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Abstract
Resting-state functional magnetic resonance imaging (fMRI), a promising technique for measuring brain activities during rest, has attracted
much attention in the past few years. In this paper, we review recent progress on the study of Alzheimer’s disease (AD) based on resting-state fMRI.
First, we briefly introduce some AD-related studies from other groups. Then we describe our AD-related work in detail from three aspects: (1)
alterations in regional homogeneity (ReHo) of the fMRI signal in the resting state, (2) altered patterns of functional connectivity from regions of
interest and whole brain analyses, and (3) discriminative analyses based on classification features from resting-state fMRI data for differentiating
AD patients from healthy elders. Finally, we summarize the main results and some prospects for future work.
© 2008 Published by Elsevier Ltd.
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1. Introduction
Alzheimer’s disease (AD) is a major neurodegenerative disorder characterized by cognitive and intellectual deficits and
behavioral disturbances without a definitive cause or an effective
treatment. It gradually destroys a patient’s memory and ability
to reason, make judgments, communicate and carry out daily
activities (Jeong, 2004). With the aging of the population worldwide, this disorder has attracted much attention, especially by
neurologists, neuroscientists and neuroradiologists.
In the past two decades, several imaging techniques have
been used to investigate changes in brain functions in patients
with AD. Positron emission tomography (PET) and single
photon emission computed tomography (SPECT) are effective methods for investigating brain activity through observing
changes in cerebral blood flow or cerebral metabolism. AD
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patients show hypo-metabolism or hypo-perfusion in many
brain regions, including the posterior cingulate cortex (PCC),
parietal, temporal, and prefrontal cortices (Nestor, Scheltens,
& Hodges, 2004). More recently, task based functional magnetic resonance imaging (fMRI) has been developed to detect
local brain activities when performing a specific task. A
large number of fMRI studies have revealed that the patterns of activation or deactivation1 are changed in AD patients
during the performance of tasks (Buckner, Snyder, Sanders,
Raichle, & Morris, 2000; Gould, Brown, Owen, Bullmore,
& Howard, 2006; Remy, Mirrashed, Campbell, & Richter,
2005; Rombouts, Goekoop, Stam, Barkhof, & Scheltens, 2005).

1 Some previous task based PET and fMRI studies in healthy subjects have
consistently demonstrated task specific increases in regional brain activity during goal-directed tasks. Researchers have also frequently found task-induced
deactivation in some brain regions (Amedi et al., 2005; Kobayashi et al., 2006).
Many deactivated brain regions appear to be largely task independent, varying
little in their location across a wide range of tasks (for a review see Raichle &
Mintun, 2006). These deactivations during specific tasks are considered to be
an organized default mode of brain function.
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However, this method requires extensive participation of subjects, which may be difficult for some participants, especially
for AD patients. Consequently, resting-state fMRI has been
developed and has attracted considerable attention. Restingstate fMRI signals may reflect spontaneous neuronal activity
(Biswal, Yetkin, Haughton, & Hyde, 1995; Wang et al., 2008)
and/or the endogenous/background neurophysiological process
of the human brain in the resting state (for a review see Fox
& Raichle, 2007). This method has practical advantages for
clinical applications because no stimulation and response are
required; thus it can be performed easily by subjects, especially
patients.
Although resting-state fMRI is a relatively young technique,
many exciting findings have been reported in the past several years (for a review see Fox & Raichle, 2007). Biswal et
al. (1995) found that spontaneous low-frequency fluctuations
(SLFF) (<0.08 Hz) of the blood oxygen level dependent (BOLD)
signals within the somatomotor system, measured during rest,
were highly synchronous and concluded that these were physiologically meaningful. Since then, the SLFF of the resting-state
fMRI signal have been used in healthy subjects to investigate
the brain activities, within various functional systems, such
as motor (Jiang, He, Zang, & Weng, 2004; Lowe, Mock, &
Sorenson, 1998), auditory (Cordes et al., 2001), visual (Lowe et
al., 1998), language (Hampson, Peterson, Skudlarski, Gatenby,
& Gore, 2002) and limbic systems (Greicius, Krasnow, Reiss,
& Menon, 2003; Tian, Jiang, Liu, et al., 2007; Wink, Bernard,
Salvador, Bullmore, & Suckling, 2006). Interestingly, the SLFF
of resting-state fMRI signals have also been used to characterize
the pathophysiological changes of some diseases, such as multi-
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ple sclerosis (Lowe et al., 2002), epilepsy (Waites, Briellmann,
Saling, Abbott, & Jackson, 2006), attention deficit hyperactivity disorder (Tian, Jiang, Liang, et al., 2007; Zang et al., 2007),
schizophrenia (Liang et al., 2006; Salvador et al., 2007; Zhou,
Liang, Jiang, et al., 2007; Zhou, Liang, Tian, et al., 2007), major
depression (Anand et al., 2005; Greicius et al., 2007), blindness
(Liu et al., 2007; Yu et al., 2007) and acute brainstem ischemia
(Salvador et al., 2005). Thus, we believe that resting-state fMRI
will be an increasingly important avenue for exploring the functional abnormalities of AD patients.
In the past several years, many researchers, including ourselves, have begun to study the pathophysiology of AD by
investigating changes in the SLFF of resting-state fMRI signals (Greicius, Srivastava, Reiss, & Menon, 2004; He, Wang, et
al., 2007; Li et al., 2002; Maxim et al., 2005; Wang, Jiang, et
al., 2006; Wang et al., 2007; Wang, Zang, et al., 2006) (extended
details about these studies can be found in Table 1). In this paper,
we will review resting-state fMRI studies on AD from the following perspectives: in Section 2, we will review AD-related
changes of the regional coherence of resting fMRI signals. In
Section 3, we will describe findings based on functional connectivity analysis. In Section 4, we will review the discriminative
analysis of AD based on resting-state fMRI data. Finally, limitations, conclusions, and future work will be discussed in Sections
5 and 6.
2. Regional coherence
Because there is no specific stimulus in the resting state, traditional model-driven methods for task-related data analysis may

Table 1
Published results of AD–related resting-state fMRI study
Authors

Patients (AD/NC)

Method

Main conclusions

Li et al. (2002)

10/9

Cross-correlation coefficients of SLFF
analysis

Greicius et al. (2004)

14/14

Independent component analysis

Maxim et al. (2005)

9/12

Wavelet-based maximum likelihood of
fractional Gaussian noise

Wang, Jiang, et al. (2006)

14/14

Correlation and Fisher linear
discriminative analysis

Wang, Zang, et al. (2006)

13/13

Correlation analysis based on ROI

Wang et al. (2007)

14/14

Correlation analysis of the whole brain

He, Wang, et al. (2007)

15/15

ReHo analysis of the whole brain

Allen et al. (2007)

8/8

Correlation analysis based on ROI

The cross-correlation coefficients of SLFF in mild cognitive
impairment were significantly higher than those of AD patients, but
significantly lower than those of control subjects
Default-mode network activity is abnormal in AD. The activity in the
default-mode network ultimately proved to be a sensitive and specific
biomarker for incipient AD
AD patients had greater persistence of resting fMRI noise in the medial
and lateral temporal lobes, insula, dorsal cingulate/medial premotor
cortex, and left pre- and post-central gyrus
Correlation/anti-correlation pattern of the two intrinsically
anti-correlated networks is a sensitive feature for the discriminative
analysis of early AD
Decreased activity in default mode network activity offers a clue to
reduced integrity in hippocampus-related networks in early AD
AD patients show decreased functional connectivity between
anterior–posterior regions but increased connectivity between
within-lobe regions, and a disruption of the anti-correlation patterns
between two intrinsically anti-correlated networks during the resting
state
AD patients exhibited changes in regionally low-frequency fluctuation
coherence in the PCC/PCu, the occipital and temporal lobes
Healthy subjects showed hippocampal functional connectivity with
diffuse cortical, subcortical, and cerebellar sites, while patients
demonstrated markedly reduced functional connectivity, including an
absence of connectivity with the frontal lobes

ROI, region of interest; AD, Alzheimer’s disease; NC, normal controls.
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not be suitable for analyzing resting-state fMRI data. Thus, datadriven methods have been proposed for studying resting-state
fMRI signals (He, Wang, et al., 2007; Zang, Jiang, Lu, He, &
Tian, 2004).
2.1. Cross-correlation coefﬁcient method
By measuring the cross-correlation coefficients (a measure
of functional synchrony) between pairs of voxel time courses
within regions of the hippocampus, Li et al. (2002) found
that the cross-correlation coefficients of SLFF within the hippocampus were significantly lower in AD patients compared
with healthy subjects. In addition, they also found that for
mild cognitive impairment (MCI), the functional synchrony
of SLFF within the hippocampus was significantly higher
than that in AD patients, but significantly lower than those
in healthy subjects. Additionally, they found that an exponential curve could describe the relationship between the
cross-correlation coefficients of SLFF and Mini-Mental Status Examination (MMSE) scores2 , which indicated a rapid
decrease in cognitive capacity in AD. This study indicated for
the first time that the cross-correlation coefficients of SLFF
could be regarded as quantitative markers for the early diagnosis
of AD.
2.2. Regional homogeneity method
Regional homogeneity (ReHo)3 measures the functional
coherence of a given voxel with its nearest neighbors and can be
used to evaluate resting-state brain activities (Zang et al., 2004)
based on the hypothesis that significant brain activities would
more likely occur in clusters than in a single voxel. The pattern of
resting-state brain activities obtained by using the ReHo method
(He, Zang, Jiang, Liang, & Gong, 2004; He, Zang, Jiang, Lu,
& Weng, 2004; Zang et al., 2004) is very similar to that of previous PET studies in which earlier researchers found that some
brain regions deactivated when the subject was performing certain tasks (Amedi, Malach, & Pascual-Leone, 2005; Kobayashi,
Bagshaw, Grova, Dubeau, & Gotman, 2006; Raichle et al., 2001;
Shulman et al., 1997). This indicates that the ReHo index could
be regarded as a measure for investigating human brain activities in the resting state and may be useful for revealing the
complexity of human brain function.
He, Wang, et al. (2007) used the ReHo index to investigate the
pattern of regional coherence of SLFF in AD patients. The results
demonstrated that AD patients showed significant decreases in
regional coherence in the posterior cingulate cortex/precuneus
2 The staging of AD can be assessed by the Mini-Mental State Examination
(MMSE), which is a brief composite measure of mental status (maximum score
is 30). People with AD generally score 26 points or
less.2
3 For a given voxel, ReHo = A/B where A =
Ri − n · R̄, B = k2 (n3 −
n)/12; which is the Kendall’s coefficient of a given voxel and its nearest neighk
bors, ranging from 0 to 1. Ri =
r is the sum rank of the ith time point
j=1 ij
and rij is the rank of the ith time point of the jth voxel; R̄ = (n + 1)k/2 is the
mean of the Ri ; n is the length of the time series; k is the number of voxels within
the measured cluster (Zang et al., 2004).

Fig. 1. T-statistical difference map between AD patients and healthy subjects.
The AD patients showed a significantly 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). T-score bars are shown on the right. Hot and cold colors indicate AD-related
ReHo increases and decreases, respectively. Reprinted from; He, Wang, et al.
(2007), with permission from Elsevier.

(PCC/PCu) when compared with healthy subjects (Fig. 1). In
healthy subjects, the PCC/PCu had the highest metabolic rates
(Raichle et al., 2001; Shulman et al., 1997) and was considered as a central node in a default-mode network during rest
(Raichle & Snyder, 2007). Moreover, this region had the highest mean ReHo value in younger (He, Zang, Jiang, Liang, et
al., 2004) and older adults (He, Wang, et al., 2007). They also
found the ReHo index of the PCC/PCu significantly decreased
with the progression of this disease as measured using MMSE
scores. Importantly, all the results from the PCC/PCu remained
significant even after correcting for the effect of regional atrophy (He, Wang, et al., 2007). The AD patients also showed
increased SLFF coherence in the bilateral cuneus, left lingual
gyrus and right fusiform gyrus compared with healthy subjects
(Fig. 1). These regions are consistent with previous findings
of AD-related increased activation during cognitive tasks, as
explained in terms of a compensatory-recruitment hypothesis
(Backman, Almkvist, Nyberg, & Andersson, 2000; He, Wang,
et al., 2007; Prvulovic et al., 2002).
As a summary of this section, these resting-state fMRI studies showed abnormal changes in the hippocampus and PCC
of AD patients, which is consistent with some previous PET
studies in which hypo-metabolism or hypo-perfusion was found
in these two brain regions in AD (Chetelat et al., 2005, 2008;
Matsuda, 2001, 2007; Mosconi, Brys, et al., 2007; Mosconi, De
Santi, et al., 2007; Mosconi, Tsui, et al., 2007; Nestor, Fryer,
Smielewski, & Hodges, 2003). Significant correlations between
the indexes of regional coherence and MMSE indicate that these
measures could be useful for monitoring disease progression in
AD patients.
The regional coherence indexes reflect the similarity of the
fMRI series of a voxel with its neighbor voxels. Other measures
of resting-state fMRI signals might also help us understand the
abnormal changes of brain activity in AD. For example, Maxim
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et al. (2005) used a wavelet-based maximum likelihood to estimate the Hurst exponent of the fMRI signal and demonstrated
that the Fractional Gaussian noise (FGn)4 is a very attractive
model for resting fMRI time series. They found that AD patients
had greater noise in the medial and lateral temporal lobes, insula,
dorsal cingulate/medial premotor cortex, and left pre- and postcentral gyrus than healthy subjects (Maxim et al., 2005). The
disturbance of the long memory dynamics properties in fMRI
time series may reflect neurodegenerative changes in the neuronal systems of AD patients, which might indicate that the
brain activity has become less dynamically complex as a consequence of AD (Maxim et al., 2005). The combination of the
FGn model and ReHo or cross-correlation coefficients of SLFF
might strengthen the understanding of the brain activity in the
resting-state in future studies.
3. Functional connectivity
In functionally related brain regions, even located remotely,
the SLFF of the BOLD signal in the resting-state are synchronous, which implies the existence of neuronal connections
that facilitate coordinated activity. In light of this, the correlation
of spontaneous activity can provide insight into the fundamental
functional architecture of healthy subjects and of some diseases
(for a review see Fox & Raichle, 2007). What are the changes
in functional connectivity in patients with AD? In what follows,
we provide some answers to this question from results derived
from both region of interest (ROI) and whole brain analyses.
3.1. Region of interest (ROI) analysis
Region of interest analysis is the most common method for
investigating the functional connectivity pattern of a specific
region by selecting this region as a ‘seed’ and evaluating the
correlation map between the this region and every other voxel of
the brain. Many studies have demonstrated that the hippocampus is an important node in the memory network (Buckner et
al., 2005; Celone et al., 2006; Greicius et al., 2004), and that
memory impairment is one of the earliest and most devastating
symptoms of AD (Grady, Furey, Pietrini, Horwitz, & Rapoport,
2001). Previous studies have shown morphological abnormalities in this structure in AD patients (for a review see Chetelat &
Baron, 2003). Since the hippocampus is one of the earliest loci
affected by the accumulation of AD lesions (for a review see De
Lacoste & White, 1993), the functional connectivity pattern of
the hippocampus with other brain regions might be affected in
subjects with MCI and AD. However, the pattern of functional
4

Fractional Gaussian noise (FGn), first advanced by Mandelbrot and Van
Ness (1968), was the first comprehensive model for stationary increments of a
self-similar process parameterized by the Hurst exponent (H, self-similarity) and
variance (Mandelbrot and Van Ness, 1968). For FGn with H < 0.5, the time series
is characterized by high frequency fluctuations and demonstrates a negatively
autocorrelated or antipersistent property; for FGn with H > 0.5, the times series
is characterized by stationary long memory (1/f) properties at low frequencies;
and an FGn with H = 0.5 corresponds to the classic Gaussian white noise process
(Maxim et al., 2005; Percival and Walden, 2000).

Fig. 2. Alterations in hippocampal connectivity in mild AD subjects. Regions
showing decreased connectivity to the right hippocampus in AD subjects are
indicated with hot color. Regions showing increased connectivity with the left
hippocampus in AD subjects are indicated with cool color. (A) Regions that
had decreased connectivity to the right hippocampus include the dorsal MPFC,
MPFC/vACC, right cuneus extending into precuneus, left cuneus, right ITC,
right STG and MTG in the AD group. a = ITC (including area inferior temporal
gyrus (BA 20) and perirhinal cortex); b = MPFC and vACC; c = STG and MTG;
d = left cuneus; e = right cuneus extending into precuneus, f = dorsal MPFC. (B)
A sagittal view obtained from a representative subject highlights a 10-voxel
cluster (270 mm3 ) in the right PCC that survived the height but not the extent
threshold. g = PCC (i.e., the right retrosplenial cortex). (C) A region with a
20-voxel cluster (540 mm3 ) in the right lateral prefrontal cortex (BA 9) shows
significantly increased connectivity to the left hippocampus in the AD group.
Voxels with |t(24)| > 2.492 (P < 0.02) and cluster size >513 mm3 were considered to be significantly different in hippocampal connectivity between the two
groups. These criteria met a corrected threshold of P < 0.05. There was no significantly decreased functional connectivity between the left hippocampus and
other regions in the whole brain. Reprinted from; Wang, Zang, et al. (2006),
with permission from Elsevier.

connectivity in the resting-state between the hippocampus and
other parts of the whole brain in AD had remained unclear till
recent studies by Wang, Zang, et al. (2006) and Allen et al.
(2007). In those two studies, the authors selected the bilateral
anterior hippocampus as a ‘seed’ region and investigated the
patterns of functional connectivities of the hippocampus in AD
(Allen et al., 2007; Wang, Zang, et al., 2006).
Wang and co-workers found that the functional connectivities between the right hippocampus and a set of regions
such as the medial prefrontal cortex (MPFC), ventral anterior cingulate cortex (vACC), right infrotemporal cortex, right
cuneus/precuneus, left cuneus, right superior and middle temporal gyrus and PCC were disrupted in AD patients (Fig. 2A).
Disrupted hippocampal connectivities to the MPFC, vACC and
PCC provided further support for decreased activity in the
default mode network, as previously shown in AD (Celone et al.,
2006; Greicius et al., 2004). Decreased functional connectivities
between the hippocampus and the visual cortices could indicate
reduced integrity of hippocampus-related cortical networks in
AD. Increased functional connectivities between the left hip-
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pocampus and the right lateral prefrontal cortex have also been
found in AD (Fig. 2C). This increased connectivity could be
interpreted as a compensatory recruitment of cognitive resources
to maintain task performance in AD patients. This is consistent
with the assumption that AD patients may be able to use additional neural resources in prefrontal regions to compensate for
losses in cognitive function (Grady et al., 2003).
A similar study by Allen et al. (2007) also found that healthy
subjects showed hippocampal functional connectivity with diffuse cortical, subcortical, and cerebellar sites, while AD patients
demonstrated markedly reduced functional connectivity, including an absence of connectivity with the frontal lobes (Allen et
al., 2007). In contrast to the study by Wang, Zang, et al. (2006),
Allen et al.’s (2007) study indicated a more extensive disruption
of hippocampal connectivity in AD, with no regions of increased
connectivity and an absence of hippocampal-frontal connectivity. This may have been caused by differences in the severity
of symptoms of the subjects in these two studies. According to
Allen et al. (2007), the subjects in their study had a greater disease severity than those in Wang et al.’s, supporting the notion
that the functional connectivity of the hippocampus declines progressively throughout the disease. Another possible explanation
is that sample size, 16 (8 AD) subjects in Allen et al.’s study
(2007) compared with 26 (13 AD) subjects in Wang, Zang, et
al.’s (2006) study, might have had an effect on the statistical
results within/between the groups.
These findings suggest that resting-state fMRI could be
an appropriate approach for studying the pathophysiological
changes of AD. Dysfunctional circuitry connecting the hippocampus with other brain regions is a likely contributor to
deficits in learning, memory and the other areas of cognition
characteristic of AD and supports the hypothesis that disconnection is a possible explanation for the impairment of memory and
other higher cognitive functions observed in AD (for reviews
see Delbeuck, Van der Linden, & Collette, 2003; Delbeuck,
Collette, & Van der Linden, 2007; Grady et al., 2001). The
pattern of hippocampus functional connectivity may ultimately
to be an in vivo marker for diagnosis and monitoring of AD
progression.
3.2. Whole brain network analysis
Considering the possibility that abnormalities in functional
connectivities may exist in widely distributed regions in AD, it
is helpful to study functional connectivity from the perspective
of the whole brain for a better understanding of the pathophysiology of AD. In a recent study, Wang et al. (2007) divided
the whole brain using an anatomically labeled template, paired
every region with every other region and calculated correlation coefficients between each pair of brain regions, in both AD
patients and elderly healthy subjects. The results indicated that
AD patients show many decreased correlations; nearly half of
which were between the prefrontal lobe and the parietal lobe.
These results are consistent with previous studies that have suggested an anterior–posterior disconnection in AD patients, either
under task conditions or in the resting-state (Horwitz, Grady,
Schlageter, Duara, & Rapoport, 1987; Horwitz et al., 1995).

In addition, AD patients showed some increased correlations.
Compared with the decreased ones, the increased correlations
were mainly between regions within lobes, such as the prefrontal
lobe, the parietal lobe, the occipital lobe and the temporal lobe.
Such increased functional connectivities within the prefrontal
lobe have been found in many previous studies and have been
interpreted as a compensatory effect of early AD patients (Grady
et al., 2001, 2003; Horwitz et al., 1995). These results suggest
that the compensatory effect was not restricted to the prefrontal
lobe but was also distributed in other lobes. More interestingly,
in addition to these altered correlations, the authors also found
some altered anti-correlations, many of which were between
two intrinsically anti-correlated networks (the task-positive network and its anti-correlated network). According to two previous
studies by Fox et al. (2005) and Fransson (2005), the balance
between these two intrinsically anti-correlated networks may
be associated with the attention process. Therefore, we suggest
that the disturbance of the balance between the intrinsically anticorrelated networks may be associated with attention deficits in
AD patients.
4. Discriminative analysis
One of the ultimate goals of research in this area is to find
objective and quantitative indexes for the early diagnosis and
therapeutic evaluation of AD patients. From the analyses of
resting-state fMRI data, it is possible that we may find some
indexes that have a relatively high sensitivity and specificity for
monitoring the evolution of the disease.
Some previous studies suggested that atrophy of the medial
temporal lobe might be a sensitive marker for AD (Chetelat
& Baron, 2003; Scheltens, Fox, Barkhof, & De Carli, 2002;
Scheltens, Barkhof, & Fazekas, 2003). Several PET studies indicated that changes in blood flow or glucose metabolism might
be biomarkers to discriminate AD patients from normal controls
(De Santi et al., 2001; Herholz et al., 2002; Mosconi, Brys, et
al., 2007; Reiman et al., 2004; Small, 1999, 2004; Small et al.,
2006). Some task fMRI studies have regarded changes in brain
activity as biomarkers of AD (Rombouts, Barkhof, Goekoop,
Stam, & Scheltens, 2005; Rombouts, Goekoop, et al., 2005).
In resting-state fMRI studies, the measures that we will discuss
below have also been found to be sensitive and specific biomarkers for AD (Greicius et al., 2004; Li et al., 2002; Wang, Jiang,
et al., 2006).
As described previously, Li et al. (2002) found an exponential curve that described the relationship between MMSE
scores and the cross-correlation coefficients of the hippocampus. On the basis of the receiver operating characteristic curve,
the cross-correlation coefficients index test will provide an
80% true-positive rate at a level 10% false-positive rate, as
suggested by Li et al. (2002). This result indicates that the crosscorrelations of SLFF could be taken as a noninvasive quantitative
marker for the preclinical stage of AD.
Greicius et al. (2004) applied a goodness-of-fit analysis of the
default mode network between AD patients and normal controls
at the individual subject level and discriminated the AD patients
at a sensitivity of 85% and a specificity of 77%. This result
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suggests that the activity in the default mode network in the
resting-state may be a sensitive and specific indicator of AD.
In the early stages of the disease, AD patients show attention deficits, which may be a factor underlying other cognitive
deficits (Balota & Faust, 2001; Perry & Hodges, 1999). As introduced above, some previous studies have suggested that the
balance between intrinsically anti-correlated networks is associated with the attention process (Fox et al., 2005; Fransson,
2005; Lustig et al., 2003). Wang, Jiang, et al. (2006) used
the correlation/anti-correlation coefficients between all pairs
of regions in the two networks as a classification feature
and proposed a discriminative approach to distinguish AD
patients from healthy subjects. The correct prediction ratios
were 93% and 79%, respectively, for AD patients and elderly
healthy subjects, and the average correct prediction ratio
was 83%.
In summary, these studies have shown that functional imaging
has potential for the early detection of AD patients, which might
open a new avenue into the study of the pathophysiology of AD
or other cognitive diseases. However, the translation of resting
fMRI studies from the research laboratory to clinical practice is
still in the preliminary stages (Matthews, Honey, & Bullmore,
2006; Rombouts, Barkhof, et al., 2005). Big challenges remain
for future studies.
5. Limitations
It should be noted that the methods introduced in this
review have some limitations. For example, the temporal and
spatial resolutions of voxel time courses obtained using different acquisition parameters may strongly affect the values
of the cross-correlation coefficients of SLFF (Li et al., 2002).
In the ROI analysis method, the results might be affected by
the reproducibility of the selection of ROIs. In addition, the
results of the whole brain functional connectivity analysis, based
on a selected template (Wang et al., 2007), might also be
affected by the time-course variability within each region of the
template.
Although resting-state fMRI has brought important progress
in understanding the normal human brain and psychiatric diseases, limitations in this technique should be noted. Some
inevitable noise, such as cardiac and/or respiratory cycle-related
pulsations and instrumental and thermal sources of noise; and
head movement (rotation or translation) of the subject during
scanning, will affect the stability of resting-state fMRI signals,
although we can use some methods such as regression to reduce
these noises. New and better methods need to be developed to
further reduce these sources of noise.
Another limitation is that we cannot completely remove the
effects of heterogeneity in clinical symptoms, duration of illness, severity of symptoms, and medication among the patients
that are being measured; although with time and an increased
number of samples, some of the effects of this heterogeneity
will be minimized. Similarly, imaging measures of brain function may be sensitive to constitutional or chronic differences
between individuals, in areas such as genetics, intelligence or
educational levels, learning, mood or medication.
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6. Conclusions and future perspectives
In conclusion, we have provided a brief review of recent
resting-state fMRI studies on AD. These studies demonstrated
that the regional coherence of the fMRI signal are significantly
altered in AD patients. Altered patterns of functional connectivities based on ROI and whole brain analysis indicate that AD may
be a disconnection syndrome. These results have improved our
understanding of the pathophysiological basis of AD. Although
much is known, more has yet to be discovered, and the following
research directions show promise for interesting discoveries in
the near future.
One potential future direction would be to develop new methods for detecting intrinsic noise and reducing physiological
artifacts effects, such as acquiring images at a higher sampling
rate (TR < 1 s) (Cordes et al., 2001; Rombouts et al., 2003), or
using certain robust methods that have been reported in recent
studies such adaptive filter (Deckers et al., 2006), regression
(Shmueli et al., 2007), or cued the subjects to breathe at a
relatively constant rate and depth (Birn, Diamond, Smith, &
Bandettini, 2006) so as to partly reduce these physiological
effects in resting-state fMRI data.
A second direction would be to attempt to understand the
neuroanatomical basis for resting-state brain activities. Using
resting-state fMRI, several recent studies have demonstrated
that the human brain is strongly symmetrical, subtended predominantly by low-frequency time series components and has
an efficient small-world topology (Achard & Bullmore, 2007;
Salvador et al., 2005). Moreover, the organization of brain functional networks, as derived from resting-state fMRI data, has
been found to have a large degree of topological and anatomical
similarity with the organization of large-scale structural brain
networks (He, Chen, Evans, 2007; Sporns & Honey, 2006).
Thus, one can suspect that the AD-related functional alterations found by resting-state fMRI are likely to be associated
with structural disruptions. Future studies could be conducted
to examine the associations between structure and function
in patients, using anatomical and functional data measured
from the same subjects. Such investigations would provide crucial insights into the understanding of how brain function is
affected in AD patients, if the underlying structural basis is
disrupted.
Another recommendation involves combining fMRI and
PET/SPECT as a way to compare different measures of brain
function concurrently. Functional brain imaging has contributed
to a greater understanding of regional brain function at rest,
during normal sensorimotor and cognitive function, and in disease states (see a review in Fox & Raichle, 2007). PET can
measure cerebral blood flow, cerebral blood volume, cerebral
glucose metabolism and cerebral oxygen metabolism. Clinical
researchers from the University of Pennsylvania Health System
were the first to combine fMRI and PET scanning, creating a
way to compare different measurements of the brain’s function
at the same time. Their result demonstrated that there is a relative
plateau in metabolic values in brain regions in which cerebral
blood flow rates were higher (Newberg et al., 2005). Therefore,
we suggested that combining such PET/SPECT and resting-state
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fMRI analyses might lead to a clearer diagnosis and therapeutic
evaluation of AD.
A fourth recommendation for future research would be to
carry out longitudinal studies. Those at greatest risk for the
development of AD are known to be individuals with MCI.
MCI progresses to AD with a prevalence about 10–15% annually (Gauthier et al., 2006; Petersen, 2007). Nearly half of MCI
patients will convert to AD within 3–5 years (Petersen et al.,
2001). A longitudinal study from healthy elderly subjects to MCI
and finally to AD patients could further support our previous
results and enrich our understanding of the pathophysiological
basis of this disease.
A further recommendation would be to combine resting-state
fMRI with genetic studies to predict the progress of AD. The
APOE (4 allele, present in 50–75% of AD patients, can be used
to predict when, but not if, a person is predisposed to develop
AD (Bookheimer et al., 2000; Meyer et al., 1998; Reiman et al.,
2001, 2004, 2007; Small et al., 2000). In the future, it would be
interesting to explore brain activity in subjects with APOE (4
using resting-state fMRI.
Finally, given the small sample size of AD patients, statistical
power is of potential concern. Larger sample sizes could reduce
individual effects on the results and allow us to develop effective and applicable biomarkers for psychiatric diseases. This
could be of great importance, especially for the early diagnosis
of AD.
Acknowledgements
The authors appreciate the extensive editing and English language assistance of Dr. Rhoda and Dr. Edmund Perozzi. This
work was partially supported by the Natural Science Foundation of China, Grant Nos. 30425004 and 30730035, and the
National Key Basic Research and Development Program (973),
Grant No. 2004CB318107.
References
Achard, S., & Bullmore, E. (2007). Efficiency and cost of economical brain
functional networks. PLoS Computer Biology, 3, e17.
Allen, G., Barnard, H., McColl, R., Hester, A. L., Fields, J. A., Weiner, M. F.,
et al. (2007). Reduced hippocampal functional connectivity in Alzheimer
disease. Archives Neurology, 64, 1482–1487.
Amedi, A., Malach, R., & Pascual-Leone, A. (2005). Negative BOLD differentiates visual imagery and perception. Neuron, 48, 859–872.
Anand, A., Li, Y., Wang, Y., Wu, J., Gao, S., Bukhari, L., et al. (2005). Activity
and connectivity of brain mood regulating circuit in depression: A functional
magnetic resonance study. Biological Psychiatry, 57, 1079–1088.
Azari, N. P., Pettigrew, K. D., Schapiro, M. B., Haxby, J. V., Grady, C. L., Pietrini,
P., et al. (1993). Early detection of Alzheimer’s disease: A statistical approach
using positron emission tomographic data. Journal of Cerebral Blood Flow
and Metabolism, 13, 438–447.
Backman, L., Almkvist, O., Nyberg, L., & Andersson, J. (2000). Functional
changes in brain activity during priming in Alzheimer’s disease. Journal of
Cognitive Neuroscience, 12, 134–141.
Balota, D. A., & Faust, M. (2001). Attention in dementia of the Alzheimer’s
type. In Handbook of neurology (2nd ed.). Amsterdam: Elsevier.
Birn, R. M., Diamond, J. B., Smith, M. A., & Bandettini, P. A. (2006). Separating respiratory-variation-related fluctuations from neuronal-activity-related
fluctuations in fMRI. Neuroimage, 31, 1536–1548.

Biswal, B., Yetkin, F. Z., Haughton, V. M., & Hyde, J. S. (1995). Functional
connectivity in the motor cortex of resting human brain using echo-planar
MRI. Magnetic Resonance in Medicine, 34, 537–541.
Bokde, A. L., Pietrini, P., Ibanez, V., Furey, M. L., Alexander, G. E., GraffRadford, N. R., et al. (2001). The effect of brain atrophy on cerebral
hypometabolism in the visual variant of Alzheimer disease. Archives Neurology, 58, 480–486.
Bookheimer, S. Y., Strojwas, M. H., Cohen, M. S., Saunders, A. M., PericakVance, M. A., Mazziotta, J. C., et al. (2000). Patterns of brain activation
in people at risk for Alzheimer’s disease. The New England Journal of
Medicine, 343, 450–456.
Buckner, R. L., Snyder, A. Z., Sanders, A. L., Raichle, M. E., & Morris, J. C.
(2000). Functional brain imaging of young, nondemented, and demented
older adults. Journal of Cognitive Neuroscience, 12(Suppl. 2), 24–34.
Buckner, R. L., Snyder, A. Z., Shannon, B. J., LaRossa, G., Sachs, R., Fotenos,
A. F., et al. (2005). Molecular, structural, and functional characterization of
Alzheimer’s disease: Evidence for a relationship between default activity,
amyloid, and memory. The Journal of Neuroscience, 25, 7709–7717.
Celone, K. A., Calhoun, V. D., Dickerson, B. C., Atri, A., Chua, E. F., Miller, S.
L., et al. (2006). Alterations in memory networks in mild cognitive impairment and Alzheimer’s disease: An independent component analysis. The
Journal of Neuroscience, 26, 10222–10231.
Chetelat, G., & Baron, J. C. (2003). Early diagnosis of Alzheimer’s disease:
Contribution of structural neuroimaging. Neuroimage, 18, 525–541.
Chetelat, G., Desgranges, B., de la Sayette, V., Viader, F., Eustache, F., & Baron,
J. C. (2003). Mild cognitive impairment: Can FDG-PET predict who is to
rapidly convert to Alzheimer’s disease? Neurology, 60, 1374–1377.
Chetelat, G., Eustache, F., Viader, F., De La Sayette, V., Pelerin, A., Mezenge,
F., et al. (2005). FDG-PET measurement is more accurate than neuropsychological assessments to predict global cognitive deterioration in patients
with mild cognitive impairment. Neurocase, 11, 14–25.
Chetelat, G., Desgranges, B., Landeau, B., Mezenge, F., Poline, J. B., de la
Sayette, V., et al. (2008). Direct voxel-based comparison between grey matter
hypometabolism and atrophy in Alzheimer’s disease. Brain, 131, 60–71.
Cordes, D., Haughton, V. M., Arfanakis, K., Carew, J. D., Turski, P. A., Moritz,
C. H., et al. (2001). Frequencies contributing to functional connectivity
in the cerebral cortex in “resting-state” data. AJNR American Journal of
Neuroradiology, 22, 1326–1333.
Damoiseaux, J. S., Rombouts, S. A., Barkhof, F., Scheltens, P., Stam, C. J.,
Smith, S. M., et al. (2006). Consistent resting-state networks across healthy
subjects. Proceedings of the National Academy of Sciences of the United
States of America, 103, 13848–13853.
De Lacoste, M. C., & White, C. L., 3rd. (1993). The role of cortical connectivity in Alzheimer’s disease pathogenesis: A review and model system.
Neurobiology of Aging, 14, 1–16.
de Leon, M. J., Convit, A., Wolf, O. T., Tarshish, C. Y., DeSanti, S., Rusinek,
H., et al. (2001). Prediction of cognitive decline in normal elderly subjects with 2-[(18)F]fluoro-2-deoxy-d-glucose/poitron-emission tomography
(FDG/PET). Proceedings of the National Academy of Sciences of the United
States of America, 98, 10966–10971.
De Santi, S., de Leon, M. J., Rusinek, H., Convit, A., Tarshish, C. Y., Roche,
A., et al. (2001). Hippocampal formation glucose metabolism and volume
losses in MCI and AD. Neurobiology of Aging, 22, 529–539.
Deckers, R. H., van Gelderen, P., Ries, M., Barret, O., Duyn, J. H., Ikonomidou, V. N., et al. (2006). An adaptive filter for suppression of cardiac and
respiratory noise in MRI time series data. Neuroimage, 33, 1072–1081.
Delbeuck, X., Van der Linden, M., & Collette, F. (2003). Alzheimer’s disease
as a disconnection syndrome? Neuropsychology Review, 13, 79–92.
Delbeuck, X., Collette, F., & Van der Linden, M. (2007). Is Alzheimer’s disease a
disconnection syndrome? Evidence from a crossmodal audio-visual illusory
experiment. Neuropsychologia, 45, 3315–3323.
Fox, M. D., & Raichle, M. E. (2007). Spontaneous fluctuations in brain activity observed with functional magnetic resonance imaging. Nature Reviews
Neuroscience, 8, 700–711.
Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C.,
& Raichle, M. E. (2005). The human brain is intrinsically organized into
dynamic, anticorrelated functional networks. Proceedings of the National
Academy of Sciences of the United States of America, 102, 9673–9678.

Y. Liu et al. / Neuropsychologia 46 (2008) 1648–1656
Fransson, P. (2005). Spontaneous low-frequency BOLD signal fluctuations:
An fMRI investigation of the resting-state default mode of brain function
hypothesis. Human Brain Mapping, 26, 15–29.
Gauthier, S., Reisberg, B., Zaudig, M., Petersen, R. C., Ritchie, K., Broich, K.,
et al. (2006). Mild cognitive impairment. Lancet, 367, 1262–1270.
Gould, R. L., Brown, R. G., Owen, A. M., Bullmore, E. T., & Howard, R.
J. (2006). Task-induced deactivations during successful paired associates
learning: An effect of age but not Alzheimer’s disease. Neuroimage, 31,
818–831.
Grady, C. L., Furey, M. L., Pietrini, P., Horwitz, B., & Rapoport, S. I. (2001).
Altered brain functional connectivity and impaired short-term memory in
Alzheimer’s disease. Brain, 124, 739–756.
Grady, C. L., McIntosh, A. R., Beig, S., Keightley, M. L., Burian, H., & Black,
S. E. (2003). Evidence from functional neuroimaging of a compensatory
prefrontal network in Alzheimer’s disease. The Journal of Neuroscience,
23, 986–993.
Greicius, M. D., Krasnow, B., Reiss, A. L., & Menon, V. (2003). Functional
connectivity in the resting brain: A network analysis of the default mode
hypothesis. Proceedings of the National Academy of Sciences of the United
States of America, 100, 253–258.
Greicius, M. D., Srivastava, G., Reiss, A. L., & Menon, V. (2004). Defaultmode network activity distinguishes Alzheimer’s disease from healthy aging:
Evidence from functional MRI. Proceedings of the National Academy of
Sciences of the United States of America, 101, 4637–4642.
Greicius, M. D., Flores, B. H., Menon, V., Glover, G. H., Solvason, H. B., Kenna,
H., et al. (2007). Resting-state functional connectivity in major depression:
Abnormally increased contributions from subgenual cingulate cortex and
thalamus. Biological Psychiatry, 62, 429–437.
Hamandi, K., Powell, H. W., Laufs, H., Symms, M. R., Barker, G. J., Parker,
G. J., et al. (2007). Combined EEG-fMRI and tractography to visualise
propagation of epileptic activity. Journal of Neurology, Neurosurgery and
Psychiatry.
Hamandi, K., Laufs, H., Noth, U., Carmichael, D. W., Duncan, J. S., & Lemieux,
L. (2008). BOLD and perfusion changes during epileptic generalised spike
wave activity. Neuroimage, 39, 608–618.
Hampson, M., Peterson, B. S., Skudlarski, P., Gatenby, J. C., & Gore, J. C.
(2002). Detection of functional connectivity using temporal correlations in
MR images. Human Brain Mapping, 15, 247–262.
He, Y., Zang, Y., Jiang, T., Liang, M., & Gong, G. (2004). Detecting functional
connectivity of the cerebellum using low frequency fluctuations (LFFs). In
C. Barillot, D. R. Haynor, & P. Hellier (Eds.), Medical image computing
and computer-assisted intervention MICCAI 2004 (pp. 907–915). Berlin,
Heidelberg, St. Malo, France: Springer.
He, Y., Zang, Y., Jiang, T., Lu, Y., & Weng, X. (2004). Detection of functional networks in the resting brain. In: Biomedical Imaging: Nano to Macro,
2004. IEEE International Symposium on (ISBI’04), vol. 981, pp. 980–983.
Arlington, USA.
He, Y., Wang, L., Zang, Y., Tian, L., Zhang, X., Li, K., et al. (2007). Regional
coherence changes in the early stages of Alzheimer’s disease: A combined structural and resting-state functional MRI study. Neuroimage, 35,
488–500.
He, Y., Chen, Z. J., & Evans, A. C. (2007). Small-world anatomical networks in
the human brain revealed by cortical thickness from MRI. Cerebral Cortex,
17, 2407–2419.
Herholz, K., Salmon, E., Perani, D., Baron, J. C., Holthoff, V., Frolich, L., et
al. (2002). Discrimination between Alzheimer dementia and controls by
automated analysis of multicenter FDG PET. Neuroimage, 17, 302–316.
Horwitz, B., Grady, C. L., Schlageter, N. L., Duara, R., & Rapoport, S. I. (1987).
Intercorrelations of regional cerebral glucose metabolic rates in Alzheimer’s
disease. Brain Research, 407, 294–306.
Horwitz, B., McIntosh, A. R., Haxby, J. V., Furey, M., Salerno, J. A., Schapiro,
M. B., et al. (1995). Network analysis of PET-mapped visual pathways in
Alzheimer type dementia. Neuroreport, 6, 2287–2292.
Jeong, J. (2004). EEG dynamics in patients with Alzheimer’s disease. Clinical
Neurophysiology, 115, 1490–1505.
Jiang, T., He, Y., Zang, Y., & Weng, X. (2004). Modulation of functional connectivity during the resting state and the motor task. Human Brain Mapping,
22, 63–71.

1655

Kobayashi, E., Bagshaw, A. P., Grova, C., Dubeau, F., & Gotman, J. (2006).
Negative BOLD responses to epileptic spikes. Human Brain Mapping, 27,
488–497.
Laufs, H., Krakow, K., Sterzer, P., Eger, E., Beyerle, A., Salek-Haddadi, A., et
al. (2003). Electroencephalographic signatures of attentional and cognitive
default modes in spontaneous brain activity fluctuations at rest. Proceedings
of the National Academy of Sciences of the United States of America, 100,
11053–11058.
Li, S., Li, Z., Wu, G., Zhang, M., Franczak, M., & Antuono, P. G. (2002).
Alzheimer Disease: Evaluation of a functional MR imaging index as a
marker. Radiology, 225, 253–259.
Liang, M., Zhou, Y., Jiang, T., Liu, Z., Tian, L., Liu, H., et al. (2006). Widespread
functional disconnectivity in schizophrenia with resting-state functional
magnetic resonance imaging. Neuroreport, 17, 209–213.
Liu, Y., Yu, C., Liang, M., Li, J., Tian, L., Zhou, Y., et al. (2007). Whole brain
functional connectivity in the early blind. Brain, 130, 2085–2096.
Lowe, M. J., Mock, B. J., & Sorenson, J. A. (1998). Functional connectivity
in single and multislice echoplanar imaging using resting-state fluctuations.
Neuroimage, 7, 119–132.
Lowe, M. J., Phillips, M. D., Lurito, J. T., Mattson, D., Dzemidzic, M., & Mathews, V. P. (2002). Multiple sclerosis: Low-frequency temporal blood oxygen
level-dependent fluctuations indicate reduced functional connectivity initial
results. Radiology, 224, 184–192.
Lustig, C., Snyder, A. Z., Bhakta, M., O’Brien, K. C., McAvoy, M., Raichle, M.
E., et al. (2003). Functional deactivations: Change with age and dementia
of the Alzheimer type. Proceedings of the National Academy of Sciences of
the United States of America, 100, 14504–14509.
Mandelbrot, B. B., & Van Ness, J. W. (1968). Fractional Brownian motion,
fractional noise and applications. SIAM Review, 10, 422–437.
Matsuda, H. (2001). Cerebral blood flow and metabolic abnormalities in
Alzheimer’s disease. Annals of Nuclear Medicine, 15, 85–92.
Matsuda, H. (2007). Role of neuroimaging in Alzheimer’s disease, with emphasis on brain perfusion SPECT. Journal of Nuclear Medicine, 48, 1289–1300.
Matthews, P. M., Honey, G. D., & Bullmore, E. T. (2006). Applications of fMRI
in translational medicine and clinical practice. Nature Reviews Neuroscience,
7, 732–744.
Maxim, V., Sendur, L., Fadili, J., Suckling, J., Gould, R., Howard, R., et al.
(2005). Fractional Gaussian noise, functional MRI and Alzheimer’s disease.
Neuroimage, 25, 141–158.
Meyer, M. R., Tschanz, J. T., Norton, M. C., Welsh-Bohmer, K. A., Steffens, D.
C., Wyse, B. W., et al. (1998). APOE genotype predicts when – not whether
– one is predisposed to develop Alzheimer disease. Nature Genetics, 19,
321–322.
Mosconi, L., Tsui, W. H., De Santi, S., Li, J., Rusinek, H., Convit, A., et al.
(2005). Reduced hippocampal metabolism in MCI and AD: Automated
FDG-PET image analysis. Neurology, 64, 1860–1867.
Mosconi, L., Brys, M., Glodzik-Sobanska, L., De Santi, S., Rusinek, H., & de
Leon, M. J. (2007). Early detection of Alzheimer’s disease using neuroimaging. Experimental Gerontology, 42, 129–138.
Mosconi, L., De Santi, S., Li, J., Tsui, W. H., Li, Y., Boppana, M., et al.
(2007). Hippocampal hypometabolism predicts cognitive decline from normal aging. Neurobiology of Aging.
Mosconi, L., Tsui, W. H., Pupi, A., De Santi, S., Drzezga, A., Minoshima, S.,
et al. (2007). (18)F-FDG PET database of longitudinally confirmed healthy
elderly individuals improves detection of mild cognitive impairment and
Alzheimer’s disease. Journal of Nuclear Medicine, 48, 1129–1134.
Nestor, P. J., Fryer, T. D., Smielewski, P., & Hodges, J. R. (2003). Limbic
hypometabolism in Alzheimer’s disease and mild cognitive impairment.
Annals of Neurology, 54, 343–351.
Nestor, P. J., Scheltens, P., & Hodges, J. R. (2004). Advances in the early
detection of Alzheimer’s disease. Nature Medicine, 10(Suppl.), S34–S41.
Newberg, A. B., Wang, J., Rao, H., Swanson, R. L., Wintering, N., Karp, J. S.,
et al. (2005). Concurrent CBF and CMRGlc changes during human brain
activation by combined fMRI-PET scanning. Neuroimage, 28, 500–506.
Percival, D. B., & Walden, A. T. (2000). Wavelet methods for time series analysis.
Cambridge: Cambridge University Press.
Perry, R. J., & Hodges, J. R. (1999). Attention and executive deficits in
Alzheimer’s disease. A critical review. Brain, 122(Pt 3), 383–404.

1656

Y. Liu et al. / Neuropsychologia 46 (2008) 1648–1656

Petersen, R. C. (2007). Mild cognitive impairment: Current research and clinical
implications. Seminars in Neurology, 27, 22–31.
Petersen, R. C., Doody, R., Kurz, A., Mohs, R. C., Morris, J. C., Rabins, P.
V., et al. (2001). Current concepts in mild cognitive impairment. Archives
Neurology, 58, 1985–1992.
Prvulovic, D., Hubl, D., Sack, A. T., Melillo, L., Maurer, K., Frolich, L., et
al. (2002). Functional imaging of visuospatial processing in Alzheimer’s
disease. Neuroimage, 17, 1403–1414.
Raichle, M. E., & Mintun, M. A. (2006). Brain work and brain imaging. Annual
Review of Neuroscience, 29, 449–476.
Raichle, M. E., & Snyder, A. Z. (2007). A default mode of brain function: A
brief history of an evolving idea. Neuroimage, 37, 1083–1090 [discussion
1097–1089].
Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A.,
& Shulman, G. L. (2001). A default mode of brain function. Proceedings
of the National Academy of Sciences of the United States of America, 98,
676–682.
Reiman, E. M., Caselli, R. J., Chen, K., Alexander, G. E., Bandy, D., & Frost,
J. (2001). Declining brain activity in cognitively normal apolipoprotein E
epsilon 4 heterozygotes: A foundation for using positron emission tomography to efficiently test treatments to prevent Alzheimer’s disease. Proceedings
of the National Academy of Sciences of the United States of America, 98,
3334–3339.
Reiman, E. M., Chen, K., Alexander, G. E., Caselli, R. J., Bandy, D., Osborne, D.,
et al. (2004). Functional brain abnormalities in young adults at genetic risk
for late-onset Alzheimer’s dementia. Proceedings of the National Academy
of Sciences of the United States of America, 101, 284–289.
Reiman, E. M., Webster, J. A., Myers, A. J., Hardy, J., Dunckley, T., Zismann, V.
L., et al. (2007). GAB2 alleles modify Alzheimer’s risk in APOE epsilon4
carriers. Neuron, 54, 713–720.
Remy, F., Mirrashed, F., Campbell, B., & Richter, W. (2005). Verbal episodic
memory impairment in Alzheimer’s disease: A combined structural and
functional MRI study. Neuroimage, 25, 253–266.
Rodionov, R., De Martino, F., Laufs, H., Carmichael, D. W., Formisano, E.,
Walker, M., et al. (2007). Independent component analysis of interictal
fMRI in focal epilepsy: Comparison with general linear model-based EEGcorrelated fMRI. Neuroimage, 38, 488–500.
Rombouts, S. A., van Swieten, J. C., Pijnenburg, Y. A., Goekoop, R., Barkhof,
F., & Scheltens, P. (2003). Loss of frontal fMRI activation in early frontotemporal dementia compared to early AD. Neurology, 60, 1904–1908.
Rombouts, S. A., Barkhof, F., Goekoop, R., Stam, C. J., & Scheltens, P.
(2005). Altered resting state networks in mild cognitive impairment and
mild Alzheimer’s disease: An fMRI study. Human Brain Mapping, 26,
231–239.
Rombouts, S. A., Goekoop, R., Stam, C. J., Barkhof, F., & Scheltens, P.
(2005). Delayed rather than decreased BOLD response as a marker for early
Alzheimer’s disease. Neuroimage, 26, 1078–1085.
Salvador, R., Suckling, J., Coleman, M. R., Pickard, J. D., Menon, D., & Bullmore, E. (2005). Neurophysiological architecture of functional magnetic
resonance images of human brain. Cerebral Cortex, 15, 1332–1342.
Salvador, R., Martinez, A., Pomarol-Clotet, E., Sarro, S., Suckling, J., & Bullmore, E. (2007). Frequency based mutual information measures between
clusters of brain regions in functional magnetic resonance imaging. Neuroimage, 35, 83–88.
Scheltens, P., Fox, N., Barkhof, F., & De Carli, C. (2002). Structural magnetic resonance imaging in the practical assessment of dementia: Beyond
exclusion. Lancet Neurology, 1, 13–21.
Scheltens, P., Barkhof, F., & Fazekas, F. (2003). White-matter changes on MRI
as surrogate marker. International Psychogeriatrics, 15(Suppl. 1), 261–265.
Shmueli, K., van Gelderen, P., de Zwart, J. A., Horovitz, S. G., Fukunaga, M.,
Jansma, J. M., et al. (2007). Low-frequency fluctuations in the cardiac rate
as a source of variance in the resting-state fMRI BOLD signal. Neuroimage,
38, 306–320.

Shulman, G. L., Fiez, J., Corbetta, M., Buckner, R. L., Miezin, F. M., Raichle,
M. E., et al. (1997). Common blood flow changes across visual tasks: II.
Decreases in cerebral cortex. Journal of Cognitive Neuroscience, 648–663.
Small, G. W. (1999). Positron emission tomography scanning for the early
diagnosis of dementia. The Western Journal of Medicine, 171, 293–294.
Small, G. W. (2004). What does imaging add to the management of Alzheimer’s
disease? CNS Spectrums, 9, 20–23.
Small, G. W., Ercoli, L. M., Silverman, D. H., Huang, S. C., Komo, S.,
Bookheimer, S. Y., et al. (2000). Cerebral metabolic and cognitive decline in
persons at genetic risk for Alzheimer’s disease. Proceedings of the National
Academy of Sciences of the United States of America, 97, 6037–6042.
Small, G. W., Kepe, V., Ercoli, L. M., Siddarth, P., Bookheimer, S. Y., Miller, K.
J., et al. (2006). PET of brain amyloid and tau in mild cognitive impairment.
The New England Journal of Medicine, 355, 2652–2663.
Sporns, O., & Honey, C. J. (2006). Small worlds inside big brains. Proceedings
of the National Academy of Sciences of the United States of America, 103,
19219–19220.
Tian, L., Jiang, T., Wang, Y., Zang, Y., He, Y., Liang, M., et al. (2006). Altered
resting-state functional connectivity patterns of anterior cingulate cortex
in adolescents with attention deficit hyperactivity disorder. Neuroscience
Letters, 400, 39–43.
Tian, L., Jiang, T., Liang, M., Zang, Y., He, Y., Sui, M., et al. (2007). Enhanced
resting-state brain activities in ADHD patients: A fMRI study. Brain and
Development.
Tian, L., Jiang, T., Liu, Y., Yu, C., Wang, K., Zhou, Y., et al. (2007). The relationship within and between the extrinsic and intrinsic systems indicated
by resting state correlational patterns of sensory cortices. Neuroimage, 36,
684–690.
Waites, A. B., Briellmann, R. S., Saling, M. M., Abbott, D. F., & Jackson, G.
D. (2006). Functional connectivity networks are disrupted in left temporal
lobe epilepsy. Annals of Neurology, 59, 335–343.
Wang, K., Jiang, T., Liang, M., Wang, L., Tian, L., Zhang, X., et al. (2006). Discriminative analysis of early Alzheimer’s disease based on two intrinsically
anti-correlated networks with resting-state fMRI. In R. Larsen, M. Nielsen, &
J. Sporring (Eds.), Medical image computing and computer-assisted intervention – MICCAI 2006 (pp. 340–347). Copenhagen, Denmark: Springer
Berlin/Heidelberg.
Wang, L., Zang, Y., He, Y., Liang, M., Zhang, X., Tian, L., et al. (2006). Changes
in hippocampal connectivity in the early stages of Alzheimer’s disease:
Evidence from resting state fMRI. Neuroimage, 31, 496–504.
Wang, K., Jiang, T., Yu, C., Tian, L., Li, J., Liu, Y., et al. (2008). Spontaneous
activity associated with primary visual cortex: a resting-state FMRI study.
Cereb Cortex, 18, 697–704.
Wang, K., Liang, M., Wang, L., Tian, L., Zhang, X., Li, K., et al. (2007). Altered
functional connectivity in early Alzheimer’s disease: A resting-state fMRI
study. Human Brain Mapping, 28, 967–978.
Wink, A. M., Bernard, F., Salvador, R., Bullmore, E., & Suckling, J. (2006).
Age and cholinergic effects on hemodynamics and functional coherence of
human hippocampus. Neurobiology of Aging, 27, 1395–1404.
Yu, C., Liu, Y., Li, J., Zhou, Y., Wang, K., Tian, L., et al. (2007). Altered functional connectivity of primary visual cortex in early blindness. Human Brain
Mapping.
Zang, Y., Jiang, T., Lu, Y., He, Y., & Tian, L. (2004). Regional homogeneity
approach to fMRI data analysis. Neuroimage, 22, 394–400.
Zang, Y., He, Y., Zhu, C., Cao, Q., Sui, M., Liang, M., et al. (2007). Altered baseline brain activity in children with ADHD revealed by resting-state functional
MRI. Brain and Development, 29, 83–91.
Zhou, Y., Liang, M., Jiang, T., Tian, L., Liu, Y., Liu, Z., et al. (2007). Functional dysconnectivity of the dorsolateral prefrontal cortex in first-episode
schizophrenia using resting-state fMRI. Neuroscience Letters, 417, 297–302.
Zhou, Y., Liang, M., Tian, L., Wang, K., Hao, Y., Liu, H., et al. (2007). Functional disintegration in paranoid schizophrenia using resting-state fMRI.
Schizophrenia Research, 97, 194–205.

