughout the entire
brain of AD patients, and may suggest directions for fur-
ther detailed studies.
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