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Abstract

Normal aging and Alzheimer’s disease cause profound changes in the brain’s structure and

function. AD in particular is accompanied by widespread cortical neuronal loss, and loss of

connections between brain systems. This degeneration of neural pathways disrupts the functional

coherence of brain activation. Recent innovations in brain imaging have detected characteristic

disruptions in functional networks. Here we review studies examining changes in functional

connectivity, measured through fMRI (functional magnetic resonance imaging), starting with

healthy aging and then Alzheimer’s disease (AD). We cover studies that employ the three primary

methods to analyze functional connectivity – seed-based, ICA (independent components analysis),

and graph theory. At the end we include a brief discussion of other methodologies, such as EEG

(electroencephalography), MEG (magnetoencephalography), and PET (positron emission

tomography). We also describe multi-modal studies that combine rsfMRI (resting state fMRI) with

PET imaging, as well as studies examining the effects of medications. Overall, connectivity and

network integrity appear to decrease in healthy aging, but this decrease is accelerated in AD, with

specific systems hit hardest, such as the default mode network (DMN). Functional connectivity is

a relatively new topic of research, but it holds great promise in revealing how brain network

dynamics change across the lifespan and in disease.

Introduction

As in the early years of life, the brain undergoes remarkable changes in the later stages of

life, as brain structure and function tend to decline. This decline in brain structure and

function is associated with a decline in cognitive abilities. Nearly 14% of individuals over

age 71 suffer from some form of dementia, and Alzheimer’s disease is the most common
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(Plassman et al., 2007). Many factors influence the rate of brain aging, and the age of onset

of Alzheimer’s disease, including lifestyle factors such as diet and exercise (Scarmeas et al.,

2009) and genetic factors such as APOE genotype (Corder et al., 1993). Some studies have

linked the rate of brain aging to dietary factors such as folate, homocysteine, and iron intake

(Rajagopalan et al., 2011, 2012; Jahanshad et al., 2013; Madsen et al., 2013), levels of

stress-related hormones such as cortisol, and measures of cardiovascular health and obesity

such as leptin, adiponectin, and body mass index (Ho et al., 2010; Rajagopalan et al.,

2013b). Brain decline and neuronal degeneration are inevitable with age, but determining

how the trajectory of decline differs in people with dementia, and pinpointing when

trajectories begin to diverge from those of healthy elderly individuals, is a critical step in

developing interventions to slow or prevent this decline.

Functional connectivity assesses the integration of brain activity across distant brain regions,

regardless of their structural connectivity. This method is also called “resting state”

connectivity, although it can be assessed during a task as well. Articles on the topic may

refer to it by the acronyms rs-fMRI or fc-fMRI. Various methods may be used to measure

this type of functional synchonization or coherence, and different kinds of information can

be collected, depending on whether subjects are performing a specific task, or no task in

particular. Functional MRI methods can assess connectivity by measuring correlations in the

BOLD (blood oxygenation level dependent) time-series of activations in different brain

regions; other types of analysis focus on the mutual information between two different

profiles of activation. Due to space constraints, we will focus on papers that assess

connectivity through correlations in BOLD time series, although there are several other

imaging approaches that can assess functional connectivity. Synchronized low-frequency

fluctuations (~0.01-0.1 Hz) in the BOLD signal across distant brain regions were first

discovered by Biswal et al. (1995). This sparked the discovery of a number of temporally

coherent networks that are remarkably consistent across individuals (Damoiseaux et al.,

2006; Fox et al., 2005; Beckmann et al., 2005). There are three main methods to assess

functional connectivity (using the BOLD signal) that we will consider here: seed-based, ICA

(independent components analysis), and graph theory.

In a seed-based approach, the researcher selects a “seed” of interest – such as a brain region

or a specific 3D location in the brain – and extracts the time course of activation at that seed,

or reference region. This time course is then tested for correlation with the time courses of

the rest of the voxels of the brain, to search for matches (Fox and Raichle, 2007). Those

regions that show a high degree of positive correlation with the seed are said to be

functionally coupled. Brain regions that are negatively correlated with each other are thought

to belong to opposing networks, whose functions switch.

By contrast, ICA (or independent components analysis) is model-free. This means that the

researcher does not need to select a seed or reference region in advance. Instead, the entire

four-dimensional fMRI data can be decomposed into time courses and associated spatial

maps, describing the temporal and spatial characteristics of the components making up the

data (Beckmann et al., 2005). ICA seeks underlying components of activation – also called

latent factors or sources – that are statistically independent of each other. Both seed-based

and ICA approaches tend to reveal the same networks. Each method has advantages and
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disadvantages. Seed-based analyses are sometimes preferred because it can make group

comparisons easier. There can be more variation in the components recovered by ICA,

which can sometimes make group comparisons difficult. When you use the same seed (e.g.

precuneus) for each subject, and you extract the same basic network (default mode network

– explained below) thus simplifying some statistical issues. Some networks that seed-based

methods pull out as one coherent network get fractured into 2 or more networks by ICA.

ICA is sometimes preferred however, because it is more data-driven – there is no model

imposed on the data by the researcher, other than the networks being statistically

independent. With ICA as well, there is also the issue of determining how many components

to decompose the data into, and how to identify ICNs versus noise.

Graph theory is a method of assessing relationships in data that is widely applicable. With

brain imaging data it is frequently used to measure both structural and functional

connectivity. When graph theory is applied to functional connectivity analyses using fMRI

time series, the fMRI data is spatially parcellated according to a structural map of the brain,

and correlations are computed between the activations in all pairs of regions. If the regions

involved show correlations, they are considered to be linked, as if by a connection in a

network. The set of regions and their connections may be considered as a network, or a

graph of nodes and the links between them. The relationships between activation time-series

in these different brain regions may also be stored in a 2×2 matrix, for each person scanned,

with each row or column corresponding to one of the brain regions in the parcellation. The

relationship (or coherence) between activation signals in different brain regions can be

described by computing the correlation of fMRI time series, or their mutual information - or

any mathematical measure of the statistical relationship between the signals in the two

regions. Once the matrix is constructed, a number of measures, such as path length,

modularity, efficiency, and others, may be calculated to describe global and nodal network

topology (Rubinov & Sporns, 2010). While graph theory can be used to probe the hubs of

the same intrinsic connectivity networks (ICNs) that are detected by seed-based and ICA

approaches, it is more often used to assess global and local connectivity.

A number of ICNs can be reliably detected across individuals (Damoiseaux et al., 2006).

Many possible roles have been attributed to these ICNs: memory functions, organization and

coordination of neuronal activity, and priming the brain for coordinated activity (Fox and

Raichle, 2007; Seeley et al., 2007). The cognitive correlates of the networks are not fully

known, but we do know that these networks are present in the descent to sleep (Larson-Prior

et al., 2009) and they are even detectable in developing fetuses (Thomason et al., 2013). ICN

connectivity is disrupted in a wide range of psychiatric and developmental disorders

(Greicius, 2008), motivating the quest to understand how they contribute to cognitive

function, and how they decline as we age.

The ICN that has received the most attention is the default mode network (DMN): this is a

collection of brain regions whose activity increases in the absence of a task. As such, the

DMN is also called the ‘task negative’ network, anti-correlated to the ‘task positive’

network (Fox et al., 2005). The DMN is generally thought to include the posterior cingulate

cortex/precuneus, medial prefrontal cortex, inferior parietal lobules, lateral temporal

cortices, and hippocampus (Buckner et al., 2008; Raichle et al., 2001). There has been a
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great deal of interest in the DMN: many theorize that the activity of this network during rest

is necessary for memory consolidation (Fox and Raichle, 2007). Numerous studies report

overlap between DMN hubs and anatomical patterns of amyloid deposits in AD. This makes

the DMN an area of great interest in Alzheimer’s disease research (Hedden et al., 2009;

Mormino et al., 2011).

There are a few analytical choices that have been debated in the field that can influence

results. Global signal regression is an issue for seed-based approaches, and involves

including the average whole brain signal as a regressor in the analysis. Including a global

signal regressor is meant to account for a number of sources of physiological noise, but

some are concerned that it introduces spurious negative correlations to the data (Murphy et

al., 2009; Fox et al., 2009). For ICA, an issue that arises is how many components to output.

The researcher can select a uniform number of components to output across subjects, but

this may detract somewhat from the “model-free” nature of ICA. Alternatively, they may let

the analysis program determine the optimal number of components, which may differ by

subject, and some components may be fractured. Lastly, recent work has revealed that

subject motion can produce artifactual temporal correlations in the observed functional

signals, even after the traditional motion correction steps (Power et al., 2012; Van Dijk et

al., 2012). Power et al., 2012 proposed an additional step, “scrubbing” – regressing out high

motion frames. Satterthwaite et al., 2012 replicated these results in seed-based analyses in a

large cohort, additionally finding that motion affects ICA and graph analyses. Motion is

often thought to be a more serious issue with pediatric populations, but it can be with aging

populations as well. Examining subjects between 21-81, Mowinckel et al., (2012) found

significant associations between age and motion and between motion and functional

connectivity, suggesting that this is an issue of concern for aging studies as well as pediatric

studies.

Cognitive decline with age is well documented (Levy, 1994), as are changes in brain volume

(Raz et al., 1997) and function (Milham et al., 2002). One consequence of the widespread

loss of cortical and hippocampal neurons in Alzheimer’s disease is a disruption in brain

connectivity, both structural and functional (Toga and Thompson, 2013). O’Sullivan et al.

(2001) proposed that a physical cortical “disconnection”, as evident on DTI scans (Nir et al.,

2013), was in part to blame for cognitive decline (Daianu et al., 2013a,b). Closely tied to this

anatomical network decline is functional disconnection, as evidenced by the papers covered

here. In this paper, we review recent work on changes in functional connectivity in healthy

aging and in Alzheimer’s disease. In this review we only discuss fMRI-based techniques,

but we briefly mention other approaches as well.

Healthy Aging

The studies included in our Healthy Aging rsfMRI functional connectivity section are listed

in Table 1.

Seed-Based

Using two seeds placed in the posterior cingulate cortex (PCC) and the ventromedial

prefrontal cortex (vmPFC), Wu et al. (2011) probed age-related changes in the DMN in a
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sample of 18 young participants (22-33 years old) and 22 elderly participants (60-80 years

old). As there are anterior and posterior components of the DMN (Damoiseaux et al., 2008;

Andrews-Hanna et al., 2010), the authors used an anterior and a posterior seed. In addition

to investigating the connectivity of networks positively correlated with their seeds (PCC+

and vmPFC+), they also investigated anti-correlated networks (PCC- and vmPFC-). Across

all networks, they found a distributed set of regions for which the younger subjects showed a

stronger correlation (either positive or negative), indicating greater integrity and greater

separation of networks in the younger subjects. The vmPFC- network did show stronger

connectivity with the bilateral visual cortex and superior temporal gyrus in older subjects,

however. In a multi-modal study of 93 adults aged 18-93, Andrews-Hanna et al. (2007)

found a significant reduction with age in functional connectivity between anterior and

posterior hubs of the DMN (mPFC and PCC) (Figure 1). This reduction was not explainable

by increases in brain amyloid accumulation. Further, these reductions in functional

connectivity were also associated with reductions in white matter integrity, as measured by

fractional anisotropy (FA), and with impairments in cognitive function. Research such as

this elegantly demonstrates the complex interplay of some of the factors involved in brain

aging. Together, these seed-based studies indicate that the integrity of the DMN decreases

with age. Functional connectivity does not decrease uniformly across the brain, however.

Focusing specifically on the amygdala, St. Jacques et al. (2010) found increased

connectivity between the amygdala and the frontal cortex with age, and decreased

connectivity between the amygdala and posterior regions, suggesting a shift in how

emotional stimuli are processed.

ICA

One benefit of the ICA approach (independent components analysis) is that it is model free:

it does not require the researcher to select a seed, or reference region, of interest. Rather than

identify areas of activation that correlate with a point or region of interest, ICA identifies

independent profiles of spatial activation throughout the brain. Researchers can examine the

same networks as they can through seed-based methods through template-matching.

Examining the component corresponding to the DMN in 17 young and 21 older subjects,

Koch et al., (2010) found decreased functional connectivity in the PCC and ACC (anterior

cingulate cortex) in the older subjects. Using a variant of ICA, tensor PICA, Damoiseaux et

al., (2008) examined the components corresponding to the DMN in 10 younger and 22 older

subjects. They found 2 components: one corresponding to anterior areas of the DMN, and

one the posterior areas of the DMN. They found reduced activity in both of the DMN

components with advanced age, and were further able to find an association between

decreased activity in the anterior DMN component and evidence of cognitive decline. Just as

with the seed-based studies, these ICA studies indicate a decrease in DMN integrity with

advancing age, even in healthy subjects.

Graph Theory

Seed-based and ICA approaches are somewhat similar, as they seek to extract temporally

coherent networks. By contrast, graph theoretical approaches are more often used to

describe functional relationships across all of the nodes (regions) of the brain. The spatial

resolution or parcellation is chosen by the researcher, and can greatly affect the results
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(Zalesky et al., 2010). Both Achard & Bullmore (2007) and Meunier et al., (2009) used the

AAL parcellation (Tzourio-Mazoyer et al., 2002) to create 90×90 matrices describing the

functional connectivity of 45 cortical and subcortical regions per hemisphere. Achard &

Bullmore (2007) found decreased global connectivity in older subjects, and decreased nodal

efficiency in frontal, temporal, limbic/paralimbic and subcortical regions. Meunier et al.,

(2009) focused on the modularity of functional networks. They reported that the size,

composition, and topological roles of the regions changed with age (Figure 2). Some

modules that were single, coherent modules in the young group were fractured into 2

modules in the older group. Additionally, while the frontal-striatal module appeared to be a

critical module for coordinating activity in the young group, based on its intermodule

connections, it was not in the older subjects. This role appeared to be taken over by the

posterior module in older subjects. Brier et al., (2013) also reported age effects on

modularity, finding decreased modularity with age, indicating a breakdown of the balance

between integration within and separation between modules. Taken together, these studies

point to shifts in the network topology in the aging brain with decreases in efficiency and

integration being the result.

Alzheimer’s and Mild Cognitive Impairment

The studies included in this section are also listed in Table 1. For further reading, we

encourage readers to refer to the review by Sheline & Raichle (2013).

Seed-Based

Using seeds (i.e., reference regions) in the bilateral hippocampi, Wang et al., (2006) and

Allen et al., (2007) found widespread decreases in connectivity in subjects with Alzheimer’s

disease (AD) relative to controls. Both groups found decreases in hippocampal connectivity

to frontal (BA 10, 24, 32), parietal (BA 7, 29), temporal (BA 22), and occipital (BA 19)

regions. Zhang et al., (2009) investigated DMN connectivity in AD, using a seed in the

posterior cingulate cortex (PCC). They similarly found decreased connectivity with regions

spread across the frontal, parietal, temporal, and occipital cortex in subjects with AD. They

also found increased connectivity between the PCC and clusters in frontal, temporal, and

subcortical areas in subjects with AD, which they theorized was compensatory. Sheline et

al., (2010) used a precuneus seed to probe DMN connectivity, finding decreases across the

frontal, parietal, and visual cortices and hippocampus in subjects with AD, as expected.

Healthy elderly individuals who were PiB+ (mean cortical binding potential>0.18) had

decreases in the same areas as the AD group, in the same direction. Wang et al., (2007) used

a variation of the seed-based approach: instead of assessing the time-series correlations

voxel-wise, they parcellated the brain using the AAL atlas and averaged the time-series

within each ROI and tested correlations among them. They found a significant decrease in

anterior-posterior positive correlations in AD, while increases in positive correlations in AD

were mainly limited to intralobe connections. There was also a significant decrease in the

magnitude of negative connections in AD in parietal lobe. Most of these were connections

thought to mediate the two anti-correlated networks (task-positive and task-negative; Fox et

al., 2005). Inability to switch between networks could lead to inefficient processing. Brier et

al., (2012) went beyond the DMN network to include the dorsal attention network (DAN),
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the salience network (SAL), executive control network (CON) and the sensory-motor

network (SMN) in a very large cohort (N=510). They generally found decreased

connectivity within all networks with increasing CDR (clinical dementia rating) (Figure 4).

Additionally, they found decreased anti-correlations between the networks, similar to Wang

et al., (2007). Altogether, the studies are consistent in finding decreased connectivity in the

DMN and other networks in subjects with AD across broad brain regions, with some finding

signs of possible “compensatory” connectivity.

ICA

Using the ICA approach, Greicius et al., (2004) found similar results to seed-based

investigations of the DMN in AD – decreased connectivity across widespread regions in

frontal, parietal, and temporal cortices, and the hippocampus in subjects with AD. Sorg et

al., (2007) examined the DMN and its anti-correlated network, the executive control

network (ECN) in MCI (mild cognitive impairment) (although the salience network is also

anti-correlated to the DMN). In the DMN component, they found reduced connectivity in

MCI in major DMN hubs: the PCC and mPFC, as well as the angular gyrus. In the ECN,

they found reduced connectivity in the superior parietal lobule (SPL) and PFC in MCI, both

hubs of that networks. Petrella et al., (2011) and Binnewijzend et al., (2012) both examined

the DMN in AD and MCI longitudinally. Petrella et al., (2011) found that goodness-of-fit to

a DMN template based on the healthy controls was a significant predictor of future

conversion to AD in subjects with MCI (Figure 5). Binnewijzend et al., (2012) found

significant differences in the connectivity patterns of AD patients and MCI patients who

were stable after follow-up. Even so, they did not detect differences between AD patients

and MCI patients who later converted to AD. Examining 3 subnetworks of the DMN,

Damoiseaux et al., (2012) found decreased connectivity in the posterior DMN in AD, while

they found increased connectivity in the ventral and anterior DMN subnetworks. Correction

for gray matter atrophy changed the extent, but not the direction or significance of the

results. Upon follow-up, all networks showed decreases in AD. Damoiseaux et al., (2012)

interpreted these results to mean that some systems begin to disengage earlier, but all show

signs of deterioration eventually. Going beyond just the DMN, Agosta et al. (2012)

examined the DMN, ECN (fractured into ECN and a few “fronto-parietal” networks) and

salience network in AD and MCI. In the DMN and fronto-parietal components, they found

both reduced connectivity in specific regions in AD compared to MCI and HC (healthy

controls) and reduced mean connectivity across the whole component. Surprisingly, they

found increased mean connectivity in AD in the ECN component, which was associated

with cognitive scores. They suggested that this may be the brain’s attempt to limit the

clinical consequences of continuing tissue damage. Consistent with seed-based studies, the

ICA studies of AD connectivity show distinct patterns of decreases, especially in the DMN.

Results in the ECN appear to be less consistent, which may have to do with analytical

choices or subject symptom severity.

Graph Theory

Assessing the topology of the functional connectome as a whole, Supekar et al., (2008)

found a significant loss in the small-world organization of the functional brain network in

AD. Small-world organization is found in many biological networks and is characterized by
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a balance between integration and segregation, maximizing both global and nodal efficiency.

They found a decrease in clustering coefficient in AD, both globally and locally in the

bilateral hippocampi. Brier et al., (2013) also found a decrease in clustering with increasing

CDR (clinical dementia rating), as well as reduced modularity. Sanz-Arigita et al., (2010)

however, found no differences in clustering, instead finding shorter path length in AD. Both

studies had similar sample sizes, the same parcellation, and controlled for the difference in

edge density similarly, but Supekar and colleagues used wavelet analysis to isolate the

contributing frequency components, and Sanz-Arigita and colleagues expressed the

relationships between regions as synchronization likelihood, rather than correlation.

Additionally, Supekar et al., (2008) employed spatial smoothing in their time-series data,

while Sanz-Arigita et al., (2010) did not; instead averaging the time-series within each node

according to the parcellation. Examining changes in synchronization, Sanz-Arigita et al.

(2010) found increases in intra- and inter-hemispheric synchronization in AD in the frontal

lobe, and decreases in the parietal and occipital lobes (Figure 6). Jie et al., (2013) combined

metrics of local clustering and topological structure to build an MCI classification method

that has an accuracy of nearly 92%, much higher than other methods using graph measures.

Buckner et al., (2009) used graph theory to identify network hubs, then used PET imaging to

show that β-amyloid deposition was significantly greater in those regions. They speculated

that there may be an activity-dependent mechanism that causes accumulation of β-amyloid

in highly active areas, such as the hubs. Alternatively, amyloid build-up may impair the

functions of neurons in specific regions, disrupting their ability to maintain synchrony with

other systems. Graph theoretical results in AD are less consistent that those in seed-based

and ICA approaches, most likely because of differences in analysis. With these differences

in data type and analysis taken into account, graph theory appears to be a promising method

in the analysis of functional connectivity in MCI and AD.

Medications

While an exhaustive review of the effects of medications on functional connectivity is

beyond the scope of this paper, here we will touch on a few studies examining the effects of

several medications used in the treatment of Alzheimer’s disease. Lorenzi et al., (2012)

examined AD patients before and after 6 months of treatment with memantine. The group

treated with memantine had greater DMN connectivity in the precuneus than the placebo

group. Two studies from the same group, perhaps using overlapping subject pools, examined

the effects of a 12-week course of donepezil on functional connectivity. Goveas et al. (2011)

used hippocampal seeds to isolate a hippocampal network, and found that donepezil

treatment was associated with increased connectivity to a number of regions, including the

PCC, MFG, and subcortical targets. Further, they found that improvement on the MMSE

(mini-mental state exam) and ADAS (Alzheimer’s disease assessment scale) was associated

with increased connectivity in the hippocampal network to the DLPFC, MFG, IFG, and

others. Li et al., (2012) examined functional connectivity, using a PCC and MCC (middle

cingulate cortex) seed, which are both substrates of the pathway targeted by donepezil.

Following treatment, they found increased connectivity in the MCC network with the

vMPFC, precuneus, vACC, precentral gyrus, IPC, and parahippocampus, while in the PCC

network they found increased connectivity with the vACC and cuneus. Altogether these

studies suggest promising effects of current Alzheimer’s treatments, and show that
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functional connectivity can be a viable biomarker for tracking treatment-related changes in

AD.

Amyloid Burden

Amyloid accumulation in the brain is fairly common even in healthy elderly individuals

(estimates range between 20-50% of healthy elderly; Hedden et al., 2009). There is

conflicting evidence on what effect amyloid (Aβ - beta-amyloid) build-up might have in

cognitively normal individuals (Jack et al., 2009; Mormino et al., 2009). Amyloid burden

can be detected by PET imaging (positron emission tomography) using the 11C-labeled

Pittsburgh Compound B (PiB), among other ligands (Johnson et al., 2007; Rabinovici et al.,

2007), and some types of PET scans are sensitive to both tau and amyloid pathology

(Braskie et al., 2010; Protas et al., 2012). Hedden et al., (2009) used a seed-based approach

(PCC seed) to investigate effects of Aβ burden in 38 healthy elderly individuals. Regardless

of whether they performed a group analysis or treated PiB uptake as continuous, the authors

reported that individuals with a high amyloid burden showed reduced connectivity in DMN

regions, including the lateral parietal and medial prefrontal cortices, and the hippocampal

formation. Using an ICA approach, Mormino et al., (2011) found significant overlap

between regions of Aβ deposition and regions of the DMN (Figure 3). They also found that

elevated PiB was associated with decreased DMN connectivity in the ventral mPFC, right

angular gyrus, and left middle and superior frontal gyri. Drzezga et al., (2011) used graph

theory to identify hub nodes in a functional connectivity analysis, while also using 2 types of

PET protocols to assess amyloid burden and glucose metabolism in healthy elderly and MCI

subjects. They found overlapping patterns of disruptions in functional connectivity and

hypometabolism in PiB+ MCI subjects, with PiB+ asymptomatic subjects showing similar

patterns to a lesser degree. Altogether these studies indicate that the early deposition of

amyloid in DMN regions has functional consequences. It is not fully understood how

elevated brain Aβ affects cognition in the healthy elderly, but these data indicate significant

changes that suggest a prodromal phase or an intermediate step in decline.

APOE ε4

The APOE-ε4 allele has shown a consistent and strong association with Alzheimer’s risk

(Corder et al., 1993). The APOE-ε4/ε4 genotype is associated with a 15-fold increased risk

of Alzheimer’s disease, relative to the APOE-ε3/ε3 genotype (Farrer et al., 1997), with some

variations based on a person’s ancestry. Filippini et al. (2009) examined the functional

connectivity of healthy, young APOE-ε4 carriers, using ICA to isolate the DMN. They

found that young APOE-ε4 carriers had increased coactivation in the retrosplenial and

medial-prefrontal regions, as well as the head of the hippocampus (MTL). Examining task-

based connectivity of the MTL in healthy young carriers, Dennis et al. (2010) similarly

found increased connectivity between the MTL and the parahippocampal gyrus. They

additionally found decreased connectivity in APOE-ε4 carriers across a wide range of

temporal and frontal regions. Turning to the healthy elderly, Bartrés-Faz et al. (2008)

examined the functional connectivity of the hippocampus during an encoding memory task

and found increased connectivity with the anterior cingulate, inferior parietal lobe, and

caudate in APOE-ε4 carriers. Machulda et al. (2011) similarly examined healthy elderly

carriers, during rest, focusing on the DMN and the salience network (SN). They found
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reductions in DMN connectivity across a number of temporal regions in the APOE-ε4

carriers, while they found increases in SN connectivity in the cingulate, MPFC, insula,

striatum, and thalamus. Lastly, Sheline et al. (2010) examined both positive and negative

connectivity of the DMN in healthy elderly, PiB- individuals who were APOE-ε4 carriers.

APOE-ε4 carriers had increased positive connectivity with the MPFC and increased anti-

correlation with the anterior cingulate. APOE-ε4 carriers had decreased positive connectivity

with the hippocampus and temporal regions. In a few regions, APOE-ε4 noncarriers had

positive connectivity, while the APOE-ε4 carriers showed anticorrelations, and vice versa.

These included the orbital cortex, occipital cortex, and some temporal targets. From these

studies it appears that APOE-ε4 carriers exhibit increased connectivity in some of the

regions that later show the most profound effects of Alzheimer’s (e.g., the hippocampus,

MTL), possibly as a sign of increased cognitive burden well before disease onset (Filippini

et al., 2009; Dennis et al., 2010). In healthy elderly carriers of APOE-ε4, connectivity with

temporal regions is predictably decreased, although hippocampal results are less consistent.

Additionally, the cingulate, MPFC, and striatum appear to be regions where APOE-ε4

carriers show increased connectivity. Hopefully, future work will be able to replicate these

studies in larger cohorts and elucidate the mechanisms behind these changes in connectivity.

Many neuroimaging studies of genetic polymorphisms and their effects on the brain are

barely powered to detect effects, which may contribute to differences in what effects are

found. To address this, imaging genetics consortia such as ENIGMA are meta-analyzing

data worldwide with the goal of understanding the consistency and credibility of effects seen

in smaller cohorts (Thompson et al., 2014).

Other Methods

In this paper we focused on functional connectivity studies using fMRI, but here we briefly

summarize the other modalities researchers have used, to offer a few examples for further

reading. Besides fMRI, other options for modeling functional connectivity include EEG

(electroencephalography), MEG (magnetoencephalography), and PET (positron emission

tomography). Jelic et al., (1997) found reduced EEG coherence in individuals homozygous

for the APOE ε4 allele. Stam et al., (2007) used EEG data in a graph theoretical analysis,

finding significantly increased path length in AD. Using MEG data and a graph theoretical

approach, Stam et al., (2009) found lower clustering and path length in AD, disagreeing with

their earlier study (Stam et al., 2007) but agreeing with a later one by the same group (Sanz-

Arigita et al., 2010). They explain that the discrepancy was due to analytical differences.

Examining healthy aging, Grady et al., (2003) used PET imaging to show differences in

functional connectivity during memory encoding between young and older adults,

suggesting a shift in which cognitive resources are tapped with age. Turning to Alzheimer’s

disease, Grady et al., (2001) similarly used PET imaging and a memory task to show

evidence of functional disconnection between the hippocampus and the prefrontal cortex in

AD. These are just a few examples of studies using other methods to investigate functional

connectivity in healthy aging and Alzheimer’s disease.
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Future Work

As seen from the studies presented here, functional connectivity has already contributed

substantially to the field of Alzheimer’s research. Changes in the DMN are detectable even

before symptoms arise, and measures of functional connectivity are correlated with

cognitive improvement following treatment, so functional connectivity is emerging as a

promising biomarker for longitudinal studies and even interventional trials. The evidence for

possible compensatory mechanisms is intriguing, and would also be well suited for follow

up with a longitudinal study. Graph theory may also help in mapping how these effects are

distributed across the connectome. In addition to examining the integrity of individual ICNs,

future studies could examine how switching between networks is affected in AD. A third

phase of the U.S. ADNI project (Alzheimer’s Disease Neuroimaging Initiative) is in the

planning stages (ADNI3)

Conclusion

In addition to the well-documented changes in brain structure, function, and cognition,

healthy aging and Alzheimer’s disease are associated with changes in functional

connectivity, as shown by the studies reviewed here. In healthy aging, functional

connectivity declines with age, but this decline is not uniform across the brain. Whole

connectome studies using graph theory have found decreases in whole brain connectivity,

efficiency, and a shift in the balance between integration and segregation, and seed and ICA

approaches have found decreases in DMN connectivity with age. However there is some

evidence of increases in connectivity with age, possibly as neural strategies change or as

compensatory mechanisms during the aging process. In Alzheimer’s disease, the decline is

exaggerated, with the DMN hit hardest. PET studies have found DMN hubs to be especially

vulnerable to amyloid deposition, likely one factor contributing to the robust findings of

decreased functional connectivity of the DMN in AD, but the reason for this vulnerability is

unknown. Structure, function, and connectivity may be complementary modalities, although

results in this field are not consistent. Regardless, changes in one can promote changes in the

others, and each adds to a fuller understanding of the disease in question. Teasing apart each

of the factors contributing to decline is not a task that one line of work can solve, but each of

these studies here contributes to our knowledge. It is also important to consider that brain

decline has multiple causes, and there is generally no one primary cause. There can be

several different causes for decline – not just neuronal loss but also vascular, metabolic, and

inflammatory changes. These studies bring us closer to an overarching goal in the field of

Alzheimer’s research: to determine when and how we can intervene to slow or stop decline,

and to determine the earliest signs of decline and treatment response.

Acknowledgments

ED was funded, in part, by an NIH Training Grant in Neurobehavioral Genetics (T32 MH073526-06), and by the
Betty B. and James B. Lambert Scholarship from the Kappa Alpha Theta Foundation. The authors were also
supported by NIH R01 grants EB008432, EB008281, EB007813 and P41 RR013642.

Dennis and Thompson Page 11

Neuropsychol Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



References

Achard S, Bullmore E. Efficiency and cost of economical brain functional networks. PLoS
computational biology. 2007; 3:e17. [PubMed: 17274684]

Agosta F, Pievani M, Geroldi C, Copetti M, Frisoni GB, Filippi M. Resting state fMRI in Alzheimer’s
disease: beyond the default mode network. Neurobiology of Aging. 2012; 33:1564–1578. [PubMed:
21813210]

Allen G, Barnard H, McColl R, Hester AL, Fields JA, Weiner MF, Ringe WK, Lipton AM, Brooker
M, McDonald E, Rubin CD, Cullum CM. Reduced Hippocampal Functional Connectivity in
Alzheimer Disease. Arch Neurol. 2007; 64:1482–1487. [PubMed: 17923631]

Andrews-Hanna JR, Reidler JS, Sepulcre J, Poulin R, Buckner RL. Functional-Anatomic Fractionation
of the Brain’s Default Network. Neuron. 2010; 65:550–562. [PubMed: 20188659]

Andrews-Hanna JR, Snyder AZ, Vincent JL, Lustig C, Head D, Raichle ME, Buckner RL. Disruption
of Large-Scale Brain Systems in Advanced Aging. Neuron. 2007; 56:924–935. [PubMed:
18054866]

Bartrés-Faz D, Serra-Grabulosa JM, Sun FT, Solé-Padullés C, Rami L, Molinuevo JL, et al. Functional
connectivity of the hippocampus in elderly with mild memory dysfunction carrying the APOE ε4
allele. Neurobiology of Aging. 2008; 29:1644–1653. [PubMed: 17560689]

Beckmann CF, DeLuca M, Devlin JT, Smith SM. Investigations into resting-state connectivity using
independent component analysis. Philosophical Transactions of the Royal Society. 2005; 360:1001–
1013.

Binnewijzend MAA, Schoonheim MM, Sanz-Arigita E, Wink AM, van der Flier WM, Tolboom N, et
al. Resting-state fMRI changes in Alzheimer’s disease and mild cognitive impairment.
Neurobiology of Aging. 2012; 33:2018–2028. [PubMed: 21862179]

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the motor cortex of resting
human brain using echo-planar MRI. Magn Res Med. 1995; 34:537–541.

Braskie MN, Klunder AD, Hayashi KM, Protas H, Kepe V, Miller KJ, Huang SC, Barrio JR, Ercoli L,
Toga AW, Bookheimer SY, Small GW, Thompson PM. Plaque and tangle imaging and cognition
in normal aging and Alzheimer’s disease. Neurobiology of Aging. 2010; 31:1669–1678. [PubMed:
19004525]

Brier MR, Thomas JB, Fagan AM, Hassenstab J, Holtzman DM, Benzinger TL, Morris JC, Ances BM.
Functional connectivity and graph theory in preclinical Alzheimer’s disease. Neurobiology of
Aging. 2013; 35:757–768. [PubMed: 24216223]

Brier MR, Thomas JB, Snyder AZ, Benzinger TL, Zhang D, Raichle ME, Holtzman DM, Morris JC,
Ances BM. Loss of intranetwork and internetwork resting state functional connections with
Alzheimer’s disease progression. Journal of Neuroscience. 2012; 32:8890–8899. [PubMed:
22745490]

Buckner RL, Andrews-Hanna JR, Schacter DL. The Brain’s Default Network: Anatomy, Function, and
Relevance to Disease. Annals of the New York Academy of Sciences. 2008; 1124:1–38. [PubMed:
18400922]

Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, Hedden T, Andrews-Hanna JR, Sperling
RA, Johnson KA. Cortical Hubs Revealed by Intrinsic Functional Connectivity: Mapping,
Assessment of Stability, and Relation to Alzheimer’s Disease. Journal of Neuroscience. 2009;
29:1860–1873. [PubMed: 19211893]

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses AD, Haines
JL, Pericak-Vance MA. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s
disease in late onset families. Science. 1993; 261:921–923. [PubMed: 8346443]

Damoiseaux JS, Beckmann CF, Arigita EJS, Barkhof F, Scheltens P, Stam CJ, Smith SM, Rombouts
SARB. Reduced resting-state brain activity in the “default network” in normal aging. Cerebral
Cortex. 2008; 18:1856–1864. [PubMed: 18063564]

Damoiseaux JS, Prater KE, Miller BL, Greicius MD. Functional connectivity tracks clinical
deterioration in Alzheimer’s disease. Neurobiology of Aging. 2012; 33:828.e.19–30. [PubMed:
21840627]

Dennis and Thompson Page 12

Neuropsychol Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Damoiseaux JS, Rombouts SARB, Barkhof F, Scheltens P, Stam CJ, Smith SM, Beckmann CF.
Consistent resting-state networks across healthy subjects. PNAS. 2006; 103:13848–13853.
[PubMed: 16945915]

Daianu M, Dennis EL, Nir TM, Jahanshad N, Toga AW, Jack CR Jr, et al. Alzheimer’s disease
disrupts rich club organization in brain connectivity networks. Proc 10th IEEE ISBI. 2013:266–
269.

Daianu M, Jahanshad N, Nir TM, Toga AW, Jack CR Jr, Weiner MW, et al. Breakdown of Brain
Connectivity between Normal Aging and Alzheimer’s Disease: A Structural k-Core Network
Analysis. Brain Connectivity. 2013; 3:407–422. [PubMed: 23701292]

Dennis NA, Browndyke JN, Stokes J, Need A, Burke JR, Welsh-Bohmer KA, et al. Temporal lobe
functional activity and connectivity in young adult APOE ε4 carriers. Alzheimer’s & Dementia.
2010; 6:303–311.

Drzezga A, Becker JA, Van Dijk KRA, Sreenivasan A, Talukdar T, Sullivan C, et al. Neuronal
dysfunction and disconnection of cortical hubs in non-demented subjects with elevated amyloid
burden. Brain. 2011; 134:1635–1646. [PubMed: 21490054]

Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, et al. Effects of age, sex, and
ethnicity on the association between apolipoprotein E genotype and Alzheimer disease. A meta-
analysis. APOE and Alzheimer Disease Meta Analysis Consortium. JAMA. 1997; 278:1349–1356.
[PubMed: 9343467]

Filippini N, MacIntosh BJ, Hough MG, Goodwin GM, Frisoni GB, Smith SM, et al. Distinct patterns
of brain activity in young carriers of the APOE-ε4 allele. PNAS. 2009; 106:7209–7214. [PubMed:
19357304]

Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed with functional magnetic
resonance imaging. Nature Reviews Neuroscience. 2007; 8:700–711.

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Essen DCV, Raichle ME. The human brain is
intrinsically organized into dynamic, anticorrelated functional networks. PNAS. 2005; 102:9673–
9678. [PubMed: 15976020]

Fox MD, Zhang D, Snyder AZ, Raichle ME. The global signal and observed anticorrelated resting
state brain networks. J Neurophysiology. 2009; 101:3270–3283.

Goveas JS, Xie C, Ward BD, Wu Z, Li W, Franczak M, et al. Recovery of hippocampal network
connectivity correlates with cognitive improvement in mild Alzheimer’s disease patients treated
with Donepezil assessed by resting-state fMRI. J Magn Reson Imaging. 2011; 34:764–773.
[PubMed: 21769962]

Grady CL, Furey ML, Pietrini P, Horwitz B, Rapoport SI. Altered brain functional connectivity and
impaired short-term memory in Alzheimer’s disease. Brain. 2001; 124:739–756. [PubMed:
11287374]

Grady CL, McIntosh AR, Craik FIM. Age-related differences in the functional connectivity of the
hippocampus during memory encoding. Hippocampus. 2003; 13:572–586. [PubMed: 12921348]

Greicius M. Resting-state functional connectivity in neuropsychiatric disorders. Current Opinion in
Neurology. 2008; 21:424–430. [PubMed: 18607202]

Greicius MD, Srivastava G, Reiss AL, Menon V. Default-mode network activity distinguishes
Alzheimer’s disease from healthy aging: Evidence from functional MRI. PNAS. 2004; 101:4637–
4642. [PubMed: 15070770]

Hedden T, Van Dijk KRA, Becker JA, Mehta A, Sperling RA, Johnson KA, Buckner RL. Disruption
of Functional Connectivity in Clinically Normal Older Adults Harboring Amyloid Burden. Journal
of Neuroscience. 2009; 29:12686–12694. [PubMed: 19812343]

Ho AJ, Stein JL, Hua X, Lee S, Hibar DP, Leow AD, Dinov ID, Toga AW, Saykin AJ, Shen L, Foroud
T, Pankratz N, Huentelman MJ, Craig DW, Gerber JD, Allen A, Corneveaux J, Stephan DA,
Webster J, DeChairo BM, Potkin SG, Jack CR, Weiner MW, Raji CA, Lopez OL, Becker JT,
Thompson PM. A commonly carried allele of the obesity-related FTO gene is associated with
reduced brain volume in the healthy elderly. Proceedings of the National Academy of Sciences.
2010; 107:8404–8409.

Jack CR, Lowe VJ, Weigand SD, Wiste HJ, Senjem ML, Knopman DS, Shiung MM, Gunter JL,
Boeve BF, Kemp BJ, Weiner M, Petersen EC. Alzheimer’s Disease Neuroimaging Initiative.

Dennis and Thompson Page 13

Neuropsychol Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Serial PIB and MRI in normal, mild cognitive impairment and Alzheimer’s disease: implications
for sequence of pathological events in Alzheimer’s disease. Brain. 2009; 132:1355–1365.
[PubMed: 19339253]

Jahanshad N, Rajagopalan P, Thompson P. Neuroimaging, Nutrition, and Iron-Related Genes. Invited
Review for Cellular Molecular and Life Science Reviews (CMLS Reviews). 2013:1–13.

Jelic V, Julin P, Shigeta M, Nordberg A, Lannfelt L, Winblad B, Wahlund L-O. Apolipoprotein E e4
allele decreases functional connectivity in Alzheimer’s disease as measured by EEG coherence.
Journal of Neurology, Neurosurgery, and Psychiatry. 1997; 63:59–65.

Jie B, Zhang D, Suk H-I, Wee C-Y, Shen D. Integrating multiple network properties for MCI
identification. Workshop on Machine Learning in Medical Imaging, Medical Image Computing
and Computer Assisted Intervention (MICCAI). 2013:9–16.

Johnson KA, Gregas M, Becker JA, Kinnecom C, Salat DH, Moran EK, Smith EE, Rosand J, Rentz
DM, Klunk WE, Mathis CA, Price JC, DeKosky ST, Fischman AJ, Greenberg SM. Imaging of
amyloid burden and distribution in cerebral amyloid angiopathy. Annals of Neurology. 2007;
62:229–234. [PubMed: 17683091]

Koch W, Teipel S, Mueller S, Buerger K, Bokde ALW, Hampel H, Coates U, Reiser M, Meindl T.
Effects of aging on default mode network activity in resting state fMRI: Does the method of
analysis matter? NeuroImage. 2010; 51:280–287. [PubMed: 20004726]

Larson-Prior L, Zempel J, Nolan T, Prior F, Snyder A, Raichle ME. Cortical network functional
connectivity in the descent to sleep. PNAS. 2009; 106:4489–4494. [PubMed: 19255447]

Levy R. Aging-associated cognitive decline. International Psychogeriatrics. 1994; 6:63–68. [PubMed:
8054494]

Li W, Antuono PG, Xie C, Chen G, Jones JL, Ward DB, et al. Changes in regional cerebral blood flow
and functional connectivity in the cholinergic pathway associated with cognitive performance in
subjects with mild Alzheimer’s disease after 12-week donepezil treatment. NeuroImage. 2012;
60:1083–1091. [PubMed: 22245641]

Lorenzi M, Beltramello A, Mercuri NB, Canu E, Zoccatelli G, Pizzini FB, et al. Effect of memantine
on resting state default mode network activity in Alzheimer’s disease. Drugs & Aging. 2012;
28:205–217. [PubMed: 21250762]

Machulda MM, Jones DT, Vemuri P, McDade E, Avula R, Przybelski S, et al. Effect of APOE ε4
status on intrinsic network connectivity in cognitively normal elderly subjects. Arch Neurol. 2011;
68:1131–1136. [PubMed: 21555604]

Madsen S, Rajagopalan P, Joshi SH, Toga AW, Thompson PM. Alzheimer’s Disease Neuroimaging
Initiative (ADNI). Elevated homocysteine is associated with thinner cortical gray matter in 803
ADNI subjects. Neurobiology of Aging. 2013 Accepted.

Meunier D, Achard S, Morcom A, Bullmore E. Age-related changes in modular organization of human
brain functional networks. NeuroImage. 2009; 44:715–723. [PubMed: 19027073]

Milham MP, Erickson KI, Banich MT, Kramer AF, Webb A, Wszalek T, Cohen NJ. Attentional
Control in the Aging Brain: Insights from an fMRI Study of the Stroop Task. Brain and Cognition.
2002; 49:277–296. [PubMed: 12139955]

Mormino EC, Smiljic A, Hayenga AO, H Onami S, Greicius MD, Rabinovici GD, et al. Relationships
between Beta-Amyloid and Functional Connectivity in Different Components of the Default Mode
Network in Aging. Cerebral Cortex. 2011; 21:2399–2407. [PubMed: 21383234]

Mowinckel AM, Espeseth T, Westlye LT. Network-specific effects of age and in-scanner subject
motion: A resting-state fMRI study of 238 healthy adults. NeuroImage. 2012; 63:1364–1373.
[PubMed: 22992492]

Murphy K, Birn RM, Handwerker DA, Jones TB, Bandettini PA. The impact of global signal
regression on resting state correlations: are anti-correlated networks introduced? NeuroImage.
2009; 44:893–905. [PubMed: 18976716]

Nir TM, Jahanshad N, Villalon-Reina JE, Toga AW, Jack CR, Weiner MW, Thompson PM.
Effectiveness of regional DTI measures in distinguishing Alzheimer’s disease, MCI, and normal
aging. NeuroImage: Clinical. 2013; 3:180–195. [PubMed: 24179862]

Dennis and Thompson Page 14

Neuropsychol Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



O’Sullivan M, Jones DK, Summers PE, Morris RG, Williams SC, Markus HS. Evidence for cortical
“disconnection” as a mechanism of age-related cognitive decline. Neurologia i Neurochirurgia
Polska. 2001; 57:632–638.

Petrella JR, Sheldon FC, Prince SE, Calhoun VD, Doraiswamy PM. Default mode network
connectivity in stable vs progressive mild cognitive impairment. Neurology. 2011; 76:511–517.
[PubMed: 21228297]

Plassman BL, Langa KM, Fisher GG, Heeringa SG, Weir DR, Ofstedal MB, Burke JR, Hurd MD,
Potter GG, Rodger WL, Steffens DC, Willis RJ, Wallace RB. Prevalence of dementia in the
United States: The aging, demographics, and memory study. Neuroepidemiology. 2007; 29:125–
132. [PubMed: 17975326]

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spurious but systematic correlations in
functional connectivity MRI networks arise from subject motion. NeuroImage. 2012; 59:2142–
2154. [PubMed: 22019881]

Protas HD, Kepe V, Hayashi KM, Klunder AD, Braskie MN, Ercoli L, Siddarth P, Bookheimer SY,
Thompson PM, Small GW, Barrio JR, Huang SC. Prediction of Cognitive Decline Based on
Hemispheric Cortical Surface Maps of FDDNP PET. NeuroImage. 2012; 61:749–760. [PubMed:
22401755]

Rabinovici GD, Furst AJ, O’Neil JP, Racine CA, Mormino EC, Baker SL, Chetty S, Patel P, Pagliaro
TA, Klunk WE, Mathis CA, Rosen HJ, Miller BL, Jagust WJ. 11-C-PIB PET imaging in
Alzheimer disease and frontotemporal lobar degeneration. Neurologia i Neurochirurgia Polska.
2007; 68:1205–1212.

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A default mode of
brain function. PNAS. 2001; 98:676–682. [PubMed: 11209064]

Rajagopalan P, Hua X, Jack CR, Weiner MW, Toga AW, Thompson PM. ADNI. Homocysteine levels
are associated with regional brain volumes in 732 elderly subjects. NeuroReport. 2011; 22:391–5.
[PubMed: 21512418]

Rajagopalan P, Jahanshad N, Stein JL, Kohannim O, Hibar DP, Hua X, Toga AW, Jack CR Jr, Saykin
AJ, Green RC, Weiner MW, Thompson PM. Alzheimer’s Disease Neuroimaging Initiative*.
Commonly carried C677T risk variant in the folate pathway candidate gene, MTHFR, promotes
brain deficits in the cognitively impaired elderly. NeuroImage: Clinical. 2012; 1:179–187.
[PubMed: 24179750]

Rajagopalan P, Toga AW, Jack CR Jr, Weiner MW, Thompson PM. Alzheimer’s Disease
Neuroimaging Initiative*. Fat-mass related hormone, plasma leptin, predicts brain volumes in the
elderly. NeuroReport. 2013b; 24:58–62. [PubMed: 23238164]

Raz N, Gunning FM, Head D, Dupuis JH, McQuain J, Briggs SD, Loken WJ, Thornton AE, Acker JD.
Selective Aging of the Human Cerebral Cortex Observed in Vivo: Differential Vulnerability of the
Prefrontal Gray Matter. Cerebral Cortex. 1997; 7:268–282. [PubMed: 9143446]

Rubinov M, Sporns O. Complex network measures of brain connectivity: uses and interpretations.
NeuroImage. 2010; 52:1059–1069. [PubMed: 19819337]

Sanz-Arigita, EJ.; Schoonheim, MM.; Damoiseaux, JS.; Rombouts, SARB.; Maris, E.; Barkhof, F.;
Scheltens, P.; Stam, CJ. Loss of “Small-World” Networks in Alzheimer’s Disease: Graph Analysis
of fMRI Resting-State Functional Connectivity. In: Breitner, JCS., editor. PLoS ONE. Vol. 5.
2010. p. e13788

Satterthwaite TD, Wolf DH, Loughead J, Ruparel K, Elliot MA, Hakonarson H, et al. Impact of in-
scanner head motion in multiple measures of functional connectivity: Relevance for studies of
neurodevelopment in youth. NeuroImage. 2012; 60:623–632. [PubMed: 22233733]

Scarmeas N, Luchsinger JA, Schupf N, Brickman AM, Cosentino S, Tang MX, Stern Y. Physical
activity, diet, and risk of Alzheimer disease. JAMA. 2009; 302:627–637. [PubMed: 19671904]

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, Reiss AL, Greicius MD.
Dissociable Intrinsic Connectivity Networks for Salience Processing and Executive Control.
Journal of Neuroscience. 2007; 27:2349–2356. [PubMed: 17329432]

Sheline YI, Morris JC, Snyder AZ, Price JL, Yan Z, D’Angelo G, et al. APOE4 allele disrupts resting
state fMRI connectivity in the absence of amyloid plaques of decreased CSF Aβ42. J
Neuroscience. 2010; 30:17035–17040.

Dennis and Thompson Page 15

Neuropsychol Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Sheline YI, Raichle ME, Snyder AZ, Morris JC, Head D, Wang S, Mintun MA. Amyloid Plaques
Disrupt Resting State Default Mode Network Connectivity in Cognitively Normal Elderly. BPS.
2010; 67:584–587.

Sorg C, Riedl V, Mühlau M, Calhoun VD, Eichele T, Läer L, Drzezga A, Förstl H, Kurz A, Zimmer C,
Wohlschläger. Selective changes of resting-state networks in individuals at risk for Alzheimer’s
disease. PNAS. 2007; 104:18760–18765. [PubMed: 18003904]

St Jacques P, Dolcos F, Cabeza R. Effects of aging on functional connectivity of the amygdala during
negative evaluation: A network analysis of fMRI data. Neurobiology of Aging. 2010; 31:315–327.
[PubMed: 18455837]

Stam CJ, de Haan W, Daffertshofer A, Jones BF, Manshanden I, van Cappellen van Walsum AM,
Montez T, Verbunt JPA, de Munck JC, van Dijk BW, Berendse HW, Scheltens P. Graph
theoretical analysis of magnetoencephalographic functional connectivity in Alzheimer’s disease.
Brain. 2009; 132:213–224. [PubMed: 18952674]

Stam C, Jones B, Nolte G, Breakspear M, Scheltens P. Small-World Networks and Functional
Connectivity in Alzheimer’s Disease. Cerebral Cortex. 2007; 17:92–99. [PubMed: 16452642]

Supekar, K.; Menon, V.; Rubin, D.; Musen, M.; Greicius, MD. Network Analysis of Intrinsic
Functional Brain Connectivity in Alzheimer’s Disease. In: Sporns, O., editor. PLoS computational
biology. Vol. 4. 2008. p. e1000100

Thomason ME, Dassanayake MT, Shen S, Katkuri Y, Alexis M, Anderson AL, Yeo L, Mody S,
Hernandez-Andrade E, Hassan SS, Studholme C, Jeong J-W, Romero R. Cross-hemispheric
functional connectivity in the human fetal brain. Science Translational Medicine. 2013; 5:173ra24.

Thompson, PM.; Stein, JL.; Medland, SE.; Hibar, DP.; Vasquez, AA.; Renteria, M., et al. The
ENIGMA Consortium: Large-scale collaborative analyses of neuroimaging and genetic data. In:
Van Horn, JD., editor. Brain Imaging & Behavior, Special Issue on Imaging Genetics. 2014. In
Press

Toga AW, Thompson PM. Connectomics Sheds New Light on Alzheimer’s Disease. Biological
Psychiatry. 2013; 73:390–2. [PubMed: 23399468]

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix N, Mazoyer B,
Joliot M. Automatic anatomical labeling of activations in SPM using a macroscopic anatomical
parcellation of the MNI MRI single-subject brain. NeuroImage. 2002; 15:273–289. [PubMed:
11771995]

Van Dijk KRA, Sabuncu MR, Buckner RL. The influence of head motion on intrinsic functional
connectivity MRI. NeuroImage. 2012; 59:431–438. [PubMed: 21810475]

Wang K, Liang M, Wang L, Tian L, Zhang X, Li K, Jiang T. Altered functional connectivity in early
Alzheimer’s disease: A resting-state fMRI study. Human Brain Mapping. 2007; 28:967–978.
[PubMed: 17133390]

Wang L, Zang Y, He Y, Liang M, Zhang X, Tian L, Wu T, Jiang T, Li K. Changes in hippocampal
connectivity in the early stages of Alzheimer’s disease: Evidence from resting state fMRI.
NeuroImage. 2006; 31:496–504. [PubMed: 16473024]

Wu J-T, Wu H-Z, Yan C-G, Chen W-X, Zhang H-Y, He Y, Yang H-S. Neuroscience Letters.
Neuroscience Letters. 2011; 504:62–67. [PubMed: 21925236]

Zalesky A, Fornito A, Harding IH, Cocchi L, Yücel M, Pantelis C, Bullmore ET. Whole-brain
anatomical networks: Does the choice of nodes matter? NeuroImage. 2010; 50:970–983.
[PubMed: 20035887]

Zhang H-Y, Wang S-J, Xing J, Liu B, Ma Z-L, Yang M, Zhang Z-J, Teng G-J. Detection of PCC
functional connectivity characteristics in resting-state fMRI in mild Alzheimer’s disease.
Behavioural Brain Research. 2009; 197:103–108. [PubMed: 18786570]

Dennis and Thompson Page 16

Neuropsychol Rev. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Seed-based analyses show reduction in anterior-posterior connectivity in healthy aging
(A) For a seed placed in the mPFC, positive correlations with the mPFC time course

exceeding a threshold of r = 0.1 are colored in red to yellow and averaged for all young

participants (top) and all old participants (middle). A direct comparison of the two groups

using the young-old contrast (bottom) highlights voxels at a significance level of p < 0.01.

The young group shows higher correlations with many regions comprising the network. (B)

The reverse scenario when a seed is placed in the pC/rsp. Functional correlations between

the pC/rsp and both the mPFC and the bilateral LatPar, as well as some hint of the HF,

decline in old age. Reprinted with permission from Andrews-Hanna et al., 2007.
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Figure 2. Graph analyses show differences in module size and composition with age
Anatomical representations for average young (c) and older (d) population networks. Lower:

Topological representation (minimizing free energy) for average young (e) and older (f)

brain networks. Reprinted with permission from Meunier et al., 2009.
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Figure 3. Overlap of β-amyloid deposition and DMN regions
One sample t-test of DMN best-fit components (yellow), 2-sample t-test comparing high-

and low-PiB subjects (blue), and their overlap (red) are displayed. These maps highlight

congruence and lack of congruence between the DMN and the brain regions showing high

levels of Aβ deposition. The greatest amount of overlap is in the precuneus/posterior

cingulate, medial prefrontal, and angular gyri. Although PiB uptake is more diffuse than the

DMN, there is minimal overlap in retrosplenial and medial temporal portions of the DMN.

Reprinted with permission from Mormino et al., 2011.
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Figure 4. Network connectivity decreases with increasing CDR (clinical dementia rating)
Each row shows the correlation map obtained for a given network using a representative

seed ROI. For these maps, the left MT+ was used as a seed region for the DAN; the dorsal

mPFC for the CON; the dorsal anterior cingulate cortex for the SAL; and the supplementary

motor area for the SMN. Reprinted with permission from Brier et al., 2012.
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Figure 5. DMN goodness-of-fit is a significant predictor of conversion to AD
(A) The template mask used for the goodness-of-fit index. Color overlay created from DMN

component in normal control subjects based on a one-sample t test corrected for multiple

comparisons using a family-wise error correction (p < 0.05) and cluster size threshold of 10

voxels. (B) MCInc (mild cognitive impairment non-converters) DMN. (C) MCIc (MCI

converters) DMN. Cover overlays display the results of one-sample t tests in SPM8,

corrected for multiple comparisons using a family-wise error correction (p < 0.05). Adapted

with permission from Petrella et al., 2011.
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Figure 6. Loss of long-distance functional connections in AD
Connectivity pattern of AD and healthy groups (left and right panels, respectively). Color-

coded vertices correspond to individual AAL ROIs included in the orbital (yellow), medial

(red) and dorsolateral frontal regions (light green), parietal (deep green) and occipital lobes

(gray), the cuneus and lingual cortices (black). The upper 2-dimensional graphs (orientation:

front-down and left-right) represent the changes in functional connections: solid lines (left)

correspond to increases and dashed lines decreases in connectivity in AD (right). Lower

figures (orientation: front-left) represent the projections of AD (right) and healthy networks

(left) embedded in a 3-dimensional AAL brain template. The graphs demonstrate a net loss

of long-distance fronto-parietal and fronto-occipital functional connections (for both groups,

T = 0.05; K = 10). Reprinted with permission from Sanz-Arigita et al., 2010.
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Table 1

Studies examining functional connectivity in healthy aging or Alzheimer’s disease.

Healthy Aging

Authors Subjects Method

Andrews-Hanna et al., 2008 38 (20 F) 18-34 y, 55 (37 F) 60-93 y Seed-based

St. Jacques et al., 2010 15 (all F) 24.8 y, 15 (all F) 70.23 y Seed-based

Wu et al., 2011 18 (9 F) 22-33 y, 22 (12 F) 60-80 y Seed-based

Damoiseaux et al., 2008 10 (5 F) 22.8 y, 22 (13 F) 70.7 y ICA

Ystad et al., 2010 100 (64 F) 49-80 y ICA

Koch et al., 2010 17 (10 F) 21-32 y, 21 (11 F) 56-83 y ICA

Achard & Bullmore, 2007 17 (8 F) 18-33 y, 13 (7 F) 62-76 y Graph theory

Meunier et al., 2009 17 (8 F) 18-33 y, 13 (7 F) 62-76 y Graph theory

Hedden et al., 2009 38 (22 F) 60-88 y, amyloid burden Seed-based

Mormino et al., 2011 44 (29 F) 74.6 y, amyloid burden ICA

Alzheimer’s and Mild Cognitive Impairment

Authors Subjects Method

Wang et al., 2006 13 AD (8 F) 70.1 y, 13 HC (8 F) 69.5 y Seed-based

Wang et al., 2007 14 AD (7 F) 70.2 y, 14 HC (7 F) 69.6 y Seed-based

Allen et al., 2007 8 AD (6 F) 77.5 y, 8 HC (4 F) 77.5 y Seed-based

Zhang et al., 2009 16 AD (10 F) 71.6 y, 16 HC (9 F) 71.3 y Seed-based

35 AD (22 F) 75.3 y, 20 PiB+ (12 F) 72.7 y, 48 PiB- (32 F)

Sheline et al., 2010 73.6 y Seed-based

Brier et al., 2012 510 (270 F) 77 y: 386 CDR 0, 91 CDR 0.5, 33 CDR 1 Seed-based and ICA

Greicius et al., 2004 13 AD (7 F) 68-83 y, 14 HC (9 F) 66-89 y ICA

Sorg et al., 2007 24 aMCI (11 F) 58-80 y, 16 HC (6 F) 63-73 y ICA

12 AD (5 F) 72 y, 11 MCIc (3 F) 76.2 y, 20 MCInc (13 F)

Petrella et al., 2011 72.3 y, 25 HC (14 F) 70.8 y ICA

Damoiseaux et al., 2012 21 AD (12 F) 64.2 y, 18 HC (6 F) 62.7 y ICA

13 AD (5 F) 74.5 y, 12 aMCI (6 F) 69.1 y, 13 HC (8 F)

Agosta et al., 2012 68.5 y ICA

Binnewijzend et al., 2012 39 AD (16 F) 67 y, 23 MCI (8 F) 71 y, 43 HC (20 F) 69 y ICA

Supekar et al., 2008 21 AD (11 F) 48-83 y, 18 HC (8 F) 37-77 y Graph theory

Buckner et al., 2009 10 AD (4 F) 71.5 y, 29 HC (14 F) 71.6 y Graph theory and seed

Sanz-Arigita et al., 2010 18 AD (9 F) 59-79 y, 21 HC (13 F) 60-81 y Graph theory

Jie et al., 2013 12 MCI (6 F) 75.0 y, 25 HC (16 F) 72.9 y Graph theory

Brier et al., 2013 326 (211 F) 43-89 y: 205 CDR 0, 90 CDR 0.5, 31 CDR 1 Graph theory
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