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Abstract Individuals with autism spectrum disorders
(ASDs) exhibit intact rote learning with impaired general-
ization. A transitive inference paradigm, involving training
on four sequentially presented stimulus pairs containing
overlapping items, with subsequent testing on two novel
pairs, was used to investigate this pattern of learning in 27
young adults with ASDs and 31 matched neurotypical
individuals (TYPs). On the basis of findings about memory
and neuropathology, we hypothesized that individuals with
ASDs would use a relational flexibility/conjunctive strategy
reliant on an intact hippocampus, versus an associative
strength/value transfer strategy requiring intact interactions
between the prefrontal cortex and the striatum. Hypotheses

were largely confirmed. ASDs demonstrated reduced
interference from intervening pairs in early training; only
TYPs formed a serial position curve by test; and ASDs
exhibited impairments on the novel test pair consisting of
end items with intact performance on the inner test pair.
However, comparable serial position curves formed for
both groups by the end of the first block.

Keywords Learning . Generalization . Basal ganglia .
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Introduction

Autism spectrum disorders (ASDs), which affect at least 1
in 150 individuals (Center for Disease Control and
Prevention, 2009), are characterized by deficits in social
functioning and language and by the presence of restricted
interests and repetitive behaviors. Individuals with ASDs
exhibit atypical patterns of learning (Barnes et al., 2008;
Mostofsky, Goldberg, Landa, & Denckla, 2000; Scott-Van
Zeeland, Dapretto, Ghahremani, Poldrack, & Bookheimer,
2010). They show intact (Bowler, Gardiner, & Grice, 2000;
Bowler, Limoges, & Mottron, 2009; Minshew & Goldstein,
1993; Salmond et al., 2005) or even superior (Toichi &
Kamio, 2002) semantic memory required for rote learn-
ing. However, they demonstrate impairments in more
flexible aspects of learning and memory, including the
ability to make relational links between individual
memory traces that share common elements. This linking
is referred to as generalization (Ellenbogen, Hu, Payne,
Titone, &Walker, 2007; Kumaran, Summerfield, Hassabis,
& Maguire, 2009). Generalization of learning from one
context to the next is known to be problematic for
individuals with ASDs (Stokes & Baer, 1977), and
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promoting this aspect of learning is a critical goal of
virtually all educational and psychosocial interventions for
the disorders.

Transitive inference and its mechanisms

One way to assess the ability to flexibly assimilate and/or to
transfer what one has learned is through an examination of
transitive inference (TI), a form of reasoning that requires
training on a hierarchy of stimulus pairs and a transfer of
these learned relations to novel pairs at test (Wendelken &
Bunge, 2009). In tasks assessing TI, subjects are trained on
successive pairs of stimuli arranged in a hierarchy of A+B−,
B+C−, C+D−, and D+E−, where + and − indicate reinforced
and nonreinforced, respectively. These letters are symbolic
representations of the actual characters that may be used. At
test, subjects are asked to infer the relations between new
items (the BD pair and the much easier AE anchor item pair)
on the basis of their training on the hierarchy (Bryant &
Trabasso, 1971; Dusek & Eichenbaum, 1997; Moses,
Villate, Binns, Davidson, & Ryan, 2008; Piaget & Inhelder,
1956; Piaget, Inhelder, & Szeminska, 1960; Vasconcelos,
2008; see Fig. 1a for a pictorial example). TI is demonstrated
when a subject can infer that because B is chosen over C and
C is chosen over D, B should be chosen over D.

TI was considered a test of a high-level logical
reasoning ability present only in adult humans until
multiple studies showing successful TI in monkeys

(Buckmaster, Eichenbaum, Amaral, Suzuki, & Rapp,
2004), pigeons (von Fersen, Wynne, Delius, & Staddon,
1991), rats (Dusek & Eichenbaum, 1997), and young
children (Bryant & Trabasso, 1971) caused reconsidera-
tion of this assumption. Libben and Titone (2008) have
articulated two schools of thought about the underlying
cognitive mechanisms supporting TI performance. The
first, which is referred to as a relational flexibility or
conjunctive strategy account, proposes that TI perfor-
mance relies on successful encoding of the entire stimulus
hierarchy, which permits logical interference from learned
relational information at the time of testing on novel pairs.
Subjects using this more explicit relational strategy are
thought to memorize the correct choice of conjunctions of
elements (conjunctive representations), which then enables
them to successfully complete the task either by compar-
ing BC or CD and explicitly inferring that B > D or as a
result of learning the hierarchy by establishing an ordered
relational memory so that B is already encoded as greater
than D. Work in animal models suggests that the
hippocampus supports explicit memorization of these
conjunctions by binding together their individual elements
during early learning (Dusek & Eichenbaum, 1997;
Eichenbaum, 2000, 2004), although the hippocampus
may not be required for making the inference itself at test
(Frank, Rudy, & O’Reilly, 2003; Van der Jeugd et al.,
2009). Accuracy curves or serial position curves (sequen-
tial bar graphs of performance on each pair in the

Fig. 1 The TI task. a The four pairs of Japanese hiragana stimuli used
in the experiment. Each pair was presented separately on different
trials. The hierarchy goes from top to bottom, where the top pair is AB
and the bottom pair is DE. In this example, the correct choice is
always the stimulus on the left. Note that in actuality, the position of
the correct stimulus was randomized across trials, and the assignment
of hiragana character to hierarchical element was randomized across

subjects. b The four training blocks of the experiment. In each of the
first three blocks, stimuli were presented in sequential blocks of trials
of decreasing length. The figure depicts the actual number of trials per
set of trials in each block. In set 6, the stimulus pairs were randomly
interleaved (for 20 trials). Subjects had to meet a performance
criterion of 67% on each set before they could advance to the next
phase
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hierarchy) produced by this type of relational strategy are
relatively flat (i.e., performance is similar for each training
pair), since there is less of an associative strength
advantage depending on position in the stimulus hierarchy
(Vasconcelos, 2008).

The second class of explanations are associative strength
or value transfer accounts (Frank, Rudy, Levy, & O’Reilly,
2005; Frank et al., 2003; Van Elzakker, O’Reilly, & Rudy,
2003; von Fersen et al., 1991), which have been elaborated
and validated through the use of neurocomputational
modeling (Frank et al., 2003; O’Reilly & Rudy, 2001).
These suggest that training on a set of consistently
reinforced premise pairs results in a graded level of
associative strengths among individual stimuli. Anchor
pairs AB and DE are much easier, given that “A” is always
correct and “E” is never correct. Moreover, even though
both “B” and “D” are associated with equal amounts of
positive and negative feedback, they develop asymmetrical
weights such that “B” has a positive value and “D” has a
negative one due either to value transfer from A to B and E
to D (von Fersen et al., 1991) or to a Rescorla–Wagner
blocking effect (Frank et al., 2003). By this account, it is
this gradient of unequal associative strengths, and not
logical reasoning or relational or conjunctive encoding, that
supports transitive interference at test. Over time, accuracy
or serial position curves produced by an associative strategy
have more of a “U” shape since there are strength advantages
for the end anchor pairs that include items that are
unambiguously reinforced (Frank, O’Reilly, & Curran,
2006; Frank et al., 2005; Vasconcelos, 2008).

Formation of this hierarchy of associative weights is
thought to be supported by the interworkings of the basal
ganglia (Graybiel, 2008; Jog, Kubota, Connolly, Hillegaart,
& Graybiel, 1999), the prefrontal cortex (PFC;Aizenstein et
al., 2004; Balleine & Dickinson, 1998; Daw, Niv, & Dayan,
2005; Doll, Jacobs, Sanfey, & Frank, 2009; Graybiel, 2008),
and the orbitofrontal cortex (OFC), which is specialized for
rapid and flexible updating of representations of expected
value and storage of reward-based working memories of
stimulus values (Rolls, 2004; Schoenbaum & Roesch, 2005).
The OFC is thought to have the greatest influence on behavior
early in learning (Frank & Claus, 2006), before the influence
of the basal ganglia, which are specialized for habit learning
(Graybiel, 2008), comes to predominate.

Transitive inference in individuals with ASDs

We hypothesized that individuals with ASDs would exhibit
a strategy more consistent with the relational flexibility/
conjunctive account versus one that relied on associative
strength/value transfer. This was based on what is known
about ASD-related memory impairments and the neuropa-
thology of the disorders, considered in the context of the

brain regions and neural circuits thought to support TI,
including the hippocampus, basal ganglia, PFC, and OFC
(Acuna, Eliassen, Donoghue, & Sanes, 2002; Greene,
Gross, Elsinger, & Rao, 2006; Heckers, Zalesak, Weiss,
Ditman, & Titone, 2004).

High-functioning individuals with ASDs exhibit intact
performance on semantic/rote and familiarity-based memory,
and recognition memory (Bennetto, Pennington, & Rogers,
1996; Beversdorf et al., 2000; Minshew & Goldstein, 1993;
Toichi & Kamio, 2002), which are thought to rely on medial
temporal lobe structures (Squire & Zola, 1996), although
they exhibit impairments on tasks involving memory
integration with context (i.e., episodic and recollection
memory; Boucher & Lewis, 1989; Bowler et al., 2000;
Toichi & Kamio, 2003), which are thought to require
additional hippocampal and prefrontal mediation
(Eichenbaum, Yonelinas, & Ranganath, 2007).

Autism involves heterogeneous and diffuse neuropathol-
ogy (Amaral, Schumann, & Nordahl, 2008); however, the
weight of evidence from structural and functional neuro-
imaging studies suggests that neural circuits involving the
PFC, OFC, and basal ganglia are more impaired than those
related to the hippocampus. The first postmortem studies of
individuals with autism and mental retardation showed
reduced neuronal cell size and increased cell-packing
density in the hippocampus (Bauman & Kemper, 1996,
2005). Several early structural imaging studies (Aylward et
al., 1999; Baron-Cohen et al., 2000; Cody, Pelphrey, &
Piven, 2002; Haznedar et al., 2000; Schumann et al., 2004;
Sparks et al., 2002) also were consistent with this view,
however, others were not (Cody et al., 2002; Palmen,
Durston, Nederveen, & Van Engeland, 2006). Furthermore,
newer research and reviews about neuropathology in
autism have failed to conclude that the hippocampus is
central to the disorders (Amaral et al., 2008; Bachevalier &
Loveland, 2006; Loveland, Bachevalier, Pearson, & Lane,
2008).

PFC deficits as assessed by behavioral measures of
executive control (Pennington & Ozonoff, 1996; Solomon,
Ozonoff, Cummings, & Carter, 2008), and by neuroimag-
ing studies (Solomon et al., 2009), are more widely
recognized. There also is accumulating evidence that OFC
structure (Zikopoulos & Barbas, 2010) and function are
atypical in ASDs (Dawson, Hessl, & Frey, 2008; Girgis et
al., 2007; Hardan et al., 2006; Loveland et al., 2008;
Schultz et al., 2000) and that the basal ganglia also are
atypical with respect to structure (Haznedar et al., 2006;
Hollander et al., 2005; Sears et al., 1999), development
(Langen et al., 2009), and functional connectivity with
other brain regions (Lee et al., 2009; Luna et al., 2002).

The goal of this study was to investigate the generaliza-
tion of learning in young adults with ASDs versus neuro-
typical individuals (TYPs) using a TI paradigm. Hypotheses
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were derived from the distinctions drawn by Libben and
Titone (2008) between relational flexibility/conjunctive
versus associative strength/value transfer accounts of TI. As
is summarized in Table 1, each of these strategies produces a
different pattern of findings. Our overarching hypothesis was
that individuals with ASDs would use a predominantly
relational flexibility/conjunctive approach relying more on
their strengths in semantic/rote memory, as well as their
relative neuropathology of the basal ganglia and PFC/OFC,
and relatively intact medial temporal lobe function. Our first
hypothesis was that early learning of the stimulus pairs
would be comparable across the groups, since they were easy
to memorize, and that both serial position curves would be
relatively flat (no differences between inner and outer pairs).
Our second hypothesis was that those using a relational
strategy and encoding a conjunctive memory for each
stimulus pair AB, BC, and so forth would learn about each
pair separately and, therefore, suffer less interference when
returning to the AB pair after having learned that stimulus B
is rewarded when it is paired with C. Thus, we hypothesized
that, relative to TYPs, individuals with ASDs would exhibit
less reduction in accuracy and shorter RTs during the second
presentation of stimuli in the first training block. It also bears
mention that this is consistent with findings that involvement
of an intact hippocampus is related to the primacy effect—
the finding that beginnings of lists are learned better than
middle parts (Axmacher, Elger, & Fell, 2009; Strange, Otten,
Josephs, Rugg, & Dolan, 2002). Third, we hypothesized
that the tendency to use a relational versus an associative
weight-based strategy would be revealed by the test block
in the ASD group. Specifically, we hypothesized that
learning of the inner pairs would be comparable across
the groups but that the relatively enhanced performance in
outer pairs, which is again thought to result from large
differences in associative value dependent on basal
ganglia/OFC interactions (Frank & Claus, 2006; Walton,
Behrens, Buckley, Rudebeck, & Rushworth, 2010),
would be absent in the ASD group. Fourth, we predicted
that performance on the BD pair would be comparable

across both groups due to individuals with ASDs’
strengths in rote memory of simple conjunctions, but that
they would exhibit deficits relative to TYPs in AE
performance, which is more difficult when a relational
strategy is used.

Method

Subjects

Twenty-eight adults with ASDs enrolled in the study;
however, 1 was unable to learn the task in the allotted
time. This left a final sample size of 27 adults with ASDs
(mean age = 23.1 years, SD = 5.57) and 31 neurotypical
adults (mean age = 24.4 years, SD = 5.08; see Table 2).
On the basis of the male-to-female gender ratio of
approximately 4:1 in the population (Nyden, Hjelmquist,
& Gillberg, 2000), 5 women were enrolled in each group.
Subjects were recruited through psychiatrists, speech and
language pathologists, advocacy groups, psychologists,
state-funded centers for persons with developmental
disabilities, and M.I.N.D. Institute’s Subject Tracking
System database. All subjects had a Full Scale IQ of at
least 70 on the Wechsler Abbreviated Scales of Intelli-
gence (Wechsler, 1999). Of the 27 enrolled subjects with
an ASD, 10 were diagnosed with high-functioning autism,
14 were diagnosed with Asperger syndrome, and 3 with
pervasive developmental disorders not otherwise speci-
fied, according to criteria set by the Diagnostic and
Statistical Manual of Mental Disorders (DSM–IV-TR;
American Psychiatric Association, 2000), Autism Diag-
nostic Observation Schedule (ADOS–G; Lord et al.,
2000), and a DSM–IV-TR checklist. The decision to
include individuals with both high-functioning autism and
Asperger’s syndrome derived from studies showing that it
is difficult to reliably distinguish between the two
disorders (Howlin, 2003; Macintosh & Dissanayake,
2004; Ozonoff & Griffith, 2000) and that there is no

Table 1 Hypotheses stemming from each of the two classes of explanations of the mechanisms underlying transitive inference performance as
outlined in Libben & Titone (2008)

Relational/Conjunctive Strategy Associative Weight-Based/ Value Transfer Strategy

Early training (block 1) & Training pairs learned readily & Training pairs learned readily

& Flat serial position curve early in learning (first
presentation of training trials)

& Formation of serial position curve by the
end of the block

& Paradoxically less interference from second round
of training pairs

Test block & Limited formation of serial position curve; no
difference between inner and outer pairs

& Formation of serial position curve; difference
between inner and outer pairs.

& Deficit in AE pair at test & Deficit in BD pair at test
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empirical distinction in symptomatology and outcome by
the time individuals with ASDs reach adolescence
(Howlin, 2003; Szatmari, Bryson, Boyle, Streiner, &
Duku, 2003). Exclusion criteria for ASD subjects included
diagnoses of autism with known genetic etiologies (i.e.,
fragile X syndrome, tuberose sclerosis) and known
psychiatric diagnoses. However, assessment with ques-
tionnaires after recruitment showed that 37% of the
subjects with ASDs and 6% of the subjects with typical
development met the criteria for attention problems on
the Wender Utah Rating Scale (Ward, Wender, &
Reimherr, 1993) and 37% of the subjects with ASDs and
6% of the subjects with typical development met the
criteria for depression and/or anxiety disorders on the
Symptom Checklist −90–Revised (Derogatis, 1994). Sub-
jects taking antipsychotic medications, which are known
to interact with the dopamine system, were excluded.
Individuals taking stimulants (3 in the ASD group) were
asked to stop taking these medications for 48 hours prior
to the study. Five subjects in the autism group were taking
SSRIs, and 2 subjects in the autism group were taking
mood stabilizers.

All the 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.

Measures

To complete learning tasks, subjects were seated in front of
a laptop computer with a 15-in. monitor in a lighted room
and were asked to view pairs of visual stimuli. Keys on the
left and right side of the keyboard were assigned to be
“correct” or “incorrect.” Visual feedback was provided
following each choice as either the word “Correct!” printed
in blue or the word “Incorrect” printed in red. If no
response was made after 4 s, the words “no response
detected” were displayed printed in red.

Transitive inference task (Frank et al., 2005; Frank,
Seeberger, & O’Reilly, 2004)

In the TI task, reinforcement for each pair was determin-
istic, but stimulus pairs were partially overlapping. Four
stimulus pairs were presented such that, symbolically, A+B−,
B+C−, C+D−, and D+E− where + and − indicated positive
and negative feedback. The actual hierarchy of characters
used consisted of Japanese hiragana. During a subsequent test
block, the novel combinations BD and AE were presented.
Training in the TI task consisted of three blocks of trials,
followed by a fourth block of randomly interleaved training
trials and a fifth test block of randomly interleaved trials. In
the first block, stimulus pairs were presented in groupings of 6
trials such that the first grouping consisted of AB trials, the
second grouping consisted of BC trials, and so on. Two such
sets were administered. In block 2, in the first set, groupings
were shortened to 4 trials per pair. The next set consisted of
four of each trial type, followed by one of each trial type.
Block 3 consisted of 4 trials per grouping for the first set and 1
trial per grouping for the second. Block 4 consisted of 5
randomly interleaved trials per grouping. In the test block, all
pairs were randomly interleaved for a total of 20 trials before
criterion performance was evaluated. However, no feedback
was provided during the test block and the two transitive pairs
BD and AE were added. All pairs were presented 6 times. See
Fig. 1b for a schematic diagram of the trial presentation
schedule.

Data analysis

Both univariate and multivariate approaches were used in
data analysis because they provide complementary informa-
tion. Univariate methods provide a more static view of results
at given point, whereas multivariate state-space models
provide insight into the dynamics of learning over the entire
state during which learning occurs. We first examined early
learning in block 1, since this was the time when rapid

ASD group (n = 27) TYP group (n = 31)

Mean (SD) Range Mean (SD) Range

AGE (Year) 23.1 (5.57) 18–40 24.4 (5.08) 18–40

VIQ 110.2 (16.6) 72–145 112 (11.07) 91–128

PIQ 107.9 (17.43) 73–134 113 (13.03) 86–129

FSIQ 110.4 (17.31) 70–140 115.8 (13) 87–136

ADOS_C 3.9 (1.56) 2–8 – –

ADOS_S 7.3 (2.03) 4–12 – –

ADOS_R 1.2 (1.04) 0–3 – –

ADOS_T 11.2 (3.04) 7–19 – –

Total Trials 197.2 (119) 96–480 189.8 (147.01) 96–804a

Table 2 Subject charactersitics

a The large range in the TYP
group is the result of 1 subject
who passed the task but required
a very large number of trials to
do so. Analyses were conducted
with and without this individual,
and the results stayed the same
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updating of reinforcement contingencies and interference
effects would be most evident prior to the consolidation of
any hierarchy of associate weights (Frank & Claus, 2006).
Univariate early learning analyses included analyses of
variance (ANOVAs) for the first two presentations or sets of
trials for the inner (BC CD) versus outer (AB DE) pairs in
block 1 to test for the serial position effect. The dependent
variables in these analyses were error rates. Second, we
employed a Bayesian state-space model to examine the
hypothesis that there would be reduced interference in the
ASD group on the second presentation or set of trials in the
first block. Here, we expected that there would be a
difference in the probability that the ASD group versus the
TYP group would learn. State-space models work under
the assumption that trial-by-trial observations of task
performance are a noisy approximation of an underlying
smooth cognitive state. Consideration of trial-by-trial
performance within the context of this state provides a
more accurate means of determining whether learning has
occurred than do other methods (A. C. Smith et al., 2004).
One question answered by state-space models is whether
the probability of a group or subject’s performance is above
chance on a given trial. Such models can also be used to
compare performance between individuals or groups in
order to answer the question of whether the performance of
one individual or group is different from that of another
individual or group. The state-space model can be repre-
sented by a state equation and an observation equation
(Kitagawa & Gersch, 1996). The state equation defines the
temporal evolution of task learning and is assumed to
follow a Gaussian random walk. The observation equation
relates the state to the observations using a binomial
probability distribution. It is referred to as an ideal observer
approach because it computes the learning curve fit to all
the data over all time, in contrast to a causal filter approach.
The model is estimated using Markov chain Monte Carlo
methods (A. C. Smith, Wirth, Suzuki, & Brown, 2007).
Given its sensitivity, this method has become a widely
accepted way to conceptualize animal and human learning
(e.g., Kumaran et al., 2009; Singer & Frank, 2009). The
state-space model approach computes a smoothed learning
curve. Slopes may not be as steep as those of learning
curves drawn on the basis of error percentages. To further
probe interference effects, we also conducted a 4 × 2
ANOVA for reaction times (RTs) during the second set of
trials in the first block. Here, we were looking for a slowing
in the TYP versus the ASD group.

To investigate the performance of subjects during the test
block, we conducted analyses parallel to those used for
block 1 (although there was only one set in the test block)
and examined overall error rates for inner (BC CD) versus
outer (AB DE) pairs, using a 2 × 2 ANOVA. We also tested
this contention with the Bayesian state-space model.

Finally, to examine TI, we used Student’s t-tests to compare
error rates on the novel BD and AE pairs across the groups.

All univariate analyses were conducted in SPSS version
18.0. The state-space analyses were performed using Monte
Carlo Markov chain software (Lunn, Thomas, Best, &
Spiegelhalter, 2000) interfaced to MATLAB (2009a; The
MathWorks, Natick, MA) using MATBUGS (Murphy &
Mahdaviani, 2005).

Results

Early learning

A 2 × 2 ANOVA testing the serial position effect, using
inner versus outer pair as the within-group factor and
diagnosis as the between-group factor, revealed no main
effect of trial type, F(1, 56) = 0.540, p = .466, ηp

2 = .010,
no main effect of group, F(1, 56) = 0.336, p = .565, ηp

2 =
.006, and no trial type × group interaction, F(1, 56) =
0.756, p = .388, ηp

2 = .013, during the first presentation of
stimulus pairs. This suggests that both groups had flat
serial position curves very early in learning. For the
second set, however, there was a main effect of trial
type, F(1, 56) = 15.249, p = .001, ηp

2 = .214, no effect of
group, F(1, 56) = 0.030, p = .863, ηp

2 = .001, and no
group × trial type interaction, F(1, 56) = 0.174, p = ., ηp

2 =
.003. This suggests that both groups started to exhibit the
U-shaped serial position curve characteristic of the use of
an associative weight-based/value transfer strategy by the
end of the first block (see Fig. 2).

To examine our second hypothesis, we applied the
Bayesian state-space analysis to each group’s pooled
responses across the first block of training trials for each
stimulus pair (Fig. 3). At each trial, the raw data for the
TYP and ASD groups consist of the proportion of correct
respondents from that group. The state-space analysis
yields median learning curves (the center line) and 95%
credible intervals (the gray bands) for each stimulus trial
type. Performance is judged to be above chance for any trial
where the 95% lower credible interval is above .5. Raw
data are marked by open circles. This analysis provided
mixed support for our second hypothesis that individuals
with ASDs would, paradoxically, show less interference on
the second round of training trials because they were using
a rote memorization versus a relative value encoding
strategy. As is shown in Fig. 3, for the AB trials, both
groups performed above chance (p = .5) for at least part of
the first 24-trial block. However, for the AB trials, which
initiated the rounds of stimuli, TYPs showed a dip in
performance between the first and second rounds of
stimulus presentations of this trial type (trial 7). The TYP
group showed better performance on DE trials on the
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second presentation. In the bottom panel of the figure, we
show the trial-by-trial probability that the TYP group’s
performance was better than the ASD group’s performance.
This is a probability distribution estimated by subtracting
the ASD learning curve distribution from the TYP learning
curve distribution. Note that the 95% credible bounds on
this computed difference are broader than the credible
intervals on the learning curves, as is expected when
subtracting two distributions. These distributions allowed
us to estimate when performance between groups was
different. From the comparison curves in Fig. 3, it is clear
that performance on AB trials at the beginning of the
second round of stimulus pair presentations was worse for
the TYP group, consistent with our hypothesis that the
ASDs would be less susceptible to interference because
they would be more reliant on a rote-memorization-based
strategy. This interference effect was not seen for other trial
types, although the TYP group performed better on DE
trials on the second set. An examination of RTs, using a 4×
2 ANOVA for trial types during the second set of the first
block, showed that, consistent with the premise that they
would experience less slowing, the ASD group was quicker
than the TYP group on the second set of stimulus pair
presentations. Here, RT differences approached signifi-
cance, F(1, 56) = 2.30, p = .135, ηp

2 = .039. This was

driven by the group × set (first vs. second) interaction for
AB trials, F(1, 56) = 4.35, p = .038, ηp

2 = .075.

Test block

A 2 × 2 ANOVA with trial type (inner vs. outer) as the
within-group factor and diagnostic group (ASD and TYP)
as the between-group factor was used to test for group
differences in the serial position effect. The main effect of
trial type (inner vs. outer) was not significant, F(1, 56) =
2.45, p = .123, ηp

2 = .042, and neither was the effect of
group, F(1, 56) = 2.06, p = .16, ηp

2 = .035. However, the
interaction of inner and outer pairs by group was
significant, F(1, 56) = 3.98, p = .050, ηp

2 = .07. Planned
comparisons showed that there was a significant difference
between the ASD and TYP groups on error rates for the
outer, but not the inner, pairs, t(56) = 2.25, p = .031 (see
Fig. 4). This suggested that although neither group showed
a pronounced inner versus outer pair difference at test, the
ASD group showed a flatter curve and less advantage for
end item pairs than did the TYP group. The Bayesian state-
space model also confirmed this pattern of inner versus
outer pair results.

As is shown in Fig. 5, Student’s t-tests were used to
examine group differences between error rates on BD and
AE pairs. There was no significant group difference in
performance on the BD pair, which is considered to be the
classic pair where TI is seen. However, as was hypothe-
sized, the group with ASDs did perform significantly worse
on the AE pair, t(56) = 2.843, p = .007.

Discussion

Our overarching contention that high-functioning young
adults with ASDs would exhibit performance on a TI task
that was more consistent with a relational flexibility
strategy reliant on rote memory versus a relative value
encoding strategy based on reinforcement-driven represen-
tation was largely confirmed. Consistent with our hypoth-
eses, neither group showed a strong serial position effect
across the first set of training pairs. The TYP group showed
the predicted dip in performance on the second round of
AB trials, whereas the ASD group showed continuous
improvement on this second presentation, providing sup-
port for reduced interference. The TYP group also showed
better performance on the outer DE pair on the second set,
supportive of the premise that they were better at end item
pairs that relied more on accrual of associative strength. By
the test block, individuals with ASDs exhibited reduced
learning of the outer pairs and a consequent flattened U-
curve, consistent with having employed a conjunctive,
rather than an associative, strategy. Notably this pattern is
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Fig. 2 TI task performance in block 1. Performance of 58 subjects
(27 ASDs and 31 TYPs) for sets 1 and 2 during the first block of the
TI task
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opposite to that seen following lesions of the hippocampus
in rodents (Van der Jeugd et al., 2009) or pharmacological
manipulations in humans that target this system (Frank &
O’Reilly, 2006). Hypotheses of spared BD performance and
impaired AE performance were confirmed, suggesting that
individuals with ASDs did not build an extensive associa-
tive value hierarchy that would have made the AE pair
trivial. Contrary to our predictions, across the first and
second sets of trials making up the first training block, both
groups exhibited similar performance, consistent with the
gradual development of the serial position effect, although
this was no longer present for the ASD group by the test
block.

While we adopted a focus on relational/conjunctive
versus associative weight based/value transfer approaches,
in practice, many individuals adopt a combination of
different strategies for TI, with the balance of strategies
used depending on such factors as age, verbal abilities,
overall cognitive abilities, semantic relationships between
stimulus items, and explicit awareness of the hierarchy
(Moses, Ostreicher, & Ryan, 2010). The lack of complete
consistency in our findings may be a result of noise induced
by strategy differences within and between the groups.
Individual differences in approaches used to complete TI

may be especially relevant for individuals with ASDs, who
are known to use alternative strategies, relative to TYPs, in
other types of tasks (e.g., Dapretto et al., 2006; Koshino et
al., 2005; Pelphrey, Morris, & McCarthy, 2005). Future
studies investigating the presence and impact of such
strategy differences may help shed light on our findings
and their impact on the daily functioning of individuals
with ASDs.

Hypothesized findings of an AE pair impairment are
striking. The AE pair generally is considered trivial, as
evidenced by the fact that performance of the TYP
individuals in our study was close to 100%, as is commonly
the case. Impaired performance on this relatively easier pair
in the context of intact performance on the relatively more
difficult BD pair constitutes evidence that our findings are
not merely due to a generalized performance deficit in
patients. It also is interesting to note that in other patient
populations, such as adults with schizophrenia, the pattern
of findings is reversed, with intact AE performance
and impaired BD pair performance on a four-pair TI
task (Coleman et al., 2010; Titone, Ditman, Holzman,
Eichenbaum, & Levy, 2004). These findings in schizo-
phrenia are taken as evidence of deficits in hippocampally-
mediated relational binding, providing indirect support for

Fig. 3 A state-space model of TI performance in block 1. The state-
space model showing the performance on allthe trial types for 58
subjects (27 ASDs and 31 TYPs) during the first two sets (12 trials).
For the AB trials, ASDs show a gradual increase in performance as the

task progresses, but TYPs show a dip in performance when the trials
are repeated (trial 7). There is a significant differenceon trial 7
between groups on the AB trials. For the TYP group, DE trial
performance was superior on the second set
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our assertion that hippocampal function is at least
somewhat intact in ASDs.

The finding of AE impairments is reminiscent of several
studies of list, as opposed to stimulus pair, learning that
have demonstrated an absence of normal facilitation of
learning by beginning and end items in individuals with
ASDs (so-called primacy and recency effects; Hermelin &
Frith, 1971; O’Connor & Hermelin, 1967; Renner, Klinger,
& Klinger, 2000). This pattern also has been found in
individuals with dorsolateral PFC lesions (Eslinger &
Grattan, 1994), suggesting that it may be prefrontally-
mediated. Consistent with this, Renner et al., 2000 argued
that their findings about the lack of primacy and recency
effects derived from impairments in information organiza-
tion strategies used by persons with ASDs during memory
encoding and retrieval, which are thought to require
prefrontal mediation. As was noted earlier, however, several
imaging studies have demonstrated that intact hippocampal
functioning is required for the development of primacy and
recency effects (Axmacher et al., 2009; Strange et al.,
2002), challenging the contention that the hippocampus is
fully intact. This lack of clarity underscores the need for
functional neuroimaging studies of TI that examine the
roles of prefrontal and medial temporal brain regions, as
well as their functional connectivity.

In addition to participating in rapid updating of rein-
forcement contingencies and motivational context, the PFC
may be required to implement cognitive control through the
establishment of a context representation of the task set,
and a further explanation for our findings is that impair-
ments in learning end items and the AE pair represent a
failure to do so. There are multiple examples that
individuals with ASDs do not benefit from the use of
contextual information implicitly provided in a task,
including findings of increased discrimination of “false
memories” (Beversdorf et al., 2000), deficits in learning
phonologically and semantically similar word lists versus
unrelated ones (B. J. Smith, Gardiner, & Bowler, 2007),
and reduced “memory illusion” for old versus new
sentences (Kamio & Toichi, 2007). In one prominent model
of the hierarchy of brain regions implementing cognitive
control, representation of the highest conceptual level of a
task is thought to rely on the anterior or rostrolateral PFC
(Badre, 2008; Badre & D’Esposito, 2007; Botvinick, 2008;
Botvinick, Niv, & Barto, 2009). In fact, a recent imaging
study of TI showed that the rostrolateral PFC was involved
in this way (Wendelken & Bunge, 2009), and our work
(Solomon et al., 2009) and that of others suggests that the
structure (Zikopoulos & Barabas, 2010) and function of
anterior parts of the PFC may be atypical in ASDs
(Dumontheil, Burgess, & Blakemore, 2008).

Given that interventions premised on learning theory
form the mainstay of empirically supported autism treat-
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Fig. 5 Test block performance on outer versus inner pairs. Perfor-
mance of 58 subjects (27 ASDs and 31 TYPs) on novel pairs (“AE”
and “BD” trials) during the test block of the TI task. “AE” trials are
considered trivial trials because “A” was always reinforced as being
correct during the training blocks, while “E” was always incorrect.
“BD”s were reinforced as correct in some situations (“BC” and “DE”
trials for “B” and “D,” respectively) and as incorrect in other situations
(“AB” and “CD” trials for “B” and “D,” respectively). Accurately
responding to “BD” trials required inferences about the hierarchy. “A”
and “B” were the correct responses for “AE” and “BD” trials,
respectively. TYPs performed significantly better (p = .007) than
ASDs on the “AE,” but not on the “BD” pairs
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Fig. 4 TI task performance in the test block. Performance of 58
subjects (27 ASDs and 31 TYPs) during the test block of the TI task.
The four trial types were grouped into inner (trials “BC” and “CD”)
and outer (trials “AB” and “DE”) pairs. TYPs performed significantly
better (p = .031) than ASDs on the outer pairs, but not on inner pairs
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ments and that generalization deficits are central to learning
impairments in individuals with ASDs, it is important to
translate findings of experimental learning studies to
clinical practice. Our work suggests that simple explicit
rule learning is an area of relative strength for individuals
with ASDs, but their ability to balance between the use of
reinforcement learning that relies on rapidly changing
reinforcement contingencies versus more rigid rote strate-
gies may be impaired. This also may influence the relative
balance of the different learning strategies they use. During
training, they also may benefit less from cues provided by
context (such as that given by knowing an item is the
beginning or end of a hierarchy) and/or reward-related
feedback that implicitly teaches correct choices—a result
that is consistent with the few neuroimaging studies of
nonsocial (Schmitz et al., 2008) and social (Scott-Van
Zeeland et al., 2010) reward processing that suggest
impairments in individuals with ASDs. Finally, as has been
suggested by computational modelers (i.e., Cohen, 1994;
McClelland, 2000), autism may involve “hyperspecific” and
excessively conjunctive stimulus representation, making it
difficult for neural networks (and the neural systems of
learners) to detect and leverage overlaps with other stimuli
that would enable the generalization of learning. This would
suggest that individuals with ASDs might benefit from
explicit training about the commonalities between the many
stimuli that lead to similar consequences.

This present study has several limitations. First, in order to
improve the homogeneity of our sample and to avoid
confounds associated with the use of dopaminergic medica-
tions, we recruited only individuals not taking antipsychotics.
This decision may limit the generalizability of our results.
Similarly, the decision to recruit only high-functioning
persons with cognitive abilities in the average range or
above, who are now thought to make up over half of all
individuals diagnosed with ASDs (Center for Disease
Control and Prevention, 2009), means that our findings
may not be relevant for individuals with comorbid mental
retardation. The sample also included 7 persons taking
SSRIs, because asking them to discontinue their medications
would violate ethical guidelines for patient-oriented research.
Second, although we recruited only individuals without
comorbid diagnoses of attention problems, anxiety, or
depression, several subjects manifested these symptoms on
questionnaires. All analyses were completed without these
subjects, and the pattern of findings was identical. Finally,
the Frank and Claus (2006) model is premised on dopamine
dysregulation, and it is serotonin, and not dopamine, that
most frequently is reported to be impaired in autism
(Chugani, 2002).

Further limitations of this study are a result of the fact
that the hypotheses were derived from two broad, albeit
somewhat simplistic, explanations about how TI is

achieved. Such explanations focus on the hippocampus,
basal ganglia, PFC, and OFC. While functional neuro-
imaging (fMRI) studies have confirmed that the hippocam-
pus (Greene et al., 2006; Heckers et al., 2004; Zalesak &
Heckers, 2009), the PFC, and the striatum (Acuna et al.,
2002; Goel & Dolan, 2001; Wendelken & Bunge, 2009) are
activated on TI tasks, TI also involves the parietal cortex
(Acuna et al., 2002; Greene et al., 2006). Basal ganglia and
medial temporal lobe structures also may interact compet-
itively in learning and memory (Frank & Claus, 2006;
Poldrack et al., 2001). Furthermore several recent studies
have offered more nuanced insights into the roles of the
hippocampus and regions of the PFC in TI that are not
contemplated by the two frameworks we employed. The
first suggests that the hippocampus, enervated by midbrain
dopamine, may be important for the integrative encoding
required for inference (Shohamy & Wagner, 2008), while
the second proposes that the ventromedial PFC mediates
the online integration and evaluation of associative infor-
mation conveyed by the hippocampus (Kumaran et al.,
2009), as opposed to the basal ganglia. These results offer
leads to investigate in future imaging studies and may help
clarify the neural and cellular mechanisms underlying our
findings and why they deviated from expectations.

In conclusion, although one must exercise caution about
inferring changes in neural systems based on behavioral
findings, the results of this study illustrate how investi-
gators can utilize computational modeling to generate
testable, novel, and constrained hypotheses about the
operation of the neural mechanisms and circuits underlying
cognitive processes to advance autism research. This is
critical since autism is recognized to involve widespread
neuropathology across diverse neural circuits, rendering the
development of hypotheses difficult and leading to research
that is largely descriptive. Then, fMRI can be used to help
in adjudicating between explanations of TI involving the
roles of brain regions and neural circuits, including the
hippocampus and regions of the PFC, in TYP individuals,
as well as those with ASDs.
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