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ABSTRACT OF THE DISSERTATION

Functional Abnormalities of the Default Network in Autism

by

Daniel P. Kennedy

Doctor of Philosophy in Neurosciences

University of California, San Diego, 2007

Professor Eric Courchesne, Chair

One of the most striking and debilitating features of autism is the profound

impairment in social and emotional functioning.  In recent years, the emergence of

modern cognitive neuroscience techniques has led to a greater understanding of the

neural bases of such abilities in healthy control subjects.  However, very little is known

regarding the neural bases of the impaired social and emotional functioning in individuals

with autism.
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In the present series of studies, the functioning of the default network was

examined across various task and non-task conditions.  This network is comprised of the

medial prefrontal cortex (MPFC), retrosplenial cortex/posterior cingulate cortex

(RSC/PCC), precuneus (PrC), and angular gyrus (ANG), among other regions, and

typically activates during performance of tasks of a social, emotional, or self-referential

introspective nature (e.g., social perception, emotion processing, mentalizing tasks,

autobiographical recall, etc.).  Furthermore, the default network maintains high levels of

metabolic activity at rest, in the absence of any task demands, suggesting that ongoing

unconstrained thoughts of a social, emotional, and introspective nature might be the

natural, default state of the mind.

In Chapter II, the default network activity in autism was examined during a

resting condition and an implicit emotion processing condition.  In both of these

conditions, reduced levels of activity were found in regions of the default network.

Furthermore, the degree of resting functional abnormality in the MPFC correlated to a

clinical measure of social impairment.  In Chapter III, these findings were extended by

demonstrating reduced levels of functional connectivity within the default network at

rest, with the reduction being particularly pronounced in the MPFC and left ANG.  These

reductions were not a pervasive feature of the resting brain, as no abnormality was found

in a different network (i.e., the dorsal attention network).  In Chapter IV, in order to

determine whether default network regions are capable of being engaged under particular

experimental circumstances, activity was measured during an explicitly-defined and

experimentally-constrained self- and other-reflection task.  Although subtle task-specific
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abnormalities in autism were found, the overall level of functional activity across all

conditions was remarkably similar between groups.

All together, these findings suggest that while the default network often does not

engage under typical circumstances in individuals with autism, it is in fact capable of

responding, given particular highly-specified experimental constraints.  Further

investigation of the nature of this engagement deficit might prove instrumental in

elucidating the causes of autism, and may help to refine behavioral treatments.
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CHAPTER I

Introduction
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A Cognitive Neuroscience Approach to Autism

Autism was first brought to clinical awareness by Leo Kanner in 1943, a child

psychiatrist at Johns Hopkins University (Kanner, 1943).  He recognized that several

children in his clinic presented with a common collection of symptoms that had not been

previously described together, and thus were different from any other known disorder at

the time.  Among the many peculiarities displayed by these children, he identified three

primary domains of abnormality shared by all of them – 1) social/emotional impairments,

2) language abnormalities (usually early language delay, but also abnormal features of

language), and 3) the presence of restricted and repetitive interests and behaviors.  These

three domains of abnormality still serve as the defining features of autism today (Lord et

al., 1994; Lord et al., 2000).  Around the same time, Hans Asperger independently

recognized a similar collection of abnormalities in a group of children with higher

cognitive abilities than those described by Kanner, and without early language delay

(reviewed in Frith, 2004).  These children eventually received the distinct label of

Asperger’s Syndrome.  Finally, a third related disorder has now been recognized, termed

Pervasive Developmental Disorder – Not Otherwise Specified (PDD-NOS).  This

disorder includes all the same clinical features of autism, but is considered a less severe

form.  Today, the term autistic disorders or Autism Spectrum Disorders (ASD) is often

used as an umbrella term which encompasses these three disorders (i.e., autism,

Asperger’s Syndrome, and PDD-NOS, among several additional disorders), and reflects

the prevailing idea that these disorders are somehow related and may differ mainly in

severity, not etiology (Frith, 2004).  For the remainder of this thesis, unless referring to

specific participants in Chapters 2-4, the term autism is used interchangeably with ASD



3

to refer to the collection of disorders (i.e., autism, Asperger’s Sydrome, and PDD-NOS)

that exist on the autism spectrum.

Although autism is defined solely by behavior, we know that it’s causes are

biological, and likely varied.  For instance, it is well-established that autistic-like

behaviors can result from a number of different biological factors with different

biological mechanisms of action, including specific environmental toxins (e.g., prenatal

exposure to thalidomide, mercury poisoning), infectious diseases (e.g., prenatal rubella

infection), and specific genetic mutations (e.g., FMR1 gene mutation, MECP2 mutation).

Unfortunately, the biological bases for the majority of cases of autism remain elusive,

although there are some clues.  Among the cases whose causes are unknown, there is an

extremely strong genetic component.  In fact, autism is one of the most heritable

neuropsychiatric disorders of unknown cause, with a 65-90% concordance rate in

identical twins.  (Concordance is only 5-15% for fraternal twins (Bailey et al., 1995)).

However, the search for the genetic and biological bases of autism is made more difficult

by the fact that there are presumably multiple genetic and biological factors that interact

to produce autism in a single person, complicated by complex biology-environment

interactions (i.e., there is not 100% penetrance, either because of a trigger or protective

factor in the environment), and by the putative existence of several currently-

indistinguishable subtypes of autism.  Researchers are left with a rather daunting

challenge of trying to associate a collection of behaviors with often far-removed and

multiple biological factors (e.g., genes, environmental toxins, microscopic

neuroanatomical features, etc.).
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The relatively new field of cognitive neuroscience – created from the merging of

psychology and the neurosciences – is well-positioned to make significant advances

toward our understanding of the biological bases of autism.  With the goal of revealing

the neural underpinnings of behavior and cognition, cognitive neuroscience is also rather

uniquely poised to reveal neural underpinnings of abnormal behavior and cognition.  This

is particularly important for disorders like autism, which are still only defined by their

shared behavioral and cognitive abnormalities.  Regardless of whether these

abnormalities are caused by any number of genetic alterations, environmental agents, or

cellular abnormalities, the common behavioral and cognitive abnormalities that

characterize the disorder will undoubtedly be manifested in abnormal brain functioning.

Thus, examination of brain functioning provides one of the clearest and most direct links

to the defining behavioral and cognitive features of autism.  It is expected that findings

from the cognitive neuroscience approach to autism will be important for determining

which, where, or how particular brain networks are disrupted – information likely to be

useful in guiding subsequent investigations of the genetic, molecular, and cellular bases

of the disorder.  This view, that cognitive neuroscience has much to inform about the

biological bases of autism, is what motivated and guided the following series of studies

(described in Chapters II-IV).

Unfortunately, research on autism (and the cognitive neuroscience of autism) is

still in it’s infancy.  In fact, even the brain regions and networks that are predominantly

affected, and the neural mechanisms underlying their dysfunction, are largely unknown.1

                                                  
1 This was particularly evident in when this research began in 2003, as there were only 13
published fMRI studies on autism.
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The following series of functional magnetic resonance imaging (fMRI) studies examined

the functioning of one particular brain network in autism – the default network (also

termed the resting network, or task-negative network).  Below, I provide background

information describing the typical functioning and unique metabolic characteristics of

this network, and provide the rationale for studying the functionality of the default

network in autism.

Metabolic and functional properties of the default network

Recently, researchers have described a rather unique network of brain regions,

which includes the medial prefrontal cortex (MPFC), the retrosplenial cortex/posterior

cingulate cortex (RSC/PCC), and precuneus (PrC), among other regions.  Unlike any

other brain network, this network maintains high metabolic activity during a resting or

no-task condition – for instance, passive fixation, resting with eyes open, resting with

eyes closed, etc.  Because of it’s resting metabolic properties, Raichle and colleagues

termed this network of brain regions the default network (Raichle et al., 2001), but it has

since been referred to as the resting network or the task-negative network (or TNN).2  The

high level of resting activity of the default network is often attenuated during the

performance of goal-directed, attention-demanding cognitive tasks, resulting in the

typically under-reported and sometimes entirely ignored deactivations in functional

imaging studies.  This pattern of functional activity is unlike the more commonly

reported pattern of brain activity in which increasing task demands results in increased

                                                  
2  All three of these names will used at various points in this text, as each name refers to
and emphasizes a particular aspect of the network.
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(rather than decreased) metabolic demands.  In fact, for the default network, the exact

opposite pattern holds, in that the more cognitively-demanding the task, the greater the

level of deactivation (McKiernan et al., 2003).  Importantly, these deactivations provide a

way to measure the functioning of the default network at rest using fMRI (as will be

discussed and illustrated in Chapter II).

Although performance of many types of cognitively-demanding tasks reduces

activity of the default network, there are specific cognitive and behavioral tasks that

actually engage the default network – namely, social, emotion, and self-reflective (i.e.,

introspective) tasks.  Performance of tasks of this nature often results in default network

activity at levels similar to or even greater than that seen during rest, and much greater

than the levels seen during a cognitively comparable task not of a social, emotional, or

introspective nature.  Activation of the default network has repeatedly been observed

across a wide variety of such tasks, including self- and other-person judgments (Fletcher

et al., 1995; Gusnard et al., 2001; Vogeley et al., 2001; Gallagher et al., 2002; Johnson et

al., 2002; Kelley et al., 2002; Kjaer et al., 2002; Fossati et al., 2003; Gallagher and Frith,

2003; Lou et al., 2004; Macrae et al., 2004; D'Argembeau et al., 2005; Mitchell et al.,

2005a; Mitchell et al., 2005b; Ochsner et al., 2005), person familiarity judgments

(Maddock et al., 2001; Pierce et al., 2004), emotion processing (Whalen et al., 1998;

Maddock et al., 2003; Cato et al., 2004), perspective-taking (Vogeley et al., 2001;

Vogeley et al., 2004), passive observation of social interactions vs non-social interactions

(Iacoboni et al., 2004), relaxation based on interoceptive biofeedback (Critchley et al.,

2001; Nagai et al., 2004), conceptual judgments (based on internal knowledge stores) vs

perceptual judgments (Binder et al., 1999), episodic memory tasks (Andreasen et al.,
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1995), moral decision making (Greene et al., 2001), joint attention experience (Williams

et al., 2005), and pleasantness judgments (Paulus and Frank, 2003), among others.

It has been hypothesized that these two seemingly unrelated features of the default

network – i.e., the high resting activity and the task-evoked activation during social,

emotional, and introspective processes - are actually functionally related.  It is currently

thought that the high default network activity reflects the natural propensity of

individuals to mind-wander, often toward social, emotional, and introspective thoughts

regarding the past, present and future (Buckner and Carroll, 2007).  Furthermore, the

deactivation of the default network during goal-directed attention-demanding cognitive

tasks is thought to index the interruption of these types of unconstrained resting thoughts

(Shulman et al., 1997; Gusnard et al., 2001; Raichle et al., 2001; McKiernan et al., 2003;

Cavanna and Trimble, 2006).  This may explain why the amount of deactivation is

attenuated when the task is of a social, emotional, or introspective nature (Fox et al.,

2005).

Self-reports obtained from subjects, which is the primary methodology for

examining the contents of the mind, support this hypothesis.  For instance, one study

reports that a majority of subjects at rest describe mental images and inner speech, most

often pertaining to “autobiographical reminiscences” (Mazoyer et al., 2001).  Similarly,

D’Argembeau (2005) examined self-reports of subjects following 2 minute resting

periods, and found that subjects often reported frequent thoughts regarding themselves

and others.  Furthermore, using the ability to reflect on the content of our own minds,

most of us agree that social, emotional, and self-oriented thoughts regarding the past,
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present, and future comprise a large portion of our resting thoughts (e.g., when waiting at

a traffic light; when trying to fall asleep, etc.).

However, experimental difficulty arises in trying to directly examine how the

contents of ones’ mind relates to default network brain activity, as the very act of self-

reporting (or knowing one might have to self-report) alters the content of the mind.  This

makes studying the moment to moment relationships between mental activity and brain

activity impossible.  Nonetheless, two creative studies have attempted to address the

relationship between default network activity and unconstrained mental activity.  First,

D’Argembeau et al. (2005) identified a correlation between the frequency of self-oriented

thoughts across of number of rest and non-resting tasks (assessed after scanning) and

activity of the MPFC, one region of the default network.   More recently, Mason and

colleagues (2007) found that the level of activity of the default network correlated to

subjects’ self-reported propensity to mind-wander – specifically, subjects with a higher

frequency of mind-wandering had a higher level of default network activity.  Thus, it

seems reasonable to assume that high default network activity at rest is related to the

natural propensity for individuals to automatically engage in active mental processes at

rest, which are often of a social, emotional, or introspective nature.

The default network and autism

There are several reasons to suspect dysfunction of the default network in autism.

First, the types of tasks that normally engage the default network – namely, social,

emotional, and introspective tasks - seem to be particularly impaired in autism (Kanner,

1943; Lord et al., 1994; Lord et al., 2000).  Furthermore, performance on goal-directed
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cognitive tasks of the sort that do not rely upon or that actually deactivate the default

network are often relatively or entirely spared in autism (Eskes et al., 1990; Garretson et

al., 1990; Ozonoff and Jensen, 1999; Allen and Courchesne, 2001).  Second, several

published studies identified functional abnormalities in various default network regions,

including the MPFC, RSC/PCC, and PrC.  As expected, these abnormalities were

observed across a wide variety of socioemotional tasks, including a facial emotion

processing task, a gender discrimination task using personally-familiar faces, and a

mental state attribution task (Castelli et al., 2002; Pierce et al., 2004; Wang et al., 2004).

Third, abnormalities of default network regions have also been observed during

performance of non-socioemotional and non-introspective tasks [e.g., a visually-guided

motor task (Muller et al., 2001); a spatial working memory task (Luna et al., 2002); a

verbal learning test (Haznedar et al., 2000)], suggesting that there may also be functional

abnormalities of the default network at rest.  In other words, the high resting metabolic

activity, which presumably supports typical resting mental activity, may be abnormal in

autism.

Aims

The following series of autism fMRI studies examined the functioning of the

default network across a number of different experimental contexts, in an attempt to

characterize the severity and pervasiveness of default network abnormality in autism.

In Chapter II, default network functionality was investigated with fMRI during a

resting condition and an implicit emotion processing task.  The aims of this study were 1)

to first demonstrate a deficit in default network functionality at rest, 2) to demonstrate
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overlap between regions of the default network and regions involved in emotional

processing, 3) to test whether an implicit emotion processing task activated these default

regions in autism, and 4) to determine whether there were any clinical correlates of

default network abnormality in autism.

In Chapter III, default network functionality was further studied at rest using

functional connectivity MRI (fcMRI).  This technique was used to assess the pattern of

spontaneous occurring fluctuations in the BOLD (blood oxygenation level-dependent)

signal within the default network, providing a measure of functional organization and

functional engagement of this network at rest.  The primary aims of this study were 1) to

provide converging evidence of abnormality of the default network during an

unconstrained resting state, and 2) if found to be abnormal, to determine whether

functional connectivity abnormalities are pervasive across the entire network, or

regionally-specific to particular nodes of the network.

In Chapter IV, default network functionality was examined with fMRI during

performance of a self- and other-reflection task.  Specifically, subjects were asked to

make judgments about themselves or a close other person, regarding either psychological

personality traits or physical, external attributes and behaviors.  The aims of this study

were 1) to determine if the default network would activate to near normal levels in autism

under these specific experimentally-constrained task conditions, and 2) to examine

whether there might be abnormal patterns of activation of default network regions during

particular task conditions (i.e., self vs. other judgments; psychological vs. physical

judgments).
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CHAPTER II

Failing to deactivate: Resting functional abnormalities in autism
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Abstract

Several regions of the brain (including medial prefrontal cortex, rostral anterior

cingulate, posterior cingulate, and precuneus) are known to have high metabolic activity

during rest, which is suppressed during cognitively-demanding tasks. With functional

magnetic resonance imaging (fMRI), this suppression of activity is observed as

“deactivations,” which are thought to be indicative of an interruption of the mental

activity that persists during rest. Thus, measuring deactivation provides a means by which

rest-associated functional activity can be quantitatively examined. Applying this

approach to autism, we found that the autism group failed to demonstrate this

deactivation effect. Furthermore, there was a high correlation between a clinical measure

of social impairment and functional activity within the ventral medial prefrontal cortex.

We speculate that the lack of deactivation in the autism group is indicative of abnormal

internally-directed processes at rest, which may be an important contribution to the social

and emotional deficits of autism.
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Introduction

Internally-directed processes, such as self-reflective thought and most higher-

order social and emotional processes, consistently activate a medial cortical network

involving several brain regions – namely, the medial prefrontal cortex (MPFC) and

adjacent rostral anterior cingulate cortex (rACC), posterior cingulate cortex (PCC), and

precuneus (PrC) (Maddock, 1999; Gusnard and Raichle, 2001; Northoff and Bermpohl,

2004; Ochsner et al., 2005). Interestingly, this network is active when normal subjects are

passively resting (Raichle et al., 2001), leading many to speculate that these internally-

directed thoughts dominate the resting state (Gusnard et al., 2001; Mazoyer et al., 2001;

Kjaer et al., 2002; Cavanna and Trimble, 2006). Self-reports from subjects while at rest

further support this interpretation, wherein they typically describe “autobiographical

reminiscences, either recent or ancient, consisting of familiar faces, scenes, dialogues,

stories, and melodies” (Mazoyer et al., 2001). Conversely, activity in this midline

“resting network” is reduced when subjects perform externally-directed, attention-

demanding, goal-oriented tasks (such as the Stroop task or math calculations), and the

resulting “deactivation” of this network is thought to be an indicator of an interruption of

ongoing internally-directed thought processes (Shulman et al., 1997; Gusnard et al.,

2001; Raichle et al., 2001; McKiernan et al., 2003; Cavanna and Trimble, 2006). In this

context, the term “deactivation” simply refers to activity that is greater during rest than

during task performance (i.e. the opposite of the more typically reported activations).

Thus, an objective method for testing the functioning of this midline resting network is to

measure whether there is deactivation in these regions during externally-directed tasks as

compared to passive rest. Similar approaches of examining this “deactivation effect” have
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been utilized in studies of patients with fragile X (Menon et al., 2004), a developmental

disorder with some characteristics that overlap with autism, and in patients with dementia

of the Alzheimer type (Lustig et al., 2003) and Alzheimer’s disease (Greicius et al.,

2004).

There are several lines of evidence to suggest that this resting network might be

functioning abnormally in autism. First, the functions it subserves (including emotional

processing (Whalen et al., 1998; Maddock et al., 2003; Cato et al., 2004), perception of

social interactions (Iacoboni et al., 2004), theory of mind (Fletcher et al., 1995; Vogeley

et al., 2001; Gallagher et al., 2002; Gallagher and Frith, 2003), experience of joint

attention (Williams et al., 2005), and person familiarity (Maddock et al., 2001; Pierce et

al., 2004)) overlap remarkably well with the social and emotional deficits that

characterize autism. Second, in anterior regions of this network, researchers have

documented volumetric, metabolic, cellular, and developmental growth abnormalities in

this disorder (reviewed in Courchesne et al., 2004). Third, neuroimaging studies of

autism have often observed functional abnormalities in these midline cortical regions

during a variety of both socioemotional (Castelli et al., 2002; Pierce et al., 2004; Wang et

al., 2004) and non-socioemotional tasks (Ring et al., 1999; Muller et al., 2001; Luna et

al., 2002). These functional abnormalities in non-socioemotional tasks (e.g. a visually-

cued motor task (Muller et al., 2001)) are particularly interesting because they suggest

that the results may be due to resting baseline differences between groups, rather than

task-related differences.

To objectively determine whether in autism this resting network functions

abnormally, we used functional magnetic resonance imaging (fMRI) to measure this
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deactivation effect in autistic and normal control subjects. In order to control for task

performance across patient and control groups, we used the Stroop task because it is

known that autistic patients are unimpaired in this task relative to controls (Eskes et al.,

1990; Ozonoff and Jensen, 1999). To demonstrate that the magnitude of the deactivation

effect in these regions can be modulated in control but not autistic subjects without

changing the specific task demands, three conditions of the counting Stroop task were

used; one with incongruent number stimuli (NUMBER), one with emotional stimuli

(EMOTIONAL), and one with neutral stimuli (NEUTRAL). Activity in each condition

was compared to passive rest. To examine both individual subject and group effects, we

used a whole-brain group analysis followed-up with a region of activation approach in

which the pattern of activity for each autistic and control individual could be

characterized and quantified.

We had two main comparisons of interest: First, we predicted that the greatest

level of functional deactivation from a passive resting state in control subjects would be

seen in the most cognitively demanding task condition, since this would draw the most

attention away from internal thought processes that occur during rest. Based on previous

research on the counting Stroop task (Whalen et al., 1998), we chose the NUMBER

condition to contrast with rest, since counting the number of words while reading

incongruent numbers would create more interference (as reflected in longer reaction

times and lower accuracy) than counting the number of emotional or neutral words. We

hypothesized that in subjects with autism, while the NUMBER condition will still be the

most cognitively demanding condition, this deactivation in the NUMBER vs. REST

contrast would be absent, thus implicating differences in functional activity (and,
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therefore, functional processes) during rest. Second, based on previous studies using

negatively-valenced words (Whalen et al., 1998), we predicted that control subjects

would show relatively greater activity in anterior midline regions (MPFC and rACC) in

the EMOTIONAL compared to the NEUTRAL condition. However, we hypothesized

that autistic subjects would fail to show this activity related to implicit emotional

processing of negatively-valenced words. Such a pattern of results would suggest that

there is abnormal functioning of the midline resting network in autism during rest and

emotion processing, which we speculate may reflect a more general failure to engage in

the types of internally-directed thoughts which normally recruit this network.

Methods

Participants:

Fifteen participants with autism spectrum disorder (ASD) (10 high functioning

autism, 3 Asperger’s syndrome, 2 pervasive developmental disorder) (2 left handed, 1

ambidextrous) and 14 healthy controls (3 left-handed) participated in this experiment.

Three participants with ASD (2 autism, 1 PDD-NOS) were excluded from all analyses

due to uncorrectable head motion. All participants or their legal guardian gave informed

written consent and were monetarily compensated for participation in the experiment.

The protocol was approved by the Institutional Review Board of UCSD and Children’s

Hospital at San Diego. All ASD participants were diagnosed by a clinical psychologist

using the Autism Diagnostic Interview – Revised (ADI-R) (Lord et al., 1994) and the

Autism Diagnostic Observation Schedule (ADOS) (Lord et al., 2000), and administered

the Wechsler Adult Intelligence Scale (WAIS) or WAIS-R (Revised). The mean ages of
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ASD participants (25.49±9.61) and control participants (26.07±7.95) were not

significantly different [t(24)=-.169, p=.87]. Clinical data for individual ASD subjects are

reported in Table 2.1.

Stimuli:

While in the scanner, subjects performed a counting Stroop task with three

conditions of interest (Bush et al., 1998). This task was based on the classic color-word

Stroop (Stroop, 1935) but adapted to be more suitable for the fMRI environment (Bush et

al., 1998). Instead of naming the color of a word, subjects were instructed to count the

number of words that appeared on the screen and respond as quickly and accurately as

possible by pressing the button on the response device corresponding to either two, three,

or four words. Subjects were presented with three different types of words: emotional,

neutral, and number words. Number words were always incongruent with the number of

words that appeared on the screen (e.g. “two” written 3 times). The emotional words

were chosen from a set of negatively-valenced emotional words that had been rated by a

separate set of participants for degree of emotional arousal. Ten words with the highest

ratings of emotional arousal were included in the study. Examples of these include

“murder,” “torture,” and “blood.” The ten neutral words, each naming a household item,

included words like “table,” “curtain,” and “desk.” Stimuli were presented for 1.5

seconds each in a block design with each block containing 20 presentations of either

EMOTIONAL, NEUTRAL, or NUMBER words, for a total of 30 seconds per block.

There were 12 task blocks, interlaced with three 21 second rest periods, wherein subjects

were simply instructed to passively view a fixation cross.

Behavioral data acquisition and analysis:
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Stimuli were presented using the Presentation software package (Neurobehavioral

Systems Inc., Albany, CA), whereby reaction time and number of errors were recorded

during scanning. Additionally, immediately after scanning, each participant was asked to

complete a surprise word recognition test outside of the scanner. The test consisted of

two columns; one with twenty neutral words describing household items and one with

twenty negatively-valenced emotional words. Subjects were instructed to identify the

words they recognized from the scanning session.

Subject responses were scored for average reaction time (from stimulus onset

until subject response) and percent correct for each condition. Data from the word

recognition test were scored for hits, misses, and false alarms and then converted into a

percent correct score. All behavioral analyses were conducted with SPSS 12.0 statistical

software package (SPSS Inc., Chicago, IL). Two repeated-measures ANOVAs were run

with group (autism, control) as the between subjects factor and reaction time or percent

correct for each of the three conditions (EMOTIONAL, NEUTRAL, NUMBER) as the

within subjects factor. A third repeated measures ANOVA was run on the post-test word

recognition data with group as the between subjects variable and percent correct for each

condition (emotional words or neutral words) as the within subjects factor.

Functional imaging data acquisition and analysis:

Images were acquired on a Siemens Symphony 1.5 Tesla Scanner at the UC San

Diego Hillcrest Medical Center. Whole brain axial slices were collected with a gradient-

recalled echo-planar imaging (EPI) pulse sequence (TR (repetition time) = 3000 ms; TE

(echo time) = 35 ms; flip angle = 90 deg; field of view (FOV) = 256 mm; matrix = 64x64

(4mm2 in-plane resolution); slice thickness = 4 mm; # of slices = 30; # of volumes =
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148). A T1-weighted anatomical image using an MPRAGE sequence was collected

during each scan session for co-registration with the functional images. Anatomical scans

were collected in the sagittal plane (FOV = 256 mm; matrix = 256x256 (1 mm2 in-plane

resolution); slice thickness = 1 mm; # of slices = 180).

All fMRI analyses were conducted with the Analysis of Functional Neuroimages

statistical software package (AFNI; version 2.56; http://afni.nimh.nih.gov/afni) (Cox,

1996). Motion correction and three-dimensional registration of each participant's

functional images were performed using an automated alignment program (3dvolreg),

which co-registered each volume in the time series to the middle volume acquired in that

run using an iterative process. Brief periods of motion in nine ASD subjects that were

uncorrectable by 3dvolreg were removed from analysis. The percent of the run that was

removed ranged from 2.7 % to 14.9 % (mean = 7.13 %). Images were then smoothed

with a Gaussian filter (full-width half-maximum = 6 mm).

Individual data were analyzed using the program 3dDeconvolve. This program

first estimates an impulse response function (IRF) based on the measured fMRI signal

data and input stimulus functions. These 9 functions included the 3 word conditions

(NUMBER, NEUTRAL, EMOTIONAL) and 6 motion parameters derived from the

output of 3dVolreg (intra-run motion in the x, y, and z, and roll, pitch, and yaw planes).

The IRF was then convolved with the input stimulus time series and multiple regressions

were run to determine a “goodness of fit” coefficient (or linear contrast weight). The

global mean and linear trend were included in the regression to remove their effect from

the analysis. For each condition, the linear contrast weight was determined for 0, 3, 6, and

9 seconds after stimulus presentation. These weights were summed for each condition to
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give an overall best-fit for each condition compared to the REST condition. Additionally,

an a priori contrast of EMOTIONAL versus NEUTRAL was determined for each

individual.

Group Analysis: In order to average data across participants, the functional

images were then transformed into Talaraich space. T-tests were conducted to determine

if linear contrast weights for both the autism and control group were significantly

different from zero for each of the four main comparisons of interest (EMOTIONAL vs.

REST; NUMBER vs. REST; NEUTRAL vs. REST; EMOTIONAL vs. NEUTRAL). An

additional set of t-tests was then run to determine if the contrast weights were

significantly different between the autism and control groups for the four comparisons.

All data were intensity thresholded at p < 0.01 and cluster thresholded at a voxel-wise

alpha level of p < 0.05. The contrasts of any condition vs. REST reveal both regions of

activation and deactivation, and are displayed together in each image shown.

Exploratory Correlation Analysis: Since we predicted that functional activity at

rest is related to social behavioral impairment in ASD, we ran a whole brain regression

analysis between the NUMBER vs. REST contrast and the social subscale score on the

ADI-R. Since results did not survive correction for multiple comparisons based on cluster

volume, data was thresholded at p < 0.005, uncorrected, and we termed this analysis

“exploratory.”

Individual Region of Activation Analysis:  In order to examine individual

differences in fMRI data, values were first normalized to percent signal change from

baseline (baseline = mean signal intensity across the entire run).  Specifically, the mean

baseline MR signal intensity was subtracted from each image on a voxel-by-voxel basis
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and the resulting value was divided by the baseline for that voxel and multiplied by 100.

Mean percent signal change for each condition was determined by averaging images

acquired 3 seconds after the start of the block until 3 seconds after the end of the block.

We chose two ROA masks of interest.  First, to examine individual differences in

both the deactivation during the NUMBER vs. REST condition and activation during the

EMOTIONAL vs. NEUTRAL condition, we created a mask derived from the overlap

between functional activity in the control subjects in the NUMBER vs. REST and

EMOTIONAL vs. NEUTRAL conditions (p < 0.01, cluster corrected).  Then, in order to

reduce the amount of noise introduced into this individual analysis, only data at the

individual level that reached significance at p < 0.05 (uncorrected) was extracted from

within this mask.  Thus, only data from the voxels in the NUMBER vs. REST

comparison that survived this individual subject threshold were used to determine the

individual NUMBER vs. REST mean percent signal change value.  Similarly, data from

voxels in the EMOTIONAL vs. NEUTRAL comparison that survived this threshold

comprised the individual EMOTIONAL vs. NEUTRAL mean percent signal change

value.

Our second ROA mask was created from a cortical region consisting of the

activity common to all three task conditions vs. REST in control subjects (thresholded at

p < 0.01, cluster corrected).  This mask was chosen to ensure that the variability we

observed in our first ROA was not common to all regions, and that it was not a

consequence of our analysis procedure (e.g. selecting the mask based on control

subjects).  Analysis methods were the same as those described above, such that voxels

that fell within this ROA mask were thresholded at the individual subject level at p < 0.05
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for NUMBER vs. REST and EMOTIONAL vs. REST conditions separately.  Then,

percent signal change data was extracted from these voxels and averaged, providing a

single resulting value for each subject and for each condition.

Results

Behavior:

As predicted, autism spectrum disorder (ASD) and control participants showed

similar behavioral responses while performing the counting Stroop task (see Figure 2.1a,

b). Reaction time did not differ significantly between groups [ASD = 676.1 ms, control =

664.1 ms; F(1,23)=.097; p=.759]; however, there was a main effect of condition

[F(2,22)=4.811; p=.018]. Contrasts corrected for multiple comparisons revealed that this

effect was due to significantly longer reaction times in the NUMBER condition (692.0

ms) as compared to the EMOTIONAL (659.3 ms) and NEUTRAL condition (659.0 ms)

[F(1,23)=10.05; p=.004]. There was no significant interaction between condition and

group for reaction time [F(2,22)=.730; p=.493]. In the accuracy data, the ASD subjects

did have a significantly lower overall percent correct score than the control group [ASD =

95.8%, control = 98.8%; F(1,22)=6.499; p=.018]. However, mean accuracy for both

groups was over 95% for all three conditions, indicating that despite group differences,

both groups were performing the task with a high level of accuracy. There was also a

main effect of condition with number showing a lower percent correct than the other two

conditions [NEUTRAL = 97.7%, EMOTIONAL = 97.4%, NUMBER = 96.7%;

F(2,21)=7.08; p=.004] but no significant interaction between condition and group

[F(2,21)=.679; p=.518].
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Immediately after image acquisition, subjects were given a word recognition task

in which they were asked to mark all of the words they had seen during scanning.

Repeated measures ANOVA revealed a main effect of word type (emotional vs. neutral)

[Emotional = 86.0%, Neutral = 73.8%; F(1,19)=11.43; p=.003] and a trend towards an

interaction between group and word type [F(1,19)=4.24; p=.062] (Figure 2.1c). Follow-

up within group t-tests revealed a significant effect of word type in control subjects

[Neutral = 72.2%, Emotional = 91.1%; t(1,8)=-4.02; p=.004] but not in ASD subjects

[Neutral = 75.4%, Emotional = 80.8%; t(1,11)=-1.15; p=.274].

Functional Imaging:

Group Analysis:  For control subjects, whole brain analysis of the NUMBER vs.

REST contrast revealed large regions of deactivation in MPFC/rACC and PCC/PrC (p <

0.01, cluster corrected) (Figure 2.2a;  see also Table 2.2). However, this deactivation

was entirely absent in ASD subjects. Further, a direct group comparison between control

and ASD subjects revealed a significant difference between groups in MPFC/rACC and

PrC (Figure 2.2a; see also Table 2.3). The right superior temporal sulcus (STS) and

bilateral angular gyrus also deactivated in control but not ASD subjects, although these

regions were not significantly different in the direct group comparison (see Table 2.2 and

Table 2.3).

Similar, but weaker effects, were seen in the NEUTRAL vs. REST and

EMOTIONAL vs. REST comparisons. In the NEUTRAL vs. REST contrast (Figure

2.2b), cluster volume in control subjects was reduced compared to that seen in the

NUMBER vs. REST comparison, likely reflecting differences in difficulty between the

conditions (McKiernan et al., 2003). Again, the autism group showed no significant
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deactivations in this comparison. Similarly, in the EMOTIONAL vs. REST contrast

(Figure 2.2c), significant deactivations were seen in the PCC and PrC in controls but not

in ASD subjects. Furthermore, a significant cluster of positive activity was observed in

the dorsal MPFC in both groups, although this activity was of a greater extent in control

subjects. In both of these comparisons, there were no significant differences in these

midline regions in the direct group comparison.

To determine functional activity specific to emotional processing, we contrasted

the EMOTIONAL vs. NEUTRAL conditions (Figure 2.2d). As predicted, significantly

increased activity was observed in the ventral MPFC/rACC, extending into the medial

portion of the orbital frontal cortex, for control subjects, but this activation was absent in

ASD subjects (Table 2.2). Direct group comparison revealed significantly greater activity

in the control subjects in this medial orbital region of the resting network (Figure 2.2d

and Table 2.3).

Finally, to ensure that there were no between group differences in functional

activity relating to the interference aspect of the task (namely, in the dorsal ACC (Bush et

al., 1998)), we examined group differences between the NUMBER vs. NEUTRAL

contrast. Even at a more relaxed threshold (p < 0.05, uncorrected), dorsal ACC activity

was still not significantly different between groups (see Figure 2.3), although differences

can be seen in MPFC and PrC.

Exploratory Correlational Analysis:  We found a cluster of voxels in the ventral

MPFC (p < 0.005, uncorrected) whose activity during the NUMBER vs. REST contrast

significantly correlated with the social subscale score on the ADI-R in ASD individuals

[r(11)=.939; p < 0.0001)] (Figure 2.4). This region was partially overlapping with the
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region found to be significantly different between the ASD and control groups in the

NUMBER vs. REST contrast (see Figure 2.4 inset). ASD subjects with greater

deactivation had lower social impairment scores, whereas those that showed less

deactivation (or, in certain individuals, activation) had greater social impairment scores.

Furthermore, this correlation was still significant when the two extreme points (i.e.

subjects with the lowest and highest scores on the social subscale) were removed from

the analysis [r(9)=.669; p = 0.034].

Region of Activation-Guided Individual Analysis:  Since we noted individual

variability in deactivation and activation patterns in the ASD subjects, we chose to

examine the data at the individual subject level.  To identify regions common to cognitive

deactivation and emotional activation, a region-of-activation (ROA) mask was created

from the overlap between the NUMBER vs. REST and the EMOTIONAL vs. NEUTRAL

conditions in control subjects (both thresholded at p < 0.01, cluster corrected).  This

overlapping functional activity was restricted to the MPFC (see inset in Figure 2.5a).

As seen in Figure 2.5a, the majority of control subjects (11 of 14) showed the

expected pattern of deactivation in the NUMBER condition and activation in the

EMOTIONAL vs. NEUTRAL condition.  However, this pattern was not consistently

seen in ASD subjects.  Interestingly, 3 of the 4 PDD and Asperger’s subjects who

participated in this study showed the typical pattern of activation and deactivation.

To test if the variability seen in the autism group was simply a result of the ROA

being selected based on the control subjects’ data, we created another control-defined

ROA mask in a different region.  This mask was based on the functional activity common

to the NUMBER vs. REST, NEUTRAL vs. REST, and EMOTIONAL vs. REST
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contrasts, and included the left precentral gyrus, left postcentral gyrus, and supplementary

motor area/dorsal ACC (see inset in Figure 2.5b), likely reflecting a combination of

motor, sensory, and Stroop-related inhibitory neurofunctional processes.  Results showed

that there was an extremely close correspondence in activity between both ASD and

control subjects (Figure 2.5b).  Thus, the observed individual ASD variability in MPFC

likely reflects real individual variability, rather than simply a result of the analysis

procedure used.

There were no significant correlations between functional activity in the MPFC

ROA-mask and behavioral performance (i.e. reaction times, Stroop performance

accuracy, word recognition accuracy) in control or ASD groups.  There was, however, a

correlation between activity in the NUMBER condition and activity in the EMOTIONAL

vs. NEUTRAL comparison within the MPFC ROA in control [r(13)=-.67; p = .008] but

not ASD subjects [r(11)=-.32; p=.304] (Figure 2.5a).  Furthermore, no significant

correlations were found between functional activity in the MPFC ROA-mask and verbal,

performance, or full-scale IQ in the ASD group.

Discussion

Our results demonstrate that autism spectrum disorder (ASD) subjects fail to

show the deactivation effect in resting network regions (MPFC/rACC and PCC/PrC) in

the NUMBER vs. REST comparison (Figure 2.2a). These results can not be accounted

for merely by differences in task performance since 1) no differences were seen in

reaction time between groups, 2) slightly reduced accuracy (and thus, increased

difficulty) in the ASD group should lead to greater deactivation (McKiernan et al., 2003),
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although we observed the exact opposite result, 3) there were no significant correlations

between task performance and functional activity in the anterior ROA-mask, and 4) there

were no neurofunctional differences in regions involved in Stroop task performance

(namely, the dorsal ACC) (see Figure 2.2a; see also Figure 2.3 and Figure 2.5b). ASD

subjects also failed to show normal behavioral and neurofunctional processing of

emotional stimuli. While control subjects showed a recognition bias for emotional words,

the autism group did not show an effect of word type on recognition ability, consistent

with previous behavioral reports in autism (Beversdorf et al., 1998). Further, we

demonstrated that autistic subjects failed to show the normal pattern of functional

activation in the medial orbital frontal region of the resting network when processing

emotional words compared to neutral words (Figure 2.2d), demonstrating a failure of

emotional task-induced modulation of this region. Finally, in the ASD group, there was a

high correlation (r = 0.939) between a clinical measure of social impairment and

functional activity in the ventral MPFC (Figure 2.4). The subjects with higher social

impairment scores had less deactivation in the NUMBER vs. REST contrast (i.e. the

greater the behavioral abnormality, the greater the neurofunctional abnormality), and vice

versa. We should emphasize, however, that we have only identified a correlative

relationship between abnormal social behavior and brain activity, rather than a causative

one. Thus, although tantalizing, this result can not be used to argue that neurofunctional

abnormality causes social impairment, or that social impairment causes neurofunctional

abnormality.

There are two possible reasons why the ASD group failed to show the typical

deactivation effect. One possibility is that midline resting network activity during both
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rest and task performance is high, and thus, a subtraction between these conditions would

reveal no difference in activity levels. We believe, however, that it is unlikely that high

midline network activity was maintained during the cognitively-demanding NUMBER

task in autism for several reasons. First, as mentioned previously, behavioral performance

was similar between control and ASD groups. This, however, would be unexpected if the

ASD group were carrying out additional mental processing that control subjects inhibit

during cognitively demanding conditions. Second, PET studies of autism, which provide

an absolute measure of brain metabolism, have found reduced, as opposed to increased,

glucose metabolism in rACC and PCC (Haznedar et al., 2000) during task performance,

as compared to controls. Further, one PET study found that lower blood flow in MPFC

and rACC at rest was correlated with more severe social and communicative impairments

in subjects with autism (Ohnishi et al., 2000), a finding similar to our correlational

results. Third, reduced anatomical volumes and neurochemical deficiencies have

consistently been observed in MPFC/rACC in adults with autism (reviewed in

Courchesne et al., 2004), likely indicative of reduced functioning of these regions.

Therefore, an alternative explanation, the one to which we attribute the lack of

deactivation, is that midline activity is low during rest. We suggest, then, that the absence

of deactivation in this network indicates that the mental processes that normally occur at

rest are absent or abnormal in autism.

What are these mental processes that dominate during rest?  Evidence in the

literature, to date, seems to suggest that tasks that induce certain types of internal

processing activate this resting network. Examples of such tasks are self- and other-

person judgments (Fletcher et al., 1995; Gusnard et al., 2001; Vogeley et al., 2001;
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Gallagher et al., 2002; Johnson et al., 2002; Kelley et al., 2002; Kjaer et al., 2002; Fossati

et al., 2003; Gallagher and Frith, 2003; Lou et al., 2004; Macrae et al., 2004;

D'Argembeau et al., 2005; Mitchell et al., 2005b; Mitchell et al., 2005a; Ochsner et al.,

2005), person familiarity judgments (Maddock et al., 2001; Pierce et al., 2004), emotion

processing (Whalen et al., 1998; Adolphs, 1999; Maddock et al., 2003; Cato et al., 2004),

perspective-taking (Vogeley et al., 2001; Vogeley et al., 2004), passive observation of

social interactions vs. non-social interactions (Iacoboni et al., 2004), relaxation based on

interoceptive biofeedback (Critchley et al., 2001; Nagai et al., 2004), conceptual

judgments (based on internal knowledge stores) vs. perceptual judgments (Binder et al.,

1999), and episodic memory tasks (Andreasen et al., 1995), among others (moral decision

making, joint attention experience, pleasantness judgments (Greene et al., 2001; Paulus

and Frank, 2003; Williams et al., 2005)). Therefore, the activity in these regions at rest

might simply reflect the extent to which these types of internally-directed thoughts are

engaged at rest. In fact, a particularly intriguing behavioral study found that individuals

with ASD report very different internal thoughts than control subjects (Hurlburt et al.,

1994; Frith and Happe, 1999), lending support to our interpretation that an absence of this

resting activity in autism may be directly related to abnormal internal thought.

Admittedly, this is a speculative hypothesis, but one that can be explicitly tested in future

experiments.

The findings in the present study are supported by previous functional imaging

studies of autism, which have consistently found abnormalities in these midline regions

during a variety of tasks. While these functional abnormalities would be expected in

socioemotional tasks (i.e. personally-familiar face processing (Pierce et al., 2004), facial
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affect processing (Wang et al., 2004), theory of mind (Castelli et al., 2002)) since these

resting network regions support these processes, these abnormalities have also been seen

using non-socioemotional tasks (i.e. spatial working memory (Luna et al., 2002),

visually-cued motor task (Muller et al., 2001), embedded figures task (Ring et al., 1999)).

Further, within both socioemotional and non-socioemotional task domains, the direction

of abnormality has not been consistent, in that some studies report greater activity while

others report reduced activity as compared to control subjects. Unfortunately,

interpretation of these findings is not straight-forward, since different studies report

results in different ways (e.g. individual group results or direct group comparisons) and

use different control conditions. For instance, in our study, if we only reported results

from the direct comparison for control vs. ASD subjects in the NUMBER vs. REST

condition, it would seem like ASD subjects had greater activity in resting network

regions (Figure 2.2a, right panel), although such an oversimplified interpretation would

be flawed since it actually reflects an absence of deactivation in the autism group. Thus,

although functional abnormality within midline anterior and posterior regions has been

repeatedly shown in ASD, the precise nature of and explanation for these abnormalities

have been unclear based on past studies. We offer an encompassing explanation for these

disparate imaging results by suggesting that the seemingly inconsistent findings can be

attributed to a lack of presenting individual group data and to a lack of a common

reference to a resting baseline condition.

Although our discussion of resting network regions has been limited to midline

resting regions, other regions, including STS, temporal pole, and angular gyrus, are

known to show the same deactivation effect (Binder et al., 1999; Raichle et al., 2001). In
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fact, we observed deactivation in these regions in control subjects in the NUMBER vs.

REST contrast, and, as expected, these regions failed to deactivate in the ASD group

(Table 2.2). However, functional activity in these regions was not found to be

significantly different in our relatively conservative direct group comparison (p < .01,

whole-brain corrected), likely due to the smaller size and increased anatomic variability

of these regions (particularly, the STS) as compared to midline regions. Interestingly,

several functional imaging studies have shown abnormalities in these regions (Baron-

Cohen et al., 1999; Castelli et al., 2002; Gervais et al., 2004; Pierce et al., 2004; Pelphrey

et al., 2005). Follow-up studies using region of interest approaches or sulcal mapping are

needed to determine the functionality of these other resting network regions in autism.

It is particularly remarkable that the autism behavioral phenotype can be caused

by a number of different factors (including genetic, infectious, and environmental toxins),

suggesting these factors are all likely acting on a common neural substrate that must be

particularly vulnerable to developmental insult. In fact, Raichle and colleagues (Raichle

et al., 2001) speculated that the PrC and PCC might be highly susceptible to damage due

to their high metabolic rate. Further, since these highly active midline regions are richly

connected with numerous cortical and subcortical regions (Carmichael and Price, 1995;

Ongur and Price, 2000; Kobayashi and Amaral, 2003; Parvizi et al., 2006), an early insult

affecting any one of these areas may have devastating, widespread consequences on brain

connectivity and subsequent functionality. Interestingly, a recent diffusion tensor imaging

study on autism identified white matter abnormality in the region underlying the

rACC/MPFC (Barnea-Goraly et al., 2004). Furthermore, several fMRI studies have

suggested reduced functional connectivity in the autistic brain in a variety of tasks
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(Horwitz et al., 1988; Castelli et al., 2002; Just et al., 2004; Koshino et al., 2005).

Functional connectivity studies, which allow for observation of brain activity during rest

(Greicius et al., 2003; Fox et al., 2005) or naturalistic viewing conditions (Bartels and

Zeki, 2005), may be particularly useful in further characterizing resting state

abnormalities in autism.

Although purely speculative, it is interesting to hypothesize about the nature of

resting thoughts in ASD, if the typical internally-directed thoughts are absent or

abnormal. One possibility is that their thoughts are directed toward their obsessive

interests and preoccupations (Frith and Happe, 1999), which are often of a concrete, as

opposed to abstract and subjective, nature (for instance, calendars, maps, or schedules).

Or, perhaps hypersensitivity to their external environment constantly interrupts the full

emergence and elaboration of internally-directed thoughts.

In sum, this study demonstrates that neural activity at rest in ASD is abnormal,

which suggests that individuals with ASD might fail to engage in typical internally-

directed resting thoughts. Furthermore, during an emotion processing task, both

behavioral performance and functional activity in a specific region of this resting network

(medial orbital frontal cortex) was abnormal in ASD, suggesting that behavioral

impairment might persist in tasks which recruit these resting network regions. Finally, the

amount of functional abnormality in MPFC correlated with the amount of social

impairment in individuals with ASD. Future experiments exploring resting network

activity and organization in ASD, along with examining specific aspects of resting

functional processes, such as self-reflection, may provide valuable insights into the

neurocognitive basis of the disorder.
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CHAPTER III

The intrinsic functional organization of the brain is altered in autism
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Abstract

In higher-functioning individuals with autism, a striking disparity exists between

impaired social and emotional abilities and relatively preserved sustained attention and

goal-directed cognitive abilities.  As these two functional domains appear to map onto

two distinct large-scale brain networks, the Task-Negative Network and the Task-

Positive Network, respectively, we examined their intrinsically-defined functional

organization in individuals with autism.  Using resting functional connectivity MRI

(fcMRI), we found altered functional organization of the network underlying social and

emotional processing, but entirely spared functional organization of the network

underlying sustained attention and goal-directed cognition.  We suggest that these

findings serve to relate the seemingly disparate strengths and weaknesses of the autistic

behavioral, perceptual, and cognitive phenotype into a tractable neurofunctional

framework.  These results also highlight the usefulness of resting fcMRI for studying the

brain in neuropsychiatric and neurodevelopmental disorders.
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Introduction

A cardinal characteristic of autism that has puzzled parents, clinicians, and

researchers alike for more than half a century is the imbalance between socioemotional

incapacity and disinterest on the one hand and often spared or even heightened cognitive

capacity and interest in non-social objects on the other.  In the first clinical description of

a child with autism, Kanner wrote, “when taken into a room, he completely disregarded

the people and instantly went for objects, preferably those that could be spun” (Kanner,

1943).  While this fascinating behavioral profile has been well-documented anecdotally,

clinically, and experimentally, we know little of the neural circuits responsible.  Recent

findings regarding the functional organization of the typical brain may help to inform the

neural basis of this striking characteristic of autism.

In typically-developing subjects, socioemotional and cognitive-attentional

processes appear to map onto distinct large-scale brain networks.  One of these networks,

termed the Task-Positive Network (TPN) or dorsal attention network, includes pre-

supplementary motor area, intraparietal sulcus, and superior precentral sulcus, and

activates during performance of externally-directed cognitively-demanding tasks (e.g.,

math calculations, sustained attention, working memory, Stroop task) (Cabeza and

Nyberg, 2000; Corbetta and Shulman, 2002).  The other network, termed the Task-

Negative Network (TNN; also known as the default mode (Raichle et al., 2001)), includes

medial prefrontal cortex, posterior cingulate/precuneus, and angular gyrus, and activates

during performance of social, emotional, and introspective (i.e., self-reflective) tasks,

including theory of mind (Fletcher et al., 1995; Gallagher et al., 2000; Vogeley et al.,

2001), social perception (Iacoboni et al., 2004), emotional processing (Maddock et al.,
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2003; Cato et al., 2004), experience of joint attention (Williams et al., 2005), episodic

memory (Andreasen et al., 1995), viewing personally familiar faces (Gobbini et al., 2004;

Pierce et al., 2004), and self and other-person reflection (Gusnard et al., 2001; Johnson et

al., 2002; Kelley et al., 2002; Kjaer et al., 2002; Fossati et al., 2003; Lou et al., 2004;

Macrae et al., 2004; D'Argembeau et al., 2005; Mitchell et al., 2005a; Mitchell et al.,

2005b; Ochsner et al., 2005; Moran et al., 2006) (for a meta-analysis of self studies, see

Northoff et al., 2006).  The TNN is so-named because it deactivates (i.e., displays

negative activation) during performance of externally-directed cognitively-demanding

tasks not of a social, emotional, or introspective nature.  This deactivation of the TNN

coincident with activation of the TPN further underscores the functional separation of

these two networks.

Since autism is largely characterized by deficits in TNN-type processes (i.e.,

social, emotional, self-relevant) but relatively less impaired, entirely spared, or even

heightened in TPN-type processes (Garretson et al., 1990; Allen and Courchesne, 2001)

(i.e., cognitively-demanding tasks not of a social, emotional, or self related nature), we

hypothesized that this might be due to dysfunction of the TNN but normal functioning of

the TPN.

To test this hypothesis, we used a methodological approach known as resting

functional connectivity MRI (fcMRI).  This approach relies on the fact that, even at rest,

the brain exhibits coherent patterns of low frequency spontaneous fluctuations of the

BOLD (blood oxygenation level-dependent) signal within functionally-related regions

(Buckner and Vincent, 2007).  This phenomenon, termed “functional connectivity,” was

first documented for the somatomotor system (Biswal et al., 1995), but has since been
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observed in sensory networks (e.g., visual, auditory (Cordes et al., 2000)) as well as

higher-order cognitive networks (e.g., attention networks (Fox et al., 2006b), recollection

memory networks (Vincent et al., 2006)), including the TPN (Fox et al., 2005; Fransson,

2005; Fox et al., 2006b) and TNN (Greicius et al., 2003; Greicius and Menon, 2004; Fox

et al., 2005; Fransson, 2005; Damoiseaux et al., 2006; De Luca et al., 2006; Fransson,

2006).  Furthermore, these spontaneous oscillations persist during sleep (Fukunaga et al.,

2006) and under light anesthesia (Kiviniemi et al., 2000), and have recently been

documented to occur in anesthetized monkeys (Vincent et al., 2007).  Importantly,

because many, if not all, brain networks exhibit these low frequency spontaneous

fluctuations, one can examine the functional organization of 2 or more intrinsically

organized networks simultaneously – that is, within a single subject and single dataset.

Methods

We scanned a total of 15 male Autism Spectrum Disorder (ASD) and 13 male

control subjects, whose only instructions were to stare at the plus on the screen, while

remaining still, relaxed, and awake.  One ASD subject was removed due to problems

with data acquisition, and 2 ASD subjects and 1 control subject were removed from the

analysis due to excessive movement during scanning, resulting in a final sample size of

12 ASD subjects (6 autism, 6 Asperger’s syndrome) and 12 control subjects.  Five of the

ASD subjects who were included in the final analysis, and none of the control subjects,

participated in an earlier study on TNN functionality in autism (Kennedy et al., 2006).

These subjects were selected independent of the earlier results.  All participants or their

legal guardian gave informed written consent and received monetary compensation for
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participation in the experiment.  The protocol was approved by the Institutional Review

Board of UCSD and Children’s Hospital at San Diego. All ASD participants were

diagnosed by a clinical psychologist using the Autism Diagnostic Interview – Revised

(ADI-R) (Lord et al., 1994) and the Autism Diagnostic Observation Schedule (ADOS)

(Lord et al., 2000), and all participants were administered the Wechsler Adult

Intelligence Scale (WAIS) or WAIS-R (Revised).  The mean ages of the autism

participants (26.5 years) and the control participants (27.5 years) was not significantly

different [t(22)=.201, p>.80].  Subject groups did not differ significantly in verbal,

performance, or full-scale IQ [verbal: t(21)=1.486, p=.152; performance: t(21)=1.793,

p=.087; full-scale: t(21)=1.973, p=.062].  See Table 3.1 for detailed clinical information.

All images were acquired on a 3 Tesla GE Signa EXCITE scanner.  Axial slices

covering the entire brain were collected with a gradient-recalled echo-planar imaging

(EPI) pulse sequence with the following parameters: TR (repetition time) = 2000 ms; TE

(echo time) = 30 ms; flip angle = 90˚; field of view (FOV) = 220 mm; matrix = 64x64

(3.44 mm2 in-plane resolution); slice thickness = 4 mm; # of axial slices = 32; # of

volumes = 215; total scan time = 7 min, 10 sec).  T1-weighted anatomical images were

collected during each scan session for co-registration with the functional images (FOV =

256 mm; matrix = 256x256 (1 mm2 in-plane resolution); slice thickness = 1 mm; # of

axial slices = 124).

FcMRI analyses were carried out using the Analyses of Functional NeuroImages

(AFNI) statistical software package (version 2.56; http://afni.nimh.nih.gov/afni) (Cox,

1996).  In order to facilitate cross-study comparisons, we analyzed the data in a manner

very similar to Fox et al. (Fox et al., 2005).  Briefly, the preprocessing steps were as
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follows: the first 5 TRs of each scan were removed to allow for T1 equilibration effects,

field maps (which were acquired during the scan session) were used to correct for field

inhomogeneities, functional volumes were corrected for motion using an automated

alignment program (3dvolreg) that co-registers each volume in the time series to a middle

volume of the scan using an iterative process, images were corrected for slice acquisition

timing and spatially smoothed with a Gaussian filter (full-width half-maximum = 6 mm),

then temporally bandpass filtered (0.01 < f < 0.1), and converted to percent signal

change.  Due to the high sensitivity of fcMRI to subject motion, periods of excessive

motion were entirely removed from the analysis.  These periods were identified using an

objective calculation based on the amount of rotational (roll, pitch, yaw) and translational

(x, y, z) movement by the participant across time.  This was calculated by first

determining the square root of the sum of squares of the derivatives of the rotational and

translational movements (calculated by 3dvolreg) for each TR.  If the sum of these

rotational and translational values exceeded a threshold of 0.30, that TR, along with the

TR before and after, was removed from analysis.  Subjects with more than 20% of the run

removed were excluded entirely from the study (2 ASD, 1 control excluded).  For the

remaining participants, 4.35% and 4.86% of the run from the control and autism groups,

respectively, was removed from analysis.  This difference was not significant (p = .84).

Next, multiple linear regression analysis was used to model several types of noise in the

functional data, which were then removed as regressors of no interest: the linear trend,

the global signal (average intensity of every voxel across the entire brain calculated for

each of the 215 time points), 6 motion parameters (3 rotational and 3 translational

directions) and their 6 temporal derivatives.  Finally, for group analysis, images were
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spatially normalized to Talairach space (Talairach and Tournoux, 1988) using AFNI’s 12

sub-volume piecewise linear transformation based on manually-defined landmarks.

The locations of the seed regions were identical to those used in Fox et al. (Fox et

al., 2005) to facilitate cross-study comparisons.  The three task-positive seed regions

(defined from a previous independent study of visual attention (Corbetta et al., 2002))

were the left intraparietal sulcus (-25, -57, 46), the right superior precentral sulcus (25, -

13, 50), and the left middle temporal region (-45, -69, -2), while the three task-negative

seed regions (defined from a previous meta-analysis of task-related deactivations

(Shulman et al., 1997)) were the medial prefrontal cortex (MPFC; -1, 47, -4), posterior

cingulate/precuneus (-5, -49, 40), and the left angular gyrus (-45, -67, 36).  At each of

these seed locations, the BOLD signal timecourse was extracted and used to calculate a

correlation coefficient between that seed and all other voxels in the brain.  Importantly,

the resulting correlation maps (created from individual seed voxels at the coordinates

listed above) were nearly identical to maps that were generated with a 12-mm diameter

seed region centered at those same coordinates (i.e., the procedure used by Fox et al.,

2005).

Six one-sample t-tests for both autism and control groups were performed to find

regions of significant correlation with the seed region.  These correlation coefficient seed

maps were then normalized using Fisher’s r-to-z’ transformation, and converted to Z-

scores.  For the control subjects and autism groups separately, the 3 TNN-seed maps were

averaged to form a single TNN map, and the 3 TPN-seed maps were averaged to form a

single TPN map.  These TNN and TPN maps were set to an intensity threshold of Z =

3.88, p < .0001, and a minimum cluster volume of 192 mm3.  The cluster size was



63

calculated using an iterative monte carlo simulation using AFNI’s AlphaSim program

with a voxel-wise threshold of p < .05.  Throughout the text, we refer to this volume

threshold as “volume-corrected”.  The control TNN and TPN maps were then used to

extract timeseries data from individual autism and control subjects (see below).

To determine within-network functional connectivity, all voxels within a

particular node (i.e., cluster) were extracted and averaged together to yield a single

timeseries for each TNN and TPN node for each individual.  Then, using the SPSS

statistical software package (Chicago, IL; version 12.0), a separate correlation coefficient

was calculated between the timeseries of each node of a network (either TPN or TNN)

and the timeseries averaged over the remaining nodes of that particular network.

Repeated measures ANOVAs were run on the Fisher’s r-to-z’ normalized correlation

coefficients, with z’ values as the repeated measure and group (autism or control) as the

between subjects factor.  We report the multivariate test output of this analysis since,

although a more conservative statistical test, it avoids the assumption of sphericity.

Follow-up t-tests were run for all significant interactions, and are reported without

correction for multiple comparisons.

To determine between-network functional connectivity (i.e., anticorrelations), the

timeseries from all positive voxels and all negative voxels in the group mask were

extracted and averaged separately, which yielded the average TPN timeseries and the

average TNN timeseries for each subject.  Correlation coefficients between these average

TPN and TNN timeseries were then calculated for each individual, normalized using

Fisher’s r-to-z’ transformation, and compared across groups with a two-sample t-test.
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Results

 For the control group, the TNN and TPN functional connectivity maps were very

similar to that previously reported by Fox et al. (2005) and Frannson (2005).  The TNN

map included the dorsal and ventral MPFC, the posterior cingulate/precuneus, left and

right angular gyrus, right temporal pole, and right superior temporal gyrus/sulcus (p <

.0001, volume-corrected) (Figure 3.1a, Table 3.2).  At a more liberal threshold of p <

.001 (volume-corrected), superior temporal gyrus/sulcus activation was seen bilaterally.

The TPN map included bilateral inferior parietal lobule, bilateral superior precentral

sulcus, right inferior frontal gyrus, bilateral middle occipital gyrus, bilateral middle

temporal gyrus, and right fusiform gyrus (p < .0001, volume-corrected) (Figure 3.2a,

Table 3.2).

For the autism group, the TNN map only included the posterior

cingulate/precuneus and the left angular gyrus (Figure 3.1a, Table 3.2).  At a more

liberal threshold of p < .001 (volume-corrected), however, the TNN map also included

the dorsal and ventral MPFC, right angular gyrus, and bilateral superior temporal

gyrus/sulcus.  The TPN map included all the regions seen in the control group (Figure

3.2a, Table 3.2), and also included bilateral pre-supplementary motor area, left fusiform

gyrus, and left putamen.  Figure 3.1b and Figure 3.2b show regions of overlap between

groups for the TNN and TPN respectively.

To directly test whether there were group differences in within-network functional

connectivity of the TNN nodes (n=6) or the TPN nodes (n=7), we ran two repeated-

measures ANOVAs.  As hypothesized, there was a main effect of group on TNN

connectivity [F(1,22)=5.453, p=.029], with reduced connectivity in the autism group, and
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a significant group by node interaction [F(5,18)=6.690, p=.001].  Further, there was no

main effect of group on TPN connectivity [F(1,22)=3.659, p=.069] nor a group by node

interaction [F(6,17)=.640, p=.698].  Importantly, this pattern of results did not change

when verbal IQ, performance IQ, and full-scale IQ were used as covariates in the analysis

(TNN: main effect – [F(1,18)=4.890, p=.040], interaction – [F(5,14)=4.797, p=.009];

TPN: main effect – [F(1,18)=1.752, p=.202], interaction – [F(6,13)=.512. p=.798]).

Follow-up t-tests revealed that reduced TNN connectivity was regionally specific to the

medial prefrontal cortex (MPFC) [t(22)=3.593, p=.002] and left angular gyrus

[t(22)=2.732, p=.012; all other regions, p>.10] (see Figure 3.3).  Finally, there was a

negative correlation (i.e., anticorrelation) between the TNN and TPN in the control group

[z’= -.281; t(11)=2.379, p=.037], consistent with previous findings by Fox et al. (Fox et

al., 2005) and Frannson (Fransson, 2005).  However, network anticorrelation was not

significantly different from zero in the autism group [z’=-.140; t(11)=1.132, p=.282].

The difference between groups was not significant [t(22)=.822, p=.420].

To further ensure that IQ did not affect our primary results, we re-ran the analyses

excluding the two ASD subjects that had the lowest full-scale IQ scores (subjects A1 and

A6; see Table 3.1).  After removing these subjects, there was no significant group

difference in full-scale, verbal, and performance IQ (all p > .15).  We again obtained a

similar pattern of results to those described above for both the TNN (main effect of group

– [F(1,20)=5.625, p=.028], interaction – F(5,16)=6.295, p=.002]) and the TPN (main

effect of group – [F(1,20)=2.167, p=.157], interaction – [F(5,16)=.763, p=.610]),

demonstrating reduced and altered connectivity of the TNN but normal connectivity of

the TPN.  Follow-up analyses of the TNN again revealed significant regional abnormality
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of the MPFC [t(20)=3.245, p=.004] and the left angular gyrus [t(20)=2.780, p=.012], but

also included the right temporal pole [t(20)=2.272, p=.034].  The TPN-TNN

anticorrelation remained non-significantly different from zero in the autism group [z’=-

.126; t(9)=.875, p=.404], but the group difference in network anticorrelation remained

non-significant [t(20)=.841, p=.410].  These results suggest that the inclusion of the two

lowest full-scale IQ ASD subjects did not account for the above described group

functional connectivity differences of the TNN, and provide further evidence that the

present results are not accounted for by IQ.

Four of the 12 ASD subjects were taking psychoactive medication at the time of

scanning.  Reanalysis of the data excluding these 4 subjects slightly altered the results

described above.  We still found group differences in TNN connectivity (main effect of

group – [F(1,18)=6.924, p=.017], group by region interaction – [F(5,14)=5.928, p=.004]).

Additionally, follow-up analyses still revealed reduced TNN functional connectivity of

the MPFC [t(18)=4.499, p=.0003)] and left angular gyrus [t(18)=2.387, p=.028], but also

including the right angular gyrus [t(18)=2.211, p=.04].  There was also a main effect of

group on TPN activity [F(1,18)=6.479, p=.020], but again no group by region interaction

[F(6,13)=.354, p=.895].  Thus, while medication status did not affect TNN connectivity,

it is possible that it might influence TPN connectivity.  However, this influence is not

robust, as a follow-up non-parametric Wilcoxon rank-sum test revealed that the average

TPN connectivity was not significantly different between medicated and non-medicated

subjects (p>.35).
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Discussion

We found evidence for disrupted intrinsic functional organization of the TNN in

autistic patients but, at the same time and within the same patients, intact organization of

the TPN.  These findings make sense in light of the disrupted and intact abilities of

higher-functioning individuals with autism and the putative functional roles of these two

networks.  The altered organization of the TNN, which normally supports social,

emotional, and introspective processes, may underlie these deficits in autism.  The

entirely normal organization of the TPN, which supports goal-directed cognitive and

attentional processes, may underlie the relative sparing and even enhanced abilities in

these general domains in individuals with autism.  We also failed to observe the normal

anticorrelated functional relationship between the TPN and TNN in the autism group,

although this relationship was present in the control group.  Together, these findings

suggest that there is an unevenness and imbalance in the functioning of these two large-

scale brain networks, which we suggest might bias the autistic brain toward a particular

non-social and non-emotional cognitive processing style.

It is interesting to speculate on the relationship between the current findings and

Baron-Cohen’s theory that suggests that the autism cognitive phenotype reflects one

extreme end of a continuum of brain types – one that is heavily biased toward

“systemizing” rather than “empathizing” (Baron-Cohen, 2002).  While systemizers are

driven “to analyze the variables in a system, to derive the underlying rules that govern the

behaviour of a system,” empathizers are driven “to identify another person’s emotions

and thoughts,” thus enabling one to predict another person’s behavior (Baron-Cohen,
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2002; Baron-Cohen et al., 2003).  Interestingly, the TNN seems to be involved in

“empathizing”-type functions (e.g., social and emotional interactions, mentalizing), while

the TPN seems to underlie functions necessary for “systemizing” (e.g., goal-directed

cognitive operations, sustained attention).  Although speculative, one could imagine how

early dysfunction in the neural circuitry underlying “empathizing” might bias the autistic

cognitive style away from such functions, but toward developing functions which rely on

the intact neural circuitry supporting “systemizing” functions.  Furthermore, the

relationship between cognitive style and network functionality is likely to be

reciprocally-reinforcing, such that a cognitive bias might, in turn, reinforce the disparity

between the functioning of these two networks.  The resting fcMRI approach might be

particularly well-suited to study both the early emergence and subsequent refinement of

network functionality, as this approach is minimally demanding for participants, thus

allowing for the inclusion of participants of a wide range in age and cognitive ability.

Interestingly, even the seemingly intact social and emotional abilities of high-

functioning autistic individuals (such as the majority of participants in this study) are

thought to rely heavily on cognitive decisions and memorized scripts rather than the

intuitive and fluid responses that characterize normal social and emotional interactions.

This has been exemplified in research on theory of mind, or mentalizing, abilities in high-

functioning individuals with autism.  Research suggests that they can solve certain

mentalizing problems by using an “explicit” or cognitive theory of mind, based on logical

reasoning (reviewed in Frith, 2004).  However, they fail at tests that rely on “intuitive”

mentalizing, such as automatically attributing mental states to moving geometric objects

(Klin, 2000; Castelli et al., 2002).  We suggest that this pattern of mentalizing ability and
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inability in autism may be accounted for by the spared TPN and defective TNN

functional organization.  Social and emotional cues, normally disambiguated by the TNN,

must be evaluated by the unsuited but functionally intact TPN.  A cognitive TPN-

supported approach to mentalizing (and other social and emotional tasks) may be

sufficient in certain circumstances, but such an approach would be more likely to fail

during naturalistic tests or real-life situations.

Our results demonstrate that the connectivity abnormalities in autism are specific,

both within and across functional networks, rather than reflecting global non-specific

reductions in connectivity.  We found that the overall reduction of functional connectivity

within the TNN was due to specific abnormalities of the MPFC and left angular gyrus

alone, while other regions of this same network demonstrated the typical pattern of

coherent spontaneous BOLD signal fluctuations (Figure 3.3).  Furthermore, we found

that the functional connectivity of the TPN was entirely normal, thus demonstrating

selective, rather than pervasive, network abnormality of the TNN.  As previously

suggested (Kennedy et al., 2006), this specificity may be related to the uniquely high

metabolic activity of the TNN, which has been hypothesized to confer particular

susceptibility to damage and dysfunction (Raichle et al., 2001; Buckner et al., 2005).

Importantly, although the functional connectivity abnormalities were regionally specific,

there are likely widespread and far-reaching consequences of these localized disruptions.

Regions of the TNN have rich cortical and subcortical anatomical connectivity (Ongur

and Price, 2000; Parvizi et al., 2006), such that an early insult affecting the anatomical or

functional development of even one region of the TNN would very likely affect the

subsequent anatomy and functionality of the entire network.  These functional
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abnormalities would be particularly apparent during tasks that typically recruit the

dysfunctional region or regions.

Abnormalities of the TNN have also recently been found in a separate autism

functional connectivity study (Cherkassky et al., 2006), although their method of

reporting the results makes direct comparison with the present findings difficult.  They

reported that within the TNN, 94% of the pairwise connectivities computed were reduced

in the autism group relative to the control group.  While this finding might suggest

pervasive and widespread reductions of functional connectivity, this is not necessarily the

case.  In fact, if we analyze the present data in the identical pairwise fashion, we find that

86.7% (13/15) of the pairwise TNN connectivities are lower in the autism group.

Importantly, abnormalities of only 2 regions accounts for reductions in 9 of the 15

pairwise comparisons (60%). Assuming the results of the remaining 6 of 15 comparisons

are due to chance, we would expect a total of 80% (12/15) of the pairwise connectivities

to be reduced in the autism group – a result very close to the observed 86.7% (13/15).

Furthermore, this method of data analysis is highly susceptible to outlier subjects, as

reduced or increased values in several subjects could affect the group mean.  As

apparently high percentages can result either from localized connectivity abnormalities,

outlier subjects, and non-specific widespread reductions in connectivity, care should be

taken in resolving these alternative possibilities.

Importantly, there are at least two independent factors that could have contributed

to the findings of reduced functional connectivity of the TNN in autism.  First, as

previously described, there are spontaneous low frequency BOLD signal fluctuations,

which seem to be a pervasive feature of many, if not all, brain networks (Vincent et al.,
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2007).  Because these fluctuations persist across different levels of consciousness (e.g.,

sleep, sedation), they are not simply a reflection of spontaneously occurring thoughts and

cognitive processes (Biswal et al., 1995; Kiviniemi et al., 2000; Fox et al., 2006a;

Fukunaga et al., 2006; Vincent et al., 2007).  Further, Fox et al. (Fox et al., 2006a)

cleverly demonstrated that spontaneous fluctuations are a unique component of the fMRI

BOLD signal, and are separable from task-evoked or cognition-evoked BOLD responses.

Thus, these spontaneously-occurring intrinsic oscillations could be disrupted in autism,

suggestive of an underlying functional disorganization of this network, and accounting

for the present findings.  Additionally, however, it should also be recognized that during

the time these spontaneous fluctuations are occurring, ongoing spontaneous mental

activity is also occurring.  Such mental activity can drive coherent activity across co-

activated or co-deactivated brain regions, thus affecting the degree of functional

connectivity between regions.  More specifically, as social, emotional, and introspective

tasks are known to modulate activity of the TNN, group differences in the propensity to

naturally default to these types of thoughts would affect the measured functional

connectivity between regions of the TNN.  Consistent with this idea, we previously found

that the uniquely high resting metabolic activity of the TNN (or default network) was

reduced in autism, providing evidence that this network is doing something different at

rest in individuals with autism (Kennedy et al., 2006).  One particularly interesting

behavioral study lends additional support to this idea (Hurlburt et al., 1994).  When

individuals with autism or Asperger’s syndrome were asked to report on the contents of

their minds at random times throughout their day, qualitative differences in the types of

ongoing thoughts were found (Hurlburt et al., 1994; Frith and Happe, 1999).  The design
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of the current experiment cannot resolve which of these two factors – either differences in

spontaneous fluctuations or differences in resting cognition – contributed to the reduced

functional connectivity of the TNN in autism.  However, future experiments may be able

to address this issue.  For instance, one could examine functional connectivity of the

TNN during continuous performance of a cognitively demanding task that is known to

reduce stimulus independent thought (e.g., the two-back working memory task (Fransson,

2006)) and TNN activity (McKiernan et al., 2006), thus reducing or removing the

influence of differences in spontaneous mental and subsequent functional activity on

TNN connectivity.

In sum, we speculate that our findings may provide a neurofunctional framework

for understanding one of the most profound differences between the typically-developing

child and the autistic child.  While the former possesses a strong interest in and capacity

for human social and emotional relationships, the child with autism lacks these interests,

but instead possesses an equally powerful interest in objects, rules, and regularities.  The

autistic individual lives in a TNN-decipherable world, but might lack the proper neural

machinery to disambiguate the rather complex and subtle cues of social and emotional

communication.  Therefore, perhaps they develop an alternative cognitive style and

alternative approach to interacting with the world – focused on their cognitive and

attentional strengths, rather than their social and emotional weaknesses.  We are hopeful

that further study of the cognitive strengths and weaknesses of individuals with autism, as

well as the neural underpinnings of these abilities, will have important implications for

developing and measuring the effectiveness of early intervention programs.
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Default network activity during self- and other-reflection in autism
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Abstract

Previous studies on autism have identified abnormalities in regions of the default

network across a wide range of social, emotional, mentalizing, and resting conditions.

Nonetheless, it is still unclear whether these abnormalities reflect pervasive dysfunction

of default regions, or, alternatively, a failure to engage these regions at the appropriate

times and in the appropriate circumstances.  This latter explanation leaves open the

possibility that these default regions are still capable of responding like normal, given

particular experimental contexts.  In the present fMRI study, 13 autistic and 12 control

participants were scanned while making true/false judgments for various statements about

themselves (SELF) or a close other person (OTHER), and pertaining to either

psychological personality traits (PSYC) or physical attributes and behaviors (PHYS)

(e.g., “I am a friendly person”; “My mother reads the newspaper”).  Although some

group differences were observed, we found that both groups displayed largely similar

overall levels of activity in default regions.  Taken together with previous research, these

findings suggest that although default regions do not activate in the normal manner across

many different experimental tasks in autism, they are nonetheless capable of activating,

given an explicitly defined and carefully controlled experimental task.
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Introduction

Recent findings on autism have identified functional abnormalities of several

brain regions, including the medial prefrontal cortex (MPFC), retrosplenial

cortex/posterior cingulate cortex (RSC/PCC), and angular gyrus (ANG) (Haznedar et al.,

2000; Muller et al., 2001; Castelli et al., 2002; Luna et al., 2002; Pierce et al., 2004;

Wang et al., 2004; Cherkassky et al., 2006; Kennedy et al., 2006; Gaffrey et al., 2007;

Kennedy and Courchesne, under review).  These regions belong to a brain network

known as the “default network” (Raichle et al., 2001), so named because it maintains a

high level of metabolic activity at rest, in the absence of a explicitly-defined cognitively-

demanding task.  In other words, the brain defaults to this pattern of activity when

allowed to rest.  Interestingly, similarly high activity of this network is also seen when

subjects engage in tasks of a social, emotional, or introspective nature, suggesting that

socioemotional and introspective processes may be the default mental state of the brain.

We recently found that, in autism, this normally high default network activity

during rest is attenuated (Kennedy et al., 2006).  Additionally, we and others have also

demonstrated abnormally reduced resting state functional connectivity between particular

regions of this network in autism (Cherkassky et al., 2006; Kennedy and Courchesne,

under review).  Importantly, there are at least two alternative explanations for these

results.  One possibility is that abnormal resting activity and functional connectivity of

the default network might reflect a pervasive dysfunction of this network, and that this

abnormality would be found across all task contexts that normally activate this network

(e.g., rest, social, emotional, introspective).  A second possibility is that these findings

might reflect the selective inability to engage this network in particular task contexts
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(e.g., rest), although it might be capable of responding more like normal in other contexts

(e.g., social, emotional, introspective).

In fact, there is substantial evidence for abnormalities in regions of the default

network during resting and various non-resting type tasks in autism, including social,

emotional, and mentalizing tasks.  For instance, abnormalities of default network regions

have been noted during viewing of personally-familiar faces (Pierce et al., 2004), reading

of negatively-valenced emotional words (Kennedy et al., 2006), and in a mentalizing task

where subjects observed geometric objects moving in particular ways to imply

intentionality (Castelli et al., 2002).

However, none of the three studies provide conclusive evidence of pervasive

dysfunction of this network, as none of these tasks actually required social, emotional, or

mentalizing processes for successful performance.  For instance, in Pierce et al. (2004),

subjects were required simply to identify female faces, regardless of whether they were

familiar or not.  In Kennedy et al. (2006), subjects were asked only to count the number

of words displayed on the screen, rather than explicitly process the meaning of the words.

Lastly, in Castelli et al. (2002), subjects were asked to describe what they observed, and

were free to interpret the meaning of the movements in any context they wanted (i.e.,

social or physical).  Thus, in each of these studies, the social, emotional, or mentalizing

component of the experiment was neither required for the subject to perform nor was it

the explicit focus of the task in which the subject was engaged.

Thus, whether or not default regions are dysfunctional or simply not automatically

engaged in particular task contexts remains largely an open question.  In the current

experiment, we used an experimentally-constrained task to examine whether default



88

regions can function normally in autism during self- and other-reflection, which is known

to robustly activate default regions including MPFC, RSC/PCC, and ANG (Fletcher et

al., 1995; Gusnard et al., 2001; Johnson et al., 2002; Kelley et al., 2002; Gallagher and

Frith, 2003; Ochsner et al., 2005).  While being scanned, subjects were required to read

particular statements about themselves or about a close other person (i.e., their mother),

and make judgments as to whether the statements were true or false.  Thus, in contrast to

the above described studies, the subjects’ task (i.e., making true/false judgments about

themselves or others) was directly relevant to the experimental conditions of interest (i.e.,

reflection of oneself and others), reducing the likelihood of non-engagement in the

mental processes of interest.  We also included two types of self- and other-reflection

statement conditions – 1) those regarding psychological personality traits (PSYC) and 2)

those regarding physical, external attributes and behaviors (PHYS).  This allowed us to

examine whether there may be a selective impairment in one or the other type of

judgment.

Methods

Participants:

Fourteen male Autism Spectrum Disorder (ASD) and 13 male control subjects

were scanned.  Due to excessive movement during scanning, 1 ASD subject and 1 control

subject were removed from the analysis, resulting in a final sample size of 13 ASD (6

autism, 6 Asperger’s, 1 PDD-NOS) and 12 control subjects.  Informed written consent

was obtained from all participants or, when appropriate, their legal guardians, and all

participants received monetary compensation for their time.  The protocol was approved
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by the Institutional Review Board of UCSD and Children’s Hospital at San Diego.  ASD

participants were diagnosed by a clinical psychologist using the Autism Diagnostic

Interview – Revised (ADI-R) (Lord et al., 1994) and the Autism Diagnostic Observation

Schedule (ADOS) (Lord et al., 2000), and, with the exception of 1 control subject, IQ

scores were obtained from all participants using the Wechsler Adult Intelligence Scale

(WAIS) or WAIS-R (Revised).  The mean age of the autism participants (26.9 years) and

the control participants (27.5 years) was not significantly different [t(23)=.129, p>.85].

Subject groups did not differ significantly in verbal, performance, or full-scale IQ

[verbal: t(22)=1.641, p=.115; performance: t(22)=1.512, p=.145; full-scale: t(22)=1.959,

p=.063].  See Table 4.1 for detailed clinical information.

Stimuli:

While in the scanner, subjects made true/false judgments for various statements

about themselves (SELF condition) or a close other person (OTHER condition).  These

SELF and OTHER statements either referred to psychological personality traits (PSYC

condition) or to physical, external attributes and behaviors (PHYS condition).  In all

cases, the close other was their mother, with the exception of 1 control subject who read

statements about a close friend rather than his mother, as his parents were deceased.

Thus, there were 4 statement conditions in total: PSYC-SELF, PSYC-OTHER, PHYS-

SELF, and PHYS-OTHER.  Additionally, subjects were shown math equations (MATH

condition) in the form of a two-digit number plus a one-digit number equaling either a

correct or incorrect answer, and again instructed to respond via button presses as to

whether the equation was true or false.  This MATH condition served as an experimental
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baseline condition.  The functional scans also included 2 additional conditions, but these

were not included in the current analysis.

Each trial consisted of a statement or equation shown for 2500 msec, followed by

a blank screen for 500 msec.  Conditions were presented in a counterbalanced block

design manner, with 6 trials per block, 8 blocks per condition, and each block lasting 18

seconds.  The specific statements that appeared within each block were randomized for

each subject.  The total time of the experiment was 17 min, 28 sec, which was divided

into two shorter functional runs lasting 8 min, 44 sec each.

Behavioral Data Acquisition and Analysis:

Stimuli were presented using the Presentation software package (Neurobehavioral

Systems, Albany, CA).  Subject response (true/false) and reaction time (from stimuli

onset until subject response) were recorded during scanning.  Responses that occurred

any time within the 3000 msec trial were recorded.

After scanning was complete (approximately 1 hour later), subjects were asked to

again provide true/false judgments for each statement.  This procedure allowed us to

calculate the reliability of each participant’s responses, ensuring they made deliberate

choices, rather than simply guessing while in the scanner.  Due to a computer problem,

true/false responses were not recorded from 1 ASD subject and 1 control subject.

All behavioral analyses were conducted with SPSS 12.0 statistical software

package (SPSS, Chicago, IL).  Independent samples t-tests were run for RT and percent

concordance (or accuracy) for SELF, OTHER, PSYC, PHYS, and MATH conditions.  To

determine if there were any condition by group interactions, repeated measures ANOVAs

were run with task condition ( i.e., SELF and OTHER; PSYC and PHYS) as the repeated
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measure, and group (i.e., autism or control) as the between-subjects factor.  Follow-up t-

tests were run for all significant main effects of group or group by condition interactions.

Functional Imaging Data Acquisition and Analysis:

Functional and anatomical images were acquired using a 3 Tesla GE Signa

EXCITE scanner.  Whole brain axial slices were collected with a gradient-recalled echo-

planar imaging pulse sequence with the following parameters: TR (repetition time) =

2000 ms; TE (echo time) = 30 ms; flip angle = 90˚; field of view (FOV) = 220 mm;

matrix = 64x64 (3.44 mm2 in-plane resolution); slice thickness = 4 mm; # of axial slices

= 32; # of volumes = 262 (for each of the 2 runs).  T1-weighted anatomical images were

collected for co-registration with the functional images (FOV = 256 mm; matrix =

256x256 (1 mm2 in-plane resolution); slice thickness = 1 mm; # of axial slices = 124).

Functional analyses were carried out using the Analyses of Functional

NeuroImages (AFNI) statistical software package (version 2.56;

http://afni.nimh.nih.gov/afni) (Cox, 1996).  First, field maps, which were acquired during

the scan sessions, were used to correct for field inhomogeneities.  Next, the first 10 TRs

(which consisted of 20 seconds of fixation) were removed from the beginning of each

functional run.  Motion correction and three-dimensional registration of each

participant’s functional images were performed with AFNI’s automated alignment

program (3dVolReg), which co-registers each individual functional volume with a

manually specified middle reference volume.  Brief periods of subject movement, which

were objectively defined from the output of this volume registration procedure, were

removed from the analysis (for details, see Kennedy and Courchesne, under review).

Subjects with greater than 20% of the entire run removed were excluded entirely from the
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study (1 ASD, 1 control subject).  There was no difference in the percent of the scans

removed from the remaining participants (control = 2.46%; autism = 1.93%; t(23)=.492,

p =.628).  Images were corrected for slice acquisition timing, spatially smoothed with a

Gaussian filter (full-width half-maximum = 6 mm), and linear trend was removed from

the timeseries.  Next, the data were converted into percent signal change and the two

separate functional runs were then concatenated, producing a single timeseries.

Functional data were analyzed using 3dDeconvolve.  First, an impulse response

function (IRF) was estimated based on the measured fMRI signal for each voxel and the

input stimulus functions.  These input functions included 6 experimental conditions (only

4 of which were examined in the present paper – PSYC SELF, PSYC OTHER, PHYS

SELF, PHYS OTHER) and 6 motion parameters (i.e., rotational movement (roll, pitch,

yaw) and translational movement (x, y, z)).  The MATH condition served as the baseline

state.  The estimated IRF was then convolved with the input stimulus timeseries, and

multiple regressions were run to determine a goodness-of-fit coefficient (i.e., linear

contrast weight) for 0, 2, 4, and 6 seconds after stimulus presentation.  These 4 linear

contrast weights were summed for each condition separately, yielding a single linear

contrast weight for each of the 4 conditions at each voxel.  Next, several a priori

contrasts were carried out (PSYC vs. MATH, PHYS vs. MATH, SELF vs. MATH,

OTHER vs. MATH, PSYC vs. PHYS, SELF vs. OTHER, and MENTAL (all 4

conditions) vs. MATH) at every voxel.

For group analysis, images were spatially normalized to Talairach space

(Talairach and Tournoux, 1988) using AFNI’s 12 sub-volume piecewise linear

transformation based on manually-defined landmarks.  T-tests were run for each group
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separately to determine if each of the above contrasts were significantly different from

zero.  Whole-brain functional maps are shown at a voxel threshold of p<.001, and a

minimum cluster volume of 320 mm3.  This cluster volume was calculated using an

iterative monte carlo simulation using AFNI’s AlphaSim program with a voxel-wise

threshold of p < .05.  Throughout the text, we refer to this volume threshold as “volume-

corrected”.

Finally, all group comparisons were carried out using a region-of-activation

(ROA) approach, with ROAs defined as regions active in the MENTAL (all 4 conditions)

vs. MATH contrast (p < .001, volume-corrected) that overlapped between the two groups.

For the purpose of this paper, we limit our ROA analysis to regions known to be part of

the default network (Raichle et al., 2001).  For within-group analyses, we ran 2 separate

paired t-tests using SPSS for each region of interest (1 for PSYC and PHYS; 1 for SELF

and OTHER).  Similarly, for between-group analyses, repeated measures ANOVAs were

run separately for each ROA, with condition type (PSYC and PHYS; or SELF and

OTHER) as the repeated measure, and group (control or ASD) as the between subjects

factor.

Results

Behavioral Results:

There was no main effect of group for reliability of judgments (across SELF,

OTHER, PSYC, and PHYS conditions) [F(1,21)=.289, p=.596].  However, there were

group by condition interactions in reliability for both PSYC vs. PHYS statements

[t(21)=3.134, p=.005] and SELF vs. OTHER statements [t(21)=2.930, p=.008].  Follow-
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up t-tests revealed that the control group had greater reliability of responses for SELF

compared to OTHER judgments [89.4% vs. 84.1%, t(10)=2.384, p=.0384] and PHYS

compared to PSYC judgments [88.8% vs. 84.6%, t(10)=2.701, p=.0223], while reliability

between these conditions was not significantly different in the autism group [84.4% vs.

86.1% and 83.4% vs. 87.1%, respectively; both p values > .05].

In terms of reaction time, there was also no main effect of group (across SELF,

OTHER, PSYC, and PHYS conditions) [F(1,21)=3.211, p=.086].  Further, there were no

group by condition interactions for either SELF vs. OTHER or PSYC vs. PHYS

judgments [t(23)=.524, p=.605; t(23)=1.379, p=.181].  Both groups responded faster to

SELF compared to OTHER statements [control: 1341.9 msec vs. 1513.4 msec,

t(11)=8.519, p<.00001; autism: 1547.3 msec vs. 1703.6 msec, t(12)=11.223, p<.00001],

and were faster to PSYC compared to PHYS statements [control: 1401.3 msec vs. 1487.8

msec, t(11)=4.588, p=.0008; autism: 1543.3 msec vs. 1673.8 msec, t(12)=5.183,

p=.0002].  Although there was neither a main effect of group nor an interaction, the

control group did respond significantly faster than the autism group for PHYS judgments

[t(23)=2.140, p=.043, all other conditions, p > .05].

Finally, for the MATH baseline condition, there was no group difference in

accuracy (control: 93.1 %, autism: 91.8%, t(23)=.536, p=.60) or reaction time (control:

1573.7 msec, autism: 1703.5 msec, t(23)=1.639, p=.12).

Functional Imaging Results:

Whole-brain Analyses:  Both groups recruited largely similar and partially

overlapping brain regions in the MENTAL vs. MATH contrast (Figure 4.1; Table 4.2).

These overlapping regions included dorsal medial prefrontal cortex (dMPFC),
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retrosplenial cortex/posterior cingulate cortex (RSC/PCC), left angular gyrus (lANG),

bilateral striate and extrastriate cortices, left inferior frontal gyrus, and left middle and

superior frontal gyrus (thresholded at p>.001, volume-corrected).  Additionally, however,

the control group had unique activation of the left superior temporal sulcus (STS), left

temporal pole, the right ANG, and bilateral subgenual anterior cingulate, while the autism

group had unique activation of a more anterior portion of the left STS.

Although the two groups had overlapping activity in numerous regions, the spatial

extent of activation was reduced in the autism group, particularly noticeable in the MPFC

(Figure 4.1, Figure 4.2).  However, these differences were less apparent at lower

thresholds.  Furthermore, there was not simply a non-specific, global reduction in extent

of activation, as the extent of striate and extrastriate activity in the autism group was

equal to, if not greater than, that of the control group (Figure 4.1, Figure 4.2).

ROA Analyses:  Only three regions met criteria for inclusion in the ROA analysis:

MPFC, RSC/PCC, and lANG.  Percent signal change values from these 3 regions were

extracted from each individual and analyzed using SPSS.  For all ROAs, there was no

main effect of group across PSYC, PHYS, SELF, and OTHER conditions {dMPFC:

[F(1,23)<.001, p=.999]; RSC/PCC: [F(1,23)=.434, p=.517]; lANG: [F(1,23)=.080,

p=.780]}, suggesting that the overall level of activity within these regions was equivalent

between autism and control groups when collapsed across conditions.  There were no

significant 3-way interactions (PSYC/PHYS x SELF/OTHER x group) in any of the 3

regions of interest {dMPFC: [F(1,23)=3.318, p=.082]; RSC/PCC: [F(1,23)=1.608,

p=.217]; lANG [F(1,23)=1.106, p=.304]}.  We report the results for PSYC/PHYS

judgments and SELF/OTHER judgments separately below (see also Figure 4.3).
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PSYC/PHYS judgments:  In the dMPFC, although there was no main effect of

group, there was a significant group by condition interaction [F(1,23)= 4.434, p=.046].

Follow-up t-tests revealed that the control group had greater activity during PSYC

judgments compared to PHYS judgments [t(11)=4.521, p=.001], but that this effect was

absent in the autism group [t(12)=.390, p=.704] (Figure 4.3a).

In the RSC/PCC, there was also no main effect of group, but there was a trend

toward a significant group by condition interaction [F(1,23)=4.137, p=.054].  While

follow-up t-tests revealed that both the control group and the autism group had greater

activity during PHYS compared to PSYC judgments [control: t(11)=4.131, p=.002;

autism: t(12)=4.397, p=.001], the autism group demonstrated greater than normal

RSC/PCC activation during PHYS judgments (Figure 4.3b).

In the lANG, there was neither a main effect of group nor a group by condition

interaction [F(1,23)=.936, p=.343], and no difference between PSYC and PHYS

conditions in either the control group [t(11)=.225, p=.826] or autism group [t(12)=1.046,

p=.316] (Figure 4.3c).

All between-group analyses were re-run using RT and response reliability for

PSYC and PHYS conditions as covariates.  The results of these analyses remained

unchanged, except that the above described non-significant trend toward a group by

condition interaction within the RSC/PCC became significant [F(1,19)=4.945, p=.038].

Finally, for the autism group, there were no significant correlations between functional

activity during PSYC vs. PHYS and ADI-R and ADOS social subscores (all p-values >

.15).
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SELF/OTHER judgments:  In the dMPFC, there was neither a main effect of

group nor a group by condition interaction [F(1,23)=.021, p=.885], and no difference

between SELF and OTHER conditions in either the control group [t(11)=.657, p=.525] or

the autism group [t(12)=.713, p=.489] (Figure 4.3d).

In the RSC/PCC, there was neither a main effect of group nor a group by

condition interaction [F(1,23)=.130, p=.722].  Follow-up t-tests revealed that both the

control group and the autism group had greater activity during the OTHER compared to

SELF judgments [control: t(11)=3.962, p=.002; autism: t(12)=5.016, p<.001] (Figure

4.3e).

In the lANG, there was neither a main effect of group nor a group by condition

interaction [F(1,23)=.424, p=.521].  Follow-up t-tests revealed that the control group had

greater activity during OTHER judgment compared to SELF judgments [t(11)=2.586,

p=.025], while this effect was absent in the autism group [t(12)=1.467, p=.168] (Figure

4.3f).

All between-group analyses were re-run using RT and response reliability for

SELF and OTHER conditions as covariates.  The results of these analyses remained

unchanged.  Finally, for the autism group, there were no significant correlations between

functional activity during SELF vs. OTHER and ADI-R and ADOS social subscores (all

p-values > .25).

Discussion

We found that both autism and control groups activated default network brain

regions (namely, the MPFC, RSC/PCC, and lANG) when reflecting upon various aspects
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of themselves or a close other person.  However, the measured BOLD responses differed

between the groups in two respects.  First, the autism group had reduced spatial extent of

activation in all three regions of interest (MPFC, RSC/PCC, and lANG), with this

reduction being particularly pronounced in the MPFC (Figure 4.1, Figure 4.2).

Importantly, these extent abnormalities were not pervasive across all brain regions, as

extent of activity in early visual cortices was entirely normal, if not greater than normal,

in the autism group (Figure 4.1, Figure 4.2).  Second, for particular conditions, the

autism group had abnormal magnitudes of activation in the MPFC and RSC/PCC.  In the

MPFC, the control group had greater activity for PSYC compared to PHYS judgments,

while there was no differential activation between these conditions in the autism group

(Figure 4.3a).  In the RSC/PCC, both control and autism groups had greater activity for

PHYS compared to PSYC judgments, but there was a trend (p=.054) for this effect being

exaggerated in the autism group (Figure 4.3b).  There were no group differences for

SELF and OTHER judgments within the MPFC, RSC/PCC, or lANG (Figure 4.3d,e,f).

Abnormalities in the differential responsiveness of the MPFC and RSC/PCC for

PSYC and PHYS judgments cannot be explained by a general, persistent dysfunction of

these regions, as the differential and overall level of functional activity was normal across

SELF and OTHER contrasts.  Furthermore, differences cannot be accounted for simply

by differences in reaction time or reliability of judgments, because using these

performance measures as covariates did not change the results.  However, a number of

other plausible cognitive and behavioral explanations may account for these

abnormalities.  One possibility is that individuals with autism may have a specific deficit

in making judgments that rely on inference (e.g., PSYC judgments), but an intact or even
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enhanced ability in making judgments that rely on observation (e.g., PHYS judgments).

This suggestion is consistent with previous behavioral findings on autism.  When asked

to describe a scene composed of geometric shapes moving in such a way to imply

intentionality, subjects with autism often describe the physical, observable features of the

stimuli, rather than the non-observable, but readily inferable, intentions of the stimuli

(Klin, 2000; Castelli et al., 2002).  Second, and potentially relating to a bias toward the

observable over the inferable, individuals with autism may have less experience and

expertise in making PSYC judgments, but more experience and expertise in making

PHYS judgments.  Lastly, there may be uncontrolled group differences in the depth of

processing (e.g., the richness, detail, and completeness of person representations) during

PSYC and PHYS judgments.  For instance, the lack of differential MPFC activity in the

autism group might be a consequence of less elaborate person representations during

judgments of personality traits (i.e., PSYC), while the exaggerated differential RSC/PCC

activity might relate to more elaborate person representations during judgments of

physical attributes and behaviors (i.e., PHYS).

Although the above-described abnormalities of default regions were observed, it

is perhaps equally interesting that, in general, the magnitude and loci of maximum

activity were rather similar between autism and control groups.  In fact, the magnitude of

activation for each region, when collapsed across all 4 judgment conditions, was not

different between groups (i.e., no main effect of group).  Thus, when faced with a person-

reflection task (either self-relevant or other-relevant, and regarding either psychological

traits or concrete, physical attributes and behaviors), the autism group recruited the

appropriate default regions largely to the same degree as the control group.
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A possible explanation for the relatively normal level of functional activity of

default regions in the present experiment as compared to previous findings of

abnormalities in these regions may have to do with the level of experimental control over

the participants’ cognitive processes.  In the present study, we ensured that subjects

engaged in specific self- and other-directed cognitive processing by requiring true/false

responses to self- and other-relevant statements.  In contrast, during previous studies that

used a resting baseline state (Cherkassky et al., 2006; Kennedy et al., 2006; Kennedy and

Courchesne, under review) or other socioemotional or mentalizing tasks (Castelli et al.,

2002; Pierce et al., 2004; Kennedy et al., 2006), subjects were largely free to engage in

their choice of cognitive processes.  Thus, differences in functional activity or functional

connectivity during such mentally-unconstrained or underspecified circumstances may be

due to differences in autistic individuals’ default mental processes, rather than reflecting

a more pervasive dysfunction of the brain regions (Kennedy and Courchesne, under

review).

Importantly, this is not to say that measuring brain activity during an

unconstrained or underspecified task is any less important than during an experimentally-

constrained task, as each provides a unique perspective on brain functioning.  On the one

hand, functional imaging studies examining a non-task resting state or an underspecified

experimental task can reveal what the autistic brain naturally does (i.e., what it defaults

to) when unconstrained by somewhat artificial, rigidly-defined, and externally-imposed

task demands.  On the other hand, studies using experimentally-constrained tasks with

explicit instructions and requirements can reveal what the autistic brain is capable of

doing when challenged with a particular task or situation.  Thus, although we and others
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previously found that, across various rest and non-resting conditions, individuals with

autism do not automatically engage default regions to the same extent as controls, the

current experiment finds that they are nonetheless capable of engaging these regions,

given the proper set of experimental circumstances.

In studies of patient populations, manipulating, constraining, and controlling

seemingly subtle cognitive and behavioral factors can have a large impact on functional

activity and/or behavioral performance.  For instance, Wang and colleagues (Wang et al.,

2007) directly examined the effect of explicit task instructions on functional activity in

high-functioning individuals with autism.  After viewing and listening to short cartoon

vignettes, subjects were asked to determine whether or not a story character’s utterance

was sincere or sarcastic.  When given vague instructions (i.e., “pay attention”), the autism

group did not activate several brain regions that were active in control subjects (including

the MPFC).  Remarkably, however, when given explicit directions to attend to faces or

prosody of voices, the autism group had more normal levels of activity in the MPFC.  In

a separate study on face processing in autism, Dalton and colleagues (Dalton et al., 2005)

found that gaze fixation, often an uninstructed and uncontrolled behavior, correlated with

the amount of brain activity in the fusiform gyrus and amygdala.  Along the same lines,

two additional studies (Hadjikhani et al., 2004; Pierce et al., 2004) found that modifying

certain aspects of a face processing task, including making the task more engaging by

including familiar faces and requiring subjects to maintain gaze fixation near the eye

region, resulted in more typical levels of fusiform activity in autism.  Thus, as previously

hypothesized (Hadjikhani et al., 2004; Pierce et al., 2004; Dalton et al., 2005), lack of

control over gaze fixation and task engagement or attention may have contributed to
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earlier findings of hypoactivation of these regions (Schultz et al., 2000; Pierce et al.,

2001).  Lastly, Adolphs and colleagues (Adolphs et al., 2005) found that, in a patient with

bilateral lesions of the amygdala, behavioral impairment in recognizing fearful facial

expressions could be corrected simply by instructing the subject to look at the eye region

of the face.  Interestingly, this patient reverted back to not looking at the eyes in

subsequent trials, further highlighting the importance of explicit task instructions and the

need for high levels of experimental control and monitoring when testing patients.

Although not directly addressed in the current experiment, it is interesting to

speculate on possible explanations as to why default regions fail to engage automatically

in individuals with autism.  One possibility is that regions or networks which modulate

activity of the default network are not functioning properly.  For instance, abnormal input

from brain regions involved in the detection of salient social and emotional stimuli might

lead to a reduced tendency for the default network to be engaged in underspecified

situations.  A second possibility is that there may be an abnormally high threshold for

activation of the default network in individuals with autism, perhaps due to hypothesized

increases in neural noise (Courchesne et al., 2003; Rubenstein and Merzenich, 2003;

Belmonte et al., 2004b) or altered patterns of connectivity (Belmonte et al., 2004a; Just et

al., 2004; Courchesne and Pierce, 2005).  As a consequence, carefully constructed and

largely artificial experimental situations would then be necessary to surpass this

exceedingly high threshold and activate the default network.  As more is learned

regarding the automatic and effortless engagement of the default network in control

subjects, we will be able to develop more informed explanations for the lack of automatic

default network engagement in autism.
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In sum, the current experiment provides evidence that default network regions can

activate at near normal levels in high-functioning autistic subjects during a self- and

other-reflection task.  More generally, our findings suggest that default regions,

previously shown to be dysfunctional, are capable of being engaged within a more rigidly

and explicitly specified experimental context.  Of particular interest is determining why

such carefully controlled experimental conditions are necessary to engage default regions

in autistic individuals, whereas high activity of these regions is the natural, default state

of brain functioning in control subjects (Raichle et al., 2001).  The answers to this

question may be important in developing or further refining effective early intervention

programs.
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CHAPTER V

Discussion
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Summary

The functioning of the default network in autism was examined across several

different tasks and using several different methodological approaches.  In Chapter II,

functional abnormalities in regions of the default network were revealed both at rest and

during an implicit emotion processing task.  Furthermore, the degree of resting functional

abnormality in the MPFC correlated to the severity of social impairment in individuals

with autism.  In Chapter III, we used resting functional connectivity MRI to provide

further evidence of default network abnormality at rest.  We found reduced functional

connectivity within the default network, particularly pronounced for the MPFC and

lANG.  Importantly, reduced network functional connectivity was not a pervasive feature

of the resting brain, since abnormality was not found in the dorsal attention network (i.e.,

the TPN).  In Chapter IV, we used an explicitly-defined self- and other-reflection task to

further examine default network functionality in autism.  While we did observe several

subtle abnormalities of default network regions (e.g., reduced MPFC activity during

judgments pertaining to psychological personality traits; increased RSC/PCC activity

during judgments pertaining to physical attributes and behaviors), we also found that

there was a rather similar overall level of default network activity between the groups.

Conclusions

In sum, this series of studies has identified task- and context-specific

abnormalities of the default network in autism.  During loosely constrained experimental

tasks (i.e., resting fixation; an implicit emotion processing task), functional abnormalities

were readily apparent.  However, during a more constrained and specified task (i.e., an
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explicit self-other reflection task), seemingly normal levels of activity were observed.

This suggests the default network is actually functional – in other words, it can activate,

given particular experimental conditions.  However, it also suggests that the default

network does not engage as readily and automatically in individuals with autism

compared to control subjects.  This conclusion is also supported by a recent study by

Wang and colleagues (Wang et al., 2007), which directly manipulated the

implicit/explicit nature of a irony comprehension task via specific task instructions.  The

autism group only activated the MPFC during the explicit instruction condition, while

control subjects utilized this region during both the implicit and explicit instruction

conditions.  Thus, what is automatic and effortless for control subjects seems to be non-

automatic and effortful for individuals with autism.

During the time these experiments were being carried out, an independent line of

research on the brain basis of social perception in autism reached largely similar

conclusions (Hadjikhani et al., 2004; Pierce et al., 2004; Dalton et al., 2005).  Early on,

researchers first reported hypoactivation of the face responsive region of the fusiform

cortex (i.e., the fusiform face area) in autism during performance of standard face

processing tasks (Schultz et al., 2000; Pierce et al., 2001).  However, modification of

these tasks to control for eye gaze (Hadjikhani et al., 2004; Dalton et al., 2005) and to

presumably increase subject interest and attention (Pierce et al., 2004) resulted in no

difference in levels of fusiform activity between autism and control groups.  Thus, this

research also identified brain abnormalities in autism that are context- and task-specific,

rather than reflecting a more generalized (i.e., task- and context-independent)

dysfunction.
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Together, these findings on the functionality of the default network and the

fusiform face area may provide an important clue as to the neural basis of autism.  Since

these neural systems share a similar pattern of context-specific dysfunction, it is likely

that they might also share a common neural substrate underlying their dysfunction –

perhaps stemming from disrupted modulatory input to these and other social- and

emotional-responsive brain regions and brain networks.  One possibility could be that a

brain system underlying reward feedback for social and emotional stimuli is disrupted,

thus reducing the likelihood that the autistic individual will seek out social and emotional

information from the environment.  Over time, this behavioral abnormality might become

exaggerated, as the child attends less and less to social and emotional aspects of the

world, and more toward non-social, non-emotional concrete features of the world (e.g.,

calendars, maps, computers, facts, schedules, etc.).  As a result, the autistic individual

might only perform a social or emotional task in a highly artificial environment, such as

when an extrinsic reward (e.g., money) is directly linked to the explicitly-defined social

and emotional demands of the task.  In fact, such an approach (i.e., linking extrinsic

reward to performance of social and communicative behaviors of interest) forms the basis

of several types of effective behavioral treatments for autism.

A second possibility is that there could be a disruption in the modulatory input

from a brain system involved in the detection of salient social and emotional stimuli in

the environment.  With a dysfunctional salience detector, social and emotional stimuli

would not be any more attention-getting than non-social and non-emotional stimuli in the

environment, of which the latter is much more pervasive in the environment (e.g., look

around, and note the number of socially- and emotionally-relevant objects compared to
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objects that are not socially- nor emotionally-relevant).  Over time, the autistic individual

would spend less time focusing on social and emotional aspects of the world, defaulting

instead toward non-social and non-emotional features of the environment.  As a

consequence, only artificial experimental contexts that well-isolate social and emotional

aspects of a task would bypass such a faulty salience detector, and engage the appropriate

brain networks.

In terms of the implications of this research for treatment of autism, I believe that

the results are highly encouraging.  Although we did find abnormality of a brain network

that is critically involved in social, emotional, and introspective processing, we and

others have shown that this network is actually capable of responding at a normal level,

given particular experimental circumstances.  This suggests that the neural substrates of

social and emotional processing might be relatively intact, though underutilized, in higher

functioning individuals with autism.  If this is confirmed, the challenge lies in figuring

out how to get the default network to automatically engage during naturalistic, real-world

situations in individuals with autism.
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