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Recent functional imaging studies have indicated that the pathophy-
siology of Alzheimer’s disease (AD) can be associated with the changes
in spontaneous low-frequency (<0.08 Hz) blood oxygenation level-
dependent fluctuations (LFBF) measured during a resting state. The
purpose of this study was to examine regional LFBF coherence
patterns in early AD and the impact of regional brain atrophy on the
functional results. Both structural MRI and resting-state functional
MRI scans were collected from 14 AD subjects and 14 age-matched
normal controls. We found significant regional coherence decreases in
the posterior cingulate cortex/precuneus (PCC/PCu) in the AD
patients when compared with the normal controls. Moreover, the
decrease in the PCC/PCu coherence was correlated with the disease
progression measured by the Mini-Mental State Exam scores. The
changes in LFBF in the PCC/PCu may be related to the resting
hypometabolism in this region commonly detected in previous positron
emission tomography studies of early AD. When the regional PCC/
PCu atrophy was controlled, these results still remained significant but
with a decrease in the statistical power, suggesting that the LFBF
results are at least partly explained by the regional atrophy. In
addition, we also found increased LFBF coherence in the bilateral
cuneus, right lingual gyrus and left fusiform gyrus in the AD patients.
These regions are consistent with previous findings of AD-related
increased activation during cognitive tasks explained in terms of a
compensatory-recruitment hypothesis. Finally, our study indicated
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that regional brain atrophy could be an important consideration in
functional imaging studies of neurodegenerative diseases.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Functional neuroimaging studies of Alzheimer’s disease (AD)
typically focus on exploring activation (Buckner et al., 2000;
Grady et al., 1993; Remy et al., 2005) or deactivation (Rombouts et
al., 2005; Lustig et al., 2003) alterations in patients during a task
state compared with a baseline state. Many neuroimaging studies
also use the resting state to examine AD-related changes in brain
activity. For instance, positron emission tomography (PET) and
single-photon emission computerized tomography (SPECT) stu-
dies have found that AD patients have abnormally low resting
cerebral blood flow (CBF) or cerebral metabolic rate for glucose
(CMRGlu) in the posterior cingulate, parietal, temporal, and
prefrontal cortex (Bokde et al., 2001; Herholz et al., 2002; Ibáñez
et al., 1998; Leon et al., 2001; Salmon et al., 2000).

Recently, functional MRI (fMRI) studies have indicated that the
pathophysiology of AD can be associated with the changes in
spontaneous low-frequency (<0.08 Hz) blood oxygenation level-
dependent (BOLD) fluctuations (LFBF) measured during a resting
state. As early as 1995, Biswal et al. (1995) found that spontaneous
LFBF measured by resting-state fMRI was highly synchronous
within the somatomotor system and concluded that it was
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Table 1
Characteristics of the AD patients and normal controls

Characteristics AD (n=14) Controls (n=14) P value

Sex, female/male 8/6 8/6 >0.99 †

Age, years 70.1±6.4 69.6±5.5 0.83 ⁎

Handedness, right/left 14/0 14/0 >0.99 †

Education, years 9.4±4.9 9.4±4.2 0.97 ⁎

MMSE 23.2±2.8 28.8±0.9 <0.0001 ⁎

MMSE,Mini-Mental State Examination; Plus-minus values are means±S.D.
⁎ The P value was obtained by a two-sample two-tailed t test.
† The P value was obtained by Pearson χ2 two-tailed test, with continuity

correction for n<5.
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physiologically meaningful. Following that study, high LFBF
synchrony in healthy adults was also reported within the primary
motor (Lowe et al., 1998; Cordes et al., 2001; Jiang et al., 2004),
auditory (Cordes et al., 2001), and visual cortices (Kiviniemi et al.,
2004, 2005; Lowe et al., 1998), as well as the nonprimary regions
such as hippocampus (Rombouts et al., 2003), language (Hampson
et al., 2002) and limbic systems (Greicius et al., 2003; Fox et al.,
2005). Several recent studies have suggested that the LFBF can also
be employed to characterize the pathophysiological changes of
brain disorders, such as multiple sclerosis (Lowe et al., 2002),
depression (Anand et al., 2005), schizophrenia (Liu et al., 2006),
attention deficit hyperactivity disorder (ADHD) (Zang et al., in
press; Cao et al., 2006) and acute brainstem ischemia (Salvador et
al., 2005). To our knowledge, only three prior studies have
examined AD-related LFBF activity using resting-state fMRI (Li et
al., 2002; Maxim et al., 2005; Wang et al., 2006). In the first report,
Li et al. (2002) exclusively examined functional synchrony of
LFBF in the hippocampus and found it decreased significantly in
the AD patients. The second study from Maxim et al. (2005) found
that AD patients had greater persistence of resting fMRI noise in the
medial and lateral temporal lobes, dorsal cingulate/medial premotor
cortex, and insula. A very recent study from our research group
found that AD patients showed abnormal hippocampal connectivity
during resting state (Wang et al., 2006). Aside from these pure
resting-state fMRI studies, using a low-frequency component
derived from a simple sensory-motor task, Greicius et al. (2004)
found that AD patients exhibited decreased resting-state activity
within a default-mode network including the posterior cingulate
cortex and inferior parietal lobe. Despite the limited number of
reports, such intriguing studies have provided an insight into the
pathophysiology of AD by means of spontaneous LFBF measured
during rest. Of these, however, only one examined AD-related
regional LFBF activity across the entire cortex (Maxim et al., 2005).

The first purpose of this study was to clarify and expand on
AD-related regional LFBF changes by examining regional
coherence in a pure resting state. Regional coherence was assessed
using our previously published regional homogeneity (ReHo)
method (Zang et al., 2004). In this study, we postulated that the
medial parietal cortex [posterior cingulate cortex (PCC) and
precuneus (PCu)] have decreased regional LFBF activity in the
early stages of AD because the region is the most common site for
AD-related functional changes such as the resting hypometabolism
and hypoperfusion (Leon et al., 2001; Salmon et al., 2000; Volkow
et al., 2002) and abnormal functional deactivation during the
performance of cognitive tasks (Rombouts et al., 2005; Lustig et
al., 2003). In addition, we also expected to observe AD-related
LFBF changes in the other regions.

However, a number of key issues still remain given that we
observed altered LFBF activity in the PCC/PCu and the other
regions. The major concern is the possible impact of regional brain
atrophy on the functional results. Many studies have indicated that
AD patients have more brain tissue atrophy than normal controls in
the PCC/PCu, medial temporal cortex, caudate nucleus and medial
thalami (Rombouts et al., 2000; Karas et al., 2003; Baron et al.,
2001). The brain atrophy may lead to artificial reduction in
measured functional signals. While comparing functional differ-
ences between AD patients and normal controls, this issue could
potentially be crucial due to individual and group differences in the
degree of regional atrophy. Several PET studies have suggested
that temporoparietal hypometabolism became nonsignificant in the
AD patients after accounting for brain atrophy (Chawluk et al.,
1990; Tanna et al., 1991). In fMRI studies, a few groups have made
an attempt to explore the relationship between regional brain
atrophy and functional activation in AD patients during cognitive
tasks (Johnson et al., 2000; Prvulovic et al., 2002; Remy et al.,
2005). To date, however, no studies have specifically examined the
effect of brain atrophy on spontaneous LFBF measurements.
Hence, determining the impact of regional atrophy on the LFBF
results is the other purpose of this study.

To address these questions, in this resting-state study, we first
used the ReHo method (Zang et al., 2004) to explore the changes of
AD-related regional LFBF activity in the whole brain. The
behavioral correlates of the LFBF activity were further examined
in the AD patient group. Finally, the atrophy of the regions showing
significant between-group ReHo difference was measured for each
subject and its impact on the LFBF results was statistically evaluated.

Materials and methods

Subjects

Thirty subjects participated in this study. The 15 AD patients
were recruited from Xuanwu Hospital, Capital Medical University.
The 15 healthy elderly controls were recruited by advertisements
from the local community. The elderly controls group and the AD
group were matched by age (within 2 years) and gender. The older
adults were assessed clinically with the Clinical Dementia Rating
(CDR) score (Morris, 1993) as nondemented (CDR=0) and the
early stages of AD (7 participants with CDR=0.5 and 8
participants with CDR=1). The diagnosis criteria for AD fulfilled
the Diagnostic and Statistic Manual Disorders, Fourth Edition
(DSM-IV; American Psychiatric Association, 1994) criteria for
dementia, and the National Institute of Neurological and Commu-
nicative Disorders and Stroke/Alzheimer Disease and Related
Disorders Association (NINCDS-ADRDA) (McKhann et al.,
1984) criteria for AD. All AD patients underwent a complete
physical and neurological examination, an extensive battery of
neuropsychological assessment and standard laboratory tests. The
brain MRI scan for the AD patients showed no abnormality other
than brain atrophy. All healthy controls had no history of any
neurological or psychiatric disorders, sensorimotor impairment or
cognitive complaints, and there were no abnormal findings
observed in conventional brain MRI. Informed consent was
obtained from all subjects and this study was approved by the
human research ethics committee of Xuanwu Hospital of Capital
Medical University. Data from two subjects were excluded due to
excessive motion (see Data Preprocessing). Clinical and demo-
graphic data for the remaining 28 participants are shown in Table 1.
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Data of 13 AD patients and 13 elderly controls had been used to
study hippocampal functional connectivity changes in the AD
patients (Wang et al., 2006).

Data acquisitions

All subjects were scanned on a Siemens 1.5 T Magnetom Sonata
scanner (Siemens, Erlangen, Germany) equipped with a circularly
polarized standard head coil. Foam pads and headphones were used
to reduce head motion and scanner noise. Functional images were
collected axially by using an echo-planar imaging (EPI) sequence
[repetition time (TR)/echo time (TE)/flip angle (FA)/field of view
(FOV)=2000 ms/60 ms/90°/24 cm, resolution=64×64 matrix,
slices=20, thickness=5 mm, gap=2 mm, bandwidth=2442 Hz/
pixel]. Subjects were instructed to keep their eyes closed, relax their
minds and remain motionless as much as possible during the EPI
data acquisition. The scan lasted for 360 s. At the same slice
locations as the functional images, T1 anatomical images were
acquired (TR/TE/FA/FOV=500 ms/7.7 ms/90°/24 cm, resolu-
tion=256×256 matrix, slices=20, thickness=5 mm, gap=2 mm).
These images were used to coregister the functional images onto the
anatomical 3D T1-weighted magnetization-prepared rapid gradient
echo (MPRAGE) sagittal images [TR/TE/inversion time (TI)/
FA=1970 ms/3.9 ms/1100 ms/15°, resolution=256×205 matrix,
slices=96, thickness=1.7 mm].

Data preprocessing

Unless otherwise stated, all preprocessing were carried out
using the AFNI package (Cox, 1996). The first 10 image
acquisitions of the resting state were excluded from analysis
because of the instability of the initial MRI signal and the
adaptation of the subjects to the circumstances. The remaining 170
images acquisitions were first time-shifted using the sinc
interpolation and then motion-corrected using a 3D volume
registration program (Cox, 1996; Cox and Jesmanowicz, 1999).
Two subjects’ (one healthy elder adult and one AD subject with
CDR=1) data were excluded from further analysis because of
excessive movement (>1.5 mm or 1.5°). Moreover, we also
performed a two-sample t test on the mean absolute estimated
movement parameters (translation and rotation, respectively) on all
three axes to examine between-group differences in the degree of
head motion. Following the motion correction, all data were
spatially normalized into Talairach and Tournoux coordinate space
(Talairach and Tournoux, 1998) using a landmark-based 12 sub-
volume piecewise linear method (Cox, 1996). After this, the
functional images were then re-sampled to 3-mm isotropic voxels
followed by spatial smoothing with a 4-mm full width at half
maximum (FWHM) Gaussian kernel. Finally, temporal filtering
(0.01 Hz< f<0.08 Hz) was performed on the time series of each
voxel to reduce the effect of low-frequency drifts and high-
frequency noise (Biswal et al., 1995; Lowe et al., 1998; Jiang et al.,
2004). One of the healthy elder subjects did not have 20-slice
anatomical data, the spm2 (www.fil.ion.ucl.ac.uk/spm) was used to
coregister this subject’s functional images to her own 3D
anatomical images that were later transformed into Talairach and
Tournoux coordinates space (Talairach and Tournoux, 1998). A
mask file was created according to the intersection of the
normalized T1 anatomical images (Wang et al., 2006). Only the
voxels within the mask were further analyzed. The mask file was
also used for correcting multiple comparisons later.
Data analysis

Functional and anatomical data were analyzed using MATLAB
(The MathWorks, Inc., Natick, MA) programs, unless mentioned
otherwise.

ReHo analyses
A within-subject analysis was first performed using the ReHo

approach (Zang et al., 2004). The ReHo method, unlike the
connectivity-based methods typically used in most LFBF studies, is
suitable for exploring regional brain activity during rest by
examining the degree of regional coherence of fMRI time courses.
This is accomplished on a voxel-by-voxel basis by calculating
Kendall’s coefficient of concordance (KCC) (Kendall and Gibbons,
1990) of time series of a given voxel with those of its nearest
neighbors (see Appendix 1 for details). A larger value for a given
voxel indicates a higher regional coherence within a cluster made up
of the voxel and its nearest neighbors. An individual ReHo map
during rest was thus obtained for each subject. To give a visual
impression of ReHo, mean ReHo maps were obtained within each
group (Fig. 1). In our methodology paper, we assumed that ReHo
could be modulated in the pertinent experimental tasks and this was
confirmed by examining the modulation from a motor task to a
resting state (Zang et al., 2004). In the present study, we extend our
hypothesis as follows: ReHo is also different between AD patients
and normal controls and it varies with the disease progression in
patients. To explore the ReHo differences between the AD patient
group and the control group, a random-effects two-sample t test
(Holmes and Friston, 1998) was carried out on individual ReHo map
in a voxel-wise way by taking age as a confounding covariate. In
this study, the ages did not show significant differences between
groups (P=0.83). However, to ensure that any significant differences
were not the result of an undetected age effect, age was still included
as a covariate in the functional analyses.

To control Type I error in this analysis, Monte Carlo simulations
were performed using the AFNI AlphaSim program (parameters
were: individual voxel P value=0.02, 10,000 simulations,
FWHM=4 mm, with mask). By iterating the process of random
image generation, spatial correlation of voxels, thresholding and
cluster identification, the program provides an estimate of the
overall significance level achieved for various combinations of
individual voxel probability threshold and cluster size threshold
(Poline et al., 1997). Using this program, a corrected significance
level of P<0.05 was obtained by clusters with a minimum volume
of 513 mm3 at an uncorrected individual voxel height threshold of
P<0.02. This enabled the identification of significant changes in
ReHo in the AD patients as compared with the normal controls. It
was noted that, in this study, we performed Monte Carlo sim-
ulations in the Talairach space (Talairach and Tournoux, 1998) at
the interpolated resolution of 3 mm×3 mm×3 mm. We applied a
4 mm FWHM, the spatial smoothing kernel used in data pre-
processing, for the Alphasim procedure due to the fact that there
are no definite approaches to estimate an accurate effective FWHM,
though it could overestimate the cluster significance observed in this
study.

Correlations between ReHo and MMSE in the AD group
In order to explore whether the ReHo measurements vary with

the disease progression in the AD patients, multiple regression
analysis of ReHo versus Mini-Mental State Examination (MMSE)
score was performed as follows. First, ReHo of the peak voxel in
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Fig. 1. Mean ReHo maps within the normal controls group (A) and AD patients group (B). Visual examination indicates high ReHo values in several default-
mode regions, including the PCC/PCu, medial prefrontal cortex, dorsal lateral prefrontal cortex and inferior parietal cortex within each group, but a different
strength between the groups. To visually highlight the ReHo difference in the PCC/PCu between the two groups, we also showed a sagittal view of this region for
the normal controls group (C) and AD patients group (D). The functional results were overlaid on the transverse sections of the group-average structural images.
For panels A and B, the numbers below each image refer to the z plane coordinates of Talairach and Tournoux. Left side of the image corresponds to the right side
of the brain. For panel C and D, the numbers below each image refer to the x plane coordinates of Talairach and Tournoux. Left side of the image corresponds to
the anterior part of the brain. Color bar is shown on the right.
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each region showing significant between-group difference was
correlated with the MMSE score in the AD patient group. Secondly,
to ascertain whether these correlations are regional-specific or global
effects, the regression model of ReHo versus the MMSE score was
also performed in the AD patients at each voxel of the whole brain.
The statistical map was corrected for multiple comparisons to a
significant level of P<0.05 by combining the individual voxel P
value <0.02 with cluster size >513 mm3 using Monte Carlo
simulations as described in previous section. Individual ages were
entered as a covariate in these regression analyses.

Measurements of regional brain atrophy
In order to investigate the impact of regional brain atrophy on

the functional results above, we calculated a regional atrophy index
of each region showing significant between-group ReHo difference
as follows. First, the Talairach-normalized and re-sampled (1 mm3)
3D anatomical images of each subject within the brain mask were
automatically segmented into gray matter, white matter and
cerebrospinal fluid (CSF) by using a multicontext fuzzy clustering
method (Zhu and Jiang, 2003). This segmentation method reduces
the effects of both artificial and inherent intensity inhomogeneities.
In the next step the regions exhibiting significant between-group
ReHo differences were defined as group regions of interest (ROIs).
The regional atrophy index of each region was calculated by
dividing the volume of brain tissue by the total volume of the
corresponding ROI (brain tissue+CSF). The value of individual
regional atrophy index is ranged from 0 to 1. A higher value
indicates a smaller amount of atrophy in this region. The atrophy



Fig. 2. (A) t-statistical difference map between the AD patients and normal controls (age effect removed by regression). The AD patients showed significant
increased ReHo in the left FG (a), right LG (c), right cuneus (d) and left cuneus (e) and decreased ReHo in the PCC/PCu (f). The images also showed a 243-mm3

cluster in the right hippocampus (b) that survived the height but not the extent threshold (AD patients<normal controls). T-score bars are shown on the right. Hot
and cold colors indicate AD-related ReHo increases and decreases, respectively. Voxels with P<0.02 and cluster size of 513 mm3 were used to identify
significant clusters. These criteria met a corrected threshold of P<0.05. For other details, see Fig. 1. (B) A sagittal view of the t-statistical map highlights the
between-group ReHo difference in the PCC/PCu. Bar graphs indicate that mean fitted ReHo of peak voxel with standard error (arbitrary units) bars of the PCC/
PCu in AD patients versus normal controls (age effect removed by regression). The patients showed significant decreased ReHo in the PCC/PCu (P=2.1×10−6).
(C) Mean fitted ReHo of peak voxel with standard error (arbitrary units) bars of the bilateral cuneus, right LG and left FG in AD patients versus normal controls
(age effect removed by regression). Bar graphs indicate that the patients showed significantly increased ReHo in the right cuneus (P=0.0002), left cuneus
(P=0.0008), right LG (P=0.0013) and left FG (P=0.0026). Further details of these regions are presented in Table 2.
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index measurements in this study are similar to those proposed by
two previous studies (Johnson et al., 2000; Prvulovic et al., 2002).
Finally, a two-tailed two-sample t test was performed on the index
of each region to compare the difference of regional atrophy
between the AD patient group and the control group.

Effect of regional atrophy on LFBF analysis
To determine to what extent the functional results were

influenced by the brain atrophy, we further examined the
between-group differences in peak voxel ReHo using a two-
sample t test by taking individual regional atrophy indices and ages
as covariates. Additionally, the correlation of peak voxel ReHo and
the MMSE score in the AD group was also examined by a
regression analysis. This analysis included individual regional
atrophy indices and ages as covariates. Finally, the statistical
significances were compared with the functional results obtained
from the same processes but without accounting for the regional
atrophy.

Results

Characteristics of the AD patients and the normal controls are
shown in Table 1. There were no significant differences between
the AD patients and normal controls in gender, age, handedness
and years of education, but the MMSE scores were significantly
different (P<0.0001) between the two groups. Examination of
movement parameters demonstrated that there were no significant
differences (translation: t=1.6, P=0.19; rotation: t=1.22, P=0.23)
in the degree of head motion between the AD patient group and the
control group.

Within-group and between-group ReHo analyses

The mean ReHo maps within each group are shown in Fig. 1.
Visual inspection indicates that the PCC/PCu has the highest ReHo
value within each group but different strength between the groups
(Fig. 1). In addition, we also find that other brain regions, including
medial prefrontal cortex, dorsal lateral prefrontal cortex and
inferior parietal cortex, have high ReHo values within each group.
The ReHo pattern is very similar to a default-mode network
Table 2
Regions showing regional coherence changes in the AD patients

Brain regions BA Vol,
mm3

Stereotaxic
coordinates, mm

Maximum
t

x y z

PCC/PCu 31/7 2430 1 −57 40 −6.12
Right hippocampus 243 24 −12 −11 −3.97 a

Right cuneus 19 783 15 −88 26 4.32
Left cuneus 19 864 −7 −77 26 3.79
Right LG 18 999 5 −74 2 3.62
Left FG 37 567 −45 −65 −15 3.34

BA, Brodmann's area; Vol, cluster volume; x, y, z, coordinates of primary
peak locations in the space of Talairach and Tournoux (1998); t, statistical
value of peak voxel showing ReHo differences between groups (positive t
value means decreased ReHo in the AD group); PCC/PCu, posterior
cingulate cortex/precuneus; Hipp, hippocampus; LG, lingual gyrus; FG,
fusiform gyrus.
a The region in the right hippocampus survived the height but not the

extent threshold. P<0.05, corrected for multiple comparisons.
proposed by Raichle et al. (2001) from a PET study. Here these
within-group maps are merely for visualizing ReHo. The results
obtained from the two-sample t test clearly showed significant
ReHo differences between the two groups (Fig. 2, Table 2).
Compared with the healthy controls, the AD patients showed
significant ReHo decreases in the PCC/PCu [Brodmann’s area
(BA) 31/7] and increases in the occipital and temporal lobes,
including the bilateral cuneus (BA 19), right lingual gyrus (LG, BA
18) and left fusiform gyrus (FG, BA 37). Additionally, we also
found a 243-mm3 cluster in the right hippocampus that survived
the height but not the extent threshold (AD patients<normal
controls, Fig. 2).

Correlations between ReHo and MMSE in the AD group

Regression analysis revealed a significant correlation between
peak voxel ReHo in the PCC/PCu (t=3.51, P=0.005) and the
MMSE scores in the AD group (Fig. 3). However, there were no
significant correlations found in the right cuneus (t=−0.54,
P=0.60), left cuneus (t=0.39, P=0.71), right LG (t=1.21,
P=0.25) and left FG (t=−1.08, P=0.30). Further analysis by
regressing ReHo at each voxel in the whole brain against the
MMSE score in the AD patients group revealed that the most
significant positive correlation occurs in the PCC/PCu (BA 31/7)
(Fig. 3, Table 3). Moreover, significant positive correlations were
also found in the right cerebellum, right inferior parietal lobe and
right angular gyrus; significant negative correlations in the bilateral
inferior frontal gyrus, medial prefrontal cortex, left cuneus and left
precentral gyrus (Fig. 3, Table 3).

Examination of regional brain atrophy

The two-sample t test revealed that the AD patients had more
brain tissue atrophy than normal controls in the PCC/PCu (t=
−2.08, P=0.047) (Fig. 4A). There was no significant atrophy
observed in the right cuneus (t=0.44, P=0.67), left cuneus (t=
−1.18, P=0.25), right LG (t=−1.69, P=0.11) and left FG (t=0.80,
P=0.25) in the patients (Fig. 4A).

Effect of regional atrophy on LFBF analysis

Of all the regions showing AD-related LFBF changes, only
PCC/PCu demonstrated both significant ReHo decreases and brain
tissue atrophy. In this study, we thus evaluated the impact of
regional atrophy on the functional results shown in the PCC/PCu.
After controlling for the regional atrophy by statistical analysis (the
regional atrophy index and age were used as covariates),
significant PCC/PCu ReHo differences (t=−5.25, P=2.2×10−5,
Fig. 4B) between the two groups and significant correlation of
PCC/PCu ReHo against the MMSE score (t=2.50, P=0.031, Fig.
4C) in the patients group was still observed. However the statistical
significance was obviously reduced (Figs. 4B and C) compared to
the results without accounting for the regional atrophy (Figs. 2B
and 3B).

Discussion

Our study investigates AD-related LFBF changes and the
impact of regional brain atrophy on the LFBF results. Compared
with healthy controls, the AD patients showed decreased regional
coherence (i.e. ReHo) in the PCC/PCu and increased coherence in



Fig. 3. (A) t-statistical map of the MMSE regression against ReHo in the AD patient group (n=14) (age effect removed by regression). (B) A sagittal view of the
t-statistical map highlights significant positive correlation between the PCC/PCu ReHo and MMSE scores. Scatter plot of fitted ReHo of peak voxel in the PCC/
PCu (i.e. the voxel showing the most significant ReHo decrease between the two groups) versus MMSE scores in the patient group was shown on the right side
(age effect removed by regression). Each data point represents a single subject in the AD group. Aside from the PCC/PCu, many other regions also show
significant associations between the ReHo and MMSE scores. Further details of these regions are presented in Table 3. Voxels with P<0.02 and cluster size of
513 mm3 were used to identify significant clusters. These criteria met a corrected threshold of P<0.05. For other details, see Fig. 1.
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Table 3
Regions showing significant correlations (P<0.05, corrected) in ReHo
versus MMSE in the AD patient group

Brain regions BA Vol,
mm3

Stereotaxic
coordinates, mm

Maximum
t

x y z

PCC/PCu 31/7 1971 3 −56 31 6.46
Right cerebellum N/A 999 27 −62 −35 4.89
Right AG 39 594 42 −67 31 4.65
Right IPL 40 756 36 −40 55 4.07
Left PrCG 4 1296 −15 −12 56 −7.09
MPFC 10 1161 0 63 −6 −6.58
Right cerebellum N/A 1215 15 −65 −10 −5.37
Left IFG 44 1215 −48 10 14 −5.06
Right IFG 46 945 53 27 11 −4.91
Left cuneus 17 567 −18 −100 0 −4.62
Left PrCG 4 756 −28 −9 44 −4.24

BA, Brodmann's area; Vol, cluster volume; x, y, z, coordinates of primary
peak locations in the space of "Talairach and Tournoux (1998); t, statistical
value of peak voxel showing significant correlation of ReHo versus the
MMSE score in the AD group (positive t value means positive correlation);
PCC/PCu, posterior cingulate cortex/precuneus; AG, angular gyrus; IPL,
inferior parietal lobe; PrCG, precentral gryus; MPFC, medial prefrontal
cortex; IFG, inferior frontal gyrus; P<0.05, corrected for multiple
comparisons.

495Y. He et al. / NeuroImage 35 (2007) 488–500
the occipital and temporal lobe, including the bilateral cuneus, right
LG and left FG. In addition, we also found that the PCC/PCu
LFBF coherence reduces with the progress of the disease. Most
importantly, these results still remain significant after statistically
controlling for the regional atrophy. Taken together, our results are
compatible with previous neuroimaging studies of early AD, which
provides important insights into understanding the LFBF activity
and its clinical implications.

It is important to look at coherent neuronal fluctuations and
spontaneous low-frequency fluctuations observed in BOLD signal
before our results are further interpreted. Although a large number
of studies has shown coherent fluctuations in resting-state fMRI
within different neuro-anatomical systems (Biswal et al., 1995;
Fox et al., 2005; Greicius et al., 2003; Lowe et al., 1998;
Rombouts et al., 2003; He et al., 2006; Salvador et al., 2005; Jiang
et al., 2004), the origin of these coherences and the neurophysio-
logical basis of the LFBF remain unclear to date. Nevertheless,
some investigators have suggested that the LFBF might be
associated with neuronal firing in the resting state (Biswal et al.,
1997; Maldjian, 2001). In conventional task-specific fMRI studies,
such LFBF is usually considered noise and excluded using
filtering techniques. However, recent studies have suggested that
coherent spontaneous activity is expressed in larger neuronal
populations (Arieli et al., 1996; Leopold et al., 2003). Moreover, it
has been shown that each region of the nervous system can
generate its own cyclical patterns that interact with those of the
other regions to which it is connected (Steriade et al., 1993). These
spontaneous activities are physiologically meaningful for keeping
a balance between regional and global processing in the default
resting state. Recent studies have suggested that some specific
brain diseases such as multiple sclerosis (Lowe et al., 2002),
ADHD (Zang et al., in press; Cao et al., 2006), depression (Anand
et al., 2005) and AD (Greicius et al., 2004; Maxim et al., 2005; Li
et al., 2002; Wang et al., 2006) exhibit abnormal regional and/or
global coherent LFBF patterns.
In the present study, as expected, we found significant LFBF
coherence decreases in the PCC/PCu in the AD patients (Fig. 2,
Table 2). It has been shown that, in healthy subjects, the PCC/PCu
has the highest metabolic rates (Raichle et al., 2001) and is
considered a central node in a default-mode network during rest
(Greicius et al., 2003). Moreover, this region has been observed
with the highest coherence in both young (He et al., 2004; Zang et
al., 2004) and old adults (Fig. 1) during rest. We will now consider
the possible mechanisms behind the AD-related decreases in this
region. The possible explanation could be that their presence was
associated with resting hypometabolism in AD. Many PET studies
have consistently shown reduced resting metabolism in the PCC/
PCu in subjects with AD (Buckner et al., 2005; Leon et al., 2001;
Salmon et al., 2000; Volkow et al., 2002) or cognitively intact
subjects with genetic susceptibility to AD (Reiman et al., 1996;
Small et al., 2000). In this regard, it is particularly instructive that
Volkow et al. (2002) revealed not only reduced resting metabolism,
but also decreased regional metabolic homogeneity in the PCC/
PCu. In addition, it is also noted that resting metabolism in the
PCC/PCu measured using fluorodeoxyglucose PET was correlated
with the disease progress evaluated by the MMSE scores (Buckner
et al., 2005; Herholz et al., 2002; Salmon et al., 2000). Our
examination of the behavioral correlates of ReHo also revealed
significant (P<0.031) positive correlation between the PCC/PCu
ReHo measurements and the MMSE scores in the AD patient
group (Figs. 3B and 4C). The combination of these findings raises
the possibility of a relationship between decreased ReHo and
reduced resting metabolism in this region. Though the mechanism
of decreased PCC/PCu ReHo needs to be further clarified, the
present study provides an important implication on regional AD-
related LFBF abnormality in the resting state. The fact that this
location was consistently found to have AD-related abnormality in
many other functional imaging studies make us believe that this is
an important region for clinical research of AD. In this study, we
also found that AD patients had decreasing ReHo in the right
hippocampus (Fig. 2A). A large number of studies have
demonstrated that the hippocampus is one of the earliest regions
affected by the accumulation of AD lesions (see Nestor et al., 2004
for a review). Two recent studies of resting-state fMRI have also
suggested that the hippocampus has abnormally spontaneous LFBF
activity in AD patients (Maxim et al., 2005; Li et al., 2002), which
provides further support for our finding of reduced ReHo in this
region.

Recently, two resting-state fMRI studies from Greicius et al.
(2004) and our research group (Wang et al., 2006) have suggested
that the AD patients showed mild decreased trends in the
functional connectivity between the PCC/PCu and hippocampus.
Using our ReHo measurement, we observed the decreased regional
resting activity in both regions; one interesting question would be
whether the AD patients also demonstrated decreased PCC/PCu-
hippocampus connectivity in the present investigation. To address
this issue, we performed a functional connectivity analysis as
follows. The time series of two peak voxels in the PCC/PCu and
hippocampus showing the most significant between-group ReHo
differences were first extracted from each subject. Then, we
calculated the Pearson correlation coefficients between the two
regions and further transformed them into z values using the
Fisher’s z-transform (Press et al., 1992; Wang et al., 2006). Finally,
a two-sample t test was performed on these z values to detect the
between-group differences. In this study, however, we did not find
significant connectivity differences (P=0.13) between the AD



Fig. 4. (A) Mean regional atrophy index with standard error bars of each region in AD patients versus normal controls. Significantly more brain atrophy was
observed in the AD patients in the PCC/PCu (P=0.047) but not in the right cuneus (P=0.67), left cuneus (P=0.25), right LG (P=0.11) and left FG (P=0.25). (B)
Mean fitted ReHo of peak voxel with standard error (arbitrary units) bars in the PCC/PCu for each group after accounting for the regional atrophy (age and brain
atrophy effects removed by regression). Between-group statistical significance is P=2.1×10−6 before (Fig. 2B) and P=2.2×10−5 after accounting for the effects
of atrophy. (C) Scatter plot of fitted ReHo of peak voxel versus MMSE scores in the PCC/PCu in the AD patient group (n=14) after accounting for the regional
atrophy (age and regional atrophy effects removed by regression). Each data point represents a single subject in the AD group. Statistical significance is P=0.005
before (Fig. 3B) and P=0.031 after accounting for the atrophy. The LFBF results in the PCC/PCu still remain significant with a moderate decrease in the
statistical power after the atrophy was controlled. *P<0.05.
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patients and normal controls. An explanation for the inconsistent
results in the present study in comparison to the previous two
studies could be that the PCC/PCu-hippocampus disconnectivity in
the AD patients was associated with their subregions. Both of the
previous studies involved the left hippocampus and BA 7/23/29/31
(Greicius et al., 2004) and a large anterior part of right
hippocampus and BA 29 (Wang et al., 2006), while the present
study mainly involved a small cluster in the right hippocampus
(243 mm3) and BA 31/7 (Fig. 2). Future investigations could be
implemented to examine the changes of functional connections
among the different subregions related to the PCC/PCu and
hippocampus in AD patients.

Aside from the AD-related decreases aforementioned, increased
coherences were also observed in the AD patients in the bilateral
cuneus, right LG and left FG (Fig. 2, Table 2). However we did not
find significant correlations between the coherence and the MMSE
scores in the patient group. Functional neuroimaging studies of AD
have indicated that these regions usually retain their functional
capacity in the early stages of the disease (Grady et al., 1993;
Mentis et al., 1996). Furthermore, we found that these regions are
consistent with previous findings of increased functional activation
in AD patients during the performance of cognitive tasks
(Backman et al., 2000; Prvulovic et al., 2002). For example,
Backman et al. (2000) reported that AD patients exhibited
increased activation in the occipital cortex during priming.
Prvulovic et al. (2002) found that the FG showed increased AD-
related activation during visuospatial processing. These increased
functional activations have been proposed as the involvement of
compensatory mechanisms in AD (Backman et al., 2000; Prvulovic
et al., 2002). Nevertheless, the compensatory role of these regions
needs to be further described in the context of the resting state.
Some investigators have suggested that memory is an important
component of default activities during rest (Buckner et al., 2005;
Greicius et al., 2003, 2004). Moreover, functional neuroimaging
studies have indicated that the PCC/PCu may be involved in
memory function, and decreased resting-state activity may reflect
memory impairment in AD patients (Buckner et al., 2005; Greicius
et al., 2004; Cabeza et al., 2002). Evidence from several studies has
also suggested that the higher visual cortex and FG are involved in
memory-related processing (Buckner and Wheeler, 2001; Kohler
et al., 1998; Moscovitch et al., 1995). Combining these previous
findings with our results, we suspect that AD-related LFBF
reduction in the PCC/PCu might be compensated by the
recruitment of the occipital lobe and the left FG.

It is important to note here that we took into account the impact
of regional brain atrophy on the LFBF functional results (i.e.
ReHo) shown in the PCC/PCu. Numerous studies have demon-
strated that AD patients have more brain atrophy in the PCC/PCu
than normal controls (Buckner et al., 2005; Baron et al., 2001;
Chetelat et al., 2002). Brain atrophy may cause a partial volume
effect in functional imaging techniques, especially in PET and
SPECT that have low spatial resolution. The potential impact of



Fig. 5. (A) Mean fitted ALFF of peak voxel with standard error (arbitrary units) bars of each region in the AD patients versus normal controls (age effect removed
by regression). The AD patients showed significant decreased ALFF in the PCC/PCu (t=−3.04, P=0.005) and increased ALFF in the right cuneus (t=3.25,
P=0.003). There were no significant ALFF differences in the left cuneus (t=−0.45, P=0.66), right LG (t=−0.56, P=0.58) and left FG (t=1.27, P=0.22).
*P<0.05. (B) Averaged Fourier power spectrums of each region in the AD patients (red lines) and normal controls (blue lines). The ALFF and power spectrums
were calculated using the method proposed by Zang et al. (in press) (see Appendix 2 for details).
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atrophy has been recognized in previous PET studies of AD using
regional CMRglu (Bokde et al., 2001; Ibáñez et al., 1998). Several
recent fMRI studies have also attempted to clarify the relationship
between regional atrophy and BOLD signals during the perfor-
mance of tasks (Johnson et al., 2000; Prvulovic et al., 2002; Remy
et al., 2005). In this study, we found that AD patients showed
significantly larger CSF volume in the PCC/PCu when compared
with normal controls (Fig. 4A), suggesting the necessity for
controlling the regional brain atrophy in the functional analysis. By
taking into account the regional atrophy as a covariate, we found
that statistical significance was reduced in both between-group
differences in the PCC/PCu (Fig. 4B) and the correlation between
the PCC/PCu ReHo and the MMSE scores (Fig. 4C). It implies that
the AD-related LFBF results in the PCC/PCu can be at least partly
explained by regional atrophy. With this in mind, we propose that
the impact of regional brain atrophy on functional results should
receive more attention in future functional imaging studies of
neurodegenerative diseases.

In this study, we observed that the AD patients showed decreased
regional coherence in the PCC/PCu both with and without
accounting for regional brain atrophy. However, it is unclear
whether such decreases simply imply a lower overall variance in the
ambient BOLD activity (reflective of lower metabolic activity) or a
reduced LFBF activity in the patients. To clarify this issue, we
further measured the amplitude of low frequency fluctuations
(ALFF) in this region using a power spectrum method proposed by
Zang et al. (in press) (see Appendix 2 for details). It has been
suggested that the ALFF may indicate regional spontaneous
neuronal activity (Biswal et al., 1995; Zang et al., in press). Using
this procedure, we found that the AD patients showed significantly
decreased ALFF in the PCC/PCu (P=0.005, Fig. 5A).Moreover, the
average Fourier power spectrum plot (Fig. 5B) also demonstrated
that the changes in the power spectrum in the patients mainly
focused on the lower frequency components (0.01–0.04 Hz). This
power spectrum analysis indicates that our finding of the reduced
PCC/PCu ReHo in the patients is a true reflection of the LFBF
phenomenon. In addition, we also found that the right cuneus that
showed AD-related ReHo increases in the present study had
increased ALFF in the patients (P=0.003, Fig. 5A). There were no
significant ALFF changes observed in the left cuneus, right LG and
left FG (Fig. 5A).

Somemethodological issues need to be addressed. First, we used
the ReHo method (Zang et al., 2004) to detect the changes of
regional LFBF coherence by quantifying the similarity of time
series. The regional synchrony of fMRI time series can also be
measured using the coefficients of spontaneous low frequency
(COSLOF) index (Li et al., 2002). This index corresponds to the
mean of the cross-correlation coefficients of LFBF between possible
pairs of voxel time courses for a given brain region. For small
regions, the COSLOF index and the ReHo reflect similar regional
synchrony. In future AD studies, it would be interesting to compare
the results of the two measurements. Secondly, in order to explore
AD-related LFBF activity across the entire brain, the present study
used a low sampling rate (TR=2 s) for the multi-slice acquisitions.
Under such circumstance, the cardiac (usually larger than 1 Hz) and
respiratory fluctuations cannot be completely removed according to
the Nyquist sampling theorem (Lowe et al., 1998; Kiviniemi et al.,
2005; Cordes et al., 2001). These aliasing physiological noises
might reduce the specificity of the regional synchrony, or even
further confound the observed ReHo differences between the two
groups. In future, it would be helpful to estimate these effects by
simultaneously recording the respiratory and cardiac cycle during
the acquisition of whole-brain imaging data, or to remove these
effects by focusing on some specific brain region with higher
sampling rate (e.g. TR=500 ms). Thirdly, in this study, we used
functional analysis results to guide the selection of ROIs and further
calculate the regional atrophy index for each of them. It might be a
limitation because brain atrophy is not isolated to specific gyri but a
diffuse process in both aging and AD. However, the purpose of this
study was to evaluate the impact of regional atrophy on regional
LFBF analysis results. The implemented regional atrophy index, an
operator-independent measurement, was used to address this
specific issue. Though in the current study, the regional atrophy
index was only employed to assess the effect of regional brain
atrophy on the LFBF analysis. Further studies could be conducted to
ascertain the relationship between regional brain atrophy (e.g. PCC/
PCu or hippocampus) and the whole-brain LFBF activity. Finally,
the present study only investigated the LFBF changes in AD
patients. It is unclear whether the findings shown here are only
specific to AD or might also be observed in other types of dementia
such as vascular dementia and dementia with Lewy bodies. Further
investigations on several different dementia groups might help to
clarify this issue.

In summary, the AD patients exhibited changes of LFBF
coherence in the PCC/PCu, the occipital and temporal lobes when
compared with normal controls. These findings are compatible
with previous functional imaging studies of early AD. Resting state
fMRI, which has the advantages of no radiation exposure
(compared to PET and SPECT) and easy application (compared
to task-driven paradigms), has great potential for clinical diagnosis
and treatment in the future. Our study also indicated that regional
brain atrophy could be an important consideration in functional
imaging studies of neurodegenerative diseases.
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Appendix A

In this study, regional coherence changes in AD patients were
examined using the regional homogeneity (ReHo) method (Zang
et al., 2004). The method is described as follows.

For a given voxel, we calculated Kendall’s coefficient of
concordance (KCC) (Kendall and Gibbons, 1990) of time series of
this voxel with those of its nearest neighbors:

W ¼ RðRiÞ2 � nð R̄Þ2
1=12k2ðn3 � nÞ ð1Þ

where W ranges from 0 to 1; Ri ¼ Rk
j¼1rij where rij is the rank of

the ith time point in the jth voxel; R̄ ¼ ðnþ 1Þk=2 is the mean of
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the Ri; n is the number of time points of each voxel time series
(here n=170); and k is the number of time series within the
measured cluster (here k=27, the central voxel plus its 26
neighbors). An individual W map (i.e. ReHo map) was obtained
on a voxel by voxel basis for each subject resting-state data set.

Appendix B

Recent studies have suggested that the amplitude of low
frequency fluctuations (ALFF) may be suggestive of regional
spontaneous neuronal activity (Biswal et al., 1995; Zang et al., in
press). In this study, we measured the ALFF differences between
the AD patient group and normal control group using the method
proposed by Zang et al. (in press). Briefly, the filtered time series
obtained from data preprocessing (see Materials and methods)
was first transformed into the frequency domain using a fast
Fourier transform (FFT) and the power spectrum was then
obtained. Since the power at a given frequency is proportional to
the square of the amplitude of this frequency component in the
original time series in the time domain, we calculated the square
root of the power spectrum at each frequency and averaged these
across 0.01–0.08 Hz at each voxel. This resulting ALFF value
was further standardized by dividing by the global mean value.
Finally, a two-tailed two-sample t test was performed on the
ALFF of each region to compare the difference between the AD
patient and normal controls. Age was taken as a confounding
covariate in this analysis. Statistical differences in the ALFF of
each region are shown in Fig. 5A and the average Fourier power
spectrums are shown in Fig. 5B.
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