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Abstract: Alzheimer’s disease (AD) prominently affects the structure and function of cerebral networks. Reflecting the
complex network structure of the brain, spontaneous brain activity is organized by synchronized activity across distinct
temporal and spatial scales. Temporal correlations of the functional MRI (fMRI) signal during rest have been used to
characterize the impact of AD on the functional connectivity of spontaneous brain activity. Here we review studies using
resting-state fMRI (rs-fMRI) to explore AD-induced changes of synchronized intrinsic activity at three levels of brain or-
ganization: the regional, inter-regional and large-scale level. Changes in posterior areas of the default network (DN) and
the medial temporal lobes seem to be central to AD. These areas show remarkable disturbances in neuronal communica-
tion at all spatial levels and in very early stages of the disease. Finally, rs-fMRI seems to have the potential to produce
connectivity-related biomarkers that distinguish AD and healthy aging.
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INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent cause of
dementia in older adults [1]. AD-related dementia involves
progressive decline in cognitive functions such as declarative
memory or selective attention. Functional magnetic reso-
nance imaging (fFMRI) has been used to study the neural cor-
relates of these altered cognitive processes [2]. The majority
of these studies focused on AD-induced changes of regional
brain responses to cognitive tasks or stimuli. For example,
patients with AD activate less in the hippocampus during
declarative memory tasks, or they have consistently in-
creased activations in the medial parietal cortex during atten-
tion demanding tasks [3-6]. However, the brain is also active
in the absence of explicit input and output [7, 8]; further-
more, this so-called resting-state activity is evidently rele-
vant for task-related activity, perception, and behavior [9-
12]. Bearing in mind this background, recent fMRI-based
findings of AD-associated changes in resting-state activity
are of special interest for the study of neural correlates of
cognitive symptoms in AD [13-16].

To better understand the motivation for exploring resting-
state or spontaneous brain activity, it is useful to have a look
at both brain energy metabolism and the relationship be-
tween resting-state activity and task states. First, in the rest-
ing-state the brain consumes about 20% of the total energy
use of the body; about 80% of this brain energy is devoted to
synaptic signaling at rest. Compared with at-rest metabolism
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task-related increases of brain energy consumption are small
(< 5%) [17, 18]. From this cost-based analysis of the brain’s
functional activity it seems reasonable to conclude that spon-
taneous brain activity and its changes in AD play a promi-
nent role in the brain’s overall function and dysfunction,
respectively. Second, several findings point to the relevance
of regional spontaneous activity for stimulus-related event
performance. For instance, Fox and colleagues demonstrated
for the somatomotor system that during right index finger
tapping the spontaneous activity in the right motor cortex
accounts for the trial-to-trial variability of both the fMRI
signal responses in the left motor cortex and the button press
forces [10, 11]. Other studies have produced similar results
for pain perception or attentional lapses in cognitive tasks [9,
12]. Translated into the context of brain diseases, the influ-
ence of spontaneous brain activity on behavior indicates that
changed spontaneous brain activity might be relevant for
clinical symptoms [19].

Spontaneous brain activity is organized by synchronized
oscillations at different temporal and spatial scales [7]. Tem-
poral correlations between low frequency oscillations of
fMRI signals derived from distinct brain areas at rest reflect
spatial aspects of this organization. Biswal et al. were the
first to discover this kind of at-rest functional connectivity
for the somatomotor system [20]. So-called resting-state
networks (RSNs), which are characterized by spatially con-
sistent, functionally connected fMRI signal oscillations be-
tween remote brain areas, have since been reported for many
functional systems such as the motor, primary sensory, lan-
guage, attention, and default networks [17, 21-24]. This or-
ganization of RSNs seems to be selectively changed in AD
[13, 15]; additionally, at other spatial scales than the inter-
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regional-scale, AD-induced alterations of synchrony-based
cerebral organization are detectable by resting-state fMRI
[14, 16]. Based on these findings, resting-state functional
connectivity MRI (rs-fcMRI) turns out to be an attractive
tool to address questions like how cognitive deficits are re-
lated to changed network activity, or why certain brain net-
works are more vulnerable to AD-related pathology than
others [25-29].

In this review we focused on studies exploring the func-
tional connectivity (FC) of spontaneous brain activity (SBA)
in AD using rs-fcMRI. As a literature search strategy, we
used the topics Alzheimer’s disease/mild cognitive impair-
ment in combination with resting state/default mode/ deacti-
vation. Additionally, each search was restricted by including
the topic functional MRI. The review is introduced with a
summary on the neural correlates of spontaneous fMRI sig-
nal oscillations in order to allow the reader a critical evalua-
tion of the presented results. We brought together studies
that explored AD-induced changes of SBA at three distinct
spatial scales, starting at the inter-regional level (section 2)
with a focus on the default network (DN) and continuing
with the large-scale level of functional connectivity (section
3) and a final section (section 4) devoted to the regional
level. Due to the relative novelty of the presented approach
to AD, we emphasized the description of methods used. This
approach structures each section in methods, results, and
conclusions.

To foreshadow results, we found that AD-induced
changes of functional connectivity at rest are particularly
prominent in posterior areas of the DN and the medial tem-
poral lobes, and that theses changes were present at all spa-
tial scales of analysis and at very early stages of the disease.
In the following - for the sake of simplicity and disregarding
subtle differences - we will use the terms ‘spontaneous brain
activity’, “intrinsic brain activity’, and ‘resting-state activity’
synonymously. Here each term refers to brain activity during
task-free or resting states, which are characterized as awake
states without experimental manipulation of sensory or mo-
tor processing.

SECTION 1: NEURAL CORRELATES OF SPONT-
ANEOUS BOLD FLUCTUATIONS

Most fMRI studies rely on imaging the blood oxygena-
tion level dependent (BOLD) signal [30]. BOLD-fMRI
measures hemodynamic changes that are linked to underly-
ing neural activity. In order to use fMRI as a tool to study
spontaneous brain activity, it is essential to understand the
relationship between spontaneous BOLD fluctuations (SBFs)
and spontaneous neuronal activity. In the following we will
shortly review some key results that concern neuronal corre-
lates of stimulus-induced BOLD responses. After that we
will discuss studies focusing on neuronal correlates of SBFs
in more detail.

Neural Correlates of BOLD Responses

The local increase of neuronal activity induces a slightly
delayed increase of local cerebral blood flow (peaking ~ 6s
after the increase of neuronal activity), which exceeds the
increase of oxygen consumption, resulting in reduced de-
oxygenated hemoglobin levels and increased BOLD signal
[31-33]. Simultaneous measurements of single- and multi-
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unit activity of a small population of neurons along with lo-
cal field potentials (LFPs) and BOLD contrasts were made in
the visual cortex of anesthetized monkeys [33, 34]. The am-
plitude of BOLD responses was a linearly increasing, but not
time-invariant, function of the single- and multi-unit spike
activity, and LFPs. Comparing the predictive values of spike
activity and LFPs, LFPs performed slightly better than multi-
unit activity. Additionally, in certain circumstances LFPs and
spike activity can be dissociated; in these conditions only
LFPs predict BOLD responses [34, 35]. Taken together, the
LFPs seem to be the key predictor of the BOLD response,
indicating that BOLD activity seems to primarily reflect the
input and local processes of neuronal information, i.e. synap-
tic activity, rather than the output signal of projecting neu-
rons, i.e. spike activity.

Neural Correlates of SBFs

Most evidence for the neural nature of SBFs is derived
from four sources: spatial comparisons of SBFs with ana-
tomically defined structural networks in nonhuman primates
as well as in humans, simultaneous recordings of intra-
cortical neuronal activity and BOLD activity, simultaneous
EEG-fMRI, and finally lesion studies that will be extensively
discussed in the context of AD in later sections. First, in ma-
caque monkeys, Vincent et al. detected an oculomotor con-
trol-related RSN, which is a potential homologue to a human
RSN and which largely coincides with anatomical connec-
tivity patterns labeled by retrograde tracer injections [36].
Second, in humans, substantial correspondence between the
structural and functional connectivity of the DN was meas-
ured by DTI and rs-fcMRI [37]. Third, Shmuel and Leopold
revealed correlations between SBFs and underlying local
neuronal activity in the visual cortex of anesthetized mon-
keys using simultaneous intra-cortical neurophysiological
recordings and fMRI [38]. With a time lag of about 6s, SBFs
were locally related to neuronal spiking rates and to relative
power changes in the multi-unit activity band and most
prominently in the LFP gamma-band (see Fig. (1)). Further-
more, the study demonstrated that SBFs of remote areas of
both visual cortical hemispheres were correlated to a single
recording site of neuronal activity in V1. Both results to-
gether strongly support the neural origin of regionally and
inter-regionally synchronized SBFs. Fourth, a few studies
using simultaneous EEG-fMRI explicitly assessed SBFs.
SBFs are synchronized across remote brain areas, compris-
ing above-mentioned RSNs. When the subject has her eyes
closed, posterior EEG power in the alpha-band is inversely
related to SBFs in the occipital, superior temporal, cingulate,
and inferior frontal cortex [39-41]. Mantini et al. found char-
acteristic and replicable EEG-band signatures for distinct
RSNs [42].

Summary 1

Taken together, SBFs seem to reflect both structural and
dynamic aspects of neuronal activity (for more detailed dis-
cussion see [17]). Whether additional plastic aspects of neu-
ronal activity are represented in SBFs is presently not well
understood [43, 44].

In the following we will discuss AD induced changes of
synchronized SBFs at distinct spatial levels. We start with
the inter-regional level.
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Fig. (1). Spatio-temporal evolution of the correlation between fluctuations in BOLD and neuronal activity. Each row represents 3 axial T1
images of the right occipital cortex of a monkey; the exact location of images is shown in the picture right below; in each image right above
the holder of the electrode is depicted. The figure presents the correlation between the slow relative fluctuations in power averaged over fre-
quencies of the neuronal signal recorded at the tip of the electrode (white arrow) and the fluctuations in BOLD measured voxel-by-voxel. The
labels ““0 s, ““1s”", ... ““10 s’ mark the lag between BOLD and neurophysiological signals used for the computation of the corresponding
correlation images. Pink colored voxels showed statistically significant positive correlation between the neurophysiological and BOLD sig-
nals for the corresponding time-lag. The further white arrows point to the midline, the internal calcarine sulcus (“‘Int Cal’’), to the hemisphere
contra-lateral to the electrode (‘‘Other Hemi’’) and to the central visual field representation in V1 (“‘Fov V1°"). The yellow arrows point to
the direction of propagation of the correlation along the gray matter. Adapted with permission from data published in Shmuel A. and Leopold

D. [38].

SECTION 2: AD-INDUCED CHANGES OF THE
INTER-REGIONAL SYNCHRONY OF SPONTANE-
OUS BRAIN ACTIVITY

Methods for the Detection of Inter-Regionally Synchr-
onized Spontaneous BOLD Fluctuations

Resting state conditions such as visual fixation on a
cross-hair or keeping the eyes closed without falling asleep
are appropriate conditions to examine SBFs with fMRI. Af-
ter data acquisition, data sets are cleaned of non-neuronal
noise, and subsequently analyzed for spatial patterns of inter-
regionally synchronized SBFs. Non-neuronal noise com-
prises scanner-induced noise and physiological noise such as
respiratory or cardiac activity induced BOLD fluctuations
[23, 45]. Several methods effectively account for non-

neuronal noise reduction: For example, band pass filtering is
used to remove scanner drift related signals; physiological
parameters like respiratory activity can be monitored during
BOLD data acquisition with subsequent removal of these
parameters by linear regression [45]; in the BOLD data
analysis itself non-neuronal noise isolation can be performed
by regressing out signals common to all voxels (global sig-
nal) or from non-neuronal noise-sensitive regions like white
matter or ventricles [46-48]. Using independent component
analysis (ICA, for more detail see below) it is possible to
separate noise-related from neuronal activity-related proc-
esses [15, 23].

For the detection of spatial patterns of inter-regionally
synchronized SBFs region-of-interest (ROI) based correla-
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tion approaches are the most frequently used techniques [20,
17]. Essentially, the averaged time-course of the BOLD sig-
nal of an a priori defined seed region is extracted and then
correlated with the signal time-courses of all other brain
voxels (see Fig. (2)). Significantly correlated voxels generate
a map of regions, which are synchronized in their spontane-
ous BOLD activity with respect to the selected ROI. Advan-
tages of this approach are its sensitivity and its ease of inter-
pretation. However the analysis is restricted to seed regions
with strong a priori criteria and any participation of the seed
region in distinct networks is hard to detect from the aver-
aged BOLD time-course. Accounting for these limitations,
graph-theoretic methods and ICA have additionally been
used [21, 49, 50]. Graph-theoretic methods, which are based
on the pair wise signal time-course correlations of many a
priori selected ROIs, will be presented in detail in section 3.
ICA, the second most popular technique for analyzing rest-
ing state fMRI data, enables the separation of the data set
into independent components by using algorithms like the
INFOMAX algorithm [50-52]. Resulting components are
independent in a statistical sense, or in other words statistical
independence is the criterion for the component separation.
Each component comprises a spatial map and an according
component-related time-course (see Fig. 3 for several spatial
maps, time courses are not depicted). In a subsequent step
information about the cortical localization of the spatial
maps and their temporal profile is used to sort components
into presumably neuro-anatomical systems and noise related
processes. In the following we have restricted our review to
rs-fcMRI studies using ROIl-based correlation methods or
ICA for the detection of RSNs in AD. For the sake of clarity
we start with ROI-based studies.

)
s)
=
@
i
O,
B'E-

Sorg etal.

ROI-Based Correlation Analyses of SBFs in AD Set the
Stage: Focus on the Default Network

The medial temporal lobes (MTL), including the hippo-
campus (HC), were the first regions to be used for ROI-
based functional connectivity analyses of the resting-state in
AD [53, 54]. This set of regions is already affected in early
stages of the disease [1]. Deposition of neurofibrillary tan-
gles, increasing atrophy, and reduced activity during declara-
tive memory tasks have been consistently reported for areas
of the MTL [2, 55, 56]. Regarding at-rest functional connec-
tivity of the MTL in healthy controls, Kahn and colleagues
found that the anterior HC and the entorhinal cortex are
functionally connected with the lateral temporal cortex ex-
tending to the temporal pole, whereas the posterior HC and
parahippocampal cortex are mainly linked to the medial pre-
frontal cortex (mPFC), the posterior cingulate, retrosplenial,
and lateral parietal cortex (PCC, RSC, LPC) [57]. PCC,
mPFC, and LPC together constitute the core regions of the
so-called default network (DN), which is severely affected
by AD (discussed in detail below) [58].

Liang Wang et al. were the first who explicitly compared
the hippocampal FC-patterns at rest between patients with
mild AD (n=13) and age-matched healthy controls [54].
Seed regions were the left and right HC — no distinction be-
tween anterior and posterior parts of the HC was made. The
authors found prominently reduced FC of the right HC to all
key regions of the DN as well as to small lateral temporal
areas. Interestingly, the left HC showed increased FC to the
right lateral PFC, possibly representing compensatory
mechanisms. In a similar study of Allen et al., assessing 8
patients with mild to moderate AD, patients presented a
more disseminated pattern of reduced HC-related FC, includ-

Fig. (2). Correlations between a seed region in the PCC and all other voxels in the brain for a single subject at rest. The spatial pattern of
correlation coefficients shows both correlations (positive values) and anti-correlations (negative values), thresholded at R = 0.3. The time
course for a single run is shown for the seed region (PCC, yellow), a region positively correlated with this seed region in the medial prefron-
tal cortex (MPF, orange), and a region negatively correlated with the seed region in the inferior parietal sulcus (IPS, blue). Adapted with

permission from data published in Fox et al. [46].



Impact of Alzheimer’s Disease on the Functional Connectivity

ing distributed neocortical and cerebellar areas with com-
pletely diminished connectivity to prefrontal sites [53]. Ex-
planations of the partly inconsistent results of both studies
are related to differences in the disease severity of assessed
patients, in the statistical power of both analyses (different
group sizes), and in the methods of ROI definition.

In a further ROI-based study Kun Wang and colleagues
divided the brain into 116 ROIs and investigated AD-
induced changes of each pair wise ROI-ROI-correlation in
healthy elderly (n=17) and patients with mild AD (n=17)
[59]. Without correcting for the rather large number of com-
parisons the authors found for the AD group indications for
reduced long-range connectivity between areas of the pre-
frontal and parietal cortex as well as increased short-range
FC between areas within the frontal, parietal, and occipital
lobes. When constraining the analysis to the FC-pattern of
the PCC as a key region of the DN, positive correlations with
areas within the DN and negative correlations with areas,
which are routinely recruited during a wide range of atten-
tion demanding tasks, were significantly reduced in the AD
group.

Two important points can be derived from these studies:
first, in AD the functional connectivity of the DN at rest
seems to be reduced in three ways: within the DN in relation
to the PCC, in its relation to the MTLs, and in its interplay
with attention-relevant areas of the frontoparietal cortex.
Second, the large-scale organization of synchronized SBFs
seems to be changed in AD, even if other methods than pure
ROI-based correlation techniques are needed to map these
changes (see section 3).

Due to its prominent relevance in AD, we insert a short
description of the DN in the next paragraph.

Parenthesis: The Default Network and Negatively Corre-
lated Functional Networks

First evidence for the existence of the DN as an anatomi-
cally defined brain system comes from the observation of
spatially consistent patterns of deactivation in the PCC, LPC,
and mPFC (for an excellent review, see [60]). Deactivation
in the context of neuroimaging refers to the reduced activity
of an area during task-related events/states compared to con-
trol or rest states. Areas of the DN consistently deactivate
across a wide range of attention demanding tasks, independ-
ent of the exact task design and of the used imaging method,
e.g. PET, blocked- or event-related fMRI [58, 60]. The DN
also constitutes itself as a RSN of synchronized SBFs [61]
(see Fig. 2). Furthermore, SBFs of the DN are anti-correlated
to the SBFs of a widely distributed set of regions commonly
activated in attention related tasks. This last fact indicates an
intrinsic organization of the brain into anti-correlated func-
tional networks, which seems to be changed in AD (regard-
ing AD see the results of Kun Wang et al.; yet, see below for
an ongoing discussion about the reliability of anti-correlated
networks) [15, 46, 47]. During tasks of varying attentional
load the degree of stimulus-independent thoughts is corre-
lated with the degree of activity in the DN [62, 63]. Finally,
regions of the DN themselves are engaged in functions like
remembering episodic events, planning future events, imag-
ing spatial relations, and understanding the mental states of
others — in short, navigating in time, space and social affairs
for distinct purposes [60, 64].
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Several hypotheses have so far been formulated to inte-
grate these distinct findings, yet differing in their account for
distinguishing task- and non-task/rest states. Task states are
characterized by focused attention and task-related mental
content, non-task states by environment-related attention and
wandering mental content. One class of approaches explain-
ing the function of the DN emphasizes attentional changes:
they relate DN activity to low-level attention that scans the
environment for potential dangers [65]. Another class of
hypotheses emphasizes the changes of mental content in
task- and non-task states: e.g. Buckner and colleagues sug-
gest that the DN is routinely engaged in the constructive
imagination of events, based on past experiences and adap-
tive for future navigating in events and social interactions;
this approach explicitly accounts for the intimate relation of
the episodic memory related MTL system to the DN, a rela-
tion that is prominently changed in AD (see above and below
[54, 66, 67].

Above we mentioned the observation that spontaneous
BOLD fluctuations within the DN seem to be negatively
correlated with fluctuations of a widely distributed assembly
of regions usually involved in attention-demanding tasks [15,
44, 46, 47, 68]. There is an ongoing discussion whether this
finding is real or an artifact of image preprocessing method-
ology [69-71]. Global BOLD signal fluctuations, which are
common to all voxels of the brain, have to be removed by
preprocessing to detect negatively correlated BOLD signals
at rest. Global fluctuations are suggested to represent noise
signals like movement, respiration, cardiac pulsation or
global arousal. Murphy et al. demonstrated in simulated and
real rs-fMRI data sets that global signal procedures could
produce artificially negative correlated networks [71]. How-
ever, Fox and colleagues used simulated rs-fMRI data to
adapt their previous account on global signal regression [46,
69]; they used the adjusted procedure to reanalyze human
data of their previous study and found that previously ob-
served negatively correlated brain networks were consistent
with a true physiological negative correlation as opposed to
an artifact of global regression. Furthermore, we consistently
found negative correlations between the DN and the atten-
tion-related network using model-free ICA of rs-fcMRI data,
which were not regressed for global signal [15]. Future stud-
ies are necessary to better evaluate the effects of global sig-
nal regression. Stated carefully, global signal regression is a
useful tool for preprocessing rs-fMRI data with the disadvan-
tage of generating interpretation problems for negatively
correlated signals; anticorrelated functional networks seem
more likely to reflect real physiological relations than meth-
odology-derived artifacts.

In the following these facts about the DN constitute the
background for interpreting AD-induced changes of the DN.

AD-Induced Changes of the Default Network in the Con-
text of Resting-State Activity: Deactivation Deficits and
Reduced Intrinsic Functional Connectivity

Deactivation processes of the DN are, by definition, indi-
rect measurements of the baseline/resting state activity of the
DN. Several findings report on changed DN deactivation in
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NCMCI

Fig. (3). Group-level RSNs of normal controls (a-f) and patients with amnestic MCI (A-F). Each group IC image contains a pair of spatial
IC-patterns, representing voxels that are correlated (red) or anti-correlated (blue) to the component’s time-course (not shown). For IC images
a/A to d/D each pair of IC-patterns is shown within one brain image; for IC images e/E and f/F each upper row represents the correlated IC-
pattern, each lower row the anti-correlated one. IC patterns are superimposed on a single subject high resolution T1 image. The black to yel-
low/light blue colour scale represents z-values, ranging from 1.8 to 8.0. Glass brain projections illustrate results of one-sample t-tests on the
individual back-reconstructed subject IC-patterns across both groups (p < 0.05, FDR corr.). For ICs a/A to d/D one-sample t-test on the anti-
correlated individual subject 1C-patterns provided no significant results. In axial view the right hemisphere is displayed on the right. NC,
normal controls. Adapted from data published in Sorg et al. [15].

Fig. (4). Contrasts of RSNs between normal controls and patients with amnestic MCI. Left maps correspond to the DNs of upper Fig. (3) f/F
and right maps to the executive attention networks of lower Fig. (3) f/F. Colour maps represent significant (p<0.05 FDR corr.) voxels of
higher component related activity in controls compared to patients. Corresponding t-values are colour-coded with black to yellow (from 0 to
5.0) or to light blue (from 0 to 6.2), respectively. Maps are superimposed on a single subject high resolution T1 image. The patient group did
not show any significant higher activation for DN or the executive attention network, respectively. For all remaining RSNs of Fig. (3) two-
sample t-tests did not reveal any significant difference between the two groups. R, right hemisphere. Adapted from data published in Sorg et
al. [15].

AD. During alternating blocks of a semantic classification profile of the response in the PCC to a task quickly reversed
task and rest, Lustig and colleagues found a reduced magni- its sign in young controls, whereas in AD activation was
tude of deactivation in the PCC of AD-patients compared to maintained throughout the task blocks. Rombouts and col-

healthy elderly in fMRI data [5]. Furthermore, the temporal leagues demonstrated a similar result for patients with mild
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cognitive impairment (MCI) during an encoding and spatial
working memory task [6]. The main differences between
healthy elderly and patients occurred in the early phase of
deactivation in the mPFC and posteromedial cortex (PCC
and retrosplenial cortex), reflecting a reduced reactivity and
adaptation of the DN. Across the spectrum from healthy eld-
erly over MCI to mild AD the degree of deactivation in the
PCC during encoding was correlated with memory perform-
ance within and outside the scanner [72]. Furthermore, for
patients with MCI, PCC deactivation during encoding pre-
dicts the risk of cognitive decline, especially the conversion
to dementia [73]. Taken together, areas of the DN deactivate
less in magnitude and responsiveness along progressive AD,
the degree of deactivation deficits is task- and AD-severity-
dependent, and frontal and parietal areas behave distinctively
with stronger AD-related changes in the PCC.

Focusing on the intrinsic functional connectivity of areas
that usually deactivate during attention-demanding tasks,
Greicius and colleagues found synchronized SBFs between
the mPFC and the PCC during rest and a low-level sensory
task. This study was the first demonstrating that the DN
might be a RSN [61]. In a second study, in order to evaluate
the whole set of co-activating regions in the DN and their
changes in AD, the authors used ICA to examine SBFs in
areas of the DN in healthy elderly and in patients with mild
AD [13]. Reduced co-activation in the DN was found in the
AD group for the PCC, LPC, mPFC, and the HC; the HC
was integrated in the DN across both groups, reflecting its
intimate relation to the DN. Furthermore, a goodness-of-fit
analysis of individual DN patterns suggested that DN activ-
ity at rest might be a potential biomarker for incipient AD.
This study was the first that found evidence for the notion
that rs-fcMRI might serve as a functional bio-imaging
marker that distinguishes healthy controls from patients.

AD-Induced Changes in the Plurality of RSNs

The results of the second study by Greicius and col-
leagues inspired some further questions: are even more
RSNs altered in AD than the DN? Do changes already occur
in patients with MCI? How do potential FC changes relate to
atrophy? And lastly, do integrated imaging scores, which
rely both on functional and structural changes of RSNs, bet-
ter distinguish controls from patients than isolated scores?
To address these questions, we examined 24 patients with
MCI and 16 healthy controls with structural and functional
MRI at rest [15]. ICA of the fMRI data revealed decreased
FC only for selected areas of the DN and the executive atten-
tion network in the patient group while the remaining RSNs
were unaffected (Figs. (3) and (4)). Both networks were anti-
correlated in their activity across time. Voxel-based mor-
phometry identified atrophy in both MTLs of the patients.
Avreas of reduced co-activation did not overlap with areas of
reduced grey matter. Using an additional ROI-based correla-
tion approach, the functional connectivity between both HCs
in the MTLs and the posterior cingulate of the DN was pre-
sent in healthy controls but absent in patients. Furthermore,
when accounting for both structural and functional informa-
tion (HC volume, ROI-based FC between HC and PCC),
patients could be better distinguished from controls than
when including only one type of information. This result
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supports the idea of integrated bio-imaging markers in pro-
dromal AD (Fig. (5)).
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Fig. (5). Shows the relation between a structural VBM score and a
functional FC score with an additional classifier. The VBM ap-
proach allows us to calculate the hippocampal volume in each indi-
vidual. The anatomical data set consists of two scalar values for
each individual representing the volume in [ml] of the left and the
right hippocampus. The mean value of this score is titled VBM
score. The FC score, represents the correlation coefficient [z-score]
between the signal time-courses of the hippocampus with the PCC.
The blue classifier indicates that the scores taken together allow for
a better discrimination of the group of patients than does a singular
score. HC, healthy control, aMCI, amnestic mild cognitive impair-
ment.

SUMMARY 2

First, following an approach to AD which focuses on the
functional connectivity of spontaneous brain activity at the
inter-regional level, most AD-induced changes were found in
the posterior DN: decreased FC within the DN [13, 15, 59],
in relation to the MTLs [13, 15, 53, 54], and in relation to a
widely distributed set of regions usually recruited in atten-
tion-related tasks [15, 59]. Furthermore, the deactivation
dynamic of the posterior DN seems to be impaired, enabling
predictions for the further disease process [5, 6, 72, 73]. At
last, these findings are not restricted to patients with AD —
patients with MCI are also affected.

Second, the results of Kun Wang et al. and Sorg et al.
suggest that AD-related changes of FC might affect multiple
cortical systems [15, 59]. Whether AD influences more
global features of cortical network organization is the guid-
ing question of the next section.
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SECTION 3: AD-INDUCED CHANGES OF THE
LARGE-SCALE ORGANIZATION OF SYNCHR-
ONIZED SPONTANEOUS BRAIN ACTIVITY

Small Worlds and Graph Theoretical Methods

The fundamental idea of a small world organization for a
given structure can be easily illustrated by the organization
of social networks. Our close friends and relatives compose a
cluster of social contacts; two of my friends are often also
friends of each other. However, when traveling to a distant
city we sometimes make the experience that some of the new
people we meet are socially connected with someone we
already knew (friends of friends). The number of social rela-
tionships between any two people can be very small in com-
parison with the size of the population [74]. Watts and Stro-
gatz were the first who formalized these familiar concepts in
graph theoretical terms, enabling applications of quantitative
complex network analysis that have been extended to sys-
temic neuroscience [75]. Formalized as a graph, members of
a social network are represented by the graph’s nodes, while
the connections between them (i.e., friendships) are repre-
sented by edges connecting the nodes. The small world con-
cept describes a type of graph in which nodes are separable
into clusters (with lots of connections among the members of
the clusters), which are linked to other clusters via a small
number of connections. There are several obvious reasons
why the brain might be organized as a small world network:
First, the brain, as a complex network which is hierarchically
organized on multiple temporal and spatial scales, supports
both segregated and distributed processing; small world to-
pologies realize both local clustering, corresponding to re-
gional segregation, and short path length between any two
nodes across the network, which is compatible with distrib-
uted integrated processing [74]. Second, brains evolved to
maximize functional efficiency and to minimize connectivity
costs; small world topologies enable both high local and
global efficiency in distributed parallel processing and sparse
connectivity between nodes, i.e. low wiring costs [76].

In large-scale cortical networks nodes typically represent
distinct cortical regions and edges represent inter-regional
pathways. Inter-regional pathways refer to parameters char-
acterizing structural or functional connectivity, e.g. the size
of white matter tracts connecting the regions or the correla-
tion coefficient between their signal time courses, respec-
tively. A symmetric correlation matrix is often used to create
a graph representing connection strengths across the entire
cortex (see Fig. (6)). To characterize a given node i in a net-
work, one might measure its degree k; (the number of nodes
to which it is directly linked), the path length L;; to another
node j (the number of edges in the shortest path between
those two nodes), and its clustering coefficient C; (the pro-
portion of neighbor-pairs that are directly linked to one an-
other, forming a triangle; think of two of your friends, who
are also friends of each other). Based on these individual
node measures, one can then define properties of the entire
network structure (i.e. the entire cerebral cortex) and classify
networks based on their overall properties. The degree distri-
bution of a graph is its probability distribution of k. For ex-
ample, a random graph has an exponential degree distribu-
tion: P(k) = exp(-ok). To study the properties of a given
network, the minimum path length L and clustering coeffi-
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cient C of the whole network are calculated by averaging
over all Ljj and C;; L and C are subsequently compared with
according Lng and Cpang Of @ random network that has the
same degree distribution, number of nodes, and edges as the
network of interest. For small world networks, which show a
balance between high average clustering and relatively short
distances between nodes, the ratio A = L/L g is expected to
be ~ 1, while the ratio y = C/C,,nq should be greater than 1.

The Large-Scale Organization of Synchronized SBFs is
Characterized by Small World Properties

Achard, Bullmore, and colleagues were the first that
demonstrated the small world organization of SBFs in hu-
mans [49]. Rs-fcMRI data of healthy controls were separated
into 90 cortical and subcortical regions. For each region and
each subject the regionally averaged signal time courses
were calculated and wavelet transformed. Wavelet transfor-
mation results in a time-scale decomposition of the averaged
signal that partitions the total signal energy over a set of little
waves, each of which is uniquely scaled in frequency and
located in time [77, 78]. Six frequency scales totally ranging
from 0.007Hz to 0.45Hz were defined and for each scale and
for each regional pair the inter-regional correlations between
wavelet coefficients were calculated. This procedure results
in a set of six (90 x 90) inter-regional wavelet correlation
matrices for each subject, which were averaged over subjects
at each scale to produce six group mean wavelet correlation
matrices (Fig. (6)). To create graphs/networks from each
correlation matrix, each correlation r was tested for r > R
with subsequent correction for multiple comparisons. The
value R, which works as the threshold for a given wavelet
correlation matrix, was selected as maximum value R, for
which small world properties are estimable, as defined by the
theory of complex network analysis [75]. Small world topol-
ogy with sparse connections was found for the low-
frequency interval 0.03-0.06Hz with a global mean path
length of 2.49, which is equivalent to a comparable random
network, and with a local clustering coefficient of 0.53,
which is two times greater than in the according random
network. Similar parameters were found for anatomical con-
nections in the macaque cortex [79]. Regions with a high
degree of significant connections mainly consisted of re-
cently evolved regions of the heteromodal association cortex,
with long-distance connections to other regions. Regions of
the unimodal association and primary cortices were more
cliquishly connected. Paralimbic and limbic regions were
less intensively connected than hubs of the association cor-
tex. In conclusion, SBFs hold a small world organization that
probably reflects underlying anatomical architecture [37].
The question arises whether AD changes this basic organiza-
tion of synchronized SBFs.

AD Changes the Small World Organization of the Brain

Supekar, Greicius, and colleagues answered this question
by following the approach of Achard et al. [16]. They exam-
ined 21 patients with AD and 18 healthy controls by rs-
fcMRI. After whole brain separation into 90 regions, wavelet
transformation, and calculation of the (90 x 90)-correlation
matrix, a small world structure was found for both groups of
healthy controls and patients with AD, most prominently in
the frequency interval 0.01-0.05Hz. For this frequency range
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Fig. (6). Schematic of wavelet correlation analysis, thresholding, and functional network visualization. Top: fMRI time series recorded from
each of 90 regions in each subject are decomposed using the wavelet transformation, and the inter-regional correlation is estimated at each
frequency scale for each pair of regions in each subject; individual wavelet correlation matrices are then averaged over subjects at each scale
to produce a set of six group mean wavelet correlation matrices. Middle: The wavelet correlation matrices are thresholded to generate binary
matrices, each element of which is either black (if there is no significant connection between regions) or white (if there is). The stringency of
the probabilistic thresholding operation is determined by the value of the correlation threshold R, as illustrated by applying three different
thresholds (R = 0.3, 0.4, 0.5) to the scale 4 wavelet correlation matrix. Bottom: Thresholded matrices are visualized in anatomical space by
locating each region according to its y and z centroid coordinates in Talairach space and drawing an edge between regions that are signifi-
cantly connected. Adapted with permission from data published in Achard et al. [49].

group comparisons of small world metrics revealed that the
local clustering coefficient was significantly reduced in the
patient group, indicating disrupted local connectivity in AD.
Both hippocampi demonstrated especially reduced clustering
in the AD group. The characteristic path length was not sig-
nificantly different across groups. Furthermore, the cluster-
ing coefficient distinguished AD patients from the controls

with high sensitivity (72%) and specificity (78%), suggesting
that these network measures may be useful as an imaging-
based biomarker to distinguish AD from healthy aging.

Similar results of changed small world topology in AD
have been reported by He and colleagues and Stam and col-
leagues using structural MRI and EEG, respectively [80, 81].
He and colleagues employed a new morphometric technique
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to infer anatomical connectivity: correlation patterns in corti-
cal thickness. The assumption underlying this technique is
that two cortical areas are likely to be anatomically con-
nected if, after controlling for other factors, their thickness
co-varies across subjects. If thickness correlations are pro-
duced by shared trophic influences or are due to activity-
dependent plasticity, then the inference from thickness corre-
lations to anatomical connectivity is probably well-founded.
The authors first calculated cortical thickness correlation
matrices for the two groups of 92 patients with AD and 97
healthy elderly. AD patients showed decreased cortical
thickness correlations between bilateral parietal regions and
increased thickness correlations in several selective regions
involving the lateral temporal and parietal cortex as well as
the cingulate and medial frontal cortex. Most interestingly
here, AD patients showed further abnormal small-world ar-
chitecture in the structural cortical network with increased
local clustering and path length, suggesting a less optimal
topological organization in AD. Stam and colleagues used
resting-state EEG to study small world properties in healthy
controls and patients with AD [81]. Applying analysis meth-
ods very similar to those used by Achard and colleagues,
they found increased path length and unchanged local clus-
tering in the B-band of AD patients.

SUMMARY 3

AD significantly changes the large-scale organization of
SBA; regarding SBFs, beside globally decreased local clus-
tering, both hippocampi demonstrate particularly reduced
local cliquish organization. However, the results of studies
concerning distinct aspects of brain organization using dif-
ferent methods — rs-fMRI, structural MRI, EEG - do not cor-
respond very well to one another. Partly, these differences
might be explained by methodological reasons, e.g. volume
conduction in scalp EEG data, which reduces the sensitivity
to detect differences in short-range connectivity while en-
hancing the relative sensitivity to detect differences in long-
range connectivity. Results may also differ across methods
because different methods assess the organization of distinct
processes. For instance, structural MRl maps long-term plas-
ticity, while fMRI maps short-term BOLD activity. Future
studies should combine connectivity estimates gathered from
distinct, simultaneously used techniques, e.g. thickness cor-
relations, DTI tractography or functional measures, in search
of convergent results [82].

After focusing on AD-induced changes of the large-scale
organization of synchronized SBFs, we next concentrate on
changes of the regional synchrony of SBFs.

SECTION 4: AD-INDUCED CHANGES OF THE REG-
IONAL SYNCHRONY OF SPONTANEOUS BRAIN
ACTIVITY

Methods for Detecting Intra-Regional Integration of
Brain Activity

The underlying idea of the concept of cerebral local or
(intra)-regional integration is very simple: local brain activity
is intensively integrated due to the prominence of local struc-
tural connectivity [83, 84]. Locally integrated activity covers
both functionally connected and functionally homogeneous
activity within a region. This proposal has been recently ex-
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plored by Zang et al., who used multiple-time-series meas-
urements of nearby voxels to map local integration, and by
Kriegeskorte et al., who showed that improved functional
activation maps could be obtained using an information-
based approach incorporating the local functional homogene-
ity instead of spatial smoothing [84, 85]. To characterize rs-
fcMRI data by regionally synchronized SBFs, at least two
distinct approaches can be distinguished. First, some ap-
proaches characterize the regional FC of SBFs using Pear-
son’s correlation coefficient (in analogy to ROI-based inter-
regional FC). Li and colleagues calculated the mean of
voxel-pair cross-correlations to evaluate the regional func-
tional connectivity of the HC [14]. In a follow-up study they
extended this approach by examining the mean of phase
shifts between voxel time series of a selected ROl (PSI,
phase shift index). In contrast to cross-correlation means,
phase shifts have the advantage of being independent of the
signal-to-noise ratio [86]. Desphande et al. generalized the
approach of Li and colleagues: they used the integration of
the whole spatial correlation function for each voxel instead
of the mean of VOI-correlations for a limited number of
voxels [83]. The second kind of approach characterizes the
local cerebral homogeneity of brain voxels using Kendall’s
concordance coefficient; Kendall’s coefficient of concor-
dance represents a rank correlation measurement, which
maps the similarity between data arrays. Zhang et al. used
this approach to evaluate for each voxel of the brain the
mean similarity between the time series of the voxel of inter-
est (VOI) and each time series of limited neighborhood vox-
els [85].

AD Changes the Regional Coherence of SBA Mainly in
Avreas of the Posterior DN and the Hippocampus

Using rs-fcMRI, Li et al. determined the cross-
correlation index (COSLOF) for both hippocampi in 9
healthy controls, 5 patients with MCI and 10 patients with
mild AD. Loss of COSLOF, reflecting reduced hippocampal
functional synchrony, increased significantly in MCI and
mild AD (controls < MCI < AD) [14]. Furthermore, an ex-
ponential curve fits the relationship between the COSLOF
index and the Mini-Mental Status Examination score
(MMSE), indicating a rapid decrease in cognitive capacity
once a lower threshold of the COSLOF is passed. In a fol-
low-up study assessing 13 controls, 8 patients with MCI, and
14 patients with mild AD, the phase shift index (PSI) of syn-
chronized hippocampal SBFs was demonstrated to be sig-
nificantly increased in AD and MCI compared to controls
(AD > MCI > controls). Additionally, the authors found that
the PSI had a higher group-discriminative power than
COSLOF [86]. These results indicate that, the larger the PSI,
the less synchronized the SBFs in the hippocampi of patients
with AD.

He et al. studied the regional homogeneity index ReHo
across the whole brain in 14 healthy elderly and 14 patients
with AD [87]. Reduced ReHo was found in the posterome-
dial DN in AD, which remains significant also when control-
ling for atrophy but with a decrease in statistical power. The
loss of statistical power indicates that volume effects are
partly reflected in the ReHo index. Furthermore, the PCC-
ReHo decrease was correlated with decreases on the MMSE,
and increased ReHo was found in bilateral retrosplenial cor-
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tex, left fusiform gyrus and right lingual gyrus, which is pos-
sibly related to compensatory recruitment. In a further study
of Bai et al., using the same methodology as He et al. in 20
patients with MCI and 20 controls, the posteromedial DN
was again significantly reduced in its ReHo, even after con-
trolling for atrophy. Increased ReHo was found in the right
inferior parietal and right fusiform cortex [88].

SUMMARY 4

Two distinct types of measurements have been defined to
characterize regional integration processes by rs-fMRI. De-
creased intra-regional synchrony of SBFs was found in the
hippocampi of patients with AD and MCI. Decreased re-
gional homogeneity of SBFs was found in the medial parie-
tal DN of patients with AD and MCI.

CONCLUSIONS

Approaching AD with rs-fcMRI to explore changed syn-
chrony of spontaneous brain activity leads us to four conclu-
sions. First, focusing on the regional aspect, mainly areas of
the posterior default network and the medial temporal lobes
are affected. Second, within these areas the neuronal com-
munication between distinct brain areas is at least impaired
at three levels of organization: the regional, inter-regional,
and large scale. Third, most of these changes are already
found in patients with mild cognitive impairment. Fourth, rs-
fcMRI has the potential to define functional bio-imaging
markers to distinguish healthy aging and early AD.

For future research these conclusions trigger at least three
questions. First, how do FC-changes of SBFs of distinct lev-
els relate to each other? For example, the posterior-DN-MTL
system is predominantly affected by reduced inter-regional
functional connectivity in early AD, but it is unclear how
these apparently spatially limited changes relate to changes
of large-scale organization and how this relation evolves
along the course of AD. Second, can AD be understood as a
disorder of the DN-MTL system [25, 29]? Several theories
have tried to explain the spatial pattern of neuropathological
changes — neurofibrillary tangles and amyloid plaques -
across the brain, ranging from models focusing on the re-
gion-specific anatomy to hypotheses favoring regional dif-
ferences in plasticity [89-91]. Due to the large concordance
between the spatial distribution of amyloid plaques and the
DN, Buckner and colleagues formulated the so-called me-
tabolism hypothesis of AD. The metabolism hypothesis re-
lates the prominent role of amyloid plaques to DN-MTL
function in order to explain the origins of AD: the preferen-
tial use of the DN and the closely related MTL-system
throughout life, i.e. the memory-based imagination in differ-
ent functions and mainly during rest, “may be conducive to
increased accumulation of AR and its pathological sequelae.
By this view, memory systems may be preferentially affected
by the disease because these systems play a central role in
resting brain activity as part of the default network” ([60] p.
29). Third, the large impact of AD on the DN might coher-
ently explain large parts of cognitive symptoms in early AD.
Impairments in “navigating in time, space and social affairs
for distinct purposes” (see above) might contribute to well-
known memory or spatial orientation deficits in AD but also
to less apparent problems in planning and imagining future
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events or in understanding sudden theme changes during
talks with others.
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