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Abstract

Healthy individuals show robust functional connectivity during rest, which is stronger in adults
than in children. Connectivity occurs between the posterior and anterior portions of the default
network, a group of structures active in the absence of a task, including the posterior cingulate
cortex and the superior frontal gyrus. Previous studies found weaker posterior-anterior
connectivity in the default network in adults and adolescents with autism spectrum disorders
(ASD). However, these studies used small a priori regions of interest (“seeds”) to calculate
connectivity. Since seed location for all participants was chosen based on controls' brains, these
studies' analyses are more tailored to controls than individuals with ASD. An alternative is to use a
data-driven approach, such as self-organizing maps (SOM), to create a reference for each
participant to calculate connectivity. We used individualized resting-state clusters identified by an
SOM algorithm to corroborate previous findings of weaker posterior-anterior connectivity in the
ASD group and examine age-related changes in the ASD and control groups. Thirty-nine
adolescents with ASD and 41 controls underwent a 10-minute, eyes-open, resting state functional
MRI scan. The SOM analysis revealed that adolescents with ASD versus controls have weaker
connectivity between the posterior hub of the default network and the right superior frontal gyrus.
Additionally, controls have larger increases in connectivity with age compared to the ASD group.
These findings indicate that SOM is a complementary method for calculating connectivity in a
clinical population. Additionally, adolescents with ASD have a different developmental trajectory
of the default network compared to controls.
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1. Introduction

Autism spectrum disorders (ASD) are neurodevelopmental conditions characterized by
impaired social functioning and communication as well as rigid and repetitive behaviors
(APA, 1994). ASD is often described as a disorder of abnormal connectivity among brain
structures (Belmonte et al., 2004). Although the vast majority of functional imaging studies
investigating connectivity in individuals with ASD have used cognitive tasks (e.g., Hughes,
2007; Kleinhans et al., 2008; Koshino et al., 2008; Monk et al., 2010; Weng et al., in press),
some studies have examined the robust “default mode” pattern of activation in the absence
of a cognitive task (i.e., at rest) (Cherkassky et al., 2006; Kennedy and Courchesne, 2008;
Monk et al., 2009; Weng et al.,2010).

For healthy individuals, “resting” or intrinsic connectivity of the default network routinely
increases in the absence of a driving task and decreases when engaged in a cognitively
demanding task (Buckner and Vincent, 2007; Fox et al., 2005; Raichle and Snyder, 2007).
Structures involved in the default network include the posterior cingulate, precuneus,
retrosplenial, inferior parietal lobule, superior temporal gyrus, medial prefrontal cortex,
superior frontal gyrus, and the parahippocampal gyrus (Buckner et al., 2008; Fox et al.,
2005; Greicius et al., 2003; Shulman et al., 1997). In healthy adults, default network
structures are functionally as well as structurally connected (Greicius et al., 2003; Greicius
et al., 2009; van den Heuvel et al., 2008). These structures are thought to be organized into
several interconnected subsystems (Buckner et al., 2008; Gusnhard and Raichle, 2001),
including posterior and frontal subsystems which are generally strongly connected but are
distinct from one another (Greicius et al., 2008; Horovitz et al., 2009).

Studies on the development of the default network suggest that, in healthy participants,
posterior to frontal connectivity becomes stronger with age. Fair and colleagues (2008)
found weaker posterior-anterior connections in 7- to 9-year-old children compared to 21- to
31-year-old adults. Similarly, Supekar and colleagues (2010) found weaker connectivity in
children versus adults. Using an analysis based on Granger causality, Stevens and colleagues
(2009) found weaker effective connectivity in early adolescence versus adulthood.

Default network dysfunction has been linked to an array of nervous system conditions,
including autism (e.g., Monk et al., 2009; Weng et al., 2010), Alzheimer's disease (e.g.,
Greicius et al., 2004), attention-deficit/hyperactivity disorder (e.g., Castellanos et al., 2008),
schizophrenia (e.g., Garrity et al., 2007), and depression (Drevets et al., 2008; Greicius et
al., 2007). This fundamental network may relate to basic central nervous system functions,
such as maintaining balance of excitatory and inhibitory inputs or maintaining and
interpreting information from the environment (Raichle and Snyder, 2007). Energy
consumption for intrinsic activation is large compared to typical task related responses
(Raichle and Mintun, 2006). Additionally, intrinsic activation persists across differing states
of consciousness, including light sleep (Horovitz et al., 2008), deep sleep (albeit split into
posterior and anterior subsystems, Horovitz et al., 2009), and anesthesia (Vincent et al.,
2007). The default network is of interest in ASD research as it may be an indication of
overall integrity of brain function.

Multiple studies have found weaker functional connections from posterior to anterior
subsystems when comparing the default network in individuals with ASD to controls. First,
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Cherkassky and colleagues (2006) found widespread weaker correlations between averaged
clusters of activation within the default network, including posterior to anterior portions, in
ASD individuals during brief rest periods between events. Second, Kennedy and colleagues
(2008) had subjects look at a fixation cross for seven minutes to activate the default network
and averaged correlation maps from three different seeds for each participant; they found
that anterior regions were less connected to posterior hubs in ASD individuals. Third, in a
previous study from our laboratory, we found that adults with ASD showed less positive
connectivity between the posterior cingulate cortex and the right superior frontal gyrus
relative to controls (Monk et al., 2009). Lastly, work with adolescents, also from our
laboratory, revealed weaker posterior to right superior frontal gyrus connectivity in
adolescents with ASD compared to matched controls (Weng et al., 2010). Significantly, in
these adolescents, those with ASD had widespread weaker connectivity within the entire
default network, not just long-range posterior to anterior connections (Weng et al., 2010).
Both Monk and colleagues (2009) and Weng and colleagues (2010) employed functional
connectivity analysis procedures commonly used in default network research to facilitate
cross-study comparisons (e.g., Fox et al., 2005; Greicius et al., 2003; Uddin et al., 2010).

However, the references used to calculate connectivity in the previous studies on the default
network in ASD were the same for each participant, and in all cases except one (Cherkassky
et al., 2006), based solely on controls' brains. The reference, or “seed”, is the average
timecourse from a small region of interest (ROI) that is used to correlate with each of the
voxels in the rest of the brain. Higher correlation coefficients indicate stronger functional
connectivity from the reference ROI to that voxel (Cordes et al., 2000). The previous ASD
and default network studies chose their seeds based on anatomical and functional studies of
controls. Therefore, it is likely that this a priori seed choice would be more tailored to
controls' brains than to those of subjects with ASD. This choice may contribute to the
pattern of stronger connectivity seen in the controls versus the ASD group. An alternative
approach is to use references tailored to each subject's default network, using a data-driven
method of identifying the reference. An individualized, data-driven reference timecourse
offers an additional advantage in calculating connectivity for children and adolescents,
because their anatomy may not be well matched to a seed based on adult brains.

The goal of the present study was to evaluate one such model-free method of identifying the
reference, a self organizing map (SOM) algorithm, for use with resting functional MRI
(fFMRI) data from individuals with ASD and controls, and to utilize this analysis method to
examine the developmental trajectory of the default network in adolescents with ASD
compared to controls. SOM is a dimension reduction and data visualization technique,
which clusters and organizes data that are alike in nodes on a lower-dimensional display
(Kohonen, 1997). Specifically, for functional connectivity analyses, SOM organizes each
individual's voxels onto nodes in a two-dimensional matrix, where nodes represent clusters
of voxels which are highly correlated. Nodes that are closer together in the matrix represent
neural networks, as they are more alike than nodes that are farther away in the matrix
(Peltier et al., 2003). We used SOM to locate clusters containing the posterior hubs of the
default network for each individual. After the algorithm organized the voxels in every
individual's brain into clusters, the cluster containing the posterior cingulate cortex/
precuneus, and often including the bilateral inferior parietal lobule was chosen (Buckner et
al., 2008; Horovitz et al., 2009).

For this study, the posterior hubs derived from the data-driven SOM analysis for each
individual were used as the reference to calculate connectivity. Previous studies on the
default network in individuals with ASD have largely included posterior seeds, albeit chosen
a priori (e.g., Monk et al., 2009; Weng et al., 2010). Using SOM to identify an

Brain Res. Author manuscript; available in PMC 2012 March 22.



1duIsnuelN JoyINY Vd-HIN 1duasnuelN JoyINY Vd-HIN

1duosnuey JoyIny vd-HIN

Wiggins et al.

2. Results

Page 4

individualized posterior reference would make our results more comparable to previous
work.

Using the functional connectivity brain maps generated by the SOM analysis, we examined
long-range connectivity of the posterior hubs of the default network, identified through the
SOM algorithm, with the superior frontal gyrus. Previous studies on the default network in
ASD reliably found that posterior to superior frontal connectivity was weaker for individuals
with ASD versus controls (Kennedy and Courchesne, 2008; Monk et al., 2009; Weng et al.,
2010). Our aim was to demonstrate that when connectivity was calculated with a data-driven
reference, the ASD group still had weaker posterior to right superior frontal gyrus
connectivity. Also, as previous studies found increased posterior-to-anterior frontal
connectivity with age in healthy controls (Fair et al., 2008; Supekar et al., 2010), we sought
to examine whether the developmental trajectory of the default network connectivity across
childhood and adolescence would be different in an ASD sample versus controls.

First, we hypothesized that the ASD group would have weaker posterior to right superior
frontal gyrus default network connectivity when using a data-driven method of calculating
connectivity. Second, we hypothesized that age-related changes in connectivity strength in
the right superior frontal gyrus would be different in children and adolescents with ASD
compared to controls.

Both the ASD and control groups show default network connectivity (Table 1). We tested
whether the ASD group have weaker posterior to right superior frontal gyrus connectivity.
This hypothesis was confirmed. Children and adolescents with ASD show weaker posterior
to right superior frontal gyrus connectivity than controls, such that the SOM-identified
posterior hub reference is less connected with a cluster in the right superior frontal gyrus
(xyz =22, 58, 12, t7g= 3.91, p = .037, small volume corrected for the right superior frontal
gyrus; Figure 1). Table 2 contains a full list of default network regions different between
groups.

Next, we found that default network connectivity changes with age differently in the
children and adolescents with ASD versus controls. There is a significant interaction
between age and diagnosis group in the right superior frontal gyrus (xyz = 16, 16, 62, t7g=
3.88, p = .041, small volume corrected for the right superior frontal gyrus) such that the
control group increases in connectivity with age, but age-related change in connectivity for
the ASD group is significantly less than that of the controls (Figure 2). While our hypothesis
was limited to the right superior frontal gyrus, other areas in the default network with a
significant age by diagnosis interaction are shown in Table 3.

Post-Hoc Analyses

We performed post-hoc analyses to investigate whether our findings were primarily driven
by medication, or differences in either non-verbal or verbal cognitive functioning. This
approach has been used in the past to address potential confounds (Kennedy and
Courchesne, 2008; Monk et al., 2009). A threshold of p <.001 uncorrected was used. As
described below in detail, all findings in this study were still significant when taking into
account these potential confounds.

Medication Effects—TFirst, we examined whether our findings remained without subjects
on medication. Twenty-two of the 39 ASD participants regularly took psychotropic
medication and one control took medication for hypothyroidism (levothyroxine) and were
excluded from these analyses. The remaining 17 non-medicated ASD participants and 40
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controls were used in the analyses. ROIs that had previously yielded significant results were
again tested with this new sample excluding those on medication. When those on medication
were removed from the SOM analysis, ASD individuals relative to controls still showed
weaker connectivity of the posterior reference with the right superior frontal gyrus (xyz =
22,58, 12, ts5=3.99, p = .000097 uncorrected). Removing individuals on medication from
the age by diagnosis model still yielded an interaction in the right superior frontal gyrus (xyz
=18, 14, 62, ts3 = 3.57, p = .00039 uncorrected).

Cognitive functioning effects—In our sample, controls had significantly higher verbal
cognitive functioning, while those with ASD had marginally higher nonverbal cognitive
functioning (Table 4). We conducted the analyses with verbal cognitive functioning score as
a nuisance covariate as well as with nonverbal cognitive functioning as a nuisance covariate.
When controlling for verbal cognitive functioning score, those with ASD still showed
weaker connectivity in the right superior frontal gyrus (xyz = 22, 58, 12, t;7 =3.50, p =..
00039 uncorrected). Also, the age by diagnosis interaction was still significant when
covarying verbal cognitive functioning (xyz = 16, 16, 62, t;5 = 3.84, p =.00013
uncorrected).

Similarly, we controlled for non-verbal cognitive functioning by adding it to the model as a
nuisance covariate. Three controls were missing non-verbal cognitive functioning scores;
means were imputed for missing data. The right superior frontal gyrus was still weaker in
the ASD group compared to controls (xyz = 22, 58, 12, t77 = 3.70, p = .00020 uncorrected).
Also, the age by diagnosis interaction was still significant when variance associated with
non-verbal cognitive functioning was removed (xyz = 22, 58, 14, t75 = 3.20, p =.0010
uncorrected)

3. Discussion

Our goal in this study was to improve understanding of ASD and the default network by
testing an alternative approach to determining connectivity. Our approach involved using a
data-driven method, the self-organizing map algorithm, to obtain references for calculating
connectivity tailored to each individual's default network. We also used this analysis to
extend our understanding of the development of the default network by documenting age-
related changes in connectivity in a sample of children and adolescents with ASD compared
to controls. For the SOM analysis, we identified the posterior hubs of the default network as
a reference timecourse for each individual and then used this reference to calculate
connectivity. When using this model-free SOM approach, posterior-anterior connectivity is
weaker for ASD individuals versus controls, as traditional seed analyses have found
(Cherkassky et al., 2006; Kennedy and Courchesne, 2008; Monk et al., 2009; Weng et al.,
2010). Additionally, we found an age by diagnosis interaction such that connectivity
increased with age more in controls than in those with ASD.

The present study has implications for the understanding of ASD and the default network.
First, our study confirmed that ASD is associated with underconnectivity, as several studies
have found, not only during rest (Cherkassky et al., 2006; Kennedy and Courchesne, 2008;
Monk et al., 2009; Weng et al., 2010) but also during cognitive tasks (Hughes, 2007; Just et
al., 2007; e.g., Kleinhans et al., 2008; Koshino et al., 2008). Additionally, this is the first
study, to our knowledge, that has documented a different trajectory of default network
connectivity development across childhood and adolescence in an ASD sample versus
controls. The finding that controls showed stronger connectivity with age relative to
individuals with ASD is in keeping with several ASD studies which have found altered
developmental trajectories in brain development (e.g., Schumann et al., 2004; Sparks et al.,
2002). This study, together with other developmental studies, indicates that brain
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abnormalities associated with ASD may be manifested differently at different stages of
development. Understanding how and why the default network connectivity fails to
strengthen with age in those with ASD versus typically developing individuals will help to
elucidate the etiology and maintenance of ASD. At the same time, understanding the failure
of the default network to strengthen with age in ASD will also help to clarify the specific
functions of the default network, beyond just being a proxy for overall integrity of brain
function.

In comparison to Weng and colleagues (2010), who used the traditional a priori seed
method, the present study found fewer regions of weaker connectivity in the ASD relative to
the control groups. Following the procedures for ROI analyses laid out in Weng and
colleagues (2010), an ROI analysis using a conjunction mask of the entire default network
did not yield any significant clusters. When performing small volume corrections on each of
the regions Weng and colleagues (2010) tested separately, the only other cluster in the
default network that was weaker in the ASD group was in the right inferior parietal lobule,
extending into the superior temporal gyrus (xyz = 44, -50, 22, t7g = 3.55, p =.043, small
volume corrected for the right inferior parietal lobule). There were no regions in the default
network that were more connected in the ASD group versus the controls.

Our finding that the SOM approach showed higher specificity compared to the traditional
approach on an overlapping sample of adolescents (Weng et al., 2010) suggests that the
most highly connected portion of the posterior default network may be in a different location
in children and adolescents with ASD versus controls. When Weng and colleagues (2010)
used a seed from the same location across individuals to calculate connectivity for every
participant, individuals with ASD relative to controls showed widespread weaker
connectivity. However, the present study's individualized identification of the reference via
SOM found that the ASD group only had weaker connectivity in two locations relative to
controls. To examine how altered placement of the default network may be involved in
ASD, future studies could create a metric to quantify how differently located the most highly
connected posterior portion of the default network is, compared to a “canonical” default
network.

The present study has several limitations. First, using correlation to measure functional
connectivity assumes joint stationarity between the time courses of interest; that is, very low
frequency drifts in the data could detrimentally affect our analyses. Factors that could
violate the joint stationarity assumption include head motion that is not properly removed.
To ensure proper removal of head motion artifact, all functional images were realigned.
Additionally, to be included in this study, head motion had to be less than 2.5 mm in the x, y,
or z direction; there were no group differences in maximum head motion between the ASD
and control participants used for this study. Another potential source of artifacts in fMRI
data are cardiac and respiratory rhythms. As such, correction for physiological noise was
performed based on cardiac and respiratory recordings for each individual.

Second, we used cross-sectional, not longitudinal, data to examine age-related changes in
both the ASD group and the control group. It is possible that cohort differences across the
10-18 year old span may be driving our effects. Repeated scans on individuals through this
age range will be necessary to confirm our finding.

Third, 22 of 39 individuals in our ASD group received psychotropic medication and one
control received medication for hypothyroidism. Rates of medication use in ASD are very
high (Oswald and Sonenklar, 2007). As a consequence, excluding these participants would
result in an unrepresentative sample of individuals with ASD, who might be qualitatively
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different in symptom presentation. However, previous studies have not found medication to
be a factor in default network connectivity (Kennedy and Courchesne, 2008; Monk et al.,
2009; Weng et al., 2010). Additionally, post-hoc analyses in the present study indicated that
medication usage did not drive our effects.

Future Directions

This study helps to establish a basis for future lines of research on the default network and
ASD. First, beyond just being a proxy for overall integrity of brain function, the default
network may specifically be related to self-projection/theory of mind and mind wandering,
as some studies and theoretical reviews posit (e.g., Buckner et al., 2008). Future studies may
wish to examine the default network in relation to a range of theory of mind abilities in ASD
as well as typically developing controls using the self-organizing map algorithm. Also, if the
default network primarily reflects mind wandering, our findings imply that abnormal
thought processes in ASD may be of interest. The experience sampling method, in which
participants periodically report on their thought processes (Christoff et al., 2009), is a
promising way for future default network studies to obtain data on the content of
spontaneous thought processes in ASD participants. Second, because resting connectivity
procedures do not require participant's response, as cognitive tasks do, they can be replicated
on a sample of low functioning individuals with ASD. This will allow researchers to
examine default network connectivity in relation to level of adaptive functioning. Third,
future studies could examine possible anatomical differences in default network structures
within the ASD group that might give rise to differences in default network functional
patterns. A multi-method study combining structural and functional MRI would be
necessary for this. Fourth, future studies may find it useful to examine genetic influences on
brain function in ASD. Polymorphisms in ASD-relevant candidate genes may be linked to
differences in default network connectivity. Brain abnormalities in ASD have been linked to
specific genes in ASD; for example, Wassink and colleagues (2007) found that gray matter
overgrowth in ASD was associated with a functional variant of the serotonin transporter
gene. This approach linking genetics and imaging has been fruitful in tracing the link from
genes to brain activation to symptoms in other psychological disorders (Dannlowski et al.,
2007; Domschke et al., 2006; Furmark et al., 2004; Hariri et al., 2005) and may be useful in
ASD research as well.

4. Experimental Procedures

Participants

Thirty-nine children and adolescents with ASD and 41 controls were included in this study.
Of a total 59 participants with ASD and 49 controls recruited, 20 participants with ASD and
8 controls were excluded from the analyses due to movement greater than 2.5 mm or
discomfort in the MRI resulting in a partial scan. Participants with ASD were recruited for
the study through the University of Michigan Autism and Communication Disorders Center.
An ASD diagnosis (autism, Asperger's disorder, or pervasive developmental disorder not
otherwise specified) was determined based on the Autism Diagnostic Observation Schedule
(Lord et al., 2000), the Autism Diagnostic Interview-Revised (Lord et al., 1994), and clinical
consensus (Lord et al., 2006). Controls were recruited through flyers posted at local
community organizations. The University of Michigan Institutional Review Board approved
the procedures, and all participants signed consents. All participants age 18 gave written
consent; all minor participants gave assent and their parents gave written consent. Control
participants were given the Peabody Picture Vocabulary Test (PPVT; Dunn and Dunn,
1997) and the Ravens Progressive Matrices (Raven, 1960) to evaluate cognitive functioning.
ASD participants were given the following cognitive measures: the Differential Ability
Scales Il — School Age (Elliott, 2005), the Stanford-Binet Intelligence Scales (Roid, 2003),
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the Wechsler Intelligence Scale for Children IV (Wechsler, 2003), or the Wechsler
Abbreviated Scale of Intelligence (Wechsler, 1999). Inclusion criteria consisted of having a
score of 84 or higher on either verbal or non-verbal cognitive functioning tests, absence of
orthodontic braces, and age between 10 and 18 years old. One ASD participant was
diagnosed with epilepsy as a young child, but she was included because results were very
similar with and without this individual. ASD participants were on average less than a year
younger than controls. Additionally, whereas the control group had significantly higher
verbal cognitive functioning, the ASD group had slightly higher nonverbal cognitive
functioning, though not significantly so. ASD and control participants were comparable in
handedness and gender. Details on these subject characteristics are in Table 4. Forty-five
participants from Weng and colleagues' (2010) study with traditional seed analysis were
included in our study.

fMRI Data Acquisition

Participants were scanned on a 3 Tesla GE Signa MRI scanner at the University of
Michigan. For each participant, 300 To*-weighted blood oxygen level dependent (BOLD)
images were collected using a reverse spiral sequence (Glover and Law, 2001; TR=2000 ms,
TE=30 ms, flip angle=90°, FOV=22 cm, 64x64 matrix, 40 contiguous axial 3 mm slices).
Slices were acquired parallel to the AC-PC line. For the structural images, a high-resolution
3D T1 axial overlay (TR=8.9, TE=1.8, flip angle=15°, FOV=26 cm, slice thickness=1.4
mm, 124 slices; matrix=256 x160) was acquired for anatomical localization. Additionally, a
high-resolution SPGR image acquired sagittally (flip angle=15°, FOV=26cm, 1.4mm slice
thickness, 110 slices) was used for coregistration of the functional images.

FMRI Procedures

Participant Instructions—A visual fixation cross (“plus” symbol) was presented to the
participant in the MRI scanner while functional data were collected for 10 minutes.
Participants were instructed to let their minds wander and to not think about anything in
particular while they looked at the cross.

Correction for Physiological Noise—To collect physiological data for subsequent
noise correction, an abdominal pressure belt monitored each participant's respiration, and a
pulse oximeter on the participant's left middle finger monitored cardiac signal. The
physiological data were collected using the GE scanner, synchronized to the fMRI data.

FMRI Data Analysis

Data Preprocessing—The acquired fMRI data were preprocessed as part of the standard
processing stream at the University of Michigan. First, outliers in the raw k-space data lying
more than two standard deviations from the mean, or “white pixel” artifacts, were removed
and replaced with the average of the neighboring time-points. Second, the k-space data were
reconstructed to image space by using a custom reconstruction program for gridding and
inverse 2D Fourier transform. A field map correction was applied to reduce artifacts from
susceptibility regions. Third, RETROICOR was applied to the data to remove noise
associated with cardiac and respiratory rhythms (Glover et al., 2000). Fourth, images were
corrected for differences in slice timing by phase-shifting and re-sampling the signal
(Oppenheim et al., 1999). The middle slice was used as the temporal reference point.
Finally, the MCFLIRT program in FMRIB Software Library (Jenkinson et al., 2002)
corrected for head motion by realigning all images to the 10t functional image.

Additional pre-processing of the data was accomplished in-house using the SPM5 Matlab
toolbox (Wellcome Department of Cognitive Neurology, London, UK;
http://www fil.ion.ucl.ac.uk). High-resolution T1 anatomical images were co-registered to
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the functional images. The images were then smoothed using an isotropic 8 mm full width at
half maximum (FWHM) Gaussian kernel. To exclude higher frequency sources of noise and
to isolate the frequency band in which resting state connectivity has previously been
observed in fMRI data, the time courses from each voxel were low-pass filtered with a 0.08
Hz cutoff frequency (Biswal et al., 1995; Cordes et al., 2000).

Calculating Connectivity Using a Self-Organizing Map Algorithm—A self-
organizing map algorithm was used to identify a data-driven seed for each individual to
cross-correlate with the low-frequency timecourses from every other voxel in the
individual's brain (Peltier et al., 2003). One hundred timecourses of randomly generated
white noise over 300 time points filled a 10 x 10 matrix and served as exemplars, or initial
conditions, at every node in the matrix. In an iterative process, each voxel was compared
with every one of the exemplars. The exemplar which was most like a given voxel was
identified using a least squares metric, which calculated the minimum distance between the
voxel and exemplar. This exemplar was then updated to more closely represent the given
voxel's timecourse by adding the difference between the voxel and the exemplar at each time
point to the exemplar. Additionally, neighboring exemplars were updated to a lesser degree.
This was given by:

m;(t+1)=m;(t)+hg(t) * [x = m(O)] i=1,..., 100:t=1,::55 100 (1)

where X is the timecourse of the voxel in question, m; is the timecourse of the exemplar i, t
is the current iteration number, and hg; (t) is the “neighborhood function” which dictated to
what degree neighboring exemplars were updated in addition to the exemplar i. The extent
to which neighboring exemplars were updated was based on a Gaussian kernel that shrank
as the number of iterations increased until only individual nodes were updated near the end
of the procedure. The neighborhood function was given by:

hei()=a = exp (=[lr; = re|*/2 * o(1)?)) t=1,..+,300 @

where o is the learning rate that regulates how quickly exemplars are updated, set to 0.1, r;
and r; are the coordinates of the neighboring and closest exemplars, and o(t) is the full width
at half maximum of the Gaussian function, set initially to 5 nodes but decreasing by 25% at
every iteration. These parameters were chosen based on Peltier and colleagues' (2003)
recommendations for resting state fMRI data. This process was repeated with every voxel
until convergence was achieved; that is, further iterations did not produce new updates to the
exemplar at any node. Convergence occurred within a hundred iterations for all subjects.

The one hundred nodes in the 10 x 10 matrix were then distilled into 16 superclusters by
calculating the minimum distance between the exemplar at each node and its neighboring
exemplars using the least squares metric. The nodes which were most alike were placed into
the same supercluster. This process was repeated until every node had been placed into one
of sixteen superclusters.

Each of the superclusters for the participants was examined by an experienced investigator
blind to condition (ASD versus control). The superclusters were visually compared to a map
of the posterior hubs of the default network, with activation in the posterior cingulate cortex/
precuneus and the bilateral angular gyrus/inferior parietal lobule, generated by Wake Forest
University PickAtlas (Maldjian et al., 2002). The supercluster which most resembled the
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map of the posterior hubs of the default network was identified for each participant (Figure
3; Buckner et al., 2008; Horovitz et al., 2009). All the low-pass filtered BOLD timecourses
from the voxels in this supercluster were then extracted and averaged to form a reference
timecourse. Next, this reference timecourse was correlated with all of the low-pass filtered
voxels in the brain to form functional connectivity maps for each subject. Lastly, images
were normalized to Montreal Neurological Image (MNI) space by estimating the
transformation matrix for the SPGR anatomical image to an MNI template image in SPM5,
then applying this transformation to the functional images. The Pearson’s r values at each
voxel were converted to z values, via Fisher's r to z transformation. These connectivity
images were then ready to use in random effects analyses.

Second-Level Analyses

We conducted three types of second-level analyses on the images generated by the SOM
analysis. First, we confirmed that default network connectivity was present in the ASD
participants as a group as well as in the controls. To facilitate cross-study comparisons, we
created masks for use as described in Weng and colleagues (2010). The mask defining the
entire default network included the following regions: bilateral retrosplenial/Brodmann Area
(BA) 30, left and right inferior parietal lobule, left and right medial prefrontal/BA 32 and 10
combined, left and right superior frontal gyri, left and right temporal lobes, and left and right
parahippocampal gyri (Buckner et al., 2008; Gusnard and Raichle, 2001; Weng et al., 2010).
Each separate structure was also utilized as a mask. Region of interest masks were defined
using the Wake Forest University PickAtlas (Maldjian et al., 2002). A region of interest
(ROI) analysis was performed for each of the regions, using p < 0.05 uncorrected threshold.
Significant clusters in these ROIs for the ASD and control groups separately are found in
Table 1.

Second, a group-level random effects analysis was performed in SPM5 to compare ASD
versus control participants' connectivity within the default network. An ROI analysis was
performed to examine long-range functional connections between the posterior hubs of the
default network and the right superior frontal gyrus. Additionally, the entire default network
mask and the individual region masks were used to examine group differences within the
default network. For these analyses, significance thresholds were small volume-corrected for
multiple comparisons within each ROI using family wise error (FWE) correction (Worsley
et al., 1996). Significant clusters in these masks comparing ASD and control groups are
found in Table 2.

Third, a regression equation with an age by diagnosis interaction term in SPM5 was utilized
to examine age-related differences in connectivity within the ASD group versus the controls.
An ROI analysis of the right superior frontal gyrus was performed to examine whether
changes in connectivity strength with age were different for the ASD group compared to the
controls. Additionally, the entire default network mask and the individual region masks were
used to check for clusters with a significant age by diagnosis interaction within the default
network. As with the group differences model, significance thresholds were small volume-
corrected for multiple comparisons within each ROI using family wise error (FWE)
correction (Worsley et al., 1996). Significant clusters for this analysis are listed in Table 3.
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Figure 1.

(A) Relative to control group, the ASD group showed weaker connectivity of the posterior
hub with the right superior frontal gyrus (cluster size = 584 voxels, peak voxel at xyz = 22,
58, 12, t7g = 3.91, p = .037, small volume corrected for the right superior frontal gyrus). For
illustration purposes, the threshold was set at p < 0.01 for the images. (B) To depict
connectivity for each subject, z values (scaled by a factor of 100) were extracted from a
sphere with a radius of 4 mm around the peak. Means for the control and ASD groups are
shown in the bar graph. Error bars indicate the standard error of the mean.
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(A) A significant age by diagnosis interaction was detected in the right superior frontal
gyrus (cluster size = 402 voxels, peak voxel at xyz = 16, 16, 62, t;g = 3.88, p = .041, small
volume corrected for the right superior frontal gyrus). For illustration purposes, the
threshold was set at p < 0.01 for the images. (B) To depict connectivity for each subject, z
values (scaled by a factor of 100) were extracted from a sphere with a radius of 4 mm
around the peak. The scatterplot shows the relationship between age and right superior
frontal gyrus connectivity in controls and the ASD group.
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Figure 3.

An example of a supercluster which an investigator blind to condition identified as
containing the posterior hubs of the default network (posterior cingulate and angular gyri/
inferior parietal lobule). Data are from a single 64 x 64 slice in the transverse plane. Gray
indicates that a voxel is a member of this supercluster; black indicates that the voxel does
not belong in this supercluster.
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Subject characteristics. Note: Three controls were missing non-verbal cognitive functioning scores.

Table 4

Control ASD t (df) p value
Number of participants 41 39
Gender (M:F) 33:8 32:7
Handedness (R:L) 37:4 32:7
Age, mean (SD) 15.3 (2.40) 14.0(2.08)  249(78)  .015
Age range 10.25-18.92 10.48-18.97
Verbal cognitive functioning mean (SD) 116.5(13.34)  108.2 (19.04)  2.263 (78) .026
Nonverbal cognitive functioning mean (SD)  105.4 (11.51) 111.54 (15.97)  1.940 (75) .056
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