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Abstract: Individuals with autism spectrum disorder (ASD) usually manifest heterogeneous im-
pairments in their higher cognitive functions, including their implicit memory (IM) and explicit
memory (EM). However, the findings on IM and EM in youths with ASD remain debated. The aim
of this study was to clarify such conflicting results by examining IM and EM using two comparable
versions of the Serial Reaction Time Task (SRTT) in the same group of children and adolescents with
ASD. Twenty-five youths with high-functioning ASD and 29 age-matched and IQ-matched typically
developing youths undertook both tasks. The ability to implicitly learn the temporal sequence of
events across the blocks in the SRTT was intact in the youths with ASD. When they were tested
for EM, the participants with ASD did not experience a significant reduction in their reaction times
during the blocks with the previously learned sequence, suggesting an impairment in EM. Moreover,
the participants with ASD were less accurate and made more omissions than the controls in the EM
task. The implications of these findings for the establishment of tailored educational programs for
children with high-functioning ASD are discussed.

Keywords: Serial Reaction Time Task; neurodevelopmental disorders; developmental age

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder that is
characterized by persistent deficits in social communication and interaction, associated
with restrictive, repetitive, and stereotyped patterns of behavior, activities and interests [1].
In the US, the latest estimate of the prevalence of ASD is 1:54 [2], and the first population-
based prevalence study on ASD to be conducted in Italy reported a rate of ASD of 1:87 in
children aged 7-9 years [3].

ASD has heterogeneous manifestations because the features and severity of its symp-
toms can vary significantly between patients, and because its core symptoms are frequently
associated with co-occurring neurological or psychiatric conditions, such as epilepsy,
intellectual disability, anxiety disorders, attention deficit/hyperactivity disorder, and de-
pression [4,5].

Atypical sensory experiences occur in up to 90% of individuals with ASD and affect
all sensory modalities, predicting higher-order deficits in social and cognitive function
and accounting for independent variances in social and communication symptoms [6]. In
particular, perceptual representation in ASD is characterized by a relative bias toward the
local over global features of a sensory scene [6,7]. This finding has led to the proposal of an
“Enhanced Perceptual Functioning” model, highlighting increased perceptual expertise as
a distinct feature of cognition in ASD [8].
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Beyond the well-described abnormalities in basic sensory processes, sparse abnor-
malities have been reported in higher cognitive functions, such as complex information
processing, executive function, memory, and motor learning, corroborating the phenotypic
variability in ASD [9-13]. For instance, recent meta-analyses on ASD reported deficits
across various domains of executive function—in particular, working memory, flexibility,
and planning [14,15]—supporting the hypothesis that executive dysfunction contributes to
the behavioral characteristics of ASD.

Memory and learning in youths with ASD are crucial research topics, because abnor-
mal learning abilities can significantly affect a person’s development. Memory impairments
that arise during development can result in considerable difficulties in what and how
learning takes place across the entire lifespan [16]. Thus, the characterization of specific
impairments in the memory domain, such as implicit (IM) and explicit memory (EM), in
children with ASD has garnered interest from clinicians and professionals, because it can
be used to optimize strategies for early interventions and educational programs [9,17].

IM is defined as the acquisition of knowledge that occurs without the person’s aware-
ness [18-20], and it is crucial for the development of fundamental skills, such as lan-
guage [21,22], the ability to solve complex real-life problems [23], communication, and
social skills [24,25]. IM deficits have been described in genetic diseases, including Duchenne
muscular dystrophy [26] and Williams syndrome [27], and neurodevelopmental disorders,
such as developmental coordination disorder [28], dyslexia [29-31] and language disor-
der [32,33].

EM occurs when a person intentionally acquires and retrieves information. It differs
from IM because it allows the individual to develop accessible declarative knowledge that
can be used deliberately during performance [34,35]. Several studies have demonstrated
deficits in EM in children with intellectual disabilities [36,37] and neurodevelopmental
disorders, such as language disorder [38] and attention deficit/hyperactivity disorder [39].

Deficits in IM have been proposed to contribute to the development of the social
communication difficulties that are usually observed in ASD. For example, Mostofsky and
colleagues [40] reported impaired IM in 11 children with ASD, compared with 17 controls
who were matched for age and IQ, on a visual motor procedural learning task. Similarly,
Gaigg and Bowler [41] found impaired fear conditioning in adults with Asperger syndrome.
Subsequent studies have reported altered IM in ASD [42-44]. However, several studies
and meta-analyses failed to confirm IM deficits in the ASD population [33,45-50].

Studies on EM in high-functioning individuals with ASD have noted largely intact
EM, as tested by recognition and cued recall tests [9,51]. Consistent with these findings,
individuals with ASD have been suspected of tending to resort to EM strategies in sit-
uations that are usually solved implicitly by typically developing individuals [52,53].
Similarly, the visuo-motor sequence learning in children with ASD has been found to
be accurate [54] despite their tendency to repeat errors and take longer to complete the
sequence. However, other research has documented the presence of specific deficits in EM
subdomains. Specifically, recollection in ASD is more impaired than semantic memory and
familiarity-based recognition memory, e.g., [55-57]. Recollection is the long-term memory
process for retrieving and re-experiencing the specific details and spatial-temporal context
of previous events [51,58]. In addition, deficits in autobiographical recollection have been
seen in individuals with ASD due to a significant decrease in the recall of event-specific
autobiographical details [59-61].

One of the major limits of the existing studies on individuals with ASD is that IM and
EM are rarely assessed in the same group of participants with comparable tasks. Only one
study has compared children with ASD and controls with regard to IM and EM, using the
same experimental paradigm in two groups with ASD, reporting a deficit in EM but not
IM [47].

The aim of this study was to examine IM and EM using two comparable versions of the
Serial Reaction Time Task (SRTT) [62] in the same group of youths with high-functioning
ASD. Consistent with meta-analyses that have observed the relative preservation of IM in
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ASD, e.g., [46], we predicted that our group of children and adolescents with ASD would
be more impaired in EM than IM.

2. Materials and Methods
2.1. Participants

Youths with ASD were recruited from the Child and Adolescent Neuropsychiatry Unit
of Bambino Gest Children’s Hospital (Rome). All of the patients underwent an extensive
examination by a team of neuropsychiatrists and psychologists with specific expertise in
assessing ASD. The diagnosis of ASD was established per the Diagnostic and Statistical
Manual of Mental Disorders, 5th Edition [1], and was based on an accurate reconstruction
of the clinical history of the patient, direct observation, and the Autism Diagnostic Obser-
vation Schedule, 2nd Edition [63]. Neurosensory deficits and comorbid psychiatric and
neurodevelopmental conditions were excluded, based on the developmental history and
the extensive clinical examination.

Non-verbal Intelligence Quotient (nvIQ) was assessed with the Global Non-Verbal
Intelligent Quotient of the Leiter-3 scale [64], or the Perceptual Reasoning Index of the
Wechsler Intelligence Scale for Children Fourth Edition [65]. The inclusion criteria com-
prised the following: (i) age, 6-17 years; (ii) absence of intellectual disability (IQ > 70);
and (iii) absence of drug-resistant epilepsy, attention deficit/hyperactivity disorder, and
neurosensory deficits.

The typically developing participants (TD) without a history of psychiatric disorders
were recruited from local primary and secondary schools. They underwent the same 1Q
evaluation. Although the data on the standardized instruments for screening and diagnos-
ing ASD were unavailable for the TD, the parents and teachers confirmed that none had
any special education needs, a history of ASD, or other documented behavioral disorders.

Prior to the experiment, all of the participants and their parents gave informed consent
per the Code of Ethics of the World Medical Association (Declaration of Helsinki), and
the study was approved by the Bambino Gestu Children’s Hospital Ethical Committee
(Protocol Number 486LB).

2.2. Procedures

All of the participants were tested individually in a quiet, well-lit room. The par-
ticipants received specific instructions for the execution of the experimental tasks, and
before starting the test phase, they were asked to repeat the instructions to confirm their
comprehension. The total duration of each experiment was approximately 16 minutes. IM
and EM were evaluated using two versions of the SRTT, as reported [66].

In brief, both versions of the SRTT consisted of a reaction-timed keypress response,
following visual cues. The tasks started with the participant staring at 4 horizontally
arranged empty boxes that were projected onto a computer screen. Each box corresponded
to 1 of 4 keys on the keyboard. The participant was instructed to put his/her left middle
and index fingers on the C and V keys of the keyboard, and his/her right index and middle
fingers on the B and N keys, respectively. At fixed intertrial intervals of 1667 milliseconds
(ms), one of the boxes turned red, and the participants had to press the corresponding key
as quickly and accurately as possible. As soon as the subject pressed a key (regardless
of accuracy), the box returned to the baseline color (colorless). Accordingly, the interval
between 2 red boxes varied with the reaction time; thus, any anticipation of the stimulus
could be prevented.

The boxes turned red in a pseudorandom order, with the constraint that the same box
could not be highlighted in 2 subsequent trials. The 2 experiments were administered on
2 consecutive days; Experiment 1 was always performed on the first day, in order to avoid
carry-on effects.
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2.2.1. Implicit Memory Serial Reaction Time Task

The stimuli were presented in 6 blocks, each consisting of 54 stimuli. During Blocks
I (Rlimp) and VI (R6imp), the stimuli were presented in a pseudorandom order, with
the constraint that the same box could not be highlighted in 2 subsequent trials. In
the remaining blocks (F2imp, F3imp, F4imp, and F5imp), the stimuli were presented in
a 9-element repeated sequence (corresponding to the following keys on the keyboard:
BVNCVBCNYV) that recurred 6 times, for a total of 54 stimuli. The median reaction times
(RTs), errors, and omissions for each participant in each block were calculated. A decrease
in RT was expected during Blocks F2imp—F5imp, in which the 9-item sequence was
repeated. The presence of IM was verified by analyzing the changes in RT between the last
2 blocks: F5imp and Réimp (RTs should be higher in R6imp).

The participants were not informed of the repetition of the 9-element sequence, and at
the end of the task, they were asked whether the red box was patterned. Next, in order
to determine whether they had gained declarative knowledge of the repeated sequence,
they were informed of the presence of a specific sequence and were asked to reproduce the
sequence on the keyboard by making a series of 12 keystrokes.

The degree of declarative knowledge that was gained was measured by calculating
the percentage of the items in the ordered sequence that was correctly reproduced. The
longest consecutive string of correct responses was compared with a chance (binomial)
distribution. At most, 4 consecutive elements were correctly assessed; however, an indi-
vidual score of 5 or more elements was needed to confirm significant explicit knowledge.
Thus, the individual scores confirmed a performance that was below the average guess
rate, indicating the absence of declarative knowledge of the sequence. Twenty-five youths
with ASD completed Experiment 1, and the measures that were collected were included in
the analysis.

2.2.2. Explicit Memory Serial Reaction Time Task

In order to examine the presence of EM, the participants were first asked to memorize
a 9-item sequence (corresponding to the following keys on the keyboard: BCNBVNCVC)
of stimuli and repeat it as many times as necessary until they had learned it. The test began
only when the participant correctly repeated the entire sequence verbally and correctly
reproduced the sequence on the keyboard by making 9 keystrokes.

As in the IM SRTT, the stimuli were presented in 6 blocks, each consisting of 54 stim-
uli. during Blocks I—III (Flexp—-F3exp), the stimuli presentation followed the previously
learned sequence that recurred 6 times, for a total of 54 stimuli in each block. In Blocks
I—III, the participants were aware of the repeated pattern of the stimuli. In Block IV
(R4exp), the stimuli were presented randomly without the subjects being notified. In Block
V (R5exp), the stimuli were presented randomly, but the participants were informed of this
scrambling. Finally, in Block VI (Féexp), the learned sequence was presented again without
the subjects being notified.

The median RTs, errors, and omissions for each participant in each block were calcu-
lated. An increase in RT was expected during Blocks R4epx and R5exp. The presence of
explicit learning was verified by analyzing the changes in RT between F3exp and R4exp
(RTs should be higher in R4exp), and between R5exp and Féexp (RTs should be lower
in Féexp).

Eighteen of the 25 youths with ASD completed Experiment 2, and the measures were
included in the analysis.

2.3. Statistical Analyses

The median RTs of Experiments 1 and 2 were analyzed by means of multivariate
analysis of variance (MANOVA), with Group as the between-subject factor, and Block
(from I to VI) as the within-subject factor. The rates of errors and omissions were calculated
separately for random and fixed blocks in Experiments 1 and 2. The rates of errors in the
random blocks were calculated by considering the percentage of the number of errors in
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the 2 random blocks of Experiments 1 and 2 of the total number of trials [Experiment 1:
(number of errors in Rlimp and R6imp x 100)/108; Experiment 2: (number of errors
in R4exp and R5exp x 100)/108]. The same procedure was applied for the number
of omissions (Experiment 1: (number of omissions in Rlimp and Ré6imp x 100)/108;
Experiment 2: (number of omissions in R4exp and R5exp x 100)/108].

Similarly, the rate of errors and omissions in the 4 fixed blocks was calculated [Experi-
ment 1: (number of errors in F2imp, F3imp, F4imp, and F5imp x 100)/216; Experiment 2:
(number of errors in Flexp, F2exp, F3exp, and Féexp x 100)/216). The same procedure was
applied for the number of omissions [Experiment 1: (number of omissions in F2imp, F3imp,
F4imp, and F5imp x 100)/216; Experiment 2: (number of omissions in Flexp, F2exp, F3exp,
and Féexp x 100)/216].

The rate of errors and omissions of Experiments 1 and 2 were analyzed by MANOVA,
with Group as the between-subject factor and Block (Random, Fixed) as the within-subject
factor. Post-hoc analyses (Tukey’s HSD test) were performed. Partial eta squared (np?) was
used as an effect size, and the significance level was set at p < 0.05.

3. Results
3.1. Demographics

Twenty-five children and adolescents with high-functioning ASD (mean age:
10.31 £ 3.09 years; mean nvIQ: 101.60 £ 16.34) and 29 typically developing children and
adolescents (TD: mean age: 10.47 £ 2.87 years; mean nvIQ: 103 £ 7.86) were included. The
two groups did not differ in age (t(52) = —0.20, p = 0.84] or nvIQ [t(52) = -0.41, p = 0.68].

3.2. Implicit Memory Serial Reaction Time Task

According to the MANOVA of the median RTs, there was no effect of
Group [F(1, 52) = 0.13, p = 0.72, np2 = 0.002], whereas a significant effect of
Block [F(5, 260) = 12.82, p < 0.00001, np? = 0.20] emerged. In the post-hoc analysis on the
Block effects, we noted significant differences between Rlimp and F2imp, F3imp, F4imp,
and F5imp (all p < 0.01), with higher RTs in Rlimp (M £ SD = 553.02 &+ 141.15 ms) com-
pared with the other blocks with the repeated pattern of stimuli (F2imp: 506.02 £ 136.80 ms,
F3imp: 481.20 & 123.77 ms, F4imp: 491.65 £ 141.95 ms, F5imp: 476.48 £ 133.10 ms). The
post-hoc analysis of the Block effect also showed a significant difference between the
F3/F5imp and R6imp blocks (F3imp vs. R6imp: p = 0.006; F5imp vs. R6imp: p = 0.001),
confirming the occurrence of IM in both groups. Both groups increased their RTs in the
last random block (R6imp: 521.59 + 120.95 ms) versus the the preceding F5imp. The
Group X Block interaction was not significant [F(5, 260) = 1.28, p = 0.27, np2 =0.02].

After controlling for chronological age, the results did not change [Group, F(1, 51) = 0.08,
p = 0.77,mp? = 0.002; Group x Block interaction, F(5, 255) = 1.26, p = 0.28, np* = 0.02)], with
the exception of the Block effect, which did not reach statistical significance [F(5, 255) = 1.73,
p = 0.13,np? = 0.002].

The median RTs of the two groups in each block are graphed in Figure 1.
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Figure 1. Reaction times (RTs) of participants with ASD (circles) and the TD group (triangles) in the
Implicit Memory Serial Reaction Time Task. The vertical bars show the standard errors.

The analysis of errors found a significant effect of Group [F(1, 51) = 11.29, p < 0.01,
np? = 0.18], with a higher percentage of errors in the ASD group (18.47% + 17.98 %) versus
the TD group (6.43% =+ 6.89 %). The effect of Block was not significant [F(1, 51) = 0.17,
p = 0.68, p* < 0.01]. A Group x Block interaction did not emerge [F(1, 51) = 0.22, p = 0.64,
np* < 0.01].

After controlling for chronological age, the results did not change [Group, F(1, 50) = 11.29,
p < 0.01, np? = 0.18; Block effect, F(1, 50) = 1.63, p = 0.21, np? = 0.03; Group x Block
interaction, F(1, 50) = 0.23, p = 0.63, np® < 0.01].

The analysis of omissions did not reveal a significant effect of Group [F(1, 51) = 3.54,
p = 0.07, np? = 0.06]. A significant effect of Block was found [F(1, 51) = 11.24, p < 0.01, np? = 0.18],
documenting a higher percentage of omissions in the random blocks (6.69% =+ 9.88%) than
in the fixed blocks (4.84% =+ 8.97%). Furthermore, a Group x Block interaction emerged
[F(1,51) =7.80,p=0.01, np2 =0.13]. A post-hoc analysis showed that the rate of omissions
in the random blocks was higher compared to the fixed blocks in the group with ASD
(10.15% =+ 10.47% and 6.46% =+ 7.71% respectively, p < 0.001) but not in TD (3.83% =+ 8.52%
and 3.50% =+ 9.83% respectively, p = 0.98).

After controlling for chronological age, the results slighty changed, with a significant
Group effect [F(1, 50) = 4.28, p = 0.04, np? = 0.08], with a higher percentage of errors in
the ASD group (8.30% =+ 9.0%) than in the TD group (3.66% =+ 9.2%). The Block effect
did not reach statistical significance [F(1, 50) = 3.15, p = 0.08, np2 = 0.06], whereas the
Group x Block interaction persisted [F(1, 50) = 7.73, p < 0.01, np? = 0.13].

3.3. Explicit Memory Serial Reaction Time Task

The analysis of the median RTs showed significant effects for Group [F(1, 45) = 6.80,
p = 0.01,mp? = 0.13], Block [F(5, 225) = 13.96, p < 0.00001, np? = 0.24], and the Group x Block
interaction [F(5,225) = 2.62, p = 0.025, np? = 0.06]. The presence of EM was verified by analyz-
ing the performance of both groups throughout the blocks (Flexp-Fé6exp). The performance
changed throughout the blocks (Flexp-F6exp) in the TD group, but not for those with ASD.
The post-hoc analysis of the Group x Block interaction revealed a significant increase in RT



J. Clin. Med. 2021, 10, 4283

7 of 14

(p < 0.0001) between F3exp and Rdexp (from 332.52 £ 146.82 ms to 448.83 & 88.41 ms),
and a significant decline in RT between R5exp and Féexp (from 445.03 + 76.80 ms to
364.31 £ 122.26 ms) in TD, thus documenting the occurrence of EM. Conversely, in the group
with ASD, the RTs between F3exp and R4exp (454.72 £ 113.84 ms and 480.94 £ 111.90 ms),
and between R5exp and Féexp (499 £ 101.85 ms and 452.50 & 93.498 ms) did not vary
(p=0.99 and p = 0.61, respectively).

After controlling for chronological age, the results did not change [Group, F(1, 44) = 9.36,
p = 0.004, np? = 0.18; Block effect, F(5, 220) = 5.45, p = 0.0001, np? =0.11; Group x Block
interaction, F(5, 220) = 3.11, p = 0.01, an =0.07].

The trends in the RTs in the two groups are shown in Figure 2.
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Figure 2. Reaction times (RTs) of the participants with ASD (circles) and TD (triangles) in the Explicit
Memory Serial Reaction Time Task. Vertical bars denote standard errors. *** p < 0.001.

In the analysis of errors, we observed a significant effect of Group [F(1, 45) = 6.66, p = 0.01,
np? = 0.13], based on the higher percentage of errors in the group with ASD (9.01% + 8.07%)
versus TD (5.12% =+ 3.9%). The effect of Block was not significant [F(1, 45) = 3.37, p = 0.07,
np? = 0.07]. The Group x Block interaction was not significant [F(1, 45) = 0.14, p = 0.71,
np? <0.01]. After controlling for chronological age, the results did not change [Group,
F(1, 44) = 7.69, p < 0.01, npz = 0.15; Block effect, F(1, 44) = 0.17, p = 0.68, T|P2 < 0.01;
Group x Block interaction, F(1, 44) = 0.17, p = 0.68, npz < 0.01].

The analysis of omissions showed a significant effect of Group [F(1, 45) =8.11,p < 0.01,
np? = 0.15], with a higher percentage of omissions in the group with ASD (3.33% =+ 4.87%)
than in the TD group (0.87% = 1.42%). The effect of Block was not significant [F(1, 45) = 0.04,
p = 0.83, p* < 0.001]. No significant Group x Block interaction emerged [F(1, 45) = 0.01,
p = 0.92, np? < 0.001]. After controlling for chronological age, the results did not change
[Group, F(1, 44) = 10.69, p < 0.01, an = 0.20; Block effect, F(1, 44) = 0.25, p = 0.62, an <0.01;
Group x Block interaction, F(1, 44) = 0.01, p = 0.91, np? < 0.001].

4. Discussion

Several studies have examined the presence of deficits in IM in ASD, generating
inconsistent findings [33,42—-44,46,47,50,67,68]. Similarly, mixed results have been reported
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regarding the presence of EM deficits in individuals with ASD [47,54]. In order to control for
potential confounding effects due to differences in tasks, our study measured IM and EM
in the same group of youths with ASD compared with a TD group, using two comparable
versions of the SRTT. The main result of our study was that youths with high-functioning
ASD presented with deficits on the explicit, but not implicit, version of the SRTT compared
with the TD group.

In the first experiment, youths with high-functioning ASD and TD youths experienced
similar significant reductions in RT when advancing from the last block with the repeated
presentation of stimuli (F5imp) to the last block with a random presentation of the stimuli
(R6imp), showing similar rates of implicit learning [29,69,70].

Our results are consistent with meta-analyses that have reported the relative preserva-
tion of IM processes in individuals with ASD [46,48,49], based on the SRTT and other tasks,
such as the alternating SRTT, Contextual Cueing [71], the Pursuit Rotor task [72-74], the
Artificial Grammar Learning task [75,76], the Speech Stream task [77], the Observational
Learning task [78], and the Probabilistic Classification task [79].

We can interpret our data in terms of the preserved IM in ASD, at least for certain
conditions and tasks. Although it is conceivable that IM processes are adequate in indi-
viduals with ASD when they allocate their cognitive resources toward relevant stimuli
in the context of structured tasks, it is possible that they experience difficulties in IM in
everyday social interactions [46,80-82]. It has been proposed that the ability to extract
regularities from continuous sensory input, which is present from the first months of
life, is part of the basic cognitive skills that are required for crucial social abilities, such
as understanding mental states [83,84], and that the social behavior deficits in ASD are
derived from impairments in the spontaneous and rapid processing of these implicit social
cues [85,86].

Clearly, the nature of the sequences that are to be learned in the SRTT differs in com-
plexity and probability from those during social communication, implying an association
between the elements, such as facial expression, gestures, and tone of voice [33]. Moreover,
our group of participants with ASD was comprised of high-functioning youths with ASD.
However, when IM has been examined in low-functioning individuals with ASD [43,44,87],
deficits in IM have been documented. In particular, subsets of children with severe ASD
symptoms or minimally verbal children with ASD exhibit deficits in IM compared with
TD [43,44]. Notably, neuroimaging data have demonstrated a direct relationship between
the severity of ASD symptoms and abnormal patterns in neural responses during an
IM task [42]. Future research on IM should consider the differences between low- and
high-functioning individuals with ASD to reduce the variability in the results. Moreover,
it would be useful to compare the results of distinct IM tasks to determine whether the
IM-spared abilities in ASD are task-dependent, and to consider the function of the other
cognitive processes that are involved, such as attentional control and working memory.

In the second experiment, the TD, but not the participants with high-functioning ASD,
had greater RTs from the last blocks with a repeated pattern of stimuli (F3exp) to the first
random block (R4exp), and had a significant reduction in RTs when passing from the last
random block (R5exp) to the last block with the learned sequence (F6exp). The absence of a
significant increase in RTs during the random blocks (R4exp and R5exp) and of a significant
decline in RTs during the fixed blocks suggests that individuals with ASD experience
deficits in EM. Considering errors, youths with ASD made more errors than TD in both IM
and EM tasks. Because SRTT requires a good level of bimanual motor coordination, our
results could be linked to the motor deficits frequently reported in ASD [5]. Moreover, the
higher percentage of errors exhibited by the participants with ASD could also be related to
their problems with inhibition, which might cause difficulties in suppressing inappropriate
responses (see below).

Our findings are consistent with those of Izadi-Najafabadi and colleagues [47], who
observed that IM was preserved in children with ASD, but that their explicit learning
was impaired in a motor task. Accordingly, high-functioning individuals with ASD have
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diminished episodic memory [88] in terms of the ability to retrieve and re-experience the
specific details and spatial-temporal context of a previous event [9,58]. Although we did
not specifically examine this issue, we can make some speculations on the neurobiological
underpinnings of the EM deficits in ASD. A recent review on the neurocognitive bases
of long-term memory in ASD summarized findings from fMRI studies [89]. Atypical
lateral frontal function was found during memory encoding, perhaps reflecting the altered
organization of the material that is to be learned [41,90], and during memory retrieval [91],
possibly indicating a difficulty engaging top-down strategic retrieval processes. It has
been suggested that atypical frontal function and frontal-posterior integration affect the
top-down processing of complex information that is needed to solve EM tasks efficiently.
Individuals with ASD might have less of a tendency to use relations between items to
“bind” the features of an event in memory, decreasing the memory of specific “relational”
contextual information that forms the basis of episodic memory [41,58,92]. A hippocampal
deficit has also been proposed as a potential clarification of EM impairments in ASD. In
particular, individuals with ASD have less connectivity between the hippocampus and
regions of the fronto-parietal control network [91].

In the interpretation of our results, we should also consider executive dysfunction
in ASD. Regarding the function of inhibition processes, the findings on the deficits in
response inhibition in children and adolescents with ASD are mixed. Whereas some
studies have reported no differences between children with ASD and TD [93,94], others
have documented deficits in this domain [95,96]. Such inconsistencies could be explained by
looking at three different functions of “inhibition” proposed by Friedman and Miyake [97],
namely the prepotent response inhibition, the resistance to distractor interference and the
resistance to proactive interference. Thus, it is conceivable that, depending on which of
the three function of “inhibition” was investigated, individuals with ASD may exhibit a
deficit or not. Consistent with this view, Geurts and colleagues [98] reported a weighted
mean effect size of 0.55 for deficits in prepotent response inhibition, but of 0.31 for deficits
in interference control in ASD. The deficit that youths with ASD showed in the EM task
could be explained in part by considering that the EM task required not only the response
to a current stimulus, but also the response inhibition to the following one.

The second consideration of executive dysfunction in ASD relates to deficits in working
memory. The execution of the EM version of the SRTT relies heavily on working memory
for conscious storage and the manipulation of the declarative knowledge that is required to
perform the task. The literature has consistently reported that individuals with ASD show
deficits in verbal and spatial working memory [99]. Thus, it is conceivable that reduced
working memory resources affected the EM performance in the youths with ASD.

Collectively, our results reveal a pattern of relatively unaffected IM and diminished
EM in youths with high-functioning ASD. Such a dissociation has also been observed in
other conditions, such as temporal lobe epilepsy [100], Down’s syndrome [27,69], Williams
syndrome [27], developmental dyslexia [29-31,101], and stroke-induced agrammatic apha-
sia [102].

The identification of specific abnormalities in learning processes is an important step
toward establishing interventions that aim specifically to ameliorate learning disabilities in
the ASD population. Our results suggest that teaching techniques that are based primarily
on explicit cognitive strategies are less affordable for children and adolescents with ASD.
Conversely, implicit techniques, in which rules are inferred from examples that are pre-
sented first, rather than being explicitly provided, theoretically sustain learning in children
and adolescents with ASD—at least those who are high-functioning. Strategies that rely on
implicit procedures are available, such as implicit social skills groups [103,104] and peer-
mediated interventions [105,106]. Another approach could support EM in ASD by using
specific, tailored strategies. A recent study found that the recognition ability in children
with high-functioning ASD is more accurate when they can exert active control on the study
experience, i.e., by choosing what and how to study [107]. However, behavioral therapeutic
approaches for ASD often target explicit rules and scripts [108,109]. For instance, certain
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types of cognitive behavioral therapy that rely heavily on explicit knowledge improve the
social skills and associated symptoms, such as anxiety, in children with ASD [110,111].

In summary, given the documented peculiarities in the learning abilities of youths
with high-functioning ASD, further research into their preferred learning strategies will
enhance the current teaching methods and promote novel approaches.

5. Conclusions

The main finding of this study was the dissociation between explicit and implicit
memory abilities in youths with ASD—whereas implicit learning was preserved, explicit
learning was diminished in youths with high-functioning ASD. These results have implica-
tions for tailored educational and rehabilitation programs that consider these mechanisms
of learning in children with ASD. However, further studies are necessary to better charac-
terize the learning abilities in children with high-functioning ASD and across the entire
autism spectrum.

Author Contributions: Conceptualization, S.V. and D.M.; methodology, S.V., E.F. and G.L.; formal
analysis, G.L. and E.F,; investigation, F.C. and S.D.V,; data curation, E.F,, G.L. and F.C.; writing—
original draft preparation, E.F.,, G.L. and D.M.; writing—review and editing, E.F.,, G.L., D.M. and
S.V,; supervision, S.V. and D.M.; project administration, S.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and was approved by the Ethics Committee of Bambino Gest1 Children’s
Hospital (protocol code 486LB approved on 5 October 2011).

Informed Consent Statement: Informed consent was obtained from all of the subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We wish to specifically thank Luigi Mazzone, Lavinia De Peppo and Francesca
Foti for their help. We also thank the families and children who participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Publishing:
Arlington, VA, USA, 2013.

2. Maenner, M.].; Shaw, K.A,; Baio, J.; Washington, A.; Patrick, M.; DiRienzo, M.; Christensen, D.L.; Wiggins, L.D.; Pettygrove,
S.; Andrews, J.G.; et al. Prevalence of autism spectrum disorder among children aged 8 years—Autism and developmental
disabilities monitoring network, 11 sites, United States, 2016. MMWR Surveill Summ. 2020, 69, 1-12. [CrossRef]

3.  Narzisi, A.; Posada, M.; Barbieri, F.; Chericoni, N.; Ciuffolini, D.; Pinzino, M.; Romano, R.; Scattoni, M.; Tancredi, R.; Calderoni,
S.; et al. Prevalence of autism spectrum disorder in a large Italian catchment area: A school-based population study within the
ASDEU project. Epidemiol. Psychiatr. Sci. 2018, 29, 1-10. [CrossRef] [PubMed]

4. Xiong, J.; Chen, S.; Pang, N.; Deng, X.; Yang, L.; He, F; Wu, L.; Chen, C,; Yin, F; Peng, ]. Neurological diseases with autism
spectrum disorder: Role of ASD risk genes. Front. Neurosci. 2019, 13, 349. [CrossRef] [PubMed]

5.  Lai, M.-C.; Lombardo, M.V,; Baron-Cohen, S. Autism. Lancet 2014, 383, 896-910. [CrossRef]

6.  Robertson, C.E.; Baron-Cohen, S. Sensory perception in autism. Nat. Rev. Neurosci. 2017, 18, 671-684. [CrossRef] [PubMed]

7. Baron-Cohen, S.; Ashwin, E.; Ashwin, C.; Tavassoli, T.; Chakrabarti, B. Talent in autism: Hyper-systemizing, hyper-attention to
detail and sensory hypersensitivity. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 1377-1383. [CrossRef] [PubMed]

8. Mottron, L.; Dawson, M.; Soulieres, I.; Hubert, B.; Burack, J. Enhanced perceptual functioning in autism: An update, and eight
principles of autistic perception. J. Autism Dev. Disord. 2006, 36, 27-43. [CrossRef] [PubMed]

9.  Boucher, J.; Mayes, A.; Bigham, S. Memory in autistic spectrum disorder. Psychol. Bull. 2012, 138, 458-496. [CrossRef] [PubMed]

10. Harris, H.; Israeli, D.; Minshew, N.; Bonneh, Y,; Heeger, D.].; Behrmann, M.; Sagi, D. Perceptual learning in autism: Over-specificity
and possible remedies. Nat. Neurosci. 2015, 18, 1574-1576. [CrossRef]

11. Marko, M.K;; Crocetti, D.; Hulst, T.; Donchin, O.; Shadmehr, R.; Mostofsky, S.H. Behavioural and neural basis of anomalous

motor learning in children with autism. Brain 2015, 138, 784-797. [CrossRef] [PubMed]


http://doi.org/10.15585/mmwr.ss6904a1
http://doi.org/10.1017/S2045796018000483
http://www.ncbi.nlm.nih.gov/pubmed/30187843
http://doi.org/10.3389/fnins.2019.00349
http://www.ncbi.nlm.nih.gov/pubmed/31031587
http://doi.org/10.1016/S0140-6736(13)61539-1
http://doi.org/10.1038/nrn.2017.112
http://www.ncbi.nlm.nih.gov/pubmed/28951611
http://doi.org/10.1098/rstb.2008.0337
http://www.ncbi.nlm.nih.gov/pubmed/19528020
http://doi.org/10.1007/s10803-005-0040-7
http://www.ncbi.nlm.nih.gov/pubmed/16453071
http://doi.org/10.1037/a0026869
http://www.ncbi.nlm.nih.gov/pubmed/22409507
http://doi.org/10.1038/nn.4129
http://doi.org/10.1093/brain/awu394
http://www.ncbi.nlm.nih.gov/pubmed/25609685

J. Clin. Med. 2021, 10, 4283 110f 14

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Wang, Y.; Zhang, Y.-B.; Liu, L.-L.; Cui, J.-F; Wang, ].; Shum, D.H.K.; Van Amelsvoort, T.; Chan, R.C.K. A meta-analysis of working
memory impairments in autism spectrum disorders. Neuropsychol. Rev. 2017, 27, 46-61. [CrossRef] [PubMed]

Demetriou, E.A.; DeMayo, M.; Guastella, A.]. Executive function in autism spectrum disorder: History, theoretical models,
empirical findings, and potential as an endophenotype. Front. Psychiatry 2019, 10, 753. [CrossRef] [PubMed]

Lai, C.L.E.; Lau, Z.; Lui, S.S.Y,; Lok, E.; Tam, V,; Chan, Q.; Cheng, K.M.; Lam, S.M.; Cheung, E.F.C. Meta-analysis of neuropsycho-
logical measures of executive functioning in children and adolescents with high-functioning autism spectrum disorder. Autism
Res. 2016, 10, 911-939. [CrossRef] [PubMed]

Demetriou, E.A.; Lampit, A.; Quintana, D.S.; Naismith, S.; Song, Y.J.C.; Pye, ].E.; Hickie, I.; Guastella, A.J. Autism spectrum
disorders: A meta-analysis of executive function. Mol. Psychiatry 2017, 23, 1198-1204. [CrossRef] [PubMed]

Schneider, W.; Ornstein, P.A. Determinants of memory development in childhood and adolescence. Int. |. Psychol. 2018, 54,
307-315. [CrossRef]

Bennetto, L.; Pennington, B.F.; Rogers, S.J. Intact and impaired memory functions in autism. Child. Dev. 1996, 67, 1816-1835.
[CrossRef]

Seger, C.A. Implicit learning. Psychol. Bull. 1994, 115, 163-196. [CrossRef]

Shanks, D.R. Implicit Learning. In Handbook of Cognition; Lamberts, K., Goldstone, R., Eds.; Sage Publications: London, UK, 2005;
pp. 202-220.

Perruchet, P; Pacton, S. Implicit learning and statistical learning: One phenomenon, two approaches. Trends Cogn. Sci. 2006, 10,
233-238. [CrossRef]

Conway, C.M.; Bauernschmidt, A.; Huang, S.S.; Pisoni, D.B. Implicit statistical learning in language processing: Word predictabil-
ity is the key. Cognition 2010, 114, 356-371. [CrossRef]

Kidd, E. Implicit statistical learning is directly associated with the acquisition of syntax. Dev. Psychol. 2012, 48, 171-184. [CrossRef]
Funke, J.; Frensch, P.A. Complex Problem Solving: The European Perspective—10 Years After. In Learning to Solve Complex
Scientific Problems; Jonassen, D.H., Ed.; Erlbaum: New York, NY, USA, 2007; pp. 25-47.

Reber, A.S. Implicit learning and tacit knowledge. J. Exp. Psychol. Gen. 1969, 118, 219-235. [CrossRef]

Kaufman, S.B.; DeYoung, C.G.; Gray, ].R.; Jiménez, L.; Brown, J.; Mackintosh, N. Implicit learning as an ability. Cognition 2010,
116, 321-340. [CrossRef]

Vicari, S.; Piccini, G.; Mercuri, E.; Battini, R.; Chieffo, D.; Bulgheroni, S.; Pecini, C.; Lucibello, S.; Lenzi, S.; Moriconi, E; et al.
Implicit learning deficit in children with Duchenne muscular dystrophy: Evidence for a cerebellar cognitive impairment? PLoS
ONE 2018, 13, e0191164. [CrossRef]

Vicari, S.; Bellucci, S.; Carlesimo, G.A. Procedural learning deficit in children with Williams syndrome. Neuropsychologia 2001, 39,
665—677. [CrossRef]

Gheysen, F.; Van Waelvelde, H.; Fias, W. Impaired visuo-motor sequence learning in Developmental Coordination Disorder.
Res. Dev. Disabil. 2011, 32, 749-756. [CrossRef] [PubMed]

Vicari, S.; Marotta, L.; Menghini, D.; Molinari, M.; Petrosini, L. Implicit learning deficit in children with developmental dyslexia.
Neuropsychologia 2002, 41, 108-114. [CrossRef]

Vicari, S.; Finzi, A.; Menghini, D.; Marotta, L.; Baldi, S.; Petrosini, L. Do children with developmental dyslexia have an implicit
learning deficit? J. Neurol. Neurosurg. Psychiatry 2005, 76, 1392-1397. [CrossRef]

Menghini, D.; Hagberg, G.E.; Caltagirone, C.; Petrosini, L.; Vicari, S. Implicit learning deficits in dyslexic adults: An fMRI study.
Neurolmage 2006, 33, 1218-1226. [CrossRef]

Lum, ]J.A.G.; Clark, G.M. Implicit manual and oculomotor sequence learning in developmental language disorder. Dev. Sci.
2021, e13156. [CrossRef]

Zwart, ES.; Vissers, C.T.; Kessels, R.P.; Maes, ].H. Implicit learning seems to come naturally for children with autism, but not for
children with specific language impairment: Evidence from behavioral and ERP data. Autism Res. 2018, 11, 1050-1061. [CrossRef]
Eichenbaum, H. The Cognitive Neuroscience of Memory: An Introduction, 2nd ed.; Oxford University Press: Oxford, UK, 2012.
Reber, PJ. The neural basis of implicit learning and memory: A review of neuropsychological and neuroimaging research.
Neuropsychologia 2013, 51, 2026-2042. [CrossRef]

Wryatt, B.S.; Conners, F.A. Implicit and explicit memory in individuals with mental retardation. Am. J. Ment. Retard. 1998, 102,
511-526. [CrossRef]

Atwell, J.A.; Conners, F.A.; Merrill, E.C. Implicit and explicit learning in young adults with mental retardation. Am. J. Ment.
Retard. 2003, 108, 56—68. [CrossRef]

Lee, J.C. Episodic memory retrieval in adolescents with and without developmental language disorder (DLD). Int. ]. Lang.
Commun. Disord. 2017, 53, 271-281. [CrossRef]

Andersen, PN.; Egeland, J.; Jie, M. Learning and memory impairments in children and adolescents with attention-
deficit/hyperactivity disorder. |. Learn. Disabil. 2012, 46, 453-460. [CrossRef] [PubMed]

Mostofsky, S.H.; Goldberg, M.C.; Landa, R.J.; Denckla, M.B. Evidence for a deficit in procedural learning in children and
adolescents with autism: Implications for cerebellar contribution. J. Int. Neuropsychol. Soc. 2000, 6, 752-759. [CrossRef]

Gaigg, S.B.; Bowler, D. Differential fear conditioning in Asperger’s syndrome: Implications for an amygdala theory of autism.
Neuropsychologia 2007, 45, 2125-2134. [CrossRef] [PubMed]


http://doi.org/10.1007/s11065-016-9336-y
http://www.ncbi.nlm.nih.gov/pubmed/28102493
http://doi.org/10.3389/fpsyt.2019.00753
http://www.ncbi.nlm.nih.gov/pubmed/31780959
http://doi.org/10.1002/aur.1723
http://www.ncbi.nlm.nih.gov/pubmed/27874266
http://doi.org/10.1038/mp.2017.75
http://www.ncbi.nlm.nih.gov/pubmed/28439105
http://doi.org/10.1002/ijop.12503
http://doi.org/10.2307/1131734
http://doi.org/10.1037/0033-2909.115.2.163
http://doi.org/10.1016/j.tics.2006.03.006
http://doi.org/10.1016/j.cognition.2009.10.009
http://doi.org/10.1037/a0025405
http://doi.org/10.1037/0096-3445.118.3.219
http://doi.org/10.1016/j.cognition.2010.05.011
http://doi.org/10.1371/journal.pone.0191164
http://doi.org/10.1016/S0028-3932(01)00012-4
http://doi.org/10.1016/j.ridd.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21131177
http://doi.org/10.1016/S0028-3932(02)00082-9
http://doi.org/10.1136/jnnp.2004.061093
http://doi.org/10.1016/j.neuroimage.2006.08.024
http://doi.org/10.1111/desc.13156
http://doi.org/10.1002/aur.1954
http://doi.org/10.1016/j.neuropsychologia.2013.06.019
http://doi.org/10.1352/0895-8017(1998)102&lt;0511:IAEMII&gt;2.0.CO;2
http://doi.org/10.1352/0895-8017(2003)108&lt;0056:IAELIY&gt;2.0.CO;2
http://doi.org/10.1111/1460-6984.12340
http://doi.org/10.1177/0022219412437040
http://www.ncbi.nlm.nih.gov/pubmed/22392892
http://doi.org/10.1017/S1355617700677020
http://doi.org/10.1016/j.neuropsychologia.2007.01.012
http://www.ncbi.nlm.nih.gov/pubmed/17321555

J. Clin. Med. 2021, 10, 4283 12 of 14

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Schipul, S.E.; Just, M.A. Diminished neural adaptation during implicit learning in autism. Neurolmage 2015, 125, 332-341.
[CrossRef] [PubMed]

Jones, RM.; Tarpey, T.; Hamo, A.; Carberry, C.; Brouwer, G.; Lord, C. Statistical learning is associated with autism symptoms and
verbal abilities in young children with autism. J. Autism Dev. Disord. 2018, 48, 3551-3561. [CrossRef]

Katz-Nave, G.; Adini, Y.; Hetzroni, O.E.; Bonneh, Y.S. Sequence learning in minimally verbal children with ASD and the beneficial
effect of vestibular stimulation. Autism Res. 2019, 13, 320-337. [CrossRef]

Travers, B.G.; Klinger, M.R.; Mussey, J.L.; Klinger, L.G. Motor-linked implicit learning in persons with autism spectrum disorders.
Autism Res. 2010, 3, 68-77. [CrossRef]

Foti, EL; De Crescenzo, F,; Vivanti, G.; Menghini, D.; Vicari, S. Implicit learning in individuals with autism spectrum disorders:
A meta-analysis. Psychol. Med. 2014, 45, 897-910. [CrossRef] [PubMed]

Izadi-Najafabadi, S.; Mirzakhani-Araghi, N.; Miri-Lavasani, N.; Nejati, V.; Pashazadeh-Azari, Z. Implicit and explicit motor
learning: Application to children with Autism Spectrum Disorder (ASD). Res. Dev. Disabil. 2015, 47, 284-296. [CrossRef]
[PubMed]

Obeid, R.; Brooks, P.; Powers, K.L.; Gillespie-Lynch, K.; Lum, J.A. Statistical learning in specific language impairment and autism
spectrum disorder: A meta-analysis. Front. Psychol. 2016, 7, 1245. [CrossRef] [PubMed]

Clark, G.M.; Lum, J.A.G. Procedural learning in Parkinson’s disease, specific language impairment, dyslexia, schizophrenia,
developmental coordination disorder, and autism spectrum disorders: A second-order meta-analysis. Brain Cogn. 2017, 117,
41-48. [CrossRef]

Haebig, E.; Saffran, ].R.; Weismer, S.E. Statistical word learning in children with autism spectrum disorder and specific language
impairment. J. Child. Psychol. Psychiatry 2017, 58, 1251-1263. [CrossRef]

Boucher, J.; Mayes, A. Memory in ASD: Have we been barking up the wrong tree? Autism 2012, 16, 603-611. [CrossRef]
Klinger, L.G.; Klinger, M.R.; Pohlig, R.L. Implicit Learning Impairments in Autism Spectrum Disorders. In New Developments
in Autism: The Future is Today; Perez, ] M., Gonzalez, PM., Com, M.L., Nieto, C., Eds.; Jessica Kingsley: London, UK, 2007;
pp- 76-103.

Ullman, M.T.; Pullman, M.Y. A compensatory role for declarative memory in neurodevelopmental disorders. Neurosci. Biobehav.
Rev. 2015, 51, 205-222. [CrossRef] [PubMed]

Watanabe, K.; Ikeda, H.; Miyao, M. Learning eYcacy of explicit visuomotor sequences in children with attention-
deWcit/hyperactivity disorder and Asperger syndrome. Exp. Brain Res. 2010, 203, 233-239. [CrossRef] [PubMed]

Bowler, D.M.; Matthews, N.J.; Gardiner, ].M. Asperger’s syndrime and memory: Similarity to autism but not amnesia. Neuropsy-
chologia 1997, 35, 65-70. [CrossRef]

Gardiner, ].M.; Bowler, D.M.; Grice, S.J. Further evidence of preserved priming and impaired recall in adults with Asperger’s
syndrome. |. Autism Dev. Disord. 2003, 33, 259-269. [CrossRef] [PubMed]

Hedley, D.; Young, R.; Brewer, N. Using eye movements as an index of implicit face recognition in autism spectrum disorder.
Autism Res. 2012, 5, 363-379. [CrossRef]

Bowler, D.M.; Gaigg, S.B.; Lind, S.E. Memory in Autism: Binding, Self and Brain. In Researching the Autism Spectrum: Contemporary
Perspectives; Cambridge University Press: Cambridge, UK, 2011; pp. 316-346.

Bruck, M.; London, K.; Landa, R.; Goodman, J. Autobiographical memory and suggestibility in children with autism spectrum
disorder. Dev. Psychopathol. 2007, 19, 73-95. [CrossRef] [PubMed]

Goddard, L.; Howlin, P; Dritschel, B.; Patel, T. Autobiographical memory and social problem-solving in Asperger syndrome.
J. Autism Dev. Disord. 2007, 37, 291-300. [CrossRef] [PubMed]

Crane, L.; Pring, L.; Jukes, K.; Goddard, L. Patterns of autobiographical memory in adults with autism spectrum disorder.
J. Autism Dev. Disord. 2012, 42,2100-2112. [CrossRef] [PubMed]

Nissen, M.].; Bullemer, P. Attentional requirements of learning: Evidence from performance measures. Cogn. Psychol. 1987, 19,
1-32. [CrossRef]

Lord, C.; Rutter, M.; DiLavore, P.C.; Risi, S.; Gotham, K.; Bishop, S.L. Autism Diagnostic Observation Schedule, Second Edition
(ADOS-2) Manual (Part. 1): Modules 1-4; Western Psychological Services: Torrence, CA, USA, 2012.

Roid, G.H.; Miller, L.J.; Pomplun, M.; Koch, C. Leiter International Performance Scale, Third Edition (Leiter-3); Cornoldi, C., Giofre, D.,
Belacchi, C., Eds.; Italian ed.; Western Psychological Services: Los Angeles, CA, USA; Giunti Organizzazioni Speciali: Florence,
Italy, 2013.

Wechsler, D. Wechsler Intelligence Scale for Children, 4th Edition (WISC-IV); Orsini, A., Pezzuti, L., Picone, L., Eds.; Italian ed.;
Psychological Corporation: San Antonio, TX, USA; Giunti Organizzazioni Speciali: Florence, Italy, 2003.

Vicari, S.; Verucci, L.; Carlesimo, G.A. Implicit memory is independent from IQ and age but not from etiology: Evidence from
Down and Williams syndromes. |. Intellect. Disabil. Res. 2007, 51, 932-941. [CrossRef]

Travers, B.G.; Kana, R.K; Klinger, L.G.; Klein, C.L.; Klinger, M.R. Motor learning in individuals with autism spectrum disorder:
Activation in superior parietal lobule related to learning and repetitive behaviors. Autism Res. 2014, 8, 38-51. [CrossRef]

Sharer, E.A.; Mostofsky, S.H.; Pascual-Leone, A.; Oberman, L.M. Isolating visual and proprioceptive components of motor
sequence learning in ASD. Autism Res. 2015, 9, 563-569. [CrossRef]

Vicari, S.; Bellucdi, S.; Carlesimo, G.A. Implicit and explicit memory: A functional dissociation in persons with Down syndrome.
Neuropsychologia 2000, 38, 240-251. [CrossRef]


http://doi.org/10.1016/j.neuroimage.2015.10.039
http://www.ncbi.nlm.nih.gov/pubmed/26484826
http://doi.org/10.1007/s10803-018-3625-7
http://doi.org/10.1002/aur.2237
http://doi.org/10.1002/aur.123
http://doi.org/10.1017/S0033291714001950
http://www.ncbi.nlm.nih.gov/pubmed/25126858
http://doi.org/10.1016/j.ridd.2015.09.020
http://www.ncbi.nlm.nih.gov/pubmed/26458260
http://doi.org/10.3389/fpsyg.2016.01245
http://www.ncbi.nlm.nih.gov/pubmed/27602006
http://doi.org/10.1016/j.bandc.2017.07.004
http://doi.org/10.1111/jcpp.12734
http://doi.org/10.1177/1362361311417738
http://doi.org/10.1016/j.neubiorev.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25597655
http://doi.org/10.1007/s00221-010-2217-3
http://www.ncbi.nlm.nih.gov/pubmed/20339839
http://doi.org/10.1016/S0028-3932(96)00054-1
http://doi.org/10.1023/A:1024450416355
http://www.ncbi.nlm.nih.gov/pubmed/12908829
http://doi.org/10.1002/aur.1246
http://doi.org/10.1017/S0954579407070058
http://www.ncbi.nlm.nih.gov/pubmed/17241485
http://doi.org/10.1007/s10803-006-0168-0
http://www.ncbi.nlm.nih.gov/pubmed/16874561
http://doi.org/10.1007/s10803-012-1459-2
http://www.ncbi.nlm.nih.gov/pubmed/22322581
http://doi.org/10.1016/0010-0285(87)90002-8
http://doi.org/10.1111/j.1365-2788.2007.01003.x
http://doi.org/10.1002/aur.1403
http://doi.org/10.1002/aur.1537
http://doi.org/10.1016/S0028-3932(99)00081-0

J. Clin. Med. 2021, 10, 4283 13 of 14

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Willingham, D.B.; Nissen, M.].; Bullemer, P. On the development of procedural knowledge. J. Exp. Psychol. Learn. Mem. Cogn.
1989, 15, 1047-1060. [CrossRef]

Chun, M.M,; Jiang, Y. Contextual cueing: Implicit learning and memory of visual context guides spatial attention. Cognit. Psychol.
1998, 36, 28-71. [CrossRef]

Eslinger, P.; Damasio, A.R. Preserved motor learning in Alzheimer’s disease: Implications for anatomy and behavior. . Neurosc.
1986, 6, 3006-3009. [CrossRef]

Heindel, W.; Salmon, D.; Shults, C.; Walicke, P.; Butters, N. Neuropsychological evidence for multiple implicit memory systems:
A comparison of Alzheimer’s, Huntington’s, and Parkinson’s disease patients. J. Neurosc. 1989, 9, 582-587. [CrossRef]

Gabrieli, ].D.; Stebbins, G.T.; Singh, J.; Willingham, D.B.; Goetz, C.G. Intact mirror-tracing and impaired rotary pursuit skill
learning in patients with Huntington’s disease: Evidence for dissociable memory systems in skill learning. Neuropsychology 1989,
11,272-281. [CrossRef]

Miller, G.A. Free recall of redundant strings of letters. J. Exp. Psychol. 1958, 56, 485-491. [CrossRef] [PubMed]

Reber, A.S. Implicit learning of artificial grammars. J. Verbal Learn. Verbal Behav. 1967, 6, 855-863. [CrossRef]

Saffran, J.R.; Aslin, RN.; Newport, E.L. Statistical learning by 8-month-old infants. Science 1996, 13, 1926-1928. [CrossRef]
Fiser, J.; Aslin, R.N. Unsupervised statistical learning of higher- order spatial structures from visual scenes. Psychol. Sci. 2001, 12,
499-504. [CrossRef]

Estes, WK.; Burke, C.J.; Atkinson, R.C.; Frankmann, J.P. Probabilistic discrimination learning. J. Exp. Psychol. 1957, 54, 233-239.
[CrossRef]

Vivanti, G.; Barbaro, J.; Hudry, K.; Dissanayake, C.; Prior, M. Intellectual development in autism spectrum disorders: New
insights from longitudinal studies. Front. Hum. Neurosci. 2013, 7, 354. [CrossRef] [PubMed]

Vivanti, G.; Dissanayake, C. Propensity to imitate in autism is not modulated by the model’s gaze direction: An eye-tracking
study. Autism Res. 2014, 7, 392-399. [CrossRef]

Vivanti, G.; Rogers, S.J. Autism and the mirror neuron system: Insights from learning and teaching. Philos. Trans. R Soc. Lond. B
Biol. Sci. 2014, 369, 20130184. [CrossRef] [PubMed]

Ruffman, T.; Taumoepeau, M.; Perkins, C. Statistical learning as a basis for social understanding in children. Br. J. Dev. Psychol.
2011, 30, 87-104. [CrossRef] [PubMed]

Monroy, C.; Meyer, M.; Gerson, S.; Hunnius, S. Statistical learning in social action contexts. PLoS ONE 2017, 5, e0177261.
[CrossRef] [PubMed]

Callenmark, B.; Kjellin, L.; Rénnqvist, L.; Bolte, S. Explicit versus implicit social cognition testing in autism spectrum disorder.
Autism 2013, 18, 684-693. [CrossRef] [PubMed]

Guivarch, J.; Murdymootoo, V.; Elissalde, S.-N.; Salle-Collemiche, X.; Tardieu, S.; Jouve, E.; Poinso, F. Impact of an implicit social
skills training group in children with autism spectrum disorder without intellectual disability: A before-and-after study. PLoS
ONE 2017, 12, €0181159. [CrossRef]

Masi, A.; DeMayo, M.; Glozier, N.; Guastella, A.]. An overview of autism spectrum disorder, heterogeneity and treatment options.
Neurosci. Bull. 2017, 33, 183-193. [CrossRef]

Boucher, J.; Bowler, D.M. Memory in Autism: Theory and Evidence; Cambridge University Press: Cambridge, UK, 2008.

Cooper, R.A.; Simons, J.S. Exploring the neurocognitive basis of episodic recollection in autism. Psychon. Bull. Rev. 2018, 26,
163-181. [CrossRef]

Greimel, E.; Nehrkorn, B.; Fink, G.R.; Kukolja, J.; Kohls, G.; Miiller, K.; Piefke, M.; Kamp-Becker, I.; Remschmidt, H.; Herpertz-
Dahlmann, B.; et al. Neural mechanisms of encoding social and non-social context information in autism spectrum disorder.
Neuropsychologia 2012, 50, 3440-3449. [CrossRef]

Cooper, R.; Richter, ER.; Bays, PM.; Plaisted-Grant, K.C.; Baron-Cohen, S.; Simons, J.S. Reduced hippocampal functional
connectivity during episodic memory retrieval in autism. Cereb. Cortex 2017, 27, 888-902. [CrossRef]

Bowler, D.M.; Gaigg, S.B.; Gardiner, ].M. Binding of multiple features in memory by high-functioning adults with autism
spectrum disorder. |. Autism Dev. Disord. 2014, 44, 2355-2362. [CrossRef] [PubMed]

Roelofs, R.L.; Visser, E.M.; Berger, H.].C.; Prins, ].B.; Van Schrojenstein Lantman-De Valk, H.M.].; Teunisse, J.P. Executive
functioning in individuals with intellectual disabilities and autism spectrum disorders. J. Intellect. Disabil. Res. 2015, 59, 125-137.
[CrossRef] [PubMed]

Durrleman, S.; Franck, J. Exploring links between language and cognition in autism spectrum disorders: Complement sentences,
false belief, and executive functioning. J. Commun. Disord. 2015, 54, 15-31. [CrossRef] [PubMed]

Corbett, B.A.; Constantine, L.J.; Hendren, R.; Rocke, D.; Ozonoff, S. Examining executive functioning in children with autism
spectrum disorder, attention deficit hyperactivity disorder and typical development. Psychiatry Res. 2009, 166, 210-222. [CrossRef]
Kado, Y,; Sanada, S.; Yanagihara, M.; Ogino, T.; Ohno, S.; Watanabe, K.; Nakano, K.; Morooka, T.; Oka, M.; Ohtsuka, Y. Executive
function in children with pervasive developmental disorder and attention-deficit/hyperactivity disorder assessed by the Keio
version of the Wisconsin card sorting test. Brain Dev. 2012, 34, 354-359. [CrossRef]

Friedman, N.P.; Miyake, A. The relations among inhibition and interference control functions: A latent variable analysis. J. Exp.
Psychol. Gen. 2004, 133, 101-135. [CrossRef]

Geurts, HM.; Bergh, SEW.M.V.D.; Ruzzano, L. Prepotent response inhibition and interference control in autism spectrum
disorders: Two meta-analyses. Autism Res. 2014, 7, 407—420. [CrossRef]


http://doi.org/10.1037/0278-7393.15.6.1047
http://doi.org/10.1006/cogp.1998.0681
http://doi.org/10.1523/JNEUROSCI.06-10-03006.1986
http://doi.org/10.1523/JNEUROSCI.09-02-00582.1989
http://doi.org/10.1037/0894-4105.11.2.272
http://doi.org/10.1037/h0044933
http://www.ncbi.nlm.nih.gov/pubmed/13611173
http://doi.org/10.1016/S0022-5371(67)80149-X
http://doi.org/10.1126/science.274.5294.1926
http://doi.org/10.1111/1467-9280.00392
http://doi.org/10.1037/h0048585
http://doi.org/10.3389/fnhum.2013.00354
http://www.ncbi.nlm.nih.gov/pubmed/23847518
http://doi.org/10.1002/aur.1376
http://doi.org/10.1098/rstb.2013.0184
http://www.ncbi.nlm.nih.gov/pubmed/24778379
http://doi.org/10.1111/j.2044-835X.2011.02045.x
http://www.ncbi.nlm.nih.gov/pubmed/22429035
http://doi.org/10.1371/journal.pone.0177261
http://www.ncbi.nlm.nih.gov/pubmed/28475619
http://doi.org/10.1177/1362361313492393
http://www.ncbi.nlm.nih.gov/pubmed/24104519
http://doi.org/10.1371/journal.pone.0181159
http://doi.org/10.1007/s12264-017-0100-y
http://doi.org/10.3758/s13423-018-1504-z
http://doi.org/10.1016/j.neuropsychologia.2012.09.029
http://doi.org/10.1093/cercor/bhw417
http://doi.org/10.1007/s10803-014-2105-y
http://www.ncbi.nlm.nih.gov/pubmed/24696375
http://doi.org/10.1111/jir.12085
http://www.ncbi.nlm.nih.gov/pubmed/23931579
http://doi.org/10.1016/j.jcomdis.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25637130
http://doi.org/10.1016/j.psychres.2008.02.005
http://doi.org/10.1016/j.braindev.2011.08.008
http://doi.org/10.1037/0096-3445.133.1.101
http://doi.org/10.1002/aur.1369

J. Clin. Med. 2021, 10, 4283 14 of 14

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Habib, A.; Harris, L.; Pollick, E; Melville, C. A meta-analysis of working memory in individuals with autism spectrum disorders.
PLoS ONE 2019, 14, €0216198. [CrossRef]

Del Vecchio, N.; Liporace, J.; Nei, M.; Sperling, M.; Tracy, J. A dissociation between implicit and explicit verbal memory in left
temporal lobe epilepsy. Epilepsia 2004, 45, 1124-1133. [CrossRef]

Jiménez-Fernandez, G.; Vaquero, ] M.M.; Jiménez, L.; Defior, S. Dyslexic children show deficits in implicit sequence learning, but
not in explicit sequence learning or contextual cueing. Ann. Dyslexia 2010, 61, 85-110. [CrossRef]

Schuchard, J.; Thompson, C.K. Implicit and explicit learning in individuals with agrammatic aphasia. J. Psycholinguist. Res. 2013,
43,209-224. [CrossRef]

Zachor, D.A.; Vardi, S.; Baron-Eitan, S.; Brodai-Meir, I.; Ginossar, N.; Ben-Itzchak, E. The effectiveness of an outdoor adventure
programme for young children with autism spectrum disorder: A controlled study. Dev. Med. Child. Neurol. 2016, 59, 550-556.
[CrossRef]

Marro, B.M.; Kang, E.; Hauschild, KM.; Normansell, KM.; Abu-Ramadan, T.M.; Lerner, M.D. Social performance-based
interventions promote gains in social knowledge in the absence of explicit training for youth with autism spectrum disorder. Bull.
Menn. Clin. 2019, 83, 301-325. [CrossRef]

Kamps, D.; Thiemann-Bourque, K.; Heitzman-Powell, L.; Schwartz, I.; Rosenberg, N.; Mason, R.; Cox, S. A comprehensive peer
network intervention to improve social communication of children with autism spectrum disorders: A randomized trial in
kindergarten and first grade. J. Autism Dev. Disord. 2014, 45, 1809-1824. [CrossRef]

Chang, Y.-C.; Locke, J. A systematic review of peer-mediated interventions for children with autism spectrum disorder. Res.
Autism Spectr. Disord. 2016, 27, 1-10. [CrossRef] [PubMed]

Fantasia, V.; Markant, D.B.; Valeri, G.; Perri, N.; Ruggeri, A. Memory enhancements from active control of learning in children
with autism spectrum disorder. Autism 2020, 24, 1995-2007. [CrossRef]

Charlop-Christy, M.H.; Kelso, S.E. Teaching children with autism conversational speech using a cue card/written script program.
Educ. Treat. Child. 2003, 26, 108-127.

Ganz, ].B.; Kaylor, M.; Bourgeois, B.; Hadden, K. The impact of social scripts and visual cues on verbal communication in three
children with autism spectrum disorders. Focus Autism Other Develop. Disabil. 2008, 23, 79-94. [CrossRef]

Lang, R.; Regester, A.; Lauderdale, S.; Ashbaugh, K.; Haring, A. Treatment of anxiety in autism spectrum disorders using
cognitive behaviour therapy: A systematic review. Dev. Neurorehabilit. 2010, 13, 53-63. [CrossRef]

Thiemann, K.S.; Goldstein, H. Social stories, written text cues, and video feedback: Effects on social communication of children
with autism. J. Appl. Behav. Anal. 2001, 34, 425-446. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0216198
http://doi.org/10.1111/j.0013-9580.2004.28903.x
http://doi.org/10.1007/s11881-010-0048-3
http://doi.org/10.1007/s10936-013-9248-4
http://doi.org/10.1111/dmcn.13337
http://doi.org/10.1521/bumc.2019.83.3.301
http://doi.org/10.1007/s10803-014-2340-2
http://doi.org/10.1016/j.rasd.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27807466
http://doi.org/10.1177/1362361320931244
http://doi.org/10.1177/1088357607311447
http://doi.org/10.3109/17518420903236288
http://doi.org/10.1901/jaba.2001.34-425
http://www.ncbi.nlm.nih.gov/pubmed/11800183

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Implicit Memory Serial Reaction Time Task 
	Explicit Memory Serial Reaction Time Task 

	Statistical Analyses 

	Results 
	Demographics 
	Implicit Memory Serial Reaction Time Task 
	Explicit Memory Serial Reaction Time Task 

	Discussion 
	Conclusions 
	References

