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Abstract

Functional magnetic resonance imaging (fMRI) has played a prominent role in the quest to
identify the brain systems responsible for cognitive dysfunction in schizophrenia. This chapter
describes the evolution of these research efforts, which have alternated between efforts to localize
specific cognitive impairments to work trying to understand broader network dysfunction. After a
concise summary of localization efforts, the remainder of the chapter describes how different
groups of scientists have developed and tested broader network theories. This includes a
description of both task-activation and resting state studies, and involves a wide array of analytic
techniques. The chapter closes with an understanding of how current default-mode and task-
positive network theories grew out of these earlier resting-state and task-activation approaches,
and provides some recommendations about future directions.
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1 Introduction

From the beginning of functional imaging research on cognition in schizophrenia, scientists
have oscillated between functional localization approaches designed to map the
pathophysiology of schizophrenia to discrete brain regions and cognitive functions, and
functional integration approaches attempting to demonstrate how a broader breakdown in
communication between multiple brain regions may explain disordered cognition in
schizophrenia. Fortunately, these two worlds often collide— providing us with a more
nuanced understanding of how information processing goes awry in the brains of individuals
diagnosed with schizophrenia. The goal of this chapter is to describe how studies examining
group differences in broader network activity (e.g., functional connectivity) grew out of
initial studies designed to functionally segregate distinct areas of task-related activation. In
so doing, we will briefly touch upon what has been learned from focal activation studies,
including references to recent quantitative meta-analyses. However, these focal activation
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studies have been extensively reviewed (Ragland et al. 2007; Brown and Thompson 2010;
Gur and Gur 2010), and the primary focus of this chapter will be on functional integration
approaches—beginning with functional connectivity analyses using regions of interest (ROI)
during active task conditions, moving to multivariate approaches aimed at examining resting
default mode network (DMN) and activated task positive network (TPN) states, and ending
with a discussion of more recent approaches employing multi-modal functional and
anatomical imaging techniques.

2 Functional Localization

Functional imaging of individuals with schizophrenia has traced an interesting circle, from
resting state, to “activation” studies employing task paradigms, and back again to resting
studies. The first functional imaging study to localize pathology in schizophrenia was
performed by Ingvar and Franzen (1974) who used 133Xenon blood flow (rCBF) during
resting state to demonstrate that, compared to healthy participants, individuals with
schizophrenia had relatively lower flows in the frontal cortex (i.e., “hypofrontality”), and
higher flows in occipito-temporal regions. However, this resting hypofrontality was not
always replicated (Gur et al. 19874, b), leading to a refinement of the model, stressing that,
“hypofrontality appears to be dependent on the behavioral state of the patients during the
brain imaging experiment” (Weinberger et al. 1991, p. 276). This refinement emphasized the
importance of using the subtraction technique to contrast activity during a task state with
activity during a baseline condition designed to constrain what subjects were thinking about,
and isolate brain regions responsible for the specific function that the task was designed to
measure. The power of this approach had previously been demonstrated by Peterson et al., in
a word fluency study (Posner et al. 1988), and was widely embraced by the schizophrenia
research community.

Since this transition from initial resting state studies, activation paradigms have measured
the impact of schizophrenia on regional brain function during a wide array of cognitive,
sensory, and emotional processing tasks, leading to over 800 references in a recent PubMed
search. These studies initially struggled with group performance differences that confounded
interpretation of physiological differences. This difficulty was largely overcome with the
development of event-related designs (Zarahn et al. 1997), which allowed one to follow
recommendations (Carter et al. 2008) to restrict analysis to correct only trials. The difficulty
of reviewing such a vast literature was somewhat simplified with the development of a
quantitative meta-analytic technique termed Activation Likelihood Estimation (Turkeltaub
et al. 2002; Laird et al. 2005). ALE measures the probability that spatially smoothed
activation foci from individual studies occur across multiple studies, and tests the null
hypothesis that the location of these activated foci is equal at every voxel, against an
alternative hypothesis that activated foci are spatially distributed. To date, we are aware of
six studies that have used ALE to perform meta-analyses of functional imaging studies of
schizophrenia.

The first three ALE analyses examined working and episodic memory studies, respectively.
In the first analysis, Glahn et al. (2005) examined working memory studies employing the
N-Back task, and found predicted reductions in dorsolateral prefrontal cortex (DLPFC)
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activity in patients during task performance. However, patient reductions were not restricted
to the DLPFC, extending to more rostral and ventrolateral/insular portions of the prefrontal
cortex (PFC). Moreover, there was evidence of patient “overactivation” in the frontal pole,
dorsomedial prefrontal cortex, and anterior cingulate gyrus, leading the authors to conclude
that working memory dysfunction in schizophrenia cannot be classified as a simple DLPFC
deficit, but should be considered in the context of the larger network of activity engaged by
the task. Subsequent analyses of episodic memory encoding and retrieval studies also
showed areas of both under- and over-activation in patients across multiple brain regions
(see Fig. 1). Reduced activation in patients was observed in multiple areas of the PFC
including dorsolateral and ventrolateral prefrontal cortex (VLPFC) (Achim and Lepage
2005; Ragland et al. 2009), and in non-prefrontal regions including the medial temporal lobe
(Achim and Lepage 2005), thalamus (Ragland et al. 2009) and posterior cingulate gyrus
(Achim and Lepage 2005; Ragland et al. 2009). Both analyses found that patients
abnormally increased parahippocampal activation during episodic retrieval, and the study by
Ragland et al. (2009) found that group differences in VLPFC activity were not present in
studies that provided subjects with encoding instructions—thereby reducing strategic
memory demands.

The three remaining ALE studies also found a distributed pattern of group differences. In an
examination of a variety of executive function tasks Minzenberg et al. (2009) and Li et al.
(2010) found patient reductions in the DLPFC, posterior cingulate gyrus, rostral and dorsal
anterior cingulate gyrus and thalamus, and patient increases in pre-supplementary motor
area and inferior parietal cortex. A study of facial emotion processing (Li et al. 2010) found
patient over-activation in the insula, and patient underactivation in the amygdala,
parahippocampal gyrus, fusiform gyrus, superior frontal gyrus, and lentiform nucleus.
Finally, analysis of three studies of time perception (Ortufio et al. 2011), found that patients
had reduced activation in middle and superior frontal gyrus, precentral gyrus, lentiform
nucleus, thalamus, precuneus, and anterior cingulate, and did not show any areas of
atypically increased activation.

As can be appreciated from this review of ALE studies, functional imaging research of
schizophrenia using task paradigms and univariate statistical approaches has failed to reveal
a “smoking gun” in which dysfunction of a single brain region can fully explain group
differences in task performance. This should probably not come as a surprise as the
behaviors most commonly impacted by and studied in schizophrenia (e.g., attention,
memory, executive control) are multi-factorial—requiring integration of multiple brain
regions. Moreover, even if a functional deficit is secondary to impairment of a single brain
region, such a focal lesion would likely produce downstream effects on other brain areas,
making it difficult to isolate group differences to a single location. There have been two
primary responses to the challenges of functional localization. One has been to try to
improve localization procedures by translating cognitive neuroscience paradigms designed
to identify specific neural mechanisms into clinical studies that can more precisely map
brain-behavior relationships. This approach holds great promise and is being developed for
clinical trials research to discover new cognitive-enhancing agents, and is being facilitated
by the NIH sponsored CNTRICS initiative begun in 2007 (Carter and Barch 2007). The
second approach, and the focus of the remainder of this chapter, has been to employ
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multivariate statistical approaches designed to characterize the impact of schizophrenia on
broader network activity.

3 Early Network Theories

One year after Ingvar and Franzen (1974) posited their “hypofrontality” hypothesis, they
speculated that their results could be explained by disrupted transmission in a
mediothalamic-frontocortical projection system (Franzén and Ingvar 1975) rather than
disruption in a single brain region. The notion of disrupted integration of brain activity in
schizophrenia was not formally tested until almost 10 years later when Clark et al. (1984)
calculated Pearson correlations in positron emission tomography (PET) glucose metabolism
between specified ROIs during electrical stimulation (mild shock) versus resting baseline
conditions. In a descriptive comparison of patient and control groups, they found that the
strong frontal coupling observed in healthy volunteers appeared reduced in the patient
sample. Patients also appeared to show reduced anterior—posterior coupling in the left
hemisphere and reduced bilateral coupling within anterior brain regions. Group differences
in PET regional metabolic correlations were more rigorously tested several years later by
Volkow et al. (1988) who employed resting and smooth pursuit eye movement conditions,
and tested whether the overall pattern of regional correlations differed between patients and
controls using the Kullback procedure. This analysis revealed that patients had a global
decrease in the number of significant correlations, which was descriptively characterized as
reduced anterior—posterior and cortico-thalamic correlations.

These initial correlational results, combined with clinical speculations that hallucinations
and delusions might result from abnormal integration between different brain regions, led
Friston and Frith (1995) to propose that schizophrenia may best be characterized as a
disconnection syndrome. In this word production study, investigators adapted methodology
developed in electrophysiological research to create a measure of functional connectivity
defined as, “the temporal correlation between spatially remote neurophysiological events.”
(Friston and Frith 1995). By using a stepwise regression-like procedure to identify patterns
of functional connectivity between all of the voxels in the brain (i.e., eigenimages) the
investigators found that the majority of the covariance in the time-series was captured by a
negative interaction between prefrontal and superior temporal cortex in healthy controls
during the word production task. In contrast, patients showed a positive correlation in
fronto-temporal connectivity, leading the authors to conclude that schizophrenia is
characterized by a reversal in typical prefrontal and temporal lobe integration. In a
subsequent paper, Andreasen et al. (1996) reviewed a humber of their previous PET
activation studies to argue that this disconnection syndrome is not limited to the frontal and
temporal lobe, and extends to a broader failure of integration between prefrontal-thalamic—
cerebellar circuitry (termed “cognitive dysmetria”). The disconnection syndrome and
cognitive dysmetria hypotheses provided a theoretical foundation for subsequent functional
connectivity studies.
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4 Task-Related Functional Connectivity

Prior to 2006 when researchers began to investigate resting-state networks, functional
connectivity studies of schizophrenia examined group differences in network activity while
participants performed various task activation paradigms. Several of these studies used
working memory tasks, including the first study by Meyer-Lindenberg et al. (2001) who had
healthy participants and patients with schizophrenia perform an N-Back working memory
task and a sensorimotor baseline during PET rCBF imaging. As in the previous Friston and
Frith (1995) study eigenimages were generated to characterize the variance—covariance
matrix of the time-series. These eigenimages were created for a prespecified set of
prefrontal, temporal, and parietal ROIs based on task activation results. The pattern that
captured the most variance was negative relationships among the temporal cortex,
hippocampus, and cerebellum in patients, and a positive relationship between the DLPFC
and cingulate gyrus in healthy controls. This group dissociation in functional connectivity
remained regardless of task condition, leading the authors to conclude that disruption of
fronto-temporal interactions appears to be a trait marker of schizophrenia.

In the late 1990s the field transitioned from PET rCBF to blood oxygen level-dependent
(BOLD) fMRI imaging procedures, which provided investigators with better temporal
resolution, allowing implementation of new methods to examine functional connectivity.
These subsequent fMRI studies examined functional connectivity with a variety of task
paradigms. As a test of the disconnection syndrome hypothesis Lawrie et al. (2002)
examined correlations between DLPFC and superior temporal gyrus (STG) ROIs in patients
and controls while subjects performed a sentence completion task during fMRI. In support
of the hypothesis of fronto-temporal disconnection, they found that left fronto-temporal
correlations were reduced in schizophrenia, and showed greater reductions for patients with
more severe hallucinations. The next study used a somewhat different analytical approach
termed psychophysiological interaction analysis (PPI), which examined how correlations
between BOLD signal activity in a “seed” region in the right anterior cingulate gyrus (ACC)
and activity in the rest of the brain were modulated by task demands (Boksman et al. 2005).
This was done for fMRI data collected while participants were performing a word
generation task, and revealed that the right ACC showed localized interaction with the left
temporal lobe associated with increased verbal fluency in healthy volunteers, that was absent
in patients. Using a similar approach with fMRI data obtained during a continuous
performance attention task, Honey et al. (2005) found evidence of both increased and
decreased ACC connectivity in patients with schizophrenia during a degraded stimulus
version of an attentional continuous performance task. When functional connectivity was
examined in relation to degraded versus non-degraded stimulus conditions, patient decreases
were seen in ACC connectivity to the cerebellum and, patient increases were seen in ACC
connectivity to the prefrontal cortex. These disruptions in connectivity with cerebellar and
motor areas were viewed in support of the cognitive dysmetria hypothesis. Finally, this
timeseries correlational approach was also used to examine connectivity between STG and
parahippocampal gyrus seed regions in the temporal cortex with voxels in the rest of the
brain during a word encoding task that manipulated levels-of-processing (Wolf et al. 2007).
This analysis of fMRI data revealed that, for deep versus shallow encoding conditions,
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patients had reduced temporal lobe connectivity to the DLPFC, but increased connectivity to
the VLPFC, suggesting that the ventrolateral portion of the PFC may play a compensatory
role for patients during episodic encoding.

One of the limitations of previously described functional connectivity analyses is that they
do not provide information about the directionality of functional interactions. Therefore, an
additional study of the N-Back paradigm (Schl6sser et al. 2003) used structural equation
modeling to assess “effective connectivity” in patients and controls. Effective connectivity is
defined as, “the influence one neural system exerts over another” (Friston et al. 1994), and is
examined by constructing anatomical models (i.e., path models) of the directional
connections between pre-specified ROIs. Goodness-of-fit statistics are used to select the
path models with the smallest residual error. Based upon previous anatomical and functional
studies, Schlosser et al. (2003) proposed a unidirectional pathway from parietal cortex to the
DLPFC and VLPFC, reciprocal pathways between DLPFC and VLPFC, and a cortico-
cerebellar feedback loop involving bi-directional connections among prefrontal cortex,
thalamus, and cerebellum. Between-group comparisons of these models revealed that
patients receiving typical antipsychotics had reduced prefrontal-cerebellar and cerebellar-
thalamic connectivity, and enhanced thalamo-cortical path coefficients. There was also
evidence of enhanced interhemispheric connectivity in a group of patients receiving second-
generation antipsychotic medications, suggesting that investigators should consider
medication effects when performing these studies.

In sum, these functional connectivity studies employing activation tasks and ROI or seed-
based correlational approaches have fairly consistently demonstrated that connectivity of the
prefrontal cortex and the anterior cingulate gyrus with the temporal cortex appears to be
reduced in patients with schizophrenia, consistent with the dissconection syndrome
hypothesis. However, these results are not invariant—sometimes showing increased
connectivity in patients, and sometimes differing depending upon clinical state, medication
status, and the regions that are selected as seeds or as ROIs. As these studies progressed,
concerns were also raised about the use of task activation paradigms to examine functional
connectivity. When interpreting functional connectivity results, investigators were interested
in drawing conclusions about anatomical connections (i.e., areas that fire together, wire
together), and one concern about use of activation tasks was that they could create task-
related correlations in the time-series that may obscure trait-like differences in anatomical
connectivity (Biswal et al. 1995; Lowe et al. 1998; Raichle and Gusnard 2005). A related
concern was that group differences in how subjects perform these activation tasks could
contribute to group differences in functional connectivity apart from true differences in brain
physiology. These concerns contributed to a directional shift back toward resting-state
studies, which eliminate performance demands, and might, ostensibly, provide better trait-
like measures of brain physiology.

5 Default Mode Network and Task-Positive Network

Resting-state functional connectivity analysis capitalizes on the finding that the brain
appears to be intrinsically organized into functionally correlated networks that are
independent of task (Fox et al. 2005; Fransson 2005; Buckner et al. 2008). Early
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observations in PET imaging found a consistent set of brain areas that showed higher
metabolism during resting versus task conditions, particularly in posterior parietal and
medial frontal areas (Gusnard and Raichle 2001; Raichle et al. 2001). Around the same time,
fMRI studies revealed that BOLD signal in a similar set of brain regions fluctuated
spontaneously and coherently at low frequencies (<0.1 Hz) when subjects were resting in the
scanner, or simply “doing nothing” (Biswal et al. 1995; Greicius et al. 2003; Fransson
2005). This network comprises medial prefrontal, posterior parietal, and medial temporal
regions—all brain areas that have been implicated as dysfunctional in schizophrenia.
Moreover, signal fluctuations in this network are anti-correlated with BOLD signal in
regions typically engaged by tasks, such as the lateral prefrontal cortex, suggesting a
physiological tradeoff between the engagement of “task-negative” and “task-positive” brain
states (Fox et al. 2005). This “task-negative” network is thought to represent a baseline brain
state from which metabolic resources are diverted during cognitive demand, and has been
termed the “default-mode” network (DMN; (Greicius et al. 2003)). The DMN has also been
conceptualized as supporting internally directed thought, whereas task-positive networks are
thought to support externally oriented cognitive processes (Buckner et al. 2008). Given
previously discussed communication breakdowns between brain regions needed for
cognitive tasks in schizophrenia, investigators hypothesized that group differences in
functional connectivity during activation tasks could be co-occurring with, or driven by
abnormal functional connectivity in the DMN. This has led to several fundamental questions
about the nature of intrinsic brain networks in schizophrenia.

One question of primary interest has been whether functional connectivity differences
between patients with schizophrenia and controls are detectable at rest. Liang et al. (2006)
were the first to address this question, using an automated anatomical parcellation procedure
to divide the brain into nine regions, and then comparing pairwise regional correlations in
resting BOLD fluctuations between patients and controls. They found that resting-state
correlations were reduced in patients across brain regions, with the most prominent
differences noted in the insula, temporal lobe, striatum, and prefrontal cortex. Additionally,
correlations between the cerebellum and all other regions were increased in patients during
rest. The results from Liang et al. (2006) established that functional connectivity is abnormal
in patients during rest, and that abnormalities occur across the entire brain, and are not
limited to a few regions.

Rather than parcellating the whole brain into anatomical regions, Bluhm et al. (2007)
focused their analysis of resting-state functional connectivity in schizophrenia on candidate
regions of the DMN. To accomplish this, they began with a seed in the posterior parietal
cortex (PPC), a region consistently identified as part of the DMN, and identified correlated
voxels across the brain. Then, for each voxel in this network, they compared the degree of
connectivity with the PCC between the healthy and patient groups. Functional connectivity
between PCC and medial prefrontal cortex, parietal cortex, and cerebellum was reduced in
patients. These combined studies suggested widespread functional disintegration within the
DMN in schizophrenia patients even at rest. However, it remained unclear whether DMN
connectivity was also abnormal in patients during active cognitive tasks, and whether DMN
abnormalities were related to dysfunction in brain areas recruited by these tasks.
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Thus, a second question was whether group network differences observed during rest were
also apparent during task. To address this question, investigators employed a technique
called independent component analysis (ICA), which is a data-driven approach to
pinpointing temporally consistent, spatially independent brain networks in fMRI data, that
occur regardless of task conditions (Calhoun et al. 2009). ICA can be applied equally in
resting-state and task-related fMRI, and is particularly useful for identifying the task-
negative DMN even during cognitively demanding tasks. The first study to detect DMN
abnormalities in schizophrenia patients during task conditions (Garrity et al. 2007) used ICA
on fMRI data acquired while subjects performed an auditory oddball detection paradigm.
Researchers identified the independent component that most overlapped with DMN brain
regions, and then compared the temporal and spatial characteristics of this component
between patients and controls. Across both groups, the DMN component showed the
greatest activation decrease during presentation of the auditory target stimuli, consistent
with the notion that the DMN engagement decreases with greater cognitive demand. Patients
had reduced activation compared to controls in the posterior cingulate and precuneus, but
increased activation in a different part of the posterior cingulate, the anterior cingulate, and
in the superior medial frontal gyrus. It is important to note that these group differences
represented differences in regional BOLD signal intensity in those regions, rather than
differences in functional connectivity, and reflected topographical differences in the DMN
between patients and controls. Similarly, in the temporal domain, patients had relatively less
power in low-frequency DMN oscillations, but relatively greater power in higher frequency
DMN oscillations, suggesting that DMN abnormalities in patients extended beyond regional
differences in network localization. A subsequent study from the same group (Calhoun et al.
2008) established that spatial and temporal DMN differences in patients found during the
oddball task were also atypical during rest, suggesting that DMN findings during rest
generalize to tasks, and vice versa. However, the spatial layout of both the DMN component
and a component consistent with the task-positive network (TPN) were slightly different
between activated and resting scans, suggesting that DMN networks were somewhat
modulated by task, and that this modulation was not consistent across diagnostic groups.

Several studies have attempted to unravel the relationship between the DMN and the TPN in
patients with schizophrenia, with conflicting results. Comparing resting-state networks
associated with signal in PCC and DLPFC seed regions, Zhou et al. (2007) found that anti-
correlations between the DMN and TPN were greater in patients than in controls. Contrary
to earlier findings of reduced connectivity, the study revealed greater within-network
functional connectivity in patients. However, this analysis examined only anti-correlated
brain regions, and may have missed other important between-group differences. A resting-
state study by the Calhoun group (Jafri et al. 2008) compared correlations between seven
key independent components and found that, in patients, the DMN independent component
was more temporally similar to three of the other non-DMN components including the
lateral frontal cortex. This finding suggested that schizophrenia patients might not
adequately suppress the DMN when task-related regions come online. Whitefield-Gabrieli et
al. (2009) tested this hypothesis by examining interactions between DMN and TPN activity
across periods of rest and periods of performance on a working memory task in patients and
controls. They found that DMN activity decreased during task, that better task-related DMN
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suppression was related to better working memory performance in patients, and that this
task-related DMN suppression was greater in controls than in patients (see Fig. 2).
Additionally, in patients, areas of the DMN were relatively more functionally connected
during task, and less anti-correlated with TPN regions during both rest and task conditions.
Based on these results, investigators posited a DMN hyperconnectivity/hyperactivity
hypothesis, proposing that, in patients, a state of DMN over-synchronization results in
failure to divert physiological resources away from the DMN during cognitively demanding
tasks.

Whitfield-Gabrieli et al. (2009) also speculated that this hyper-DMN state, in which regions
putatively responsible for internally directed thinking are constantly more engaged, may be
related to thought disturbance in schizophrenia. They showed that reduced task-related
DMN suppression was related to higher scores on a psychopathology index in both the
schizophrenia patient group and in healthy individuals. In the Bluhm et al. (2007) study,
greater functional connectivity within the DMN during rest was positively associated with
positive and negative symptoms in patients. Because of its relationship to both cognitive and
clinical variables, it is possible that abnormally high engagement of the DMN is a state-level
feature of schizophrenia that can explain both psychopathology and cognitive deficits.
However, in these previous studies, patients were receiving antipsychotic medications,
which may have contributed to group differences in DMN activity. Olanzapine, an atypical
antipsychotic, has been shown to ameliorate clinical symptoms and potentially improve
working memory performance. In a double-blind, counterbalanced study examining the
effects olanzapine treatment, Sambataro et al. (2010) compared DMN functional
connectivity during a working memory task when patients were on and off medication.
Olanzapine dose was associated with increased functional connectivity in medial frontal
areas of the DMN, but did not affect posterior regions. Although this study revealed that
antipsychotic medication can mediate DMN connectivity, and may contribute to variability
in functional connectivity differences across schizophrenia studies, DMN connectivity
remained aberrant in the un-medicated patient group, suggesting that network-level
differences in schizophrenia patients reflect underlying neuropathology regardless of
medication effects.

While network connectivity analysis adds another level of complexity to our understanding
of brain disruption in schizophrenia, questions remain about exactly what biological
mechanisms drive the coherence of these functional networks. We now know that coherent
signal fluctuations in intrinsic brain networks, particularly the DMN, are highly robust over
time and across subjects in healthy populations (Biswal et al. 2010; Van Dijk et al. 2010),
suggesting trait-like properties. Moreover, combinations of resting-state fMRI and either
anatomical tracer studies in animals (Vincent et al. 2007) or white matter tractography in
healthy humans (Greicius et al. 2009) show that intrinsic functional connectivity maps well
—Dbut not perfectly—with anatomical connections in the brain. That is, areas that are
connected directly or indirectly by white matter tracts show correlated BOLD signal
fluctuation during resting-state fMRI. If this functional- anatomical relationship holds in
patients, one possible explanation for differences in intrinsic functional connectivity in
schizophrenia is that the framework of anatomical connectivity that underlies a functional
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network is similarly atypical. Zhou et al. (2008) examined both functional and structural
connectivity of the anterior hippocampus, a region important for episodic memory often
implicated in schizophrenia, and found that both were reduced in patients, suggesting a
relationship between functional disintegration and degraded white matter tracts. However,
this functional-anatomical relationship may be less tightly coupled in patients than in
controls. Skudlarski et al. (2010) directly compared diffusion tensor-based tractography and
resting-state functional connectivity, and found that, while certain brain regions showed
either increased or decreased intrinsic functional connectivity in patients versus controls,
anatomical connectivity was generally degraded regardless of brain region in the patient
sample. Furthermore, while functional networks reflected anatomical connectivity
moderately well in controls, functional connectivity between any two brain regions was less
predictive of the anatomical connections of those regions in patients. A key assumption of
functional connectivity analysis is that network coherence is an indirect measure of
anatomical connections. These most recent results challenge whether this assumption can be
applied to schizophrenia populations.

6 Conclusions

Has the addition of functional connectivity analysis improved our understanding of
pathophysiology in patients with schizophrenia? This research has clearly established that
task-related and intrinsic functional connectivity are dysfunctional in patients, but studies do
not agree on the exact nature of these disruptions. Task-based and default-mode networks
are inversely related in healthy subjects, and this relation appears disrupted by
schizophrenia. Patients generally fail to disengage DMN during task conditions, but it is not
clear whether this impairment is driven by failure of task-related regions such as the lateral
prefrontal cortex to deactivate DMN activity, or by hyperconnectivity within the DMN that
makes it more resistant to task-related inhibition (Whitfield-Gabrieli et al. 2009). An added
challenge of resting-state versus task activation studies is that resting-state studies do not
employ experimental manipulations to test specific hypotheses, thereby reducing the
interpretative leverage of the resting-state approach. Regardless of the answer to this
question, this current state of affairs suggests caution in interpreting group differences in
activation studies that use resting baselines as reference conditions, since these differences
can be driven either by the task or by the reference condition. This work has clearly
demonstrated that we can no longer think of schizophrenia as an impairment of a single
brain region, and that we need to continue to work toward an understanding of group
differences at a network level. This progress will likely depend upon the convergence of
multiple approaches, including use of carefully controlled cognitive neuroscience tasks to
more precisely map brain and behavior interactions, and use of multi-modal imaging
techniques (structural and functional) to provide a convergent understanding of the DMN in
schizophrenia.
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Fig. 1.

Illistration of group differences in fMRI activation during memory encoding in healthy
participants and patients with schizophrenia based upon an activation likelihood estimation
(ALE) meta-analysis of seven previously published studies. Areas of greater activation in
healthy participants versus patients are indicated in red, and areas of greater activation in
patients versus healthy participants are indicated in green. Image is adapted from original
figure published in Ragland et al. (2009)
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Fig. 2.
Task-related suppression of default network regions is lower in patients. a Greater activation

during rest than task (2-back working memory paradigm) in DMN regions for controls
(CON) and patients (SZ). b Task-related suppression of MPFC (a DMN region) during 2-
back and 0-back conditions. Error bars are 95% confidence intervals. Image is adapted from
original Figure published in Whitfield-Gabrieli et al. (2009)
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