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ABSTRACT

The goal of this critical review is to provide a comprehensive review of the default‐
mode network (DMN) – a network of brain regions that is active when an individual is not
focused on the outside world. A brief description of the default‐mode network’s history
and anatomy will be provided, followed by a discussion of its putative role in disease and
recovery. The latter will entail a discussion that encompasses autism, schizophrenia,
Alzheimer’s disease, anxiety and depression, epilepsy, ADHD, and traumatic brain injury.
This thesis is intended to benefit future authors and facilitate the advancement of study
within the field.
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Introduction

Cognitive neuroscientists seek to understand how the structure and function of the
brain relates to specific psychological processes. By employing neuroimaging techniques,
most notably positron‐emission tomography (PET) and blood‐oxygen‐level‐dependent
functional magnetic resonance imaging (BOLD fMRI), researchers are able to identify the
areas of the brain associated with certain cognitive, motor, and sensory tasks. By the mid
1990’s, several hundred of these studies had been conducted. These early studies imaged
the brain during epochs of activity and rest (Buckner, Andrews‐Hanna, & Schacter 2008).
Since passive tasks were thought to reflect baseline neural activity, researchers expected to
find regions of the brain displaying increased activity during the transition to all goal‐
directed behavior.

Even though these early studies were not designed to explore the passive state,
relevant data was nonetheless collected because of the common practice of using a resting
state as an experimental control (Buckner et al. 2008). These initial studies revealed that
activity in specific brain regions increased during the transition to resting control states
and decreased during the transition to focused goal‐directed behaviors (Buckner et al.
2008). Subsequent advances in the field have since localized these changes to a consistent
set of anatomical regions, which have come to be known as the default‐mode network
(DMN).
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This review is specifically concerned with the study of the default‐mode network
and the directions future research might take. This review will begin with a brief
description of the default‐mode’s history and anatomy, followed by a review of several
empirical studies explicating the default‐mode network’s role in disease and recovery. The
latter will entail a discussion that encompasses, autism, schizophrenia, Alzheimer’s disease,
anxiety and depression, epilepsy, ADHD, and traumatic brain injury. This review will
conclude by summarizing the information presented and stressing the importance of
continued research within the field.
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Discovery of the Default‐mode Network

Like most scientific discoveries, the default‐mode network owes its existence to a
myriad of contributors drawing insight from the findings of their predecessors. The
detection of the DMN can therefore not be attributed to one discovery, but a succession of
findings. A summary of these findings is provided in the following chapter.

Initial evidence for the default network began accumulating when Sokoloff et al.
(1955) speculated that a challenging arithmetic problem would warrant increased cerebral
circulation and metabolism. Building on the knowledge that mental activity modulates local
blood flow (James 1890), the authors (Sokoloff et al. 1955) set out to examine the widely
held view that a more engaged brain is a more active brain. To their surprise, the authors
discovered no changes in cerebral blood flow, cerebral oxygen consumption, and cerebral
vascular resistance during the transition from rest states to the performance of mental
arithmetic problems (Sokoloff et al. 1955). These results remained relatively unclear until
David Ingvar (1979) investigated regional cerebral blood flow specifically during rest, as
opposed to changes in cerebral blood flow between rest and focused cognitive effort.

In his study, Ingvar (1979) measured regional cerebral blood flow in 11 patients
undergoing carotid angiography (with normal findings) using the intra‐arterial 133 Xenon
clearance technique. The study revealed that these patients showed a distribution of grey
matter blood flow with a hyperfrontal pattern (Ingvar 1979). Additionally, blood flow
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within these frontal regions was significantly (20‐40%) higher than their postcentral,
occipital, and temporal counterparts (Ingvar 1979). Because blood flow is regulated by
neuronal activity, Ingvar (1979) suggested that this hyperfrontal pattern represented high
activity in frontal “efferent” (motor‐behavior) regions and low activity in the post‐central
and temporal “afferent” (sensory‐gnostic cortical areas) regions during resting
wakefulness. These findings were important for two reasons: they indicated that 1) brain
activity persists in the absence of external task direction – a likely indicator as to why
Sokoloff (1955) found negligible changes in cerebral blood flow between rest and task
states – and 2) resting neuronal activity is localized to a specific set of anatomical regions.

Andreasen and colleagues (1995) expanded on Ingvar’s (1979) findings when they
set out to explore brain regions supporting episodic memory. In their study, the authors
were faced with the difficult challenge of delineating an experimental control (Andreasen
et al. 1995). No longer could the resting brain be used as a suitable baseline, because of the
intrinsic nature inherent in an autobiographical memory task (Andreasen et al. 1995).
Instead, the authors explored whether internally directed cognition, characteristic of
autobiographical memory task states, also makes a contribution to resting states
(Andreasen et al. 1995). To accomplish this feat, the group compared brain activity
between both resting and memory tasks to a third control condition, absent of the other
two (Andreasen et al. 1995). Their results (Andreasen et al. 1995) confirmed their
suspicions and verified that the same brain regions engaged during episodic memory, were
also active at rest. Furthermore, by asking their participants to qualify their mental
experiences, Andreasen and colleagues (1995) were able to garner an early understanding
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of what REST (Random Episodic Silent Thinking) just might entail. Andreasen et al. (1995)
writes, “On the basis of discussions with subjects who have been imaged during this state,
we know that the typical mental activity during ‘rest’ is in fact quite vigorous and consists
of a mixture of freely wandering past recollection, future plans, and other personal
thoughts and experiences.” These results were important because they provided initial
insight into the function of a resting network of brain regions only recently deemed active.

A series of meta‐analyses (Shulman et al. 1997 and Mazoyer et al. 2001) were then
performed in hopes of quantifying the dynamicity of a network that scientists had
originally thought silent. These meta‐analyses collected data from roughly 200 studies to
determine the consistency of blood flow decreases across experiments during active tasks
relative to passive viewing of the same stimulus array (Shulman et al. 1997 and Mazoyer et
al. 2001). The two meta‐analyses arrived at the same conclusion independently. Their
results illuminated that researchers were consistently identifying a remarkably similar set
of brain regions active in the absence of external task direction (Shulman et al. 1997 and
Mazoyer et al. 2001). More detail on these two meta‐analyses will be provided in the next
chapter, as their results provided an anatomical template for which others have since been
able to expand.

The results of these two analyses led way for Gusnard & Raichle’s review in 2001.
Their review was important because it summarized the findings of their predecessors and
gave name to this organized mode of brain function whose mounting evidence necessitated
such an appointment. Since Gusnard & Raichele (2001) coined the term the “default‐mode,”
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the default‐mode network has been the subject of thousands of cognitive and clinical
studies whose major findings will be discussed in the chapters to follow.
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Anatomy of the Default‐mode Network

A depiction of the default‐mode network’s anatomy initially developed from meta‐
analyses by Shulman et al. (1997) and Mazoyer et al. (2001). While the previous chapter
was intended to highlight key studies that led to the default‐mode network’s discovery, the
following sections will elaborate on Shulman et al. (1997) and Mazoyer et al.’s (2001)
results to delineate the set of brain regions they identified.

Shulman and colleagues (1997) pooled data from nine PET studies to determine if
the human brain produced consistent blood flow decreases during active tasks relative to
passive viewing of the same stimulus array. The studies were selected for their
methodology, for which experiments where an active task – word reading, active stimulus
classification, etc. – was directly compared to a passive task that presented the same visual
words or pictures but contained no directed task goals (Buckner et al. 2008). Shulman’s
results (1997) showed that same brain regions were more active during passive conditions
than when goal‐directed conditions were applied. These brain regions included the
posterior cingulated cortex (PCC) / precuneus (Brodmann Area, BA 31/7), left and right
inferior parietal cortex (BA 40), left dorsolateral frontal cortex (BA 8), left lateral inferior
frontal cortex (BA 10/47), left inferior temporal gyrus (BA 20), a strip of medial frontal
regions running along a dorsal‐ventral axis (BAs 8, 9, 10, and 32), and the right amygdala
(Shulman et al. 1997).
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Shulman’s work (1997) was expanded by Mazoyer et al. (2001) who, using a similar
approach, pooled data from PET studies that compared the brain engaged in both visually
and aurally cued tasks to passive rest conditions (Buckner et al. 2008). Like Shulman
(1997), Mazoyer (2001) confirmed that researchers were consistently identifying a similar
set of brain regions more active during rest conditions than task conditions. Mazoyer’s
(2001) results were therefore important, not because of their novelty, but because they
identified a remarkably similar set of brain regions previously uncovered by Shulman
(1997). The results of these studies are transcribed from Mazoyer et al. (2001) and
duplicated in Table 1.
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Foci are identified by their stereotactic coordinates and Brodmann area number according to the Talairach atlas. Cells
in gray indicate mismatch between the 2 studies. D, euclidian distance in the Talairach space between corresponding
foci; L, left; R, right. This table and caption are transcribed from Mazoyer et al. (2001) with permission from Elsevier.
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The next challenge arose in distinguishing the function served by each of these
identified regions. Gusnard & Raichele (2001) provided a good starting point, rationalizing
that some indication of their function might be provided by what current knowledge of
these areas of the brain had already suggested. They began by dividing these areas into
four subdivisions based on their anatomical location. These subdivisions encompassed the
posterior medial cortices, posterior lateral cortices, ventral medial prefrontal cortex, and
dorsal medial prefrontal cortex (Gusnard & Raichele 2001). They described current
knowledge of these brain regions, and then conjectured as to what their possible role may
be during rest. A visual representation of these four brain regions is provided in Figure 1.

Figure 1: Task-independent decreases observed in functional imaging experiments. The
coloured areas on the lateral and medial surfaces of the cerebral cortex (Van Essen & Drury 1997)
summarize the decreases observed in nine functional brain-imaging studies that were carried out
using positron emission tomography (PET) (Shulman et al. 1997). In these studies, which involved
132 normal adults, subjects had to process various stimuli in the tasks of interest, such as detecting
targets, setting up sequencing task operations, establishing an intention and performing languagerelated tasks; in the control state, they passively viewed the same visual stimuli. The results were
similar when a sample visual-fixation task was used. These decreases are remarkable for their task
independence. The only common feature among the tasks, beyond the fact that they involved visual
stimuli, was that they required active goal-directed behaviour. Adapted by permission from Macmillan
Publishers Ltd: [Nature] (October 2001, Volume 2, 686), copyright (2001).
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Posterior Medial Cortices

The posterior medial cortices include the posterior and medial portions of the
cerebral cortex. The cerebral cortex consists of a folded sheet of neural gray matter that
covers the cerebrum and cerebellum in the mammalian brain. This particular region of the
cerebral cortex has been attributed to playing an important role in a variety of processes.
These include: 1) visuospatial processing (Gusnard & Raichele 2001); 2) monitoring
sensory events particular to one’s own behavior, spatial orientation, and memory (Vogt,
Finch, & Olson 1992); 3) representation of the visual periphery (Baker, Petersen,
Newsome, & Allman 1981); and 4) emotional processing (Maddock 1999).

In humans, the posterior cingulated cortex, precuneus and retrosplenial cortices
(Rsp) have been found to consume more glucose than any other area of the cerebral cortex
(Gusnard & Raichele 2001). Since glucose is the primary fuel for brain energy metabolism,
its heavy consumption indicates acute neural activity (Gusnard & Raichele 2001). This is
consistent with the high level of information processing seen within these regions during
rest (Logothetis, Pauls, Augath, Trinath, & Oeltermann 2001), and provides an explanation
as to why regions of the medial parietal cortex have shown decreased activity during the
transition from rest to goal‐directed behavior (Gusnard & Raichele 2001).

With this information in mind, Gusnard & Raichele (2001) hypothesized that the
posterior cingulated cortex and adjacent precuneus are regions of the brain designed to
continuously gather information about the world around and within us. They also
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speculated about its evolutionary origins, noting the inherent advantage the structures
provide. They wrote, “Detection of predators, for example, should not, in the first instance,
require the intentional allocation of attentional resources. These resources should be
allocated automatically, and be continuously available. Only when the successful
performance of a task demands focused attention should this broad information‐gathering
activity be curtailed.” Their hypothesis provides a mechanism for which the default‐mode
network might initially have evolved.
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Posterior Lateral Cortices

The posterior lateral cortices encompass the following areas as identified by
Shulman et al. (1997) and Mazoyer et al. (2001): Brodmann areas (BA) 40 and 39 (inferior
parietal lobe) and BA 22 (temporal lobe) and 19 (occipital lobe) in a broad area at the
posterior end of the Sylvian fissure and the superior temporal sulcus (Gusnard & Raichele
2001). The function of these brain regions correlates roughly with their anatomical
location (Gusnard & Raichele 2001). Areas more dorsal and right lateralized exhibit task‐
independent decreases in response to invalid locations (Corbetta et al. 2007) and novel
movement patterns (Jenkins, Brooks, Nixon, Frackowiak & Passingham 1994), whereas
regions on the equivalent left side exhibit the same decreases during the recall of episodic
memories (Donaldson as cited in Gusnard & Raichele 2001). Finally, the more ventral
group, described as being along the posterior portion of the superior temporal sulcus, is
suspected to be responsible for the detection and analysis of biological motion (Gusnard &
Raichele 2001). In summary, the task‐independent decreases throughout the posterior
lateral cortices are thought to occur in regions of the brain responsible for orienting
individuals to a variety of stimuli (Gusnard & Raichele 2001).

Additional task‐independent decreases have been observed in the posterior lateral
cortices, but it should be noted that they encompass a broader area than those regions
previously described. In a region that includes the medial and lateral parietal cortices in
addition to the posterior lateral cortices, task‐independent decreases have been observed
during rapid‐eye‐movement and slow wave sleep (Maquet 2000), deepening anesthesia
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(Fiset et al. 1999), and a persistent vegetative state (Laureys et al. 1999). Because of the
brain function posited to mediate these tasks, these findings allow for the exciting
possibility that the default‐mode network may play a role in conscious awareness (Gusnard
& Raichele 2001).
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Ventral Medial Prefrontal Cortex

The ventral medial prefrontal cortex, or ventromedial prefrontal cortex (vMPFC), is
in the frontal lobe of the mammalian brain. It is said to occupy Brodmann area 10 (Finger
2008), which can be subdivided into orbital and medial networks (Gusnard & Raichele
2001). The orbital network has been shown to receive a range of sensory information from
the body and the external environment (Ongur & Price 2000). It then relays this
information to the brain’s limbic structures – the amygdala, ventral striatum,
hypothalamus, mid‐brain periaqueductal grey region, and brainstem autonomic nuclei (as
cited in Gusnard & Raichele 2001). The interplay between these two regions suggests that
the vMPFC integrates the visceromotor aspects of emotion with information gathered from
both the internal and external world (Gusnard & Raichele 2001). The vMPFC displays
prominent decreases in activity during a wide range of goal‐directed behaviors. Because
the ventral medial prefrontal cortex is implicated in aspects of emotional processing, it has
been suggested that these task‐independent decreases indicate continuous interplay
between cognitive and emotional processes during rest (Gusnard & Raichele 2001).
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Dorsal Medial Prefrontal Cortex

The dorsal medial prefrontal cortex (dMPFC) occupies Brodmann Areas 8, 9, and 10
and the adjacent paracingulated sulcus (Gusnard & Raichele 2001). Functional imaging
studies have reported increased activity within these regions during a variety of cognitive
processes. One of these processes entails the monitoring and reporting of mental states
(Gusnard & Raichele 2001). This can involve self‐generated thoughts (McGuire, Paulesu,
Frackowiak, & Frith 1996), intended speech (McGuire, Silbersweig, & Frith 1996), and
emotional processing (Gusnard et al. 2001). The nature of these increases indicates the role
of the dMPFC in dictating states of self (Gusnard & Raichele 2001).

This region of the brain also behaves uniquely by generating spontaneous bouts of
activity during rest. These bouts have been described as “stimulus‐independent thoughts”
(Teasdale et al. 1995), “task‐unrelated imagery and thought” (Giambra 1995), and “stream
of consciousness” (Andreasen 1995). While the exact purpose of this activity remains
unknown, one theory posits that it represents some kind of inner rehearsal – a medium for
which humans can process future scenarios to ultimately make better choices, and
optimize one’s future (as cited in Gusnard & Raichele 2001). Regardless of its exact
function, it is clear the DMPFC plays a role in dictating states of self and some form of
introspective processing just described (Gusnard & Raichele 2001).
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Table 2 is included to summarize the default‐mode network as discovered by
Shulman (1997) and Mazoyer (2001) and then described by Gusnard & Raichele (2001).
The table lists the function of each brain region and enumerates what causes each region to
display task‐independent decreases. The latter was included to elucidate each region’s
potential role at rest.
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Alternative Interpretation

Gusnard & Raichele (2001) saw fit to describe the default‐mode network in
deference to its anatomical structure. However, subsequent advances in the field have
posited to describe the DMN with respect to its function. For the remainder of this review,
the default‐mode network will be described by its task‐negative and task‐positive
components.

The task‐negative network is the network that typically characterizes the resting‐
state and is often used synonymously with the default‐mode (Broyd et al. 2008). It gets its
name because of the antagonism it displays between its activation and task performance
(Broyd et al. 2008). Regions thought to comprise the task‐negative network include the
precuneus/posterior cingulated cortex, medial prefrontal cortex, and medial, lateral and
inferior parietal cortex (Broyd et al. 2008).

The task‐positive network is thought to facilitate the transition to goal‐directed
behavior by orienting attention in response to unexpected or novel environment cues
(Broyd et al. 2008). The task‐positive network is thought to include the dorsolateral
prefrontal cortex, inferior parietal cortex, and supplementary motor area (as cited in Broyd
et al. 2008). The task‐positive network and the DMN are typically anti‐correlated so that
activation of the task‐positive network accompanies the attenuation of the DMN (Broyd et
al. 2008). Therefore, during the transition to a goal‐directed state, there are areas of the
default‐mode network displaying both increases (activations) and decreases
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(deactivations) in activity.
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Relevance To Brain Injury and Disease

The previous chapter identified key regions of the default‐mode network. These
regions include, but are not limited to, the ventral medial prefrontal cortex, posterior
cingulated / retrosplenial cortex, inferior parietal lobule, portions of the temporal and
occipital lobes (BA 22 and 19), and the dorsal medial prefrontal cortex. Several cognitive
diseases have been linked to the default‐mode network because they affect brain function
in these regions. These diseases include autism, schizophrenia, Alzheimer’s disease,
depression and anxiety, epilepsy, and ADHD. In addition, functional connectivity studies
are making use of the default‐mode network as a clinical tool to assess recovery following
traumatic brain injury. The following sections will describe the default‐mode network as it
relates to these cognitive disorders and assess its potential to be used as a clinical tool to
treat them.
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Autism Spectrum Disorders

The autism spectrum disorders (ASD) (autism, Asperger syndrome, and pervasive
developmental disorder) are disorders of neural development that affect roughly 11 per
1000 people in the United States (Baio 2008). Symptoms emerge by early childhood and
are described to affect social interaction and communication. At present, there is no known
cure for autism.

The medial prefrontal cortex (MPFC) was identified as a key region that supports
social interaction skills (Mundy 2003). Because the MPFC is a key region seen in the
default‐mode network, it was natural to explore whether the default network was
disrupted in ASD (Buckner et al. 2008). While early studies focused on whether ASD
accompanies morphological differences in brain structure, subsequent studies have used
fMRI as a tool to assess whether ASD accompanies aberrant default‐mode activity (Buckner
et al. 2008).

Cherkassky et al. (2006) utilized fMRI techniques to assess resting‐state functional
connectivity (RSFC) in autism. Resting‐state functional connectivity studies assess
temporal correlations in spontaneous BOLD signal oscillations in subjects during rest.
Cherkassky et al. 2006 found that patients with autism displayed a resting‐state network
much more loosely connected than that of healthy controls. While the two networks were
similar both in volume and organization, the DMN in autism displays significant functional
underconnectivity in both its anterior and posterior connections (Cherkassky et al. 2006).
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Kennedy et al. (2006) noted that brain activity within the vMPFC and PCC
contaminated goal‐directed activity in patients with autism, whereas it diminished in
healthy controls. Furthermore, individuals who displayed lower levels of task‐induced
deactivation were found to display a greater degree of social impairment (Kennedy et al.
2006). This diminished “deactivation effect” was attributed to reduced levels of activity at
rest, as opposed to normal levels of activity failing to display the appropriate task‐induced
deactivations (Kennedy et al. 2006).

Kennedy & Courchesne (2008) demonstrated reduced connectivity of the resting
network as well, but in regions of the brain linked to social and emotional processing and
not attention and goal‐directed cognition. Their results suggested reduced functional
connectivity within the DMN, specifically the MPFC, but not the task‐positive network
(Kennedy & Courchesne 2008). In addition, these two networks were shown to display
reduced anti‐correlation – thought to reflect an inability to transition out of the default‐
mode network in autism (as cited in Broyd et al. 2008).

In summary, the default‐mode network differs in individuals with autism in four
major ways. First, default network connectivity was shown to be weaker in ASD throughout
both its anterior and posterior connections (Cherkassky et al. 2006 and Kennedy &
Courchesne 2008). Next, reduced DMN deactivation was demonstrated in individuals with
ASD, indicative of its reduced role (Kennedy et al. 2006). Third, individuals with autism
were shown to display altered functional organization of the default network in social and
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emotional processing, but not sustained attention and goal‐directed cognition (Kennedy &
Courchesne 2008). This indicated diminished connectivity in the DMN, but not the TPN
(Kennedy & Courchesne 2008). Finally, individuals with autism displayed reduced levels of
anti‐correlation between these two networks (Kennedy & Courchesne 2008). These
abnormalities suggest that individuals with ASD experience difficulty toggling between the
DMN and TPN during the transition from rest to goal‐directed behavior (as cited in Broyd
et al. 2008). Future studies should investigate whether this reduced DMN activity is the
result of differences in morphology or connectivity. Finally, by investigating why patients
with autism display a propensity for the default‐mode, future authors can attempt to
understand the cognitive mechanism for the introspective behaviors characteristic of the
disorder.
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Schizophrenia

Schizophrenia is a mental disorder characterized by incoherent or illogical thoughts,
bizarre behavior and speech, and delusions or hallucinations (“Schizophrenia” 2000).
Schizophrenia has been linked to the default‐mode network because of the symptoms that
characterize it. Because schizophrenics often form misattributions of thought, it is only
plausible that the problem could originate in the default‐mode network where internal
mentation is expected to occur (Buckner et al. 2008). Research in the field has produced
differing results. These findings are interesting because of the contradiction they present –
evidence of both enhanced and attenuated DMN activity. The following paragraphs will
summarize the papers that have arrived at these conclusions.

Liang et al. (2006) found decreased functional connectivity in schizophrenia during
rest. Theses abnormalities were widely distributed throughout the entire brain rather than
restricted to a few specific brain regions (Liang et al. 2006). Interestingly, in another study,
this same group (Zhou et al. 2007) found increased resting‐state functional connectivity
within and between the default‐mode and task‐positive networks. These mixed results
were not attributed to a changing sample, because significant sample overlap was
maintained between the two studies (Zhou et al. 2007). Instead, the authors (Zhou et al.
2007) speculated that such disparity could be the result of different analytical techniques
used to measure functional connectivity, or the heterogeneity of the disease. In that same
study (Zhou et al. 2007), the default‐mode and task‐positive networks were found to
display enhanced anti‐correlation. This increase was thought to reflect competition
25

between these two interacting subsystems (Zhou et al. 2007).

Individuals suffering from schizophrenia also possess areas of the brain displaying
both increased and decreased DMN deactivation. In 2007, Garrity et al. (2007) found that
patients with schizophrenia displayed increased deactivation in areas of the frontal gyrus,
but decreased activation in the anterior cingulate. Furthermore, Pomarol‐Clotet et al.
(2008) found that patients with schizophrenia displayed reduced activation of the DLPFC
and medial frontal area.

To summarize, individuals suffering from schizophrenia have shown a variety of
abnormal default‐mode activity. This includes: 1) both increased and decreased functional
connectivity in the default‐mode network; 2) decreased connectivity in the task‐positive
network; 3) increased anti‐correlation between these two networks; and 4) areas of the
DMN displaying both reduced deactivation and activation during the transition to goal‐
directed behavior. Future research should address which of these causes is chiefly
responsible for the disease. More specifically, research should inquire as to whether the
problem lies within the default‐mode network, or a larger control network that is failing to
adequately facilitate the transition between the DMN and its task‐positive counterpart.
Vincent et al. (2007) has determined that fronto‐parietal networks control these
interactions, which could provide a good starting point for such an endeavor. Finally, more
work is needed to distinguish between the conflicting results of Liang et al. (2006) and
Zhou et al. (2007). A larger sample is needed to differentiate whether Zhou et al.’s (2007)
results are disparate because of the heterogeneity of cases characterizing the disease. This
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will hopefully reveal whether patients suffering from schizophrenia display reduced or
strengthened DMN functional connectivity – a finding that would provide a better
understanding of the cognitive abnormalities afflictive of the disorder.
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Alzheimer’s Disease

Alzheimer’s disease (AD), first described in 1906 by German psychiatrist and
neuropathologist Alois Alzheimer, is the most common form of dementia (Berchtold &
Cotman 1998). Alzheimer is a progressive disorder with no known cure. Patients initially
report problems with short term memory, but as the disease advances, symptoms evolve as
well. Several recent studies have investigated the default‐mode network’s potential role in
this debilitating disorder.

AD typically occurs after the age of 70, and roughly affects half of individuals over
the age of 85 (Buckner et al. 2008). Therefore, research has been conducted assessing
functional connectivity within the DMN in the elderly. In a semantic classification test,
Andrews‐Hanna et al. (2007) found that functional connectivity in the anterior MPFC,
posterior PCC/retrosplenial cortex, and dorsal anterior attention system was negatively
associated with age. Similar findings have been found in Alzheimer patients. In a sensory
motor task, Greicius et al. (2004) found an AD group to show decreased resting‐state
activity in the posterior cingulate and hippocampus, thought to reflect reduced DMN
connectivity. Greicius et al. (2004) also found prominent coactivation of the hippocampus,
which has since been used as a seed for subsequent functional connectivity studies. In one
such study, reduced functional connectivity was found between the right hippocampus and
the medial prefrontal cortex (MPFC), ventral anterior cingulate cortex (vACC), right
inferotemporal cortex, right cuneus extending into precuneus, left cuneus, right superior
and middle temporal gyrus, and posterior cingulate cortex (PCC) (Wang et al. 2006). The
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authors attributed these decreases to reflect compensatory processes as patients
attempted to overcome the cognitive deficits symptomatic of the disorder (Wang et al
2006). Finally, He et al. (2007) found reduced RSFC in the PCC/precuneus. However, the
authors were unsure whether this decreased functional connectivity was the result of a
compromised default‐mode or atrophy noted to accompany AD in that region (He et al.
2007).

Abnormalities have also been observed in individuals at risk of developing the
disease due to cognitive impairment or genetic predisposition. For instance, Sorg et al.
(2007) found reduced network‐related activity, atrophy, and absent functional connectivity
in various areas of the DMN and the executive attention network in patients with mild
amnesic cognitive impairment who are at risk of developing AD. Furthermore, Persson
demonstrated reduced task‐induced deactivation of the MPFC, middle temporal cortex,
medial parietal region, and right parietal lateral cortex in APOE4 carriers – the allele linked
to AD (as cited in Broyd et al. 2008). These findings are significant because they indicate
the possibility to predict the development of AD via analysis of the default‐mode.

The default‐mode network has also shown promise to be used as a diagnostic tool
for Alzheimer’s disease. Greicius et al. (2004) demonstrated this ability by distinguishing
Alzheimer disease (AD) patients from a healthy control (HC) by their reduced DMN resting‐
state functional connectivity. Greicius (2004) performed an ICA and then a goodness of fit
analysis in an experiment that yielded a sensitivity of 85% and specificity of 77% in
differentiating the two groups. Producing similar results, Rombouts et al. (2005)
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differentiated between nondemented individuals with mild cognitive impairment (MCI),
patients with Alzheimer’s disease, and healthy elderly controls by assessing DMN
deactivation during a visual encoding task and a nonspatial working memory task. Because
of pronounced differences in the anterior frontal cortex, the authors were able to
distinguish MCI from both HC (in the medial frontal) and AD (in the anterior cingulated
cortex) (Rombouts et al. 2005). These findings demonstrated that the default‐mode
network might act as an early marker for AD pathology (Rombouts et al. 2005). Also,
because MCI patients showed less deactivation than HC – a finding thought to reflect
reduced reactivity and adaptation due to a less compromised DMN – the notion that MCI is
a transitional state between healthy aging and dementia (Rombouts et al. 2005)

More recently, researchers have attempted to ascertain whether the
pathophysiology in AD appears to have a predilection for primary DMN regions. It has been
shown that patients with AD show a specific anatomic pattern of reduced metabolism
within the brain (de Leon et al. 2001). This pattern bears a striking resemblance to those
seen in the posterior components of the DMN – most notably the PCC/Rsp, IPL, and LTC
(Buckner et al. 2005). This has led to the hypothesis that the default network’s persistent
activity may be responsible for the degradations just described (Buckner et al. 2005).
Pooling from Klunk’s images of Aβ plaques taken at the earliest stages of the disease, the
authors (Buckman et al. 2008) found a distribution pattern of Aβ deposits remarkably
similar to the anatomy of the default network. This finding is significant because the cause
of AD is currently attributed to toxic forms of amyloid β. Since 10% of non‐demented older
individuals also demonstrate this pattern (Buckner et al. 2005), and half of individuals over
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85 suffer from AD (Buckner et al. 2008), the authors posited that amyloid β protein, the
default‐mode network, and Alzheimer’s disease might be irrevocably linked.

The “metabolism hypothesis,” was developed based upon the results of a large study
(n = 764) that demonstrated DMN activity in young adults at rest was positively correlated
with the pattern of amyloid deposits seen in elderly Alzheimer patients (Buckner et al.
2005). Buckner et al. (2005) hypothesized that the persistent use of the default network
throughout a lifetime augments an activity‐dependent / metabolism‐dependent cascade
that is conducive to the development of the disease. This idea has since been corroborated
by findings that Aβ levels increase following stimulation of the brain (Cirrito et al. 2005)
and a positive correlation between resting‐state glycolysis and the distribution of these
plaques (as cited by Buckner et al. 2008).

This hypothesis (Buckner et al. 2005) is important because it challenges the
traditional notion that aberrant molecular and cellular processes affect brain circuits and
cognitive processes, which in turn cause disease (Buckner et al. 2008). Instead, the authors
(Buckner et al. 2005) endorse the very real possibility that activity states can influence a
disease process (Buckner et al. 2008.) This finding is significant because it changes the
implications for the way we perceive disease (Buckner et al. 2008). If their findings are
supported by future experimental data, some novel form of AD therapy could develop that
modifies glycolysis or some other form of brain metabolism (Buckner et al. 2008).

In summary, several regions of the DMN were found to display reduced connectivity
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in the elderly, those suffering from AD, and those genetically predisposed to it. The
hippocampus was identified as a prominent site of the disease and displayed reduced
connectivity with other regions of the default network. Connectivity within the DMN was
also used as a tool to predict and diagnose the disorder. Finally, it is hypothesized that the
persistent use of the default network throughout a lifetime augments an activity‐dependent
/ metabolism‐dependent cascade that is conducive to the development of the disease
(Buckner et al. 2005). This hypothesis is significant because it challenges the very notion of
how we perceive disease. Future studies should investigate how the default‐mode network
responds to drugs affecting glucose metabolism within the brain. These studies should
attempt to discern how the default‐mode responds to changing Aβ levels, and whether
these changes appear to be restorative or preventative.
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Depression and Anxiety

According to the American Psychological Association (“Depression” 2000), clinical
depression may result in a lack of interest and pleasure in daily activities, significant weight
loss or gain, insomnia or excessive sleeping, lack of energy, inability to concentrate, feelings
of worthlessness or excessive guilt, and recurrent thoughts of death or suicide. Greicius et
al. (2007) performed an experiment on 28 subjects suffering from major depression to
assess differences between their resting‐state default‐mode functional connectivity, and
that of an averaged healthy control. Their results demonstrated increased RSFC within the
DMN of the depressed group, with particularly increased thalamic and subgenual cingulate
activity. Furthermore, the increased subgenual cingulate activity was positively correlated
with the reported length of the depressed episode. The authors posited that this correlation
could be used to guide therapy on a subject‐to‐subject basis (Greicius et al. 2007). Finally,
the authors (Greicius et al. 2007) suggested that increased activity within these regions
might affect connectivity in other regions associated with cognitive processing (i.e. dorsal
anterior cingulate) that likely contribute to feelings of depression.

The American Psychological Association (“Anxiety” 2000) describes anxiety as an
emotion characterized by feelings of tension, worried thoughts, and physical changes that
can include increased blood pressure and rapid heartbeat. In a study by Zhao and
colleagues (2007), 10 anxiety patients and 10 healthy controls underwent fMRI to ascertain
whether they displayed altered default‐mode network activity. In Experiment 1, the
subjects were told emotionally neutral words alternated with rest, but in Experiment 2,
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they were told threat related words alternated with emotionally neutral words (Zhao et al.
2007). Interestingly, the anxiety patients displayed the same connectivity as the healthy
controls in Experiment 1, but reduced deactivation of the MPFC and increased deactivation
of the PCC in Experiment 2 (Zhao et al. 2008). The MPFC and PCC are two critical regions of
the default‐mode network described to be closely involved in emotional processing (Zhao
et al. 2007). The authors felt their results indicated the role these two regions may play in
anxiety (Zhao et al. 2007).
In summary, little work has been done assessing the default‐mode in individuals
suffering from depression and anxiety. Current findings posit that individuals suffering
from depression exhibit increased RSFC within their task‐negative network. Furthermore,
individuals suffering from anxiety have been found to display decreased DMN deactivation
of the MPFC, but increased deactivation of the PCC. Unfortunately, DMN deactivation was
not assessed in Greicius et al. (2007) and RSFC in Zhao et al. (2008). Future studies should
continue to investigate the default‐mode in individuals with anxiety and depression to
further current knowledge of these two mental disorders. A variety of tasks and measures
should be used to ensure that a diverse array of empirical data is acquired.
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Epilepsy

Epilepsy is a mental disorder characterized by recurring seizures – episodes of
abnormal electrical activity within the brain that cause convulsions (“Epilepsy” 2010). In a
study by Laufs et al. (2007), the authors sought to investigate whether the default‐mode
network is disrupted in individuals (n=19) suffering from interictal epileptic discharges.
Using electroencephalography‐correlated functional magnetic resonance imaging, subjects
suffering from temporal lobe epilepsy (TLE) were found to display decreased deactivation
of the DMN – particularly in the PCC/precuneus and left and right parietal lobes. Those
suffering from extra‐temporal lobe epilepsy did not display these decreased deactivations
(Laufs et al. 2007). This difference is thought to reflect reduced EEG sensitivity to interictal
epileptic discharges in the extra‐temporal group, or differences in the pathology of the
disorder (Laufs et al. 2007)). In addition to their findings, the authors (Laufs et al. 2007)
demonstrate that EEG‐fMRI group analysis can be used as a viable tool to explore networks
associated with interictal discharges.

Furthermore, Lui et al. (2008) reported reduced RSFC in the DMN – particularly the
PCC/precuneus – in patients reporting generalized seizures. Lui et al. (2008) attributed this
reduced connectivity to greater interictal deficits (i.e. cognitive deficits in concentration
and memory). This reduced RSFC was not observed in the partial seizure group, which
inferred healthy DMN connectivity (Lui et al. 2008).

Little work has been done investigating the DMN in epilepsy. Thus far, individuals
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suffering from epilepsy have displayed decreased deactivation in the anterior and posterior
portions of their DMN, as well as reduced RSFC in their task‐negative network. Future
studies should ascertain as to whether epilepsy is a consequence of a disrupted DMN or
vice versa. Furthermore, because of differences observed in RSFC between individuals
displaying temporal lobe epilepsy and extra‐temporal lobe epilepsy, more work needs to be
done characterizing the default‐mode in the various forms of the disorder. Finally, future
authors should assess task‐positive functional connectivity as well as default‐mode
connectivity to see if any aberrant anti‐correlation exists.
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Attention Deficit Hyperactivity Disorder

Attention Deficit Hyperactivity Disorder (ADHD) is of interest to cognitive
neuroscientists because of concentration problems symptomatic of the disease. People
suffering from ADHD consistently complain of an inability to concentrate on a set task. This
is relevant to the default‐mode network, because a substantial number of resting
connectivity studies follow a blocked design, in which epochs of rest and task oriented
activity are alternated in pre‐defined time intervals. Compared to a healthy control, a
patient with ADHD might struggle with these attention‐demanding tasks, indicative of a
potentially compromised default‐mode network.

Several methods have been employed to study resting‐state functional connectivity
(RSFC) in individuals suffering from ADHD. Using a seed‐based approach, Tian et al. (2006)
found increased functional connectivity between the dorsal ACC and bilateral dorsal ACC,
bilateral thalamus, bilateral cerebellum, bilateral insula, and bilateral brain stem. This
increased connectivity was thought to reflect abnormalities in the autonomic control of
said regions (Tian et al. 2006). However, alternative interpretations suggest an increased
affinity between these regions and the default‐mode (Sonuga‐Barke & Castellanos 2007).

Unlike Tian et al. (2006), Cao and colleagues (2008) found the opposite to be true –
reduced resting‐state functional connectivity in the default‐mode of patients with ADHD.
This decreased connectivity was found to occur in regions of the fronto‐striatal‐cerebellar
circuits – most notably the bilateral inferior frontal gyrus, right inferior ACC, left caudate,
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bilateral pyramid and left precuneus (Cao et al. 2006). More recent studies have
corroborated Cao (2006) and not Tian (2006). In a study assessing network homogeneity,
Uddin et al. (2008) examined the correlations between any given voxel and all other voxels
within the brain. This method was effective because it avoided the bias commonly seen in
seed‐based approaches, where the experimenter must select a comparison voxel. The study
(Uddin et al. 2008) demonstrated that individuals with ADHD display reduced RSFC in the
posterior regions of the DMN – particularly the precuneus. Furthermore, Castellanos et al.
(2008) demonstrated similar RSFC in the ACC, MFG, and superior temporal gyrus in
patients with ADHD. This decreased connectivity was found to have a negative anti‐
correlation, which the authors felt explained the working memory deficits and attentional
lapses noted to accompany the disorder (Castellanos et al. 2008).

One additional study deserves mention because of its methodological innovation. In
2007, Zang et al. assessed RSFC by measuring fluctuations in amplitude in resting‐state
fMRI data. Termed amplitude of low frequency fluctuation (ALFF), the technology detects
the intensity of regional spontaneous brain activity. In their study, the authors (Zang et al.
2007) observed reduced amplitudes in children with ADHD in the right inferior frontal
cortex, bilateral cerebellum, and vermis, as well as increased amplitudes in right ACC, left
lateral cerebellum, left fusiform gyrus, right inferior temporal gyrus, left sensorimotor
cortex, and bilateral brain stem.

In summary, individuals with ADHD display altered connectivity within their DMN.
While Tian et al. (2006) found increased RSFC within the DMN, three subsequent studies
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(Cao et al. 2006, Castellanos et al. 2008, and Uddin et al. 2008) have since found the
opposite to be true. This altered DMN connectivity is posited to cause attentional lapses,
working memory deficits, and task performance variability characteristic of the disorder
(Broyd et al. 2008).

Future studies should investigate RSFC within the task‐positive network of patients
with ADHD, and whether there is aberrant DMN deactivation during the transition to goal‐
directed behavior. Also, comparing ADHD groups taking prescribed medication versus a
placebo could assess ADHD drug efficacy. This could elucidate the effects of medication on
the default‐mode and its corresponding effect on task performance. Finally, since ADHD
develops in early childhood, the disease could serve as a template to explore how the DMN
develops over time by comparing clinical populations versus healthy controls (Broyd et al.
2008).
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Traumatic Brain Injury

Several studies have assessed default‐mode activity in patients recovering from
traumatic brain injury. These studies are of value because they seek to discover how the
brain recovers from injury – a mechanism that is of tremendous clinical importance. These
studies have utilized various methods to ascertain whether functional connectivity is
responsible for the cognitive impairments that often limit traumatic brain injury (TBI)
recovery.

Nakamura et al. (2009) examined the neural network properties of TBI at 3 and 6
months post injury. This was the first reported study to use graph theory to examine
functional connectivity during recovery from neurological injury (Nakamura et al. 2009).
The study revealed that individuals suffering from TBI experienced reduced RSFC
(Nakamura et al. 2008). Because graph theory assesses RSFC across the whole‐brain
instead of regions of interest, these reductions could not be localized to either the task‐
positive or task‐negative networks (Nakamura et al. 2009). The authors (Nakamura et al.
2009) also demonstrated that this reduced RSFC was not the effect of a decrease in the
number of connections. Instead, they speculated that individuals suffering from TBI
experience a change in degree distribution within their network connections resulting in
increased “small‐worldness,” which is indicative of their reduced connectivity (Nakamura
et al. 2009).

In a more recent study, Sharp et al. (2011) compared 20 TBI patients with age‐
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matched controls. The study found that those suffering from TBI expressed increased DMN
deactivation in the ventromedial prefrontal cortex (Sharp et al. 2011). This increased
deactivation was thought to reflect an increased cognitive load (Sharp et al. 2011). The
group also found patients to display increased connectivity within both the default‐mode
and task‐positive networks (Sharp et al. 2011). The authors attributed this increased RSFC
to reflect compensatory efforts by the brain following injury (Sharp et al. 2011).
Furthermore, the authors found that functional connectivity at rest predicted patterns of
brain activation during future task performance (Sharp et al. 2011). These findings are
significant because they demonstrate the potential to use RSFC as a clinical tool to assess
the extent and severity of brain injury

Furthermore, in a longitudinal study, Hillary et al. (2011) investigated RSFC in
patients at 3 and 6 months following resolution of posttraumatic amnesia. The results
indicated significantly increased resting connectivity in the DMN and decreased
connectivity in the TPN during the first 6 months following recovery (Hillary et al. 2011).
However, the most consistent findings revealed increased RSFC within the insula and
medial temporal regions in both networks (Hillary et al. 2011). Hillary’s (2011) findings
were significant, because unlike other studies, comparisons were made within subjects as
opposed to a subject and control. By using a longitudinal design, Hillary et al. (2011) was
able to demonstrate how resting network connectivity changes in response to injury over
time.

In summary, several studies have assessed default‐mode activity in patients
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recovering from traumatic brain injury to produce conflicting results. Using graph theory,
Nakamura et al. (2008) revealed that individuals suffering from TBI experienced reduced
RSFC. However, because graph theory assesses RSFC across the whole‐brain instead of
regions of interest, these reductions could not be localized to either the task‐positive or
task‐negative networks (Nakamura et al. 2009). Therefore, it is unclear whether findings
that individuals suffering from TBI display increased functional connectivity within the
DMN (Sharp et al. 2011 and Hillary et al. 2011) contradict these results (Nakamura et al.
2009). It was also found that individuals suffering from TBI display decreased connectivity
in the TPN (Hillary et al. 2011). However, future studies should clarify this result because
consistent findings of increased RSFC within the insula and medial temporal regions were
also observed (Hillary et al. 2011).

There is tremendous insight to be gained by investigating default‐mode activity in
patients recovering from traumatic brain injury. If substantial TBI imaging data were
aggregated, the default‐mode network could be used as a clinical tool to assess the severity
of head trauma. Furthermore, if these images were taken over time, such a database could
be used as a tool to predict recovery. By matching cases of head trauma based on their
RSFC, recovery of one patient could be predicted based on the results of another. Finally, by
studying how the default‐mode network responds to injury, future authors can hope to
discern a fundamental question in cognitive neuroscience that remains in its infancy:
whether resting‐states are plastic and how they change following neural disruption
(Nakamura et al. 2009).
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Summary

Table 3 is included to summarize the preceding sections. Its format, along with a
portion of its contents, is copied from Broyd et al. (2008). The table provides a summary of
the empirical findings of altered DMN activity in individuals suffering from mental
disorders and injury. The table summarizes the findings of the studies cited in the
preceding chapter. A caption is included with the table to explain all symbols used.
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Abbreviations and symbols used in this table: DMN, default-mode network; TPN task-positive network; MRI,
magnetic resonance imaging; fMRI, functional resonance imaging; EEG, electroencephalogram; ICA, independent
component analysis; ROI, region-of-interest; ReHo, regional homogeneity; NeHo, network homogeneity; GT, graph
theory; RS, resting-state; SM, sensory motor task; EPT, emotional processing task; WM, working memory task;
CRT, choice reaction task; ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; MCI, mild
cognitive impairment; GS, generalized seizure patients; PS, partial seizure patients; C, controls; MMSE, mini mental
state exam; (-) indicates that this was not tested;  reflects an increase, for DMN deactivation it refers to increased
deactivation; () reflects a decrease, for DMN deactivation it refers to reduced deactivation; ‘non-sig’ indicates the
groups did not differ significantly; (*) indicates association between DMN function and particular result. All results
are considered in comparison to a normal control group unless otherwise specified. This table is transcribed – with
minor additions – from Broyd et al. (2008) with permission from Elsevier.
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Conclusion

The default‐mode network is a recently identified network of brain regions active at
rest. Since its inception in 2001 (Gusnard & Raichele), the default‐mode network has been
the subject of intense research because of its putative role in the pathophysiology of
several mental disorders. This review provided a description of the default‐mode’s history
and anatomy to provide context for several empirical studies explicating the default‐mode
network’s role in autism, schizophrenia, Alzheimer’s disease, anxiety and depression,
epilepsy, ADHD, and traumatic brain injury. Several findings have emerged from these
studies and their results are summarized in Table 3. Despite all that has been done,
research in the field remains in its infancy and several important questions remain to be
answered. Therefore, this review provided several indications that future authors might
take in order to facilitate the advancement of study within this exciting new field.
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