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Abstract

Background—Autism spectrum disorders (ASD) involve impairments in cognitive control. In
typical development (TYP), neural systems underlying cognitive control undergo substantial
maturation during adolescence. Development is delayed in adolescents with ASD. Little is known
about the neural substrates of this delay.

Method—We used event-related functional magnetic resonance imaging (fMRI) and a cognitive
control task involving overcoming a prepotent response tendency to examine the development of
cognitive control in young (ages 12-15; n = 13 with ASD and n = 13 with TYP) and older (ages
16-18; n= 14 with ASD and n = 14 with TYP) adolescents with whole-brain voxel-wise univariate
and task-related functional connectivity analyses.

Results—Older ASD and TYP showed reduced activation in sensory and premotor areas relative
to younger ones. The older ASD group showed reduced left parietal activation relative to TYP.
Functional connectivity analyses showed a significant age by group interaction with the older
ASD group exhibiting increased functional connectivity strength between the ventrolateral
prefrontal cortex (VLPFC) and the anterior cingulate cortex (ACC), bilaterally. This functional
connectivity strength was related to task performance in ASD, whereas that between DLPFC and
parietal cortex (BA 9 and BA 40) was related to task performance in TYP.

Conclusions—Adolescents with ASD rely more on “reactive” cognitive control, involving last
minute conflict detection and control implementation by the ACC and VLPFC, versus “proactive”
cognitive control requiring processing by DLPFC and parietal cortex. Findings await replication in
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larger longitudinal studies that examine their functional consequences and amenability to
intervention.

Keywords

autism spectrum disorders; development; fMRI; cognitive control; adolescence; response
inhibition

INTRODUCTION

Autism spectrum disorders (ASD) are life-long (1) neurodevelopmental disorders now
diagnosed in 1 in 88 individuals (2). Alongside core social language and repetitive behavior
symptoms, a growing body of literature suggests ASD involve impairments in cognitive
control (3-13) --the class of mental operations that allow behavior to vary adaptively and
flexibly depending on current goals (14). Cognitive control processes include goal or context
representation and maintenance, and strategic processes such as attention allocation and
stimulus-response mapping (15).

Adolescence (puberty to age 18 (16)) is a period of significant cognitive control
development (15), thought to be shaped by the pruning of neural connections in cortical grey
matter, and increases in white matter myelination (17). Both these changes result in wide
scale reorganization of neural circuits and a shift from diffuse to progressively more
specialized (18), or focalized (19) activation in brain networks implementing higher
cognitive functions (20-26). Adopting the terminology of Belmonte et al. (27), who define
short-range connectivity as that within a brain region, and long-range connectivity as that
between brain regions, adolescent neurodevelopment produces alterations in network
function leading to reduced short-range alongside increased long-range connectivity (28—
32). Correlated activity between brain regions is referred to as functional connectivity (33).
With maturation, neural activation and functional connectivity become more reliably related
to performance on cognitive tasks (26, 34-36).

The implementation of cognitive control relies on a core network of brain regions in the
prefrontal cortex (PFC) including those situated in dorsolateral PFC (DLPFC; BA 9, 46),
ventrolateral PFC (VLPFC; BA 47), and dorsomedial PFC including the anterior cingulate
cortex (BA 24); as well as regions of superior and inferior parietal cortex (BA 7 and BA 40)
(37-38). Cognitive control also may involve recruitment of networks that include premotor
regions (BA 6) of the PFC (for response execution), and cerebellar regions depending on
task demands (39).

The functioning of networks involved in cognitive control is thought to reach adult levels by
mid-adolescence (about age 15) (40-42), although the basic neural mechanisms required for
simple tasks may mature by middle childhood (43-44), and the ability to complete tasks
requiring the integration of multiple processes, may not consolidate until early adulthood
(45-48). Cognitive control operates in at least two modes (49). “Proactive” control involves
the early focus on goal-relevant information to optimally bias attention, perception, and
action systems. It requires sustained PFC and parietal cortical activation. In “reactive”
control, attention is recruited as a late correction, after the onset of conflict. It involves
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transient VLPFC activation, which signals the need for engagement of the ACC, and is
optimal when behavior involves quick responding in novel conditions. Several recent studies
suggest that reactive control is more characteristic of children, while proactive control
develops through adolescence (50-51).

Behavioral studies suggest that cognitive control matures in children and adolescents with
ASD but remains delayed (7, 52), but see (53). There are few functional neuroimaging
(fMRI) studies examining cognitive control development throughout adolescence in those
with ASD. Several studies of affected children and young adolescents have reported atypical
patterns of neural activation in regions related to error monitoring and response conflict
including the DLPFC and ACC (12-13). Our group found that adolescents aged 12-18 with
ASD evidenced reduced fronto-parietal connectivity while engaged in a cognitive control
task (9) — a pattern similar to that found in adults (4, 10, 54). These deficits in fronto-parietal
connectivity are consistent with the under-connectivity theory of autism, which suggests that
long range connectivity is impaired (27, 55-56). Interestingly, however, the only study of
functional connectivity (between inferior PFC and pre-motor cortex) in 8-12 year olds with
ASD did not find group differences (57).

The current study was undertaken to increase understanding of the neural correlates of
cognitive control during early and late adolescence. Based on the extant literature (20-26),
the first hypothesis was that there would be a main effect of diagnosis such that the ASD
group would show overall reduced activation in the prefrontal and parietal regions versus
TYP; and a main effect of age such that the older adolescents (ASD and TYP) would show
reduced activation in brain regions not central to cognitive control (i.e. those used in
sensorimotor processing), relative to the younger adolescents. Given the lack of prior
studies, no hypothesis about the interaction of group and age was offered. Based on the
under-connectivity theory of autism, the second hypothesis was that there would be
reductions in shorter-range functional connectivity and increased long-range functional
connectivity in the older versus the younger TYP group, but not in the ASD groups. Third,
we hypothesized that, adolescents with ASD would exhibit a less mature more reactive style
of cognitive control characterized by ACC involvement that was associated with task
performance.

METHODS AND MATERIALS

Thirty-nine individuals with ASD and 37 with TYP development were enrolled in the study.
Twenty two of those with ASD and 23 with TYP had been subjects in our previous study
(9). Twelve subjects with ASD and 10 subjects with typical development were excluded due
to poor task performance (2 with ASD; 1 with TYP), excess motion in the scanner (9 with
ASD; 8 with TYP) or imaging values that represented outliers based on percent signal
change (1 with TYP and 1 with ASD). This left a total sample of 27 subjects with ASD
(Mean age=15.4 years) and 27 with TYP development (Mean age= 16.1 years) who are
described in this manuscript. Subjects 12 to 15 years were considered young adolescents and
subjects 16 to 18 years were considered older adolescents, based on reports in the literature
that cognitive control generally reaches mature levels by about age 15 (40-42). Based on the
male to female gender ratio of 4:1 in ASD (58), the study included 5 female subjects per
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group. Participants were recruited through psychiatrists, psychologists, neurologists,
pediatricians, speech and language pathologists, and advocacy groups, and the M.I.N.D.
Institute’s Subject Tracking System database. All subjects were right-handed and had a Full
Scale IQ of at least 75 on the Wechsler Abbreviated Scales of Intelligence (WASI; (59)). Of
the 27 participants with an ASD, 13 were diagnosed with Autistic Disorder (high
functioning autism), and 14 were diagnosed with Asperger’s Disorder according to DSM-
IV-TR (60), ADOS-G (61), and the Social Communication Questionnaire using an ASD
cutoff score of 15 and above (SCQ; (62)). Individuals with both diagnoses are difficult to
distinguish (e.g. (63-65)), and consequently are included in a single autism spectrum
disorder diagnosis in DSM-5 (66). Exclusion criteria for ASD subjects included diagnoses of
autism with known genetic etiologies (i.e. fragile X syndrome, tuberous sclerosis), and co-
morbid psychopathology reported by parents. Despite this exclusion, 55% of participants
with ASD, as is typical (67), and none of those with TYP met criteria for ADHD as assessed
by the Conners’ Parent Rating Scale (68). Clinically significant anxiety was present on the
Connors in 44% of participants with ASD, and 4% of TYP. Best efforts were used to recruit
a sample not taking psychotropic medications. Three members of the ASD group were
taking psychostimulants and were asked to discontinue them for 48 hours prior to scanning.
Five participants with ASD were taking selective serotonin reuptake inhibitors (SSRIS).
Individuals taking atypical antipsychotics were excluded due these medications’ potential
impact on connectivity (69). TYP reported no neurodevelopmental, neuropsychiatric, or
learning disorders and had a score of less than 11.0 on the Social Communication
Questionnaire. See Table 1.

Subjects gave written assent along with consent from their legal guardians to participate in
this study, which was approved by the University of California, Davis’ Institutional Review
Board.

Wechsler Abbreviated Scales of Intelligence (WASI; (59)): The WASI provides a short
reliable estimate of intelligence in individuals aged 6 to 89 (70). It produces Verbal,
Performance, and Full Scale 1Q scores using four subtests: VVocabulary, Block Design,
Similarities, and Matrix Reasoning.

Social Communication Questionnaire-Lifetime Form (SCQ: (71): SCQ is a 40-item
parent-report questionnaire for individuals aged 4 years and older containing parallel
“yes/no” questions to those included on the ADI-R (72) -- the “gold standard” in the field.
Berument and colleagues (62) reported that scores of 15 have high sensitivity and specificity
for autism. TYPs with scores greater than 11 were excluded.

Autism Diagnostic Observation Schedule-Generic (ADOS-G; (61)): Participants with
ASD were administered module 3 or 4 of the ADOS-G, a semi-structured interactive session
and interview protocol that offers a standardized observation of current social-
communication behavior. An algorithm score, that combines the communication and
reciprocal social interaction domains, is the basis for diagnostic classification (61).
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Preparing to Overcome Prepotency “POP” Task (8, 73-75): Subjects completed the POP
task during fMRI. The POP assesses cognitive control necessary to maintain a cue over a
delay and then to overcome a prepotent response tendency. As shown in Figure 1, subjects
first are presented with a cue, followed by a delay, and then a probe (an arrow pointing
either right or left). Easier “low control” green cues signal the participant to press the key on
the same side as the probe arrow points to. “High control” red cues signal the participant to
press the key on the opposite side as the probe arrow points to. Green trials occur more often
(75% of the time), and are primed at the beginning of each block by three repeated
presentations of the green stimulus. Red trials occur less often (25% of trials), and
necessitate inhibition of a prepotent response tendency. Mean reaction times (trimmed for
outliers more than two standard deviations from the mean), and error rates were calculated
for each trial type. The contrast between red minus green trials during the cue phase of the
task (considered the strongest measure of cognitive control) was used as the dependent
variable.

The fMRI experiment was conducted using a slow event-related design. Each subject
performed a brief practice block in the scanner followed by four runs of 24 trials (20
seconds/ trial), each lasting 480 seconds. There were a total of 24 red trials and 72 green
trials. Subjects missing more than 60% of a trial type were excluded from the analysis.

Data Acquisition—Structural and functional images were acquired on a 3.0-T Siemens
Trio magnetic resonance imaging scanner with an eight-channel phased array head coil.
Cushions and pre-training in a mock scanner were used to minimize head motion. Earplugs
and headphones were used to dampen scanner noise and to enable communication with the
participants. Structural and functional images were acquired at each scan session. Thirty-six
interleaved whole-brain axial slices (thickness = 4.0mm) were acquired in a plane parallel to
the anterior commisure—posterior commisure (AC—PC) line. Each 20-s trial was sampled by
ten 2.0 s functional volumes using a single-shot T2*-weighted echo-planar sequence (TR =
2000 ms, TE = 24 ms, flip angle = 90°,FOV=22cm, 64x64 voxels). A standard T1-weighted
pulse sequence was used to obtain structural images in the same plane as the functional
images. The task was presented on a desktop computer interfaced with a response box and
color LCD projector using the E-prime software package. Stimuli were projected onto a
screen viewed through a mirror attached to the head coil. Behavioral data were analyzed
using error rates as dependent measures. The first three acquisitions of each run were
discarded to allow for fMRI signal to reach steady-state.

Data Preprocessing and Analysis—Imaging data were preprocessed and then
analyzed using SPM8 (76). Images underwent slice time acquisition correction; realignment
to correct for motion; spatial normalization to the Montreal Neurological Institute (MNI)
template; and then smoothing with a three-dimensional Gaussian kernel (8mm FWHM).
They were then visually checked for quality. Data from participants exhibiting more than 3
mm of translational or 3 degrees of rotational movement across the session were excluded
from the experiment. 23% of those with ASD and 21% of those with TYP were excluded
due to excess motion defined this way. We also used the art_groupoutlier program from the
ArtRepair toolbox of SPM8, which calculates each subject’s percent signal change for each
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voxel, to exclude outliers with respect to signal change. This resulted in the exclusion of one
additional subject from each group. Comparisons of movement parameters across the age
and diagnostic groups showed no differences in all rotations and translations in the
remaining participants. Statistical analysis was performed using the general linear model
(GLM) with multiple regression as implemented in SPM8. Estimations were made using the
ordinary least squares (OLS) method, SPM’s canonical HRF, a high-pass filter of 100 s, and
SPM’s AR(1) model. Temporal and dispersion derivatives, as well as motion estimates were
included as covariates of non-interest in the model. The cue phase of the task was modeled
separately from the probe phase. To correct for multiple comparisons in both univariate and
functional connectivity analyses we thresholded for height at a T of 2.4 (p=.01) (77) and
report results of between group analyses at the cluster level that are corrected at a FWE rate
of p <.05.

Functional Connectivity Analysis

RESULTS

Functional connectivity analyses were conducted using the beta series correlation method
(78) using custom-written Matlab (79) scripts. Every stage of every trial is modeled with a
separate covariate to obtain trial-to-trial parameter estimates of stage-specific activity. The
six head movement parameters were included as nuisance regressors. Betas from each trial
were sorted according to task stage into sets of condition specific betas or “beta series.”
These beta series were correlated across brain regions to obtain estimates of functional
connectivity. All data was motion “scrubbed” using Power’s frame displacement derivative
to prevent spurious connectivity findings caused by movement (80-81). After scrubbing,
there were no significant group differences in root mean square motion displacement or the
mean absolute value of displacement. The average trials removal rates were 9% in TYP and
13% in ASD. Seed regions were chosen from statistically significant clusters in brain
regions shown in the literature to be involved in cognitive control (i.e. (82)). These included
BA 10, BA 9, BA 46, BA 47, and BA 24. The Wake Forest University PickAtlas Software
Toolbox (83) was used to define these regions, which were inflated by 1mm. Again, only
correct trials were used. Stage-specific whole-brain correlation maps were obtained by
calculating the correlations of the seed region beta series with that of all voxels in the brain
using SPM8 and the MarsBaR Toolbox (84). To ensure that no artifactual anti-correlations
were induced in seed regions due to global normalization (85), we examined all correlations
between seed and other brain regions in the task-dependent functional connectivity analysis
to verify that they were not negative. Fisher r-to-Z transformations were applied to the
correlation coefficients of all brain voxels to normalize their distribution. Condition specific
seed correlation maps were generated and Z-transformed maps were normalized into MNI
space. These maps were then entered into group contrast analyses in SPM8.

Behavioral Performance

To examine differences in error rates for red minus green cues, a fixed-effects ANOVA was
performed where age group and diagnosis were the fixed factors. See Figure 2. There was a
main effect of diagnosis (F(1,50)=11.4, p=.001, npz =.186), but a non-significant effect of
age group and age by diagnostic group interaction. A similar fixed-effects ANOVA using
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response times (RTs) revealed a main effect of age group for both red trials (F(1,50)=6.15,
p=.017, np? =.110) and green trials (F(1,50)=5.05, p=.029, ny? =.092), such that RTs
decreased for the older age group. The effect of diagnosis and interaction of age and
diagnosis were not significant.

Imaging results: Activation

To examine our first hypotheses about the development of cognitive control in early and late
adolescence, we used a multiple regression analysis and a full-factorial design with age and
diagnostic groups as factors. Across the entire age range in this larger but overlapping
sample, there were activation patterns and group differences for the entire adolescent age
period in similar regions as found in Solomon et al., (2009) including L BA 19 ([-36, —68,
6]), and L BA 30 ([-29, —66, 10]) (t(52)=3.49, ppwe=.001). See Table 2, and also
Supplemental Information Table S1. As shown in Table 2 and Figure 3, there were
significant group differences in young versus old participants in sensorimotor brain regions
including L BA 2 ([-42, -21, 30]) and L BA 4 ([-51, —-16, 33]), and the insula ([-42 3 -5])
(t(52)=3.11, ppwg=-003). These were driven primarily by the ASD group who showed a
significant difference in activation for the young minus old group (t(26)=2.70, ppwe=.012).
There also were significant between group differences at the older age (ASD<TYP) in
parietal cortex (L BA 40; [-44, —-42, 34], 1(26)=2.28, prpywg=-030).

Imaging results: Functional connectivity analyses

To investigate our second hypothesis, we implemented functional connectivity analyses
using cognitive control related seed regions and beta series correlations in a multiple
regression analysis with a full-factorial design with age and diagnostic groups as factors.
There was a main effect of age such that functional connectivity across both groups was
greater between the bilateral BA 10 seed region and the left cerebellum [-24, —58, —38] in
the young versus the older group (t(52)=2.93, prpwge=-003). There also were multiple
significant within group findings of statistically significant co-activation between seed and
other brain regions for young and older adolescent participants with TYP and ASD. See
Supplemental Information Figure S1, which illustrates that only the younger TYP group
exhibited significant within group functional connectivity between prefrontal, medial
frontal, and parietal regions, while only the older ASD group showed significant co-
activation between multiple regions of the prefrontal and medial frontal cortices in a pattern
that resembled the one found in the young TYP group.

The third hypothesis about the TYP and ASD group’s use of proactive and reactive control,
respectively, was tested by examining changes in the strength of functional connectivity
(Fisher Z-scores of correlation coefficients) between prefrontal seed regions and the parietal
cortex (for proactive control) and the ACC (for reactive control) using ANOVA where age
group and diagnosis were the fixed factors. There were no main effects of diagnosis or
group in either analysis, however, in the ASD group there were significant interactions in
functional connectivity strength between the bilateral BA 24 seed and left and right BA 9
(F(1,50) = 10.67, p=.01) and BA46 (F(1,50) = 3.98, p=.05) such that connectivity between
the ACC and the PFC regions declined for the TYP group and increased for the ASD group.
See Figure 4.

Biol Psychiatry. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Solomon et al.

Page 8

Functional connectivity and behavior

We examined relationships between error rates and functional connectivity on red-minus
green trials between brain regions involved in proactive (DLPFC-Parietal or VLPFC-
Parietal) and reactive (VLPFC-ACC) control in the ASD and TYP groups. Z-scored
correlation coefficients between BA 24 and BA 47 bilaterally were negatively correlated
with error rates in ASD for both the younger and older groups (r = —0.449, p=0.012),
suggesting that stronger co-activation in these regions was associated with better task
performance. The significant relationship was not present for the TYP group (r = -.081, p
=.69). In old the TYP, but not the old ASD group, functional connectivity between DLPFC
and parietal cortex (BA 9 and BA 40) was negatively related to task performance (r = —.549,
p =.042), suggesting that better cognitive control in older TYPs was associated with lower
error rates. Correlations for the ASD group were non-significant (r = .16, p=.58). See Figure
5.

DISCUSSION

In support of our hypothesis, there was reduced activation in brain regions outside of core
cognitive control areas (i.e. regions related to sensorimotor processing) in all old versus
young adolescents. Effects were more pronounced for the ASD group, and activation in the
parietal cortex also was reduced in older individuals with ASD. However, overall changes
for both groups were subtle, perhaps because the task was relatively easy. Analyses of
functional connectivity between cognitive control-related brain regions in the two groups did
not show expected patterns of short and long-range connectivity development. Instead, both
groups showed reduced connectivity between cognitive control related seed regions and the
cerebellum at the older age, and within group analyses showed that TYP exhibited more
functional connectivity between brain regions in the prefrontal, medial frontal, and parietal
brain regions in early adolescence, with functional connectivity patterns in the older ASD
group resembling these patterns. Supportive of our third hypothesis, there was a significant
interaction in connectivity strength between cognitive control related prefrontal regions and
the ACC bilaterally between early and late adolescence (increasing for ASD and decreasing
for TYP). This signature of reactive control was positively associated with task performance
in the ASD group, while fronto-parietal functional connectivity —the signature of proactive
cognitive control—was associated with task performance in the old TYP group.

We found reductions between the younger and older ASD groups in the recruitment of
sensory and motor regions, and reductions in fronto-cerebellar connectivity in older versus
younger participants in both groups, suggesting maturation of the motor system. This
supports the view that there is normative motor development in adolescence (86). Given that
there are reports of permanent motor deficits are in ASD (87-89), and/or motor delays (90),
findings of this study are hopeful and should be investigated further.

Both older adolescent groups exhibited increasingly specialized, patterns of task
performance and brain activation relative to younger adolescents as shown by changes in
error rates, activation patterns, functional connectivity, and the relationships between
functional connectivity and performance. Older TYP engaged parietal cortex more robustly
than those with ASD, while older individuals with ASD engaged a network including the
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PFC and the ACC more strongly. As suggested by Berl, Vaidya, & Gaillard (2006) (91),
activation and functional connectivity in individuals with neurodevelopmental disorders
reflect maturational and experiential factors altered by pathological processes. Networks can
remain persistently immature, or permanently altered with respect to laterality, activated
regions, or relative weighting of nodes. Although relatively little is known about
developmental neuropathology in ASD, early brain overgrowth (92), and neurobiological
insults (93-95) may set the stage for atypical patterns of adolescent maturation of neural
circuits such that there are base rate reductions in fronto-parietal connectivity that produce
sustained over-connectivity in nodes of the typical reactive control network. This would
constitute a regionally-weighted compensatory strategy according to Berl and colleagues
(56, 91). Indeed, there now are several studies suggesting atypical functioning of the ACC in
adults with ASD. Furthermore, a recent human post-mortem study also found atypical
development of axons and connectivity between the ACC and the PFC in ASD (96). This
more nuanced view may help us more rigorously examine theories of under-connectivity.
While receiving considerable support in TYP (97-98) and in ASD (33), such theories do not
offer a complete explanation of ASD, perhaps due to methodological inconsistencies in the
literature (99) or to the fact that compensatory over-connectivity also may develop (100-
101).

Limitations of the study include that it was cross-sectional. Also, while close to sixty
subjects participated, cells consisted of only 13-14, making it relatively small. Participants
were high functioning, and it is not clear whether findings would generalize to an
intellectually disabled group. Finally, a priori seed regions were defined using a brain atlas
and the literature. While this is a principled approach, it is bound to an a priori regional
hypothesis, and leaves open questions about the involvement of other brain regions,
including those involved in visual processing, which may play a compensatory role in
individuals with ASD (102).

It will be critical to initiate studies that examine development after age 18 in persons with
ASD to clarify the degree to which cognitive and neural systems supporting cognitive
control asymptote or continue to develop. Additionally, future studies are needed to identify
under what conditions proactive control is possible in those with ASD, given the close
relationship between cognitive ability level and adult functioning in TYP (103), and ASD
(104-107). There now are multiple interventions to promote neuroplasticity (108). Refining
our understanding of proactive and reactive cognitive control mechanisms holds the
potential to advance our ability to intervene effectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Press button to the
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(75%)
\ / Press button to the
opposite side the

(25%) arrow points to

—> (5sec) —> (7sec) —> (5sec) ——> (12 sec)

Figure 1.
The POP task.

As shown in this schematic diagram of the preparing to overcome prepotency or POP task,
participants view a fixation cross followed by either a low control green cue (75%) or a high
control red cue (25%). In the probe phase of the task they either push the button on the same
side as the arrow points to after a green cue or push to the opposite side as the arrow points
to on a red trial. Our focus is on the cue phase of the task during the high control red minus
low control green contrast.
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Figure 2.

Behavioral Findings: (A) Red and green trial error rates by age and diagnosis. (B) Red and
green trial reaction times by age and diagnosis.

This figure shows behavioral findings for red and green trial error rates by age and
diagnosis, and red and green trial reaction times by age and diagnosis. There is a significant
main effect of diagnostic group on red trial error rates. (ASD perform worse than TYP), with
both groups improving (hon-significantly) over time. (B) There is a main effect of age such
that reaction times on both red and green trials decrease with age.
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Whole brain univariate analyses of younger versus older adolescents, and the ASD and TYP

groups.

Beta plots and renderings for significantly different clusters in within and between group
whole brain univariate analyses thresholded for height at a T of 2.4 (p=.01) and corrected at
a FWE rate of p < .05. Renderings shown at p<.05 for easier visualization.
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Figure 4.
Significant interactions in connectivity strength between prefrontal seed regions and the

ACC for the older versus the younger groups by diagnosis.

The development of functional connectivity strength between prefrontal seed regions and the
ACC. Pictured are DLPFC brain regions showing a significant group by age interaction in
connectivity strength with the ACC. Strength increases in the ASD group and declines in the
TYP group.
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Functional connectivity

Functional connectivity between brain regions involved in reactive control in ASD and
proactive control is TYP and task performance.

Synchronized activation in the ACC (BA 24) and VLPFC (BA 47) is related to task
performance (error rates) in the autism group.
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