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Abstract

Cogpnitive control constrains mental operations to prioritize information that reaches conscious
awareness and is essential to flexible, adaptive behavior under conditions of uncertainty. However,
these processes can be compromised by neurodevelopmental disorders, such as autism spectrum
disorder (ASD), which is characterized by the presence of social and communicative deficits, and
restricted interests/repetitive behaviors. Although prior investigations have attempted to elucidate
the nature of cognitive control deficits in ASD, whether there is an underlying information
processing deficit associated with cognitive control remains unclear. The present study challenged
cognitive control in 15 high-functioning adults with ASD and 15 typically developing (TD)
controls using three novel tasks designed to systematically manipulate uncertainty. We aimed to
investigate the efficiency of cognitive control in sequential information processing, cognitive
control of non-sequential information processing across a range of cognitive load, and cognitive
control capacity under time constraints. Results demonstrated that the ASD group performed less
efficiently under sequential and non-sequential information processing, and had reduced cognitive
control capacity under time constraints relative to the TD group. These findings complement
existing theories suggesting that inefficient cognitive control of information processing may be a
fundamental deficit in ASD.
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Introduction

Cognitive control refers to the flexible allocation of mental resources in the service of goal-
directed behavior, within the context of input that far exceeds the brain's information-
processing capacity (Badre, 2008; Fan, 2014; Kouneiher, Charron, & Koechlin, 2009;
Mackie, Van Dam, & Fan, 2013; Miller & Cohen, 2001; Posner & Snyder, 1975). The
ability to efficiently process incoming information and rapidly generate responses therefore
depends on the integrity of cognitive control. Typically developing (TD) individuals are
generally efficient in employing cognitive control, but in cases of neurodevelopmental
disorders, cognitive control can be compromised, resulting in functional impairment
(Burden et al., 2009; Durston et al., 2003; Minshew & Goldstein, 1998; Minshew, Johnson,
& Luna, 2001; Poljac & Bekkering, 2012; Rowe, Lavender, & Turk, 2006; Shapiro, Wong,
& Simon, 2013; Solomon, Ozonoff, Cummings, & Carter, 2008; Solomon et al., 2013;
Vaidya et al., 2005; van Meel, Heslenfeld, Oosterlaan, & Sergeant, 2007).

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by the
presence of symptoms in the domains of social and communicative deficits, and restricted
interests/repetitive behaviors (American Psychiatric Association, 2013). Given that
individuals with ASD can be extraordinarily inflexible in their behavior, previous work has
been devoted to understanding the relationship between cognitive (attributed to cognitive
control deficits) and behavioral inflexibility (Bishop, 1993; Bogte, Flamma, van der Meere,
& van England, 2008; Damasio & Maurer, 1978; Garcia-Villamisar & Sala, 2002; Geurts,
Corbett, & Solomon, 2009; Hughes, Russell, & Robbins, 1994; Lopez, Lincoln, Ozonoff, &
Lai, 2005; Ozonoff, Pennington, & Rogers, 1991; Solomon et al., 2008; Turner, 1997, 1999;
Yerys et al., 2009). A common approach has been to attempt to isolate specific executive
functions (e.g., response inhibition, task-switching, working memory) and test for deficits in
child and adult ASD samples. For the most part, results have been inconsistent (Barnard-
Brak, 2011; Geurts et al., 2009; Poljac & Bekkering, 2012; Russo et al., 2007; Solomon et
al., 2008) and many questions remain regarding the cognitive profile of this disorder.
Existing studies have not employed quantitative definitions of information or parametric
within-task manipulations of cognitive control, often instead using qualitative differences in
difficulty between tasks as an indicator of cognitive load. Parametric manipulations of
information, quantified in computational units such as ‘bits” would result in clearer
comparisons between conditions in terms of how much information the cognitive control
system is able to efficiently manage. Generally, while the terms “executive functions” and
“cognitive control” are used interchangeably in the literature, we are specifically interested
in the latter, which is conceptualized as the mental control underlying the ability to perform
high-level executive functions (Mackie et al., 2013).

An information theory approach to cognitive control in ASD

Information theory provides a new perspective to the study of cognitive control in ASD
(Barbalat, Leboyer, & Zalla, 2014; Fan, 2014; Just, Keller, Malave, Kana, & Varma, 2012),
which is concerned with the communication of information under uncertainty (Shannon &
Weaver, 1949). Within this framework, cognitive control is a limited-capacity integrative
interface between input and response that dynamically facilitates the processing of
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information (Fan, 2014). Information contained in the occurrence of a certain type of event
in a sequence is referred to as surprise; a low frequency event is associated with a high
surprise value. For a sequence set that predominantly requires ‘left’ responses (e.g., 87.5%
left, 12.5% right), a stimulus requiring a ‘right’ response, would carry a higher surprise
value (3 bits) than the “left’ response (0.19 bits) (see Methods for the computation). Entropy,
on the other hand, is quantified as the information contained in a sequence of events, such
that entropy is the weighted average of surprise over events. For the sequence mentioned
above, the entropy is 0.54 bits. For a predictable sequence, entropy is low. Entropy would be
highest (1 bit) when ‘left” and ‘right’ responses are equally probable (i.e., 50% left, 50%
right; see Fan, 2014 for a review).

From a similar perspective, it has previously been proposed that individuals with ASD have
a reduced capacity for information transfer and/or processing due to abnormalities in neural
dynamics (Belmonte et al., 2004; Fan et al., 2012; Just, Cherkassky, Keller, & Minshew,
2004; Just et al., 2012). For example, the complex information processing theory of ASD
asserts that while basic information processing ability is intact, deficits become apparent as
complexity increases (Minshew & Goldstein, 1998; Minshew, Goldstein, & Siegel, 1997;
Minshew et al., 2001; Williams, Goldstein, & Minshew, 2006). However, systematic and
explicit quantification and manipulation of uncertainty within-tasks to examine cognitive
control in ASD are not present in the existing literature.

Uncertainty and cognitive control in ASD

Uncertainty indicates the need for cognitive control to facilitate information processing with
dynamic reduction of uncertainty and prioritization of information for further computation
(Fan et al., 2014; Mackie et al., 2013; Mushtaq, Bland, & Schaefer, 2011). If cognitive
control is less efficient in ASD, dynamically dealing with uncertainty should be problematic,
contributing to the clinical presentation of the disorder. For example, the diagnostic domain
of effective social communication requires cognitive control for the efficient allocation of
brain resources in constraining information to be processed, and to avoid information
processing overload (Gomot & Wicker, 2012). Dynamic social situations present incredibly
uncertain (high entropy and surprise) conditions. Reciprocal communication requires rapid
information processing, idea generation and response, as well as ongoing processing of non-
verbal information. Therefore, successful social behavior requires flexible adaptation to
variable social contexts (Cashin, Gallagher, Newman, & Hughes, 2012; Cafiadas,
Rodriguez-Bailon, Milliken, & Lupiafiez, 2013; Dichter & Belger, 2008; Happé & Frith,
2006; Kenworthy, Case, Harms, Martin, &Wallace, 2010). Lower efficiency in sequential
and non-sequential information processing, combined with a reduced upper limit of
information processing capacity, may negatively impact the cognitive flexibility required for
smooth social interaction in dynamic contexts, and therefore set the foundation for the
emergence of social and communicative deficits. The other symptom domain of restricted
interests/repetitive behaviors may also be explained in terms of uncertainty restriction.
Insistence on following routine and constraining interests to a confined set reduces
uncertainty associated with novel and dynamic information-rich situations (Baron-Cohen,
Ashwin, Ashwin, Tavassoli, & Chakrabarti, 2009). This may serve as a protective
mechanism (conscious or unconscious) to avoid the subjective frustration associated with
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information overload (Hutt, Hutt, Lee, & Ounsted, 1965; Markram, Rinaldi, & Markram,
2007; O'Connor & Kirk, 2008; Valla & Belmonte, 2013).

The present study represents a first step in testing an information theory account of cognitive
control deficits in ASD at the level of basic information processing without the influence of
social information. We designed a series of tasks that systematically manipulated entropy,
surprise, and processing rate to investigate: 1) efficiency of cognitive control in sequential
information processing; 2) cognitive control efficiency across a range of uncertainty values
of non-sequential events; and 3) the limits of cognitive control capacity under time
constraints in a sample of high-functioning adults with ASD in comparison to typically
developing (TD) adults. We predicted less efficient cognitive control performance for
sequential and non-sequential information processing across the range of uncertainty
manipulated, with lower cognitive control capacity under time constraints for the ASD
group compared to the TD group, and that greater ASD symptom report would be associated
with lower cognitive control performance.

Fifteen high-functioning adults with ASD and 15 TD adults participated in this study.
Participants were recruited at the Seaver Autism Center for Research and Treatment, Icahn
School of Medicine at Mount Sinai (ISMMS). Demographic information is presented in
Table 1. TD participants were matched with ASD participants on average 1Q, age, and
gender (all male). Independent sample t-tests confirmed that the there were no significant
between group differences in age, full scale 1Q, verbal 1Q, or performance 1Q (all ps > .30).

Participants with ASD were diagnosed by trained clinicians, according to the Diagnostic and
Satistical Manual-1V-Text Revision (prior to release of DSM-5). Diagnoses were confirmed
by the Autism Diagnostic Interview — Revised (Lord, Rutter, & Couteur, 1994) and Autism
Diagnostic Observation Schedule — Generic (Lord et al., 2000). 1Q scores were obtained
using the Wechsler Adult Intelligence Scale-111 (Wechsler, 1997).

Exclusion criteria included history of epilepsy, use of psychoactive drugs within the past 5
weeks, a lifetime history of substance/alcohol dependence, or Axis | mental disorders
(except attention-deficit hyperactivity disorder, n = 2). Additional exclusion criteria included
history of encephalitis, phenylketonuria, tuberous sclerosis, fragile X syndrome, anoxia
during birth, neurofibromatosis, hypomelanosis of Ito, hypothyroidism, Duchenne muscular
dystrophy, and maternal rubella. TD participants were excluded based on medical illness or
history in first-degree relatives of developmental disorders, learning disabilities, affective
disorders, and anxiety disorders. All participants provided written informed consent,
approved by the Institutional Review Board of ISMMS.

Coghnitive control tasks

Entropy Variation Task (EVT)—The EVT examines the baseline cognitive control
performance effect of both entropy (H) and surprise (1) in a single task for sequential
information processing. In Shannon's information theory (Shannon & Weaver, 1949),
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H(X)=E(I(X))=— pla:)logyp(z:)

entropy is defined as: = , Where p(x;) is the probability
of event x;. The surprise, 1(x) = —logop(X;) quantifies the information conveyed by the
occurrence of event x;. The base 2 log transformation results in information quantified in
units of bits.

Left- or right-pointing arrows appear randomly at one of eight possible locations arranged
around a central fixation cross (Figure 1). Following a 0 to 500 milliseconds (ms) randomly
varied fixation interval on each trial, the target arrow appears for 1500 ms, followed by a
variable post-target fixation period, with a total trial time of 3000 ms. Participants must
indicate the direction of the target arrow.

This is a single-trial and block mixed design. For each block type, entropy has different
values, with manipulation of the probability of left-pointing arrows (p), or right-pointing
arrows (q), and therefore surprise for each trial type has different values. There are four
block types: 1) arrows point in a single direction throughout the entire sequence (H = 0 bits;
p/g =0 or 1; | =0 hits); 2) alternating sequence of left- and right-pointing arrows, e.g.
“LRLRLR...”, and vice versa (H = 0 bits; p = 1; g=1; | = 0 bits); 3) arrows point in one
direction more frequently than the other (H = 0.54 bits; p/q = 0.125, | = 3 bits or p/q = 0.825,
| = 0.19 bits); and 4) randomly presented left- and right-pointing arrows with equal
probability (H = 1 bits; p = g = 0.5; | = 1 bits). Therefore, entropy is manipulated on three
sequence levels (0, 0.54, and 1 bit) and surprise on four event type levels (0, 0.19, 1, and 3
bits). There are 8 runs, with 4 blocks each (Latin square counterbalanced), each block has 32
trials, for a total of 1024 trials. Each run lasts approximately 6 minutes, beginning and
ending with a 30 s fixation period, with 5 s fixation periods between each block. Total task
time is approximately 50 minutes.

Majority Function Task (MFT)—The MFT systematically manipulates uncertainty with
computational load (estimated as information entropy) over a wide range to capture the
effects of cognitive control for each target event, independent of the sequence (Fan et al.,
2014; Fan, Guise, Liu, & Wang, 2008; Wang, Liu, & Fan, 2011). In this task, groups of
arrows (set sizes 1, 3 or 5, corresponding to 3 types of blocks) are randomly presented at 8
possible locations arranged around a central fixation cross (Figure 2). The arrows are
presented simultaneously, pointing either left or right, and participants must indicate the
direction in which the majority of arrows point. There are six conditions, indicating the
ratios of arrows pointing in the same direction to arrows pointing in the opposite direction:
1:0 for set size 1; 3:0 and 2:1 for set size 3; and 5:0, 4:1, and 3:2 for set size 5. Trials begin
with a variable fixation period of 0 to 1000 ms. Stimuli are then presented for 2500 ms,
followed by a variable 1500 to 2500 ms post-stimulus fixation period. Each trial lasts 5
seconds. There are six runs with six blocks each (two for each set size), each block has 12
trials with the same set size, and each run has 72 trials, lasting 395 s. There are 5 s fixation
periods at the beginning and end of each run, as well as 10 s between blocks in each run.
The order of the blocks is counterbalanced with reversed repetition for each run. Total trial
number is 432, with a total time of approximately 40 minutes. Previous algorithmic and
computational modeling analyses of MFT performance revealed estimated computational
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loads for the six conditions are 1.00, 2.00, 3.58, 2.58, 3.91, and 5.91 bits, respectively,
including an additive 1 bit for the response (Fan et al., 2008; Wang et al., 2011).

Dual Conflict Task (DCT)—This task examines the impact of the bottleneck of cognitive
control capacity by manipulating both conflict processing and time constraints. On each
trial, following a 0 to 500 ms randomly varied fixation interval, two tasks (Task 1 and Task
2) are presented sequentially for 750 ms each with a variable Task 1 to Task 2 stimulus
onset asynchrony (SOA) of 100 and 1000 ms (Figure 3). The 750 ms task duration is used to
avoid the attentional blink effect, which would interfere with detection of the second target
if a shorter (e.g., 500 ms) duration were used. For Task 1, the stimulus is presented in one of
two locations, aligned vertically, either above or below the central fixation cross, and
consists of a central target arrow, flanked by 4 direction-congruent or incongruent arrows (2
on each side), pointing either up or down. For Task 2, the stimulus is presented either to the
left or right of the central fixation cross and similarly includes a central target arrow flanked
by 4 direction-congruent or incongruent arrows, pointing either left or right. Task 2 is
followed by a variable post-target fixation (2000 — 2500 ms), with total trial time of 5000
ms. Participants must make an up/down response to the central arrows for Task 1 using the
left hand buttons, and a left/right response for Task 2 using the right hand buttons,
sequentially. There are 8 blocks, with 64 trials per block. Each block lasts approximately 6
minutes, and the total task time is approximately 50 minutes.

Computational loads for Tasks 1 and 2 are approximately 1 bit (which is log,2 for 2 possible
response directions) respectively under the congruent condition, and greater than 1 but less
than 2 under the incongruent condition. The conflict resulting from task-irrelevant flankers
can be estimated as less than or equal to a difference of 1 bit between conflict and no-
conflict conditions (Fan, 2014; Wang et al., 2011). The two possible locations of the target
for each task contribute to a computational load of 1 bit. Therefore for Task 1 and Task 2,
the minimum and maximum computational loads are 2 and 3, respectively. In a previous
pilot study it was demonstrated that under the 1000 ms SOA the computational load of Task
2 is not significantly affected by Task 1, indicating that the information processing involved
in each task does not overlap, resulting in sequential task processing. However, under the
100 ms SOA, the tasks occur in much quicker succession, resulting in task processing
overlap, with the computational load during Task 2 processing approaching the sum of the
computational load of Tasks 1 and 2, an additive effect based on RT pattern. Therefore,
under the 100 ms SOA, the minimum (Task 1 congruent, Task 2 congruent, CC) and
maximum (Task 1 incongruent, Task 2 incongruent, 1) computational loads for Task 2 are 4
and 6 bits, respectively. Therefore, for the whole task (including both 1000 and 100 ms SOA
conditions), the minimum and maximum computation loads are 2 bits for the 1000 SOA CC
condition and 6 bits for the 100 SOA 11 condition, respectively. The estimated loads for Task
2 under different conditions are shown in Table S4.

All participants completed: 1) EVT; 2) MFT; and 3) DCT, in the same order. Participants
were instructed to respond as quickly and accurately as possible and took self-initiated and
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self-terminated breaks as needed between runs within each task, as well as between each
task, to control for fatigue.

Data Analysis

Results

The independent variable was information (cognitive load) in bits. The primary dependent
variable was efficiency (Accuracy/RT, reflecting the probability of a correct response per
unit time in seconds), taking both speed and accuracy into account. Average efficiency >1
typically indicates high accuracy and/or RT <1 s. Efficiency <1 typically reflects lower
accuracy and/or RT >1s. For group comparisons, a higher efficiency score indicates better
performance. Means (£SD) of RT and accuracy were also calculated and analyzed for each
task, and are presented in Supplementary Materials (SM). Data were tested for normal
distributions and homogeneity of variance (Levene's test). For within-subjects factors where
Mauchley's test indicated a violation of the assumption of sphericity, univariate analyses of
variance with Greenhouse-Geisser correction are reported.

We estimated the best-fit regression line for all tasks to obtain the slope and intercept of the
regression line of performance as a function of cognitive load for each participant, and used
independent t-tests to examine group differences in both baseline performance and rates of
change in performance. A lower efficiency intercept indicates a lower level of cognitive
control efficiency at baseline. With efficiency scores plotted against information entropy in
bits, efficiency scores decrease as information increases, resulting in a negative slope. A
more negative number is indicative of a faster rate of decline in performance with increasing
information. For each task Group by entropy mixed analyses of variance (ANOVA) were
conducted. Non-parametric correlation analyses (Kendall's tau) with Bonferroni correction
were performed to assess the relationship between efficiency on the three tasks and
symptom report on ADI-R and ADOS-G (both non-continuous variables) for the ASD
group. Prior to correlation analyses, outliers (+/- 3 SD on efficiency) were excluded, which
was limited to 1 case in the EVT analysis. One-tailed statistical tests were utilized to test our
directional predictions.

In the interest of readability, only ANOVA results for efficiency are reported below. All RT
and accuracy ANOVA results are presented in the SM.

Cognitive control for sequential stimuli: Results of the EVT

For this analysis, we excluded one TD participant whose overall accuracy on this task was
62%, drastically below the group accuracy mean of 96% (final n = 15, ASD; n = 14 TD).
This participant's performance was within normal limits relative to his group on both the
MFT and DCT. Efficiency performance on the EVT for both entropy and surprise is
presented in Figure 4. RT and accuracy performance are presented in Figure S1 and Table
S1 of SM.

Cognitive control efficiency for sequential stimuli — entropy—The main effect of
Group was significant (F(1,27) = 4.18, p = .05, 77p2= .13), reflecting less efficient
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performance in the ASD group (M = 1.97+0.28) than the TD group (M = 2.17+0.22). For
entropy, sphericity had been violated, 42(2) = 19.07, p < .001, &= .66, and with correction
the main effect was significant (F(1.32, 35.53) = 81.88, p < .001, 77p2 =.75). Pairwise
comparisons (Bonferroni-corrected) revealed significant decreases in efficiency for each
entropy value point, all ps <.001). There was no significant Group by entropy interaction (F
< 1). Intercept was significantly lower for the ASD group (M = 2.24+0.41, R2= .92) than for
the TD group (M = 2.48+0.29, R?= .95), t(27) = -1.85, p < .05. There was no significant
difference in slope between groups (t(27) = 0.981, p = .34).

Cognitive control efficiency for sequential stimuli — surprise—The main effect of
Group was significant (F(1,27) = 5.32, p < .05, npz =.16), with less efficient performance in
the ASD group (M = 1.94+0.41) than the TD group (M = 2.14+0.37). For surprise,
sphericity was violated, 2(5) = 71.80, p < .001, & = .41, and with correction the main effect
was significant (F(1.23, 33.19) = 81.06, p < .001, r]pz =.75). Pairwise comparisons with
Bonferroni corrections revealed significant decreases in efficiency for each surprise value
point (all ps < .001). The Group by surprise interaction for efficiency was not significant (F
< 1). Intercept was significantly lower for the ASD group (M = 2.17+0.36, R2= .89) than for
the TD group (M = 2.38+0.26, R%= .87), t(27) = -1.77, p < .05. There were no significant
group differences in slope (t(27) = 0.26, p = .80).

Coghnitive control for non-sequential stimuli: Results of the MFT

Performance efficiency is presented Figure 5. RT and accuracy performance are presented in
Figure S2 and Table S2 of SM. The main effect of Group was significant (F(1,28) = 12.70, p
< 0.001, npz =.31), such that the ASD group (M = 0.91+0.12) demonstrated decreased
overall performance efficiency compared to the TD group (M = 1.06+0.11). Sphericity was
violated for entropy, 72(14) = 103.46, p < 0.001, £ = .41, and with correction, the main effect
was significant, F(2.1, 57.5) = 509.25, p < 0.001, npz =.95. The Group by entropy
interaction was significant, F(2.1,57.5) = 3.68, p < 0.05, npz =.12. Pairwise comparisons
(Bonferroni-corrected) indicated the TD group had significantly higher performance on each
MFT condition compared to the ASD group. For the six conditions of 1.0, 3:0, 2:1, 5:0, 4:1,
and 3:2, t5(28) = 2.38, 2.73, 4.61, 3.18, 2.97, and 2.17, respectively, all ps < .05. We also
found a significant difference in slope between the two groups t(28) = 2.37, p < .05, such
that TD group (M = -0.28+0.04, R2 = .92) had a higher rate of decreasing performance
efficiency than ASD group (M = -0.24+0.05, R? = .91). The ASD group had a significantly
lower intercept (M = 1.42+0.20) than the TD group (M = 1.66+0.20), t(28) = -3.18, p < .01.

Cognitive control capacity under time constraints: Results of the DCT

DCT performance efficiency as a function of computational load of Task 2 is shown in
Figure 6. Behavioral performance for all conditions of the DCT are presented in Table S3
and Figure S3 of SM. Additional analyses are also presented in SM. The main effect of
Group was not significant (F(1,28) =2.72, p= .11, r]pZ: .09). Sphericity was violated for
entropy #2(9) = 44.65, p < .001, &= .67, and with correction there was a significant main
effect (F(2.70,75.52) = 376.16, p < .001, an: .93). Pairwise comparisons (Bonferroni-
corrected) indicated significant decreases in efficiency for each increasing value of entropy,
all ps > .001. The interaction between entropy and Group was significant (F(2.70,75.52) =

Autism Res. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mackie and Fan

Page 9

4.78,p< .01, an: .15), with greater efficiency decrease in the ASD group compared to the
TD group as a function of cognitive load. There were no significant group differences for
intercept (t(28) = -0.64, p = 0.26) or slope (t(28) = -1.08, p = 0.14). The groups did not differ
significantly in performance at baseline (Task 1, CC 1000 ms SOA, 2 bits) (F < 1), but the
ASD group performed significantly less efficiently than the TD group at high cognitive
load(Task 2, 11 100 ms SOA, 6 bits), F(1,28) = 7.48, p < .05.

Relationship between task performance and symptom domains

Correlation coefficients are presented in Table 2. Because the value for efficiency slope is
negative, a negative correlation suggests that a more negative (steeper) efficiency slope, or
faster rate of decrease in efficiency as a function of cognitive load (entropy), was associated
with greater ASD symptom report. Due in part to small sample size and restricted variance
of symptom scores, none of these correlations survived false discovery rate correction.

The correlations between performance in efficiency on the three tasks can be found in Table
S5 of SM.

Discussion

In this study we tested our hypothesis that individuals with ASD implement cognitive
control less efficiently than TD adults with a lower capacity for cognitive control, and that
these deficits possibly contribute to the clinical presentation of the disorder. On tasks
designed to systematically manipulate uncertainty and test cognitive control efficiency, the
ASD group showed a lower baseline efficiency of information processing for sequential
events, a general reduction in efficiency for non-sequential events over a wide range of
uncertainty, and a larger decline in performance when capacity limits were pushed by time
constraints.

We aimed to test three hypothetical efficiency performance models (Figure 7): (a) The ASD
group has a lower baseline than controls, both groups decrease in efficiency as uncertainty
increases, and the ASD group has a lower upper limit than TD (Figure 7a, Model A); (b)
The ASD group has a lower baseline than controls, the performance difference remains
somewhat constant across increasing uncertainty values, with performance finally
converging with TD at the highest levels of uncertainty (Figure 7b, Model B); and (c) The
ASD group and controls have similar baseline performance and then diverge as uncertainty
increases, with ASD efficiency beginning to decrease at a lower uncertainty level compared
to TD (Figure 7c, Model C).

The EVT results fit best with Model A, with relatively lower efficiency in the ASD group
across the full range of uncertainty values when the task involved sequential information.
The MFT results fit Model B, for non-sequential information processing, performance was
less efficient for the ASD group at low uncertainty levels, converging toward a similar level
as TD at high uncertainty levels. At first glance, the EVT and MFT results might appear to
be at odds with existing information processing theories that predict equivalent group
performance at low load levels (e.g., (Minshew & Goldstein, 1998; Minshew et al., 2001).
However, we speculate that differences at baseline may be explained by additional
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uncertainty due to spatial location (1/8 possible locations for ~3 bits) in these tasks. This
possibility is highlighted in the DCT results, which best fit Model C, and show that the ASD
group performed less efficiently than controls at the high capacity condition rather than at
the low capacity condition. In the EVT and MFT, participants are required to shift attention
from fixation to one of eight possible target locations, whereas in the DCT, target stimuli
appear in fewer possible locations (4 possible locations for Tasks 1 and 2 combined). It is
possible then, that the additional attentional orienting requirement contributed to group
differences at baseline for the EVT and MFT, but not for the DCT. These results are
consistent with theories that propose that deficits in ASD arise at more demanding levels of
information processing, and provide further support for the idea of a greater limitation on
information processing capacity in ASD compared to TD (Belmonte et al., 2004; Just et al.,
2012). Taken together, it appears that Model C is the most plausible, and can best explain
performance in these experiments.

The observed group differences in cognitive control under uncertainty suggest that deficits
in control of information processing may contribute to ASD symptoms, as social and
communicative processing involves dealing with uncertainty at various levels, such as
decoding a linguistic message or inferring the mental states/intentions of others. According
to uncertainty reduction theory (based upon information theory (Berger & Calabrese, 1975)),
people undertake several steps to reduce uncertainty in social situations. In ASD, lower
efficiency in sequential and non-sequential information processing in concert with a reduced
upper limit of information processing capacity, may negatively impact the ability to
effectively engage in this uncertainty reduction, resulting in social and communication
deficits. Furthermore, deficits in the domain of restricted interests and repetitive behaviors
may serve to compensate for a diminished uncertainty-reduction capacity. This is supported
by strong correlation with a large effect size between MFT performance and the restricted
interests repetitive behaviors domain in this study (though this did not survive false
discovery rate multiple comparison correction). By restricting interests to predictable
sequences and familiar domains, individuals with ASD are able to avoid cognitive control
overload.

Cognitive control of information processing is supported by the frontoparietal network, with
the anterior cingulate (ACC) and anterior insular (AIC) cortices as core regions, in addition
to other regions such as the frontal eye fields and near/along the intraparietal sulcus (Fan,
2014; Fan et al., 2014). Reduced cognitive control efficiency in ASD may be related to a
deficiency in this network. We have previously shown that there is a lack of activation of the
ACC in ASD during conflict processing (Fan et al., 2012). ACC is involved in baseline state
uncertainty monitoring, and abnormal recruitment of this crucial network hub could underlie
the inefficient performance demonstrated in our experiments. In addition to region-specific
neural differences, there is also evidence for differences in connectivity within the
frontoparietal network in ASD, resulting in inefficient information transfer between frontal
and parietal areas (Matthew K. Belmonte et al., 2004; Just et al., 2004; Just et al., 2012;
Kana, Keller, Cherkassky, Minshew, & Just, 2006), contributing to symptom presentation
(Uddin et al., 2014).
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Limitations and alternative explanations

Conclusion

A primary limitation in this study is the relatively small size of the sample. Further, given
that participants in the ASD group were relatively high-functioning and all male, there are
limits to the generalizability of these findings. However, one might expect that lower-
functioning individuals would show even greater relative impairment on the tasks described
in this study. ASD is often comorbid with other conditions, and two of our participants were
previously diagnosed with ADHD. We do not believe that this significantly affected the
results due to the small proportion of participants involved. Ideally, these findings should be
replicated in a larger sample, free of comorbidity, to address these limitations.

One could argue that the differences we observed in performance might be attributed to
motor slowing previously documented in ASD (Kenworthy, Yerys, Weinblatt, Abrams, &
Wallace, 2013; Williams, Goldstein, & Minshew, 2013). While we did not directly examine
motor speed, it is notable that there were no significant group differences in overall RT for
the DCT; EVT overall RT difference trended toward significance; and MFT overall RT was
significantly faster for the ASD group. This unclear pattern of RT differences makes it
difficult to draw conclusions about generalized slowing in the ASD group. Previous work
has suggested that slowness to respond in ASD may result from use of psychoactive
medications (Bogte et al., 2008). However, our sample was unmedicated at the time of
participation in the study. Additionally, we presented a large number of trials across tasks,
which could potentially result in differential fatigue effects between groups. However,
failure to find group differences in RT on the third task, the DCT, rules out this possibility.

This study represents a preliminary step in the investigation of cognitive control in ASD and
the relationship between cognitive control deficits and the symptom presentation of ASD.
We found participants with ASD had a generally lower efficiency of cognitive control, with
a reduced capacity under time constraints, compared to controls. Of three possible
explanations of group differences in performance, the model in which the ASD group is less
efficient than controls as cognitive control load increases best fit the present data. While this
study has targeted the processing of stimuli not typically encountered in daily life, it would
be beneficial for future studies to investigate the role of cognitive control deficits as they
arise in more ecologically valid tasks that require higher-level cognition, such as language
and theory of mind, which map more representatively onto the established symptom
domains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of entropy variation task (EVT). A single arrow appears in one of eight locations

arranged around a fixation cross. Participants must respond to the direction of the arrow (left
or right).
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Figure 2.

Schematic of majority function task (MFT). Arrows of set size 1, 3, or 5 are presented
randomly in 8 possible locations arranged around a fixation cross. The arrows point either
left or right and are presented simultaneously, and participants' task is to indicate the
majority direction of the arrows. Computational load is manipulated via set size and the
proportion of arrows pointing in either direction. Circles presented in the figure above are to
illustrate the possible locations only, and are not presented during the experiment.
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Figure 3.
Schematic of dual conflict task (DCT). Participants are presented with two flanker tasks in

succession, and must indicate the direction of the center arrow and ignore the flanker
arrows, which may either be congruent or incongruent with the target. SOA is manipulated
such that Task 2 appears either 100 or 1000 ms after Task 1, and under the 100 ms
condition, Task 1 and Task 2 often interfere with each other.
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Figure 4.
EVT efficiency results, with error bars depicting the standard error of the mean (SEM). The

ASD group demonstrated less efficient performance than the TD group for both (a) entropy
and (b) surprise. ASD efficiency intercepts were also both significantly lower for entropy
and surprise relative to controls.
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MFT efficiency results as a function of computational load (quantified as entropy) in bits.
Error bars represent SEM. Overall, the ASD group was significantly less efficient across the
range of values of entropy, had a lower efficiency intercept, and showed a slower slope

decrease relative to controls.
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DCT efficiency results as a function of computational load of Task 2. Error bars represent
SEM. Baseline performance was not significantly different between groups, but the ASD
group performance decreased to a greater extent than the TD with increasing computational

load.
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Hypothetical efficiency performance models for the ASD and TD groups. The EVT results
fit best with Model A (a), MFT results fit best with Model B (b), and DCT results fit best

with Model C (c).
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Means of demographic data (range) of ASD and TD groups.

Table 1

Participant characteristics ASD (n=15) TD (n=15) t p
Age (years) 26.0(18-42) 27.6(19-43) -59 .56
Full Scale 1Q 110 (87-143)  115(96-132) -.87 .39
Verbal 101 109 (79-148) 115(94-128) -89 .38
105 (75-146) 108 (87-125) -48 .63

Performance IQ1

ASD diagnosis 15

ADI-R
Social 18.8 (1 - 28)
Verbal communication 15.7 (8- 22)
Repetitive behavior 59(1-12)
Development 29(0-5)

ADOS-G (n = 14)
Communication + Social 9.7 (5-16)
Communication + Social CSS2 7.0(4-10)
Restricted and repetitive behaviors 14(0-4)
Restricted and repetitive behaviors CSS 4.7 (1 - 8)
Total 12.1 (8 - 18)
Total CSS 6.6 (4-9)

Note:

1n =14 ASD, 13 TD;

2CSS = Calibrated Severity Score (Hus & Lord, 2014)
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