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Abstract

Brain activation and functional connectivity were investigated in high functioning autism using
functional magnetic resonance imaging in an n-back working memory task involving photographic
face stimuli. The autism group showed reliably lower activation compared with controls in the
inferior left prefrontal area (involved in verbal processing and working memory maintenance) and
the right posterior temporal area (associated with theory of mind processing). The participants
with autism also showed activation in a somewhat different location in the fusiform area than the
control participants. These results suggest that the neural circuitry of the brain for face processing
in autism may be analyzing the features of the face more as objects and less in terms of their
human significance. The functional connectivity results revealed that the abnormal fusiform
activation was embedded in a larger context of smaller and less synchronized networks,
particularly indicating lower functional connectivity with frontal areas. In contrast to the
underconnectivity with frontal areas, the autism group showed no underconnectivity among
posterior cortical regions. These results extend previous findings of abnormal face perception in
autism by demonstrating that the abnormalities are embedded in an abnormal cortical network that
manages to perform the working memory task proficiently, using a visually oriented, asocial
processing style that minimizes reliance on prefrontal areas.
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Introduction

One of the fundamental scientific issues in autism research concerns the root causes of the
psychological impairments. Several cognitively oriented theories, such as executive
dysfunction theory (e.g., Hughes et al. 1994; Pennington and Ozonoff 1996; Hill 2004) and
weak central coherence theory (Frith and Happé 1994), postulate that cognitive impairments
are the underlying cause of autistic symptomatology. On the other hand, socially oriented
theories propose that abnormalities in social perception, social cognition, and social
motivation cause subsequent failures of language and cognitive development in autism (e.g.,
Dawson et al. 1998; Mundy and Neal 2001; Klin et al. 2002). Both of these theoretical
positions are plausible and have considerable supporting evidence. However, there is a
growing body of evidence supporting a third type of theory that characterizes autism as a
neural systems disorder with abnormal interregional brain connectivity, affecting cognitive,
social, and other types of deficits. This article provides evidence that abnormalities of face
processing in autism can be viewed as part of an underconnectivity syndrome.

The evidence for disordered connectivity in autism comes from two main sources:
functional connectivity disturbances and white matter disturbances. Functional connectivity,
computed in functional magnetic resonance imaging (fMRI) studies as a correlation between
the activation in 2 brain regions across time (say once per second), is a measure of how well
the cortical areas are synchronized. The underconnectivity theory proposed by Just et al.
(2004) is based in part on the observation that in fMRI studies, individuals with autism
display lower functional connectivity than controls, particularly between frontal and
posterior areas, in a number of tasks. Functional under-connectivity in an fMRI study was
first reported in autism in a sentence comprehension task (Just et al. 2004), then in a letter n-
back working memory task (Koshino et al. 2005), a visuomotor task (Villalobos et al. 2005),
an executive functioning task (Just et al. 2007), an imagery task (Kana et al. 2006), an
inhibition task (Kana et al. in press), and in a fixation resting state (Cherkassky et al. 2006).
The fMRI findings are consistent with, but much finer-grained than earlier positron emission
tomography (PET)-based evidence of lower functional connectivity in autism, where
functional connectivity was measured as the correlation across participants between their
activation levels (averaged over minutes of activation) in 2 brain areas. Using PET
measurements, Horwitz et al. (1988) found a lower level of correlation in regional activation
during a resting state between frontal, parietal, and other regions in autism, indicating a form
of functional underconnectivity. Castelli et al. (2002) reported a similar measure of
functional underconnectivity in a PET study, but during performance of a theory of mind
task rather than in a resting state. Thus, a number of functional neuroimaging studies suggest
that there is a lower level of coordination among brain areas in autism, and a number of
articles have commented on the viability of some form of connectivity account of autism
(e.g., Brock et al. 2002; Frith 2003; Belmonte et al. 2004; Just et al. 2004; Courchesne and
Pierce 2005; Rippon et al. 2006).

In addition to functional imaging studies, anatomical studies also provide evidence for
abnormal connectivity in autism. Findings, such as increased cerebral and cerebellar white
matter volume in 2- to 3-year-old boys with autism (Courchesne et al. 2001), localized white
matter enlargement in the outer radiate compartment of white matter in children with autism
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(Herbert et al. 2004), and other white matter abnormalities (see Carper et al. 2002; Herbert
et al. 2003) suggest disordered cortico-cortical connections in the autistic brain. Recent DTI
(diffusion tensor imaging) studies also provide evidence of white matter abnormalities in
autism. Findings of reduced fractional anisotropy in autism (Barnea-Goraly et al. 2004) may
reflect decreased fiber density, reduced myelination of fiber tracts, or less directionally
coherent organization of fibers within a voxel (Basser 1995; Beaulieu 2002), all of which
could reflect decreased anatomical connectivity in autism. A recent DTI study of autism
involving a large sample size and a large age range (Keller et al. 2007) demonstrated
reductions in the structural integrity of white matter (measured by fractional anisotropy) in
child and adult participants with autism, in the corpus callosum area, and in frontal lobe
areas near the corpus callosum. The abnormalities in white matter in autism together with
the abnormalities in functional connectivity converge on a plausible neural basis for many
kinds of behavioral deficits as well as some advantages (Mottron et al. 2006) in autism.

An atypical biological substrate like abnormal white matter could account for disturbances
of behavior in a wide variety of domains, including cognitive and social behavior. Cognitive
and social processes are both complex, nonunitary brain processes that are not always
separable from each other. Complex cognitive functions require the integration of several
processes, such as reasoning, planning, language, perception, and working memory. Such
functions also play a central role in social cognition and interpersonal interactions. At the
same time, social processes enter into cognitive functions, particularly during learning, when
motivation plays a critical role. It is increasingly clear that autism entails deficits in both the
social and cognitive domains, and extends beyond these, to even postural control (Minshew
et al. 2004). Investigating the brain activity in a task with both a cognitive and social
component provides an opportunity to compare any observed abnormalities in different
types of cortical networks, as well as the interplay between them.

Working memory and face processing are 2 complex information processing functions that
have each been found to be disordered in individuals with autism. The rationale for studying
face processing in a working memory task is that it requires cognitive processing (the
working memory task) of social stimuli (the faces). Baddeley’s (1986) construal of working
memory as a system for information storage and manipulation includes executive
functioning that is associated with prefrontal cortex. Although several behavioral studies
have found deficits in this working memory system in autism (e.g., Minshew et al. 1992;
Bennetto et al. 1996; Minshew et al. 1997; Minshew et al. 1999; Luna et al. 2002; Goldberg
et al. 2005; Landa and Goldberg 2005; Williams et al. 2005), some others have not (e.qg.,
Russell et al. 1996; Griffith et al. 1999; Ozonoff and Strayer 2001). At a neural level, using
fMRI, Luna et al. (2002) found lower activation in autism in dorsolateral prefrontal cortex
and posterior cingulate regions in a spatial working memory task. In another fMRI study of
working memory using an n-back letter task, Koshino et al. (2005) found that in participants
with autism compared with controls, there was lower left frontal activation (a common
finding in autism), higher activation in posterior brain areas (more right than left), and lower
synchronization among brain regions. Individuals with autism tend to show deficits in tasks
that require complex integration of information and heavy reliance on executive functions of
the prefrontal cortex. In the current study, we investigate whether face processing in a
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working memory task might provide evidence of an atypical pattern of brain activity, within
a larger theoretical framework that proposes cortical underconnectivity among some brain
regions in autism.

More social tasks, such as the processing of faces, have also shown evidence of disordered
processing in autism, manifested as lower activation in key regions. Several neuroimaging
studies have found lower levels of brain activation in the fusiform face area in autism in face
processing tasks (Critchley et al. 2000; Schultz et al. 2000; Pierce et al. 2001; Hall et al.
2003; Hubl et al. 2003; Piggot et al. 2004; Wang et al. 2004; and see Schultz 2005 for
review). Faces represent not only a more complex class of visual patterns than most objects,
but they also have social meaning. The social significance of facial and nonfacial stimuli has
been shown to evoke abnormal activation in autism (e.g., Castelli et al. 2002; Pelphrey et al.
2004), a result that is often associated with theory of mind deficits in autism.

Investigating working memory (a cognitive function) and face processing (a social and
visual function) simultaneously is particularly apt in the context of autism, because the
disorder is both social and cognitive. The study reported here used an n-back working
memory task involving faces, combining the cognitive and social domains. The emphasis in
this task is on working memory, but what the participants have to maintain and update in
working memory is faces. There are several approaches or processing styles that can be used
to perform the task. One possibility is to construct a verbal code for each stimulus face (e.g.,
elderly, angular, balding) and then perform the task on the basis of the codes. The use of
such verbal codes in a face working memory task may evoke more left-lateralized
activation, as suggested by Haxby et al. (1995), so it may be possible to determine if the
autism group uses such codes to a lesser degree than the control group, possibly because of a
preference for visual thinking in autism (Kana et al. 2006). A second possibility is to
construct a verbal code for the social aspects of the face (e.g., hostile, sincere, leering), and
then perform the task using these codes. Yet a third possibility is to form a visual
representation of the face or its parts. Of course, any mixture of such codes could be used.

Based on findings from previous studies, we hypothesized that participants with autism
would be more likely to rely on a visual strategy than on a verbal or social coding strategy.
The use of a verbal coding strategy in autism (which would entail activation in left
hemisphere language regions, such as inferior frontal gyrus [IFG]) seems unlikely because
many previous studies have found lower or abnormal activation in the frontal regions in
autism (e.g., Happé al. 1996; Ring et al. 1999; Castelli et al. 2002; Luna et al. 2002;
Belmonte and Yurgelun-Todd 2003; Just et al. 2004; Koshino et al. 2005). It has also been
shown that people with autism make limited use of inner speech in executive function tasks
(Whitehouse et al. 2006). Also, there have been numerous studies that used tasks that are
usually associated with left hemisphere functions such as language, sequential processing
and symbol use, and found behavioral performance impairments in autism (e.g., Blackstock
1978; Prior and Bradshaw 1979; Dawson 1983; Jolliffe and Baron-Cohen 1997; Rinehart et
al. 2002). These findings suggest that a verbal coding strategy may be a less readily
available tool for participants with autism. The use of a social coding strategy also seems
unlikely in autism, given that people with autism have difficulty in theory of mind
processing (Baron-Cohen et al. 1999; Castelli et al. 2002; Pelphrey et al. 2004) and in face
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processing (Critchley et al. 2000; Schultz et al. 2000; Pierce et al. 2001; Hall et al. 2003;
Hubl et al. 2003; Piggot et al. 2004; Wang et al. 2004).

That leaves the third approach, forming visual representations of the faces or their parts,
which we hypothesized would be a likely approach for people with autism. Individuals with
autism have been reported to use information processing approaches that focus on
perceptual detail processing. Mottron and Burack’s (2001; Mottron et al. 2006) Enhanced
Perceptual Functioning (EPF) model for how people with autism deal with complex tasks
characterizes this profile as locally oriented visual and auditory perception, enhanced low-
level discrimination, and increased reliance on more posterior brain networks. This type of
processing has been reported in an n-back working memory task with letters (Koshino et al.
2005), where the participants with autism showed more visual coding and posterior brain
activation than the control participants. Visual representations are also more likely to be
used by people with autism in comprehending abstract sentences (Kana et al. 2006).

For a particular “processing style,” such as the use of visual representations, to have arisen
among people with autism, there must be some common determinant that makes the
approach an appropriate adaptation for the disorder. The emergence of a common processing
approach might be the result of abnormal connectivity among cortical regions. According to
the under-connectivity theory of autism (Just et al. 2004), the cognitive deficit in autism is
most likely to arise when the task requires integrative processing at a higher cognitive level
requiring sustained involvement of frontal areas. The theory predicts that psychological and
neurological functioning that is dependent on the coordination of brain networks that require
frontal participation is likely to exhibit underfunctioning (underactivation in frontal areas
and functional underconnectivity between frontal and posterior areas). In the study reported
below, we investigated the brain activity during a task requiring working memory for faces,
focusing on frontal, parietal, and fusiform activation, expecting lower functional
connectivity between frontal and fusiform areas in the autism group. We hypothesized that
the participants with autism would show underconnectivity between the fusiform gyrus (face
processing area) and frontal regions. The functional connectivity analyses should indicate
whether any abnormality in fusiform face area activation is embedded in a cortical network
abnormality.

There are several ways that an abnormality in a cortical network can be demonstrated. One
common way is to apply a clustering or factoring algorithm such as factor analysis to the
pairwise functional connectivities between pairs of brain areas (McLaughlin et al. 1992;
Peterson et al. 1999). This clustering of all of the activated areas into groupings that are
internally synchronized identifies the cortical subnetworks that are functioning in a task. A
relevant previous outcome of this type of analysis showed that the subnetworks in the autism
group were smaller and more fragile, providing an additional perspective on
underconnectivity (e.g., Koshino et al. 2005; Kana et al. 2006; Just et al. 2007). In the
current study, we hypothesized that in addition to the autism group having smaller and more
fragile networks, the subnetwork including the fusiform gyrus would differ between the two
groups, and that the subnetworks that included both frontal and parietal areas would differ
between the two groups. Because it is unlikely that autism can be localized to a particular
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brain area, it is especially important to understand abnormalities in a given area (such as the
fusiform gyrus) with respect to their cortical network context.

Eleven high functioning individuals with autism (all males) and 11 healthy normal control
participants (10 males and one female) were included in the study (full scale and verbal 1Q
scores of 80 or above). The diagnosis of autism was established using the Autism Diagnostic
Interview-Revised (Lord et al. 1994), and the Autism Diagnostic Observation Schedule
(Lord et al. 2000: mean communication total = 4.6, standard deviation [SD] = 0.9, mean
social total = 8.7, SD = 2.6). The diagnosis of autism provided by the two structured
instruments was confirmed by expert clinical opinion. The Benton Face Recognition Test
(Benton et al. 1994) was administered to participants to obtain a behavioral measure of face-
recognition ability. All participants were required to be in good medical health. Potential
participants with autism were excluded on the basis of an associated genetic or metabolic
disorder, such as fragile-X syndrome or tuberous sclerosis. Potential control and autistic
participants were also excluded if they had evidence of birth asphyxia, head injury, or a
seizure disorder. Exclusions were based on neurological history, physical examination, and
chromosomal analysis. Written informed consent was obtained from participants or their
guardians, using procedures approved by the University of Pittsburgh Medical Center
Institutional Review Board and the Carnegie Mellon University Institutional Review Board.

The control participants were community volunteers recruited to match the participants with
autism on age, Full Scale 1Q, gender, race, and family of origin socioeconomic status, as
measured by the Hollingshead method (Hollingshead, unpublished data). Potential control
participants were screened by questionnaire, telephone, face-to-face interview, and
observation during screening psychometric tests. Exclusionary criteria, evaluated through
these procedures, included current or past history of psychiatric and neurological disorders,
birth injury, developmental delay, school problems, acquired brain injury, learning
disabilities, and medical disorders with implications for the central nervous system or
requiring regular medication usage. Potential control participants were also screened to
exclude a family history of autism, developmental cognitive disorder, learning disability,
affective disorder, anxiety disorder, schizophrenia, obsessive compulsive disorder, or other
neurological or psychiatric disorder thought to have a genetic component. There were no
statistically reliable differences between the autism and control participants in age or 1Q (see
Table 1). All autism participants were Caucasian, whereas the control group included one
African American and one Hispanic. Nine members of the autism group and 10 members of
the control group were right-handed. Four participants in the autism group were taking the
following medications, but not on the day of the scan: Albuterol (bronchodilator), Targetol
(anticonvulsant), Luvox (antidepressant), and Beconase (for hayfever).

Stimulus Materials and Experimental Design

An n-back working memory task involving face recognition had 3 experimental conditions:
0-back, 1-back, and 2-back, with the timing shown in Figure 1. In the 0-back condition,
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participants were asked to remember a target face that was presented at the beginning of
each trial block. A sequence of 20 face stimuli was then presented and participants were
instructed to press a response button if the presented face was the same as the target. In the
1-back condition, participants were told to respond if the presented face was the same as the
immediately preceding one. In the 2-back condition, they responded if the presented face
was the same as the one that had been presented two faces ago. The stimuli were 27 gray-
scale pictures of faces (all males) taken from the Recognition Memory Test (Warrington
1984). A common baseline was a fixation condition.

Stimuli were projected onto a viewing screen attached within the bore of the scanner, and
viewed at a distance of approximately 20 cm from the participant’s eyes through 2 mirrors
positioned on top of the head coil. Two fiber optic button boxes were used for participants to
signal their responses. Stimulus presentation and behavioral data collection were controlled
with the CogLab experimental presentation software.

Each participant practiced for the experiment in a separate practice session approximately 2
h before the MRI session. At the beginning of the fMRI scan, 6 additional practice trials
were presented followed by a 6-s rest. The experiment consisted of 4 epochs of each of the 3
working memory load conditions presented in a random order, with 20 stimulus faces
presented per epoch. At the beginning of each experimental epoch, the instruction for the
condition was presented on the screen for 6 s. A 24-s fixation epoch occurred after every 3
experimental epochs. The face stimuli were presented for 1000 ms with an inter-stimulus
interval of 1000 ms. The entire fMRI session took approximately 15 min.

fMRI Procedure and Analysis

The single-shot spiral fMRI used blood oxygen level-dependent contrast in a 3.0-T GE
Medical Systems scanner, with the following parameters: time repetition (TR) = 1000 ms,
time echo (TE) = 18 ms, flip angle = 70°, field of view (FOV) = 20 x 20 cm, matrix size =
64 x 64, axial-oblique plane with 16 slices, and a voxel size of 3.125 x 3.125 x 5 mm with a
1 mm gap. Structural images were 3D SPGR that were acquired with the following
parameters: TR = 25, TE = 4, flip angle = 40°, FOV = 24 x 18 cm, 124 slices, resulting in
voxel dimensions of 0.9375 x 0.9375 x 1.5 mm thick, taken axially.

fMRI Data Analysis

The fMRI data were analyzed using SPM99 (Wellcome Department of Cognitive
Neurology, London, UK). The data of each participant were corrected for slice acquisition
timing and motion, and normalized to the Montreal Neurological Institute (MNI) echo
planar image (EPI) template, resampled to 2 x 2 x 2 mm voxels, and spatially smoothed
(Gaussian kernel, full-width at half maximum =8 mm). SPM maps were computed for
contrasts between the experimental conditions and fixation, and between the two groups
(excluding possible group differences in deactivation relative to the fixation condition and
using a random effects model). An uncorrected height threshold of P = 0.005 and an extent
threshold of 10 voxels were used.

Cereb Cortex. Author manuscript; available in PMC 2015 July 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koshino et al.

Page 8

Functional Connectivity

The functional connectivity was computed (separately for each participant) as a correlation
between the average time course of all the activated voxels in each member of a pair of
regions of interest (ROIs). Thirteen functional ROIs were defined to encompass the main
clusters of activation in the group activation map for each group in all Condition—Fixation
contrasts. The functional ROIs included 6 bilateral ROIs (frontal pole [FP, BA10], middle
frontal gyrus [MFG, BA9], IFG [BA44, 45], lateral premotor areas [LPM, BAG], inferior
parietal lobe [IPL, BA40], and fusiform gyrus [FFG, BA19, 37]) and a medial ROI, the
medial frontal gyrus (MedFG, BA8). These labels were assigned with reference to the
parcellation of the MNI single subject Tq-weighted data set carried out by Tzourio-Mazoyer
et al. (2002). A sphere was defined for each cluster of activation (with a radius ranging from
4 to 10 mm) that best captured the activation in the map for each group. The ROIs used in
the analysis were each the union of the 6 spheres (3 experimental conditions for 2 groups).
This common set of 13 ROIs was used for the 2 groups.

The activation time course for each ROl was extracted separately for each participant, and
was based on the normalized and smoothed images, which had been low-pass filtered and
had the linear trend removed. Furthermore, the participant’s activation time course was
based on only the activated voxels within the ROI. The correlation between the time courses
of two ROIs was computed on only the images belonging to the experimental condition and
excluded the fixation condition, so it reflects the correlation between the activation in 2
areas while the participant is performing the task. The analysis of an ROI pair eliminated
any participant who had fewer than 23 activated (2 x 2 x 2 mm) voxels (approximately
equivalent to 3 functional voxels) in one of the ROIs. Fisher’s r to Z transformation was
applied to the correlation coefficients, and these transformed correlations were used in
further analyses; to provide the input for the factor analysis, the Z scores were transformed
back to correlation coefficients.

Factor Analysis

To characterize the underlying cortical networks and to cluster the activated areas in terms
of the interarea functional connectivity, an exploratory factor analysis was performed on the
mean correlation coefficients for the 13 functional ROIs (e.g., McLaughlin et al. 1992;
Peterson et al. 1999; Koshino et al. 2005). The mean Z-transformed functional
connectivities (averaged across individual participants) were converted back to correlation
coefficients, and a correlation matrix was created for each group for each condition, on
which an exploratory factor analysis was performed. The factor extraction was done with
principal components analysis and the varimax method was used for factor rotation. In order
to check the independence of factors assumption of the varimax method, the factor analyses
were also done using an oblique rotation (promax), and the results were almost identical and
the correlations between factors did not reach a meaningful significance level. Therefore,
only the varimax-based results are presented. Factors that had eigenvalues of one or above
were retained (using the Kaiser—-Gutman criterion), and ROIs that had a factor loading of 0.4
or greater were considered for interpretation.
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Results

Behavioral Results

The autism and control groups showed similar behavioral performance, with high levels of
accuracy and fast response times in both groups, as shown in Table 2. There was no reliable
group difference in either the error rate or reaction time, (F1 20 = 0.18 and F4 5o = 3.09,
respectively). There was a significant effect of working memory load on error rates (Fz 40 =
10.77, P = 0.0002) and on reaction time (F5 49 = 15.56, P < 0.0001), with no significant
interaction between group and load in either measure.

Brain Activation Results

Both groups showed activation in regions associated with working memory tasks, such as
the MFG, IFG, and the inferior parietal regions. Both groups also exhibited activation in the
fusiform areas that are associated with face perception, although their coordinates of peak
activation were somewhat different, as described below. The activation in the frontal regions
for the autism group was mostly limited to the right hemisphere, whereas the frontal
activation of the control group was bilateral. The autism group did not show activation in the
superior and middle gyri of the right posterior temporal lobes, areas associated with
processing of social information (e.g., Ojemann et al. 1992; Haxby et al. 1994; Puce et al.
1998; Allison et al. 2000; Critchley et al. 2000; Narumoto et al. 2001; Pelphrey et al. 2004),
whereas the control group did display activation in these locations. In general, the level of
activation in a number of areas increased with working memory load for both groups.

A 2 (group) x 3 (working memory load conditions) analysis of variance was performed on
the beta values for each ROI. Because no group x working memory load interaction was
obtained for any ROI (indicating that the group differences were similar across the three
working memory load conditions), the data were collapsed across the three load conditions
in the analyses below and are shown in the collapsed form for each participant group
separately in Figure 2 and Table 3, depicting the findings described above.

Group subtraction indicated the regions in which the 2 groups differed reliably. The autism
group showed less activation than the control group in the right temporal area (superior and
middle temporal gyrus), suggesting a deficit in theory of mind processing in this group. The
autism group also showed less activation than the control group in the left frontal area (IFG
and MFG), which may be indicative of less verbal coding or verbally mediated processing of
the faces in the autism group. On the other hand, the only areas in which the autism group
showed greater activation than the control group were areas in the right hemisphere: one of
the superior frontal regions, LPM, and superior parietal regions. These results of the group
subtraction are shown in Table 4 and Figure 3.

Fusiform Activation—Although there was not a reliable group difference in the right
fusiform activation (though there was a reliable difference on the left), there were several
interesting results in this area that provide clues to differences between the 2 groups. First,
there was a difference in the location of the right fusiform activation between the control and
autism groups, which replicates a previous fusiform activation finding in a study of face
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perception in autism (Schultz et al. 2000). The autism group’s fusiform activation was more
lateral and more inferior than the control group’s, displaced away from an area typically
activated during face perception toward an area typically activated during object perception,
as shown in Figure 4. (Although the peak of the control group’s activation in our study and
in the Schultz et al. (2000) study was in the fusiform gyrus, in both cases the cluster
extended to the cerebellum.) To assess the reliability of the activation location difference
between the 2 groups, the center of mass of the activated voxels (at P < 0.05 corrected
threshold) within each participant’s fusiform activation cluster was computed. (Two
participants with autism and one control participant did not have fusiform activation and
their data were excluded from this analysis.) One-tailed t-tests examined the hypothesis of
the autism group’s activation being more lateral than the control group’s (autism mean x-
coordinate = 45.6, control mean x-coordinate = 43.1, t(17) = 1.76, P = 0.048) and more
inferior (autism mean z-coordinate = —23, control mean z-coordinate = —25.6, t(17) = 2.39, P
= 0.015). There was no difference between groups in the y-coordinate (autism mean = -50.2,
control mean = -50.4).

A second finding related to the fusiform activation was a correlation in both participant
groups (but in opposite directions) between the amount of fusiform activation and Benton
Facial Recognition Test (BFRT) scores (Benton et al. 1994). The activation measure used
here was the right fusiform activation beta weight from the SPM analysis of individual
participants. The autism and control groups differed reliably in the direction of the
correlation between their Benton score and their right fusiform activation (z=2.77, P <
0.01). The autism group showed a marginally reliable positive correlation between Benton
score and right fusiform activation [r = 0.56, t(9) = 2.05, P = 0.070], whereas the control
group showed a marginally reliable negative correlation [r = -0.57, t(9) = —-2.09, P = 0.066],
as shown in Figure 5. In control subjects, the higher the Benton performance level, the
smaller the amount of activation was, which is the usual finding relating skill and activation
in normal populations, reflecting something like efficiency of processing. However, among
participants with autism, the higher the performance, the greater was the amount of
activation. A similar relation was found in another impaired population, such that among
reading-impaired children, the better they can read, the greater was their activation in
parietotemporal areas during reading (Meyler et al. in press). In the impaired population, the
correlation may reflect something like increasing activation with increasing intactness. A
third finding concerning the fusiform activation in autism, as described below, pertains to its
unusual functional connectivity with other areas.

Functional Connectivity

The magnitude of the functional connectivity (correlation of the time course of activation)
between activated brain areas was compared between the two groups. (Compared with
several other previous studies, which used an EPI acquisition sequence, the functional
connectivities here, which were acquired with a spiral sequence, were generally lower for
both groups. In fact, two other studies using a spiral pulse sequence like this study produced
generally lower functional connectivities than studies using an EPI sequence. We speculate
that the spiral-based data here are less sensitive to group differences in functional
connectivity than are our EPI-based studies.) There was a reliably lower level of functional
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connectivity in autism than in the control group between the left frontal regions (IFG and
MFG) and the left and right fusiform areas [t(20) = 2.59, P < 0.05]. When the fronto-
fusiform connectivity was compared between the two groups separately for right and left
fusiform areas, the group difference was found to be statistically reliable for the connectivity
between the left fusiform gyrus and left frontal regions [t(20) = 2.29; P < 0.05]. These
results are interesting in light of several possible functions of the left frontal regions that
might be performed in coordination with face processing in the n-back task, such as verbal
processing (left IFG) and working memory maintenance and updating (MFG). This lower
functional connectivity between frontal and fusiform areas provides further evidence for
atypical processing of faces in autism.

We examined whether this functional connectivity difference could be arising from a
possible difference in the number of activated voxels between the 2 groups or from
variability in the number of voxels contributed across subjects for the 2 groups. The
numbers of activated voxels within the defined spheres of functional ROIs (left IFG and left
fusiform gyrus) did not differ significantly between the autism and control groups (P > 0.1).
This greatly decreases the probability that the connectivity difference resulted from fewer
voxels in participants with autism. In order to evaluate whether connectivity differences
could be influenced by differences between the groups in the variability of the number of
activated voxels, we conducted Fpax tests on this measure for all of the ROls. Although the
group with autism showed somewhat greater between-subject variability in the number of
voxels activated than the controls for most of the ROIs, the difference in variance between
groups did not approach significance in any ROI.

We also examined whether the medications taken by some participants with autism affected
the results or not. It should be noted here that the medications mentioned in this study were
not taken on the day of the MRI scan. Nevertheless, we compared the data of participants for
those on and not on medication and have not found differences in this study nor in our past
published fMRI studies of functional connectivity in different subject samples. From a
theoretical perspective, functional connectivity likely relates to the development of structural
connections as well as their capacity to dynamically bring different systems on line to
address task demands. Medications that reduce anxiety and behaviorally enhance cognitive
function might be expected to increase functional connectivity rather than reduce it if they
impact functional connectivity at all.

Unlike several other studies (Kana et al. 2006; Just et al. 2007) which found reduced
frontal—parietal functional connectivity in autism, there was no reliable group difference in
frontal—parietal connectivity in this study of face working memory, although the difference
between the groups was in the expected direction (autism mean over all frontal-parietal ROI
pairs = 0.24; control mean = 0.26 [t(20) < 1]). (The functional connectivities were also
considerably lower in absolute magnitude for both groups compared with the other studies,
suggesting that the sensitivity of the measurement may have been lower here. Another
possible reason for the lack of reliable frontal—parietal underconnectivity in this study is that
the task may not have drawn heavily enough on the parietal lobe. In the previous studies that
did find reliable frontal—parietal underconnectivity (such as a study of the Tower of London
task), the parietal areas and the frontal—parietal functional connectivity played a larger role.)
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Factor Analysis

The factor analyses showed differences between the two groups in the way that activating
regions were grouped into networks by virtue of the similarities among their activation time
courses, as follows. 1) A greater number of factors/subnetworks emerged for the autism
group (4 factors) compared with the control group (3 factors). These differing numbers of
factors accounted for almost the same total amount of variance in the 2 groups. The factor
structure is shown in Table 5 and Figure 6. (In Fig. 6, the factor rendered in blue can be
referred to as a frontal factor; green: frontal—parietal; red: fusiform; yellow: an additional
frontal factor in the autism group.) Thus the autism group had smaller and more numerous
networks. The differential network topologies in the two groups suggest a possible account
for the impairments in global coherence and integration in autism. 2) In the autism group,
the fusiform areas were grouped with the right parietal area and the right inferior frontal
area. For the control group, the fusiform area was grouped with 2 frontal areas, the right FP
and left IFG. This differential grouping indicates that face processing in autism is performed
by a different network, one which excludes a left frontal region.

3) The autism group’s frontal—parietal network was small and relatively unintegrated with
frontal regions, consisting of only 4 regions, bilateral inferior parietal and bilateral LPM, 2
of which are premotor. By contrast, the control group’s frontal—-parietal network consisted of
both parietal regions and a larger number of frontal regions, namely left FP, right IFG, and
bilateral premotor regions. In other words, the autism group had fewer frontal and parietal
regions activating as a network. 4) The autism group had a second frontal network that
consisted of the left and right FPs and the left IFG.

Discussion

The results of the study crystallized some previous findings about brain activation in autism
in the context of working memory for faces. First, the abnormal fusiform activation
associated with face processing in autism was embedded in a larger context of smaller and
less synchronized cortical networks, particularly involving synchronization with frontal
regions. The smaller networks suggest limitations in autism on the integration of the
coactivating cortical processing sites. Second, the fusiform activation itself was at a slightly
different location in the group with autism. In the autism group, the amount of activation
was higher for participants with higher Benton face-recognition scores, whereas in the
control group, the participants with higher Benton face-recognition scores tended to show
lower fusiform activation. Third, the results showed that the autism group did not bring
affective/social processing into play in the face working memory task, and used less verbal
processing, compared with the control group. Instead, the autism group relied more on
visually oriented feature processing (indicated by their activation of areas associated with
visual processing).

In the introduction to this article, we raised a set of questions concerning the strategies that
the 2 participant groups might differentially use in accomplishing the face working memory
task. One possible strategy was the use of verbal coding of faces. In the present study, the
autism group exhibited lower activation in left hemisphere regions, specifically left IFG,
indicating less use of verbal coding by this group in contrast to the control group, which did
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use this strategy. A second hypothesis was that the autism group may not use an affective or
socially oriented strategy to approach this task. One source of evidence that the autism
participants did not rely on a socially oriented strategy in this task is the autism group’s
lower level of activation in regions related to social and theory of mind processing, namely,
right superior and middle temporal gyri (e.g., Allison et al. 2000; Castelli et al. 2002; Frith
and Frith 2003; Pelphrey et al. 2003; Schultz et al. 2003). A second source of evidence
consistent with this hypothesis was the location of the autism group’s fusiform activation,
displaced toward the inferior temporal gyrus, an area associated with object processing (a
finding in agreement with previous studies of face processing in autism; Schultz et al. 2000).
In the present study, the task was to construct a short-term representation of the faces, and
no processing of social aspects of faces was required. Yet, the control group appeared to
process some social information associated with the faces, which indicates that their
processing of social aspects of faces is rather automatic, despite there being no necessity to
perform such processing. Overall, these results suggest that the participants with autism
might be processing faces while attributing little if any social meaning to them.

If the participants with autism tend not to use verbal or social-affective strategies, then the
obvious question is, how are they managing to perform this task at least as proficiently as
the control participants? That leads us to our third hypothesis, that the autism group might
be using a more visually oriented approach, relying more on posterior regions of the brain in
this task. The results provided support for this hypothesis. The individuals with autism
showed lower activation in the left hemisphere, more reliance on the posterior regions
corresponding to the perceptual system rather than the frontal regions of the brain
corresponding to the executive functions, and lower functional connectivity. Functional
connectivity between the fusiform gyrus and the IFG was lower for the autism group than
for the control group. The factor analysis also showed that the posterior regions are not well
synchronized with the frontal regions for the autism group. The data also suggest that in
autism, the posterior perceptual network does not include the regions for processing face and
social stimuli. Instead, the faces seem to be treated more like objects by the autism group,
both in terms of the precise fusiform location activation and in terms of the lack of social
activation. The asocial processing of the faces in autism appears to rely differentially more
on posterior perceptual systems.

Processing Styles and Underconnectivity

The processing style of the autism group that is inferred from the activation results in this
study can be related to under-connectivity between frontal and more posterior regions. The
activation results suggested that the processing of the autism group was a-social and a-
verbal, and instead was visually oriented. Underconnectivity could undermine several of the
possible processing styles that were previously described. For example, a verbal coding
approach in this face processing task would require the linguistic processes associated with
the left IFG to be coordinated with the fusiform face processing, a processing style that
would be impaired by underconnectivity with frontal regions. Similarly, a social coding
approach might require a network consisting of the MedFG and the right superior temporal
gyrus to relate theory of mind processing to the face processing of the fusiform area, again a
processing style that might be undermined by underconnectivity between frontal areas and
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others. On the other hand, the visual processing style, which might entail coordination
between occipital and parietal regions, would be less dependent on the connectivity with
frontal areas, and the activation patterns suggested that this was the dominant processing
style used in the autism group. It is important to note that according to this account, the use
of a visual processing style here is not a choice based on preference but on relative
unavailability of the resources needed to support some of the other processing styles.

The underconnectivity might shed light on another characteristic of the unique processing of
autism, which is related to feedforward and feedback loops in the brain. Because of the
underconnectivity between frontal and posterior brain networks in autism, results of
information processing in the posterior regions may not be transmitted to the frontal regions
in an appropriate and systematic fashion (improper feedforward or bottom-up processing),
and conversely, feedback or top-down information from the anterior regions may not be
sufficiently transmitted to the posterior regions. This would give rise to a cycle of poor
information transmission between the anterior and posterior parts of the brain, and could
result in increased reliance on the posterior regions. This dependence on visually based
processing could become more problematic as task difficulty increases and the need for
higher-level strategies and concepts grows. When tasks are easy, the transmission of
intermediate processing results back and forth between the anterior and posterior regions
may be less important; therefore, individuals with autism may show a similar level of
performance to control participants. However, as task difficulty increases, more
communication of intermediate results (i.e., more inter-center coordination) may be needed
and individuals with autism may show greater performance deficits in more difficult tasks.
For example, the strength in visually based processing in autism is often accompanied by
deficits in configural processing (Dakin and Frith 2005; Behrmann et al. 2006).

Describing the psychological processing in autism as being of a different “processing style”
is probably accurate, but it is scientifically unsatisfying. The description simply begs the
question of why people with autism should “prefer” a given style of processing. It is surely
not simply a matter of preference or taste or even of choice, but rather a consequence of
neural circuitry that expresses itself in this manner. The question then is why a given “style”
of processing should emerge in the disorder of autism. In the section below, we propose that
the underlying disorder in the neural systems in autism, particularly underconnectivity of
cortical areas with frontal areas, favors some “processing styles” over others.

Cortical Underconnectivity and Face Processing in Autism

Face processing in a working memory task provides an appropriate venue to examine the
relation between cognitive and social deficits in autism. The finding of atypical face
processing in people with autism has been attributed to either a social or a perceptual deficit
depending on the theoretical perspective taken. The social account is that disrupted social
motivation and interaction is the primary determinant of difficulty in face processing (e.g.,
Dawson et al. 2002, 2005). A competing account attributes atypical face processing to a
perceptual deficit in configural processing in autism (e.g., Dakin and Frith 2005; Behrmann
et al. 2006). Although the social and cognitive explanations are posed as alternatives to each
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other, we suggest that there is a core deficit at the neural systems level that unifies these 2
accounts.

The social and perceptual deficits that underpin the 2 accounts are demonstrably present in
the data reported here. The clearest neural evidence of a social deficit in this study was the
underactivation of the right posterior superior temporal area associated with theory of mind
processing. The evidence of a cognitive deficit was manifested in the left inferior frontal
underactivation. In the theoretically contested territory of face processing, the multiple
facets of abnormal fusiform activation in autism included its displaced location and reversed
direction of correlation with Benton Face Recognition scores. One of the most interesting
new findings was that the abnormality of the fusiform activation was found within the
context of an abnormal cortical network. As the perspective of underconnectivity theory
predicted, the autism group exhibited functional under-connectivity between fusiform face
processing and frontal processing in the service of working memory for faces.

As new evidence emerges with studies of a broader range of tasks, underconnectivity theory
has become progressively refined to better specify the brain locations and circumstances that
characterize functional underconnectivity in autism. One of these refinements is a
broadening of the scope of the theory to encompass a larger set of psychological processes.
For example, the social deficit observed in autism may be due to underconnectivity among
the cortical regions supporting theory of mind processing (Castelli et al. 2002), and/or to
underconnectivity between emotional processing (possibly amygdala-centered) and
perceptual processing in areas such as the fusiform gyrus (Schultz 2005). Similarly, the
perceptual deficit in face processing, which can be construed as atypically little global
processing relative to local processing, might be due to the underconnectivity among the
regions that perform the global integration. Broadening the scope of any theory of autism is
essential if it is to encompass the diversity of the symptoms of autism, including the recent
findings of postural deficits (Minshew et al. 2004). The diversity itself is indicative of a
system-wide neural systems disorder that is not localized to one brain area nor to one type of
thinking. Underconnectivity is an early attempt at a neural systems disorder theory of
autism.

Limitations of the Theory

Although the underconnectivity perspective is providing an extremely useful theoretical
framework for investigating autism (helping to frame issues, formulate hypotheses, and
relate findings across studies and methodologies), the theory itself does not currently
provide the answers to some central questions about autism. We view the current form of the
underconnectivity theory as preliminary, and anticipate that future research will result in
considerable refinement and expansion. Below we discuss some of the key questions that are
currently unaddressed by the theory, but which any comprehensive theory of autism must
ultimately account for.

Other Types of Connectivity Disturbances besides those Measured by fMRI—

We expect that alterations in connectivity among neural systems and in local connectivity
are likely to emerge with further study, including instances of increased connectivity

Cereb Cortex. Author manuscript; available in PMC 2015 July 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koshino et al.

Summary

Page 16

between some areas. Moreover, other technologies in addition to fMRI are being brought to
bear on issues of neural connectivity in autism, such as histology, electrophysiology,
morphometry, and DTI. One of the many uncertainties to be addressed by some combination
of approaches concerns the nature of and relationship between white matter and gray matter
abnormalities, and the nature of and relationship between functional and anatomical
abnormalities in autism.

Participant Samples—Another lacuna is the absence of functional connectivity studies of
a wider range of people with autism, such as those who are not high functioning. Even in
this study of high functioning autism, there are only 11 participants with autism. Another
limitation is that several studies that appear to provide independent evidence for a
hypothesis may draw on the same group of participants. It is important to note that most of
our previously published findings of functional underconnectivity in autism had minimal
overlap (one participant) with the current study (Just et al. 2004, 2006; Kana et al. 2006, in
press). However, one previous finding of functional underconnectivity (Koshino et al. 2005)
had a 50% overlap of the participants with autism. Such issues point to the importance of
extension of research to larger and more diverse participant groups with autism.

The Generality of Connectivity Disturbances in Autism—There are many other
uncertainties about the generality of the underconnectivity findings. Although we have
reported under-connectivity in a number of different types of thinking that span the autism
syndrome (executive, perceptual, language, social perception, inhibition), there has been no
study of connectivity in many other types of relevant tasks. The tasks yet to be so
investigated include tasks without frontal involvement, tasks with nonvisual input modalities
(auditory, haptic, olfactory), and motor tasks. The ontology of the underconnectivity is
another unresearched issue. The theory provides a framework for formulating such relevant
questions about neural connectivity in autism, without prejudging the answers, which are a
matter for empirical investigation. In fact, a more accurate term to describe this approach
may well be “neural systems connectivity theory,” to embrace the range of possible findings.

The results from the present study place face processing deficits in autism within a larger
context of cognitive and social deficits in autism. In autism, the fusiform activation
associated with face processing was less synchronized with frontal areas, was displaced in
location, and was unaccompanied by activation in areas associated with social processing. It
would be desirable to have these findings replicated in future studies with larger sample size
using different face processing tasks, but the new findings converge well with previous
autism findings in other types of tasks. The underconnectivity theory framework accounts
not only for the current fMRI results, but also for the more general tendency of individuals
with autism to rely more on visual processing and posterior brain regions and less on the
cognitive, verbal, and social functions underpinned by frontal brain regions. Conceptualizing
autism as a neural systems disorder characterized by brain connectivity abnormalities
provides a useful step toward a unified account of the diversity of deficits in autism.
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1000ms

Yes

Figure 1.
Schematic representation of the 1-back condition. Each stimulus face was presented for

1000 ms then followed by a blank display for 1000 ms. Participants were asked to judge if
each face was the same as the one that appeared one face ago.
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Figure 2.
Reduced activation in left IFG and right superior/middle temporal gyri in autism (yellow

ellipses) during the n-back task with faces (contrast with Fixation baseline). The data are
collapsed across the three working memory conditions.
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Control - Autism

Figure 3.
Group contrast showing areas where the control group showed more activation than the

autism (top) and autism group exhibited more activation than the control (bottom). The data
were collapsed across 3 working memory load conditions.
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Autism Group Control Group

Figure 4.
Right fusiform gyrus activation in autism and control groups.
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Correlation between Benton Face Recognition test scores and right fusiform activation in

(A) autism and (B) control groups.
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Autism Group Control Group
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Figure 6.
A graphical depiction of the combined results of the factor analyses and functional

connectivity, showing that the autism group had a smaller number of functional connections
among their brain regions than the control group. Node colors correspond to factors (blue:
frontal factor; green: frontal—parietal; red: fusiform; yellow: an additional frontal factor in
the autism group). The internode link thicknesses depict functional connectivity strength,
with only those connectivities above some fixed threshold being depicted. FFG = fusiform

gyrus.
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Table 1
Demographic information
Autism Control t(20) P
Age (years) Mean £ SD 245+102 287+109 093 0.36
FSIQ Mean + SD 1045+13.1 1086+9.1 0.87 0.39
VIQ Mean + SD 106.1+14.1 108.0+86 0.38 0.71
PIQ Mean = SD 102.1+13.8 1086+99 127 022
Handedness  Right:left 9:2 10:1
Gender Male:female 11:0 10:1
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Mean response time (ms) and error rate (%)

0-back 1-back 2-back
Response time (ms)
Autism Mean 589 561 673
(SE) 294 37.9 524
Control Mean 719 697 810
(SE) 574 67.6 79.6
Error rate (%)
Autism Mean 4.0 5.7 125
(SE) 1.9 3.1 2.9
Control Mean 4.5 5.7 15.9
(SE) 25 2.9 38
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Table 3

Avreas of activation for each group for the contrast between the working memory tasks (collapsed across three
conditions) with the Fixation baseline

Brodmann’s  Cluster

Location of peak activation t(10)  MNI coordinates

area size
X y z
Autism
L inferior frontal 46 40 406 -50 22 26
R precentral 9 2201 5.98 42 8 36
R supplementary motor area 6 64  4.63 4 8 62
R middle cingulate 32 208 6.52 6 22 44
L inferior parietal 40 581 639 -38 -54 50
R inferior parietal 40 1169 6.65 52 -44 44
R fusiform/R inferior temporal 20 45 4.70 52 -50 -16
L fusiform 37 53 435 -36 -54 -28
L cerebellum 19 136 487 -34 -70 -28
Control

L middle frontal 10 709 7.63 -34 54 14
L middle frontal 6 189 671 -32 2 58
R orbital frontal 47 2281 857 38 24 -12
L supplementary motor area 8 1717 8.08 -2 20 50
L supplementary motor area 6 41 430 -8 -6 62
L precentral 9 3942 1344 -36 4 30
R middle cingulate 33 395 7.08 6 10 26
L inferior parietal 7,40 735 934 -32 -58 42
R angular gyrus 7,39 1585 8.80 36 -64 42
R middle temporal 22 60 6.91 58 -44 8
L fusiform 37 34 6.45 -44 -62 -24
R fusiform 37 115 4.85 42 -50 -26
L inferior occipital 18 52 637 -34 -838 -6
L putamen, L amygdala 34 50 552 -24 6 -14
R thalamus 44 3.86 20 -12 8

Note: L = left, R = right. The threshold used for significant activation was P < 0.005 for a spatial extent of at least 10 voxels, uncorrected for
multiple comparisons. Region labels apply to the entire extent of the cluster. The t-values and MNI coordinates are for the peak activated voxel in
each cluster only.
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Table 4

Avreas of activation emerging from the group subtraction

Brodmann’s  Cluster £(20)

Location of peak activation MNI coordinates

area size
X y z
(Control > autism)
LMFG 9 133 430 -50 12 36
RMFG 10 21 354 42 42 0
LIFG 47 74 409 -24 8 -14
RIFG 47 66 363 42 28 -6
MedFG 8 128 3.94 -6 20 48
Anterior cingulate 33,24 791 5.64 6 12 24
Cingulate gyrus 32 57 3.58 -4 26 34
LIPL 40 42 385 -42 -38 26
LIPL 40 18 350 -58 -38 22
RIPL 40 33 397 42 -28 24
R temporal pole 22 20 3.30 52 10 -4
R superior temporal gyrus 22 140 4.22 46 -26 -6
R middle temporal gyrus 39 76 5.07 44 -66 20
L fusiform gyrus 19 14 355 -26 -60 ~-12
L parahippocampal gyrus 28 12 38 -22 -20 -20
L parahippocampal gyrus 21 328 -42 -42 -6
L caudate 63 379 -18 -14 26
R caudate 44 3.46 16 -10 28
R mammillary body 27 357 4 -14 -12
L thalamus 57 3.64 -2 =22 8
(Autism > control)

R MFG 8 44 3.56 34 28 44
R LPM area 6 76 4.38 32 -12 56
R superior parietal lobe 7 18 381 28 -70 48

Notes: L = left, R = right. The threshold for significant activation was P < 0.005 for a spatial extent of at least 10 voxels, uncorrected for multiple
comparisons. Region labels apply to the entire extent of the cluster. The t-values and MNI coordinates are for the peak activated voxel in each
cluster only.
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Factor structure and factor loadings emerging from the factor analysis (Varimax rotation) of the autism and

control groups’ functional connectivities

ROI Autism Control

F1 F2 F3 F4 F1 F2 F3
MedFG 0.72 0.67
LMFG 0.83 0.87
RMFG 0.83 0.83
LLPM 0.72 0.49
RLPM 0.77 0.65
LFP 0.76 0.58
RFP 0.72 0.67
LIFG 0.78 0.74
RIFG 0.50 0.71
LIPL 0.58 0.71
RIPL 0.50 0.61
LFFG 0.68 0.74
RFFG 0.73 0.52
Eigenvalue 207 197 185 183 272 229 207

Note: L = left, R = right. The abbreviations for the ROIs are as follows: MedFG (BA8); MFG (BA9); LPM (BA6); FP (BA10); IFG (BA44, 45);
IPL (BA40); and FFG, fusiform gyrus (BA19, 37).
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