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Lisboa, Lisbon, Portugal cognitive understanding of timing. In Autism Spectrum
Correspondence Disorder (ASD) on the contrary, internal timing and its
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cessing of time is preserved in this population. We have
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Award Number: UTDB,/05380/2020 intellectual disabilities and a control sample recruited from

the general population, matched for age, sex, schooling and
general cognitive abilities on this task with a learning and
testing phase. In the testing phase, we have added two ex-
ploratory conditions where participants were exposed to
intermittent light stimulation of 4 and 8 Hz. Results show
that both in the learning and testing phase, besides troubles
in the motor component encountered by the people on the
spectrum, their timing component performance was also
problematic. This reveals to be especially true for time in-
tervals below the 1s range, as hypothesized, whereas per-
formance in longer intervals is cleatly preserved. It was also
observed that the exposure to intermittent light stimulation
specifically overcomes the difficulties observed in the autis-
tic group, at the timing components at this millisecond time
range. The observed timing difficulties in this group seem
to be restricted to the system responsible for the processing
of time intervals in the milliseconds range, which helps ac-
commodate disparate findings in the literature.

KEYWORDS

autism spectrum disorder, intermittent light stimulation, sub-second
intervals, supra-second intervals, temporal representations, timing

© 2023 The British Psychological Society.

Journal of Neuropsychology. 2023;00:1-13. wileyonlinelibrary.com/journal/jnp 1


www.wileyonlinelibrary.com/journal/jnp
mailto:
https://orcid.org/0000-0001-7768-9705
mailto:joanacostadocarmo@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjnp.12335&domain=pdf&date_stamp=2023-06-24

2 | CARMO and FILIPE

INTRODUCTION

Several authors have devoted thus far, considerable attention to the study of the cognitive and neural
representations of time. The cerebellum is one structure that has now been hypothesized to be part
of a specialized system that processes precise timing (Ivry & Spencer, 2004). These authors believe
that this structure is critically involved in tasks that require explicit temporal representations (Ivry &
Spencer, 2004). Explicit timing or estimation of duration refers to the measurement of how long an
event lasts (see Coull et al., 2011). The timing competencies of this structure are thought to be recruited
across task domains, regardless of whether they are motor, perceptual or other, employed whenever
time-related competencies are in need (Ivry et al., 2002). In tasks of perceptual timing discrimination,
participants typically have to evaluate whether the stimulus duration is shorter or longer than one
another, whereas in motor timing tasks (production tasks) participants have to time a duration with
a motor act. A commonly used production task is finger tapping, in which participants first synchro-
nize the finger movements to sensory stimuli presented at periodic intervals and a subsequent phase
(continuation phase) they are asked to reproduce the motor representation of the learned time interval
in the absence of the pacing stimuli (Coull et al., 2011). Moreover, most evidence regarding the role of
this structure in timing comes from tasks that require a metrical judgement that involves the analysis of
the elapsed time (Ivry & Spencer, 2004), this is, tasks in which the timing of an event is measured on a
parametric time-scale (Coull et al., 2011).

Lewis and Miall have also put forward an important dissociation regarding timing mechanisms and
have hypothesized that different independent mechanisms are in use to measure time at milliseconds
and multiseconds range (Lewis & Miall, 2003a). From a neuroimaging study, where they directly com-
pared the time measurement of either .6 or 3s in a discrimination task, they claimed the existence of
a shared system for sub- and supra-seconds range with additional components specific for short (cere-
bellum and frontal operculum) and long intervals (parietal cortices; Lewis & Miall, 2003a). Moreover,
for these authors, these two dissociable systems for measuring time considerably differ: on the one
hand, there is an ‘automatic’ system closely linked to motor and pre-motor circuitry, and that may track
time through computations in the cerebellum; and on the other hand, a ‘cognitive controlled’ system
depends on pre-frontal and parietal cortices, likely linked to memory and attentional demands (Lewis
& Miall, 2003b; see also Meck, 2005; Meck et al., 2008 for a similar proposal). Strong evidence for this
dissociation comes from repetitive Transcranial Magnetic Stimulation studies (T'MS), both in percep-
tual and production tasks (Kock et al., 2007; Lee et al., 2007). It was found that repetitive TMS over
the cerebellum impaired time measurement in the milliseconds range only (from 400 to 800 ms) (Kock
et al.,, 2007; Lee et al., 2007), which provides direct evidence of the selective involvement of this struc-
ture in processing sub-seconds timing.

Evidence for the role of the cerebellum in the explicit measurement of time in the milliseconds range
comes from several sources, from lesion studies to neuroimaging. From studies of patients with cere-
bellar damage it was reported, both in production tasks (<1s; Harrington et al., 2004; Ivry et al., 1988;
Ivry & Keele, 1989; Spencer et al., 2003) as well as in tasks of time perception ([160—640ms], Ivry &
Keele, 1989), impaired performance in the milliseconds range. From functional imaging studies, it has
also been reported increased cerebellar activity for both a perceptual task (temporal discrimination)
of short temporal range (Lewis & Miall, 2003a) and also in a finger movement timing task of visually
presented stimuli ([625-2500ms], Sakai et al., 2002). In this latter study, Sakai et al. (2002) asked par-
ticipants to perform a sequence of finger movements in three different conditions and results show that

in one condition only—the timing learning condition—performance was associated with an increase

activation of the cerebellum.

Some authors (Rogers et al., 2013) now believe that autism spectrum disorder (ASD) could be char-
acterized as a pathology of the cerebellum-cortical circuitry and that this disconnection syndrome
could impact cognition. A proposal which is backed up by solid evidence of neuropathology and
anomalies, from autopsy studies (Allen et al., 2004; Courchesne, 1997) to structural imaging studies
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(Courchesne, 1997) or functional imaging studies with simple motor tasks of finger tapping, for in-
stance (Allen et al., 2004; Allen & Coutchesne, 2003).

Few studies have been devoted to the study of internal timing in this condition and mixed results
were reported (Gowen & Miall, 2005; Wallace & Happé, 2008), most of which focused on the auditory
domain. In a study of both perception and production of internal timing in which quite long-time in-
tervals were used (from 2 to 455s) no impairment was observed in a sample of children and adolescents
on the spectrum (Wallace & Happé, 2008). Also, in a study where it was requested judgements on tone
durations differences (around 550 ms) the performance of the autistic sample was preserved (Motofsky
et al.,, 2000). In contrast, also in the auditory domain, a synchronization-continuation type of task with
time intervals varying from 400 to 800 ms, it was reported an impairment in the autistic group, in an
absolute error measure (Gowen & Miall, 2005).

Autism spectrum disorder is a neurodevelopmental disorder in which poor verbal or non-verbal
communication is a core diagnostic feature (DSM V: APA, 2013), and language, and in particular
speech, is inherently a temporal phenomenon, in which the duration of articulation, pauses and rate of
syllables is essential (Moberget & Ivry, 2016), and particularly heavy on the sub-seconds resolution range
(Buzsaki, 2006; Moberget & Ivry, 2016).

In the present study, the performance in a simple visual motor task with timing components will
be evaluated in a sample of adults on the autism spectrum and a comparison group matched for age,
biological sex, schooling and general cognitive abilities, aiming at understanding whether the process
of time is preserved in adults on the spectrum, either at sub- or supra-second range. Adapted from the
mentioned study of Sakai (Sakai et al., 2002) we have implemented the Finger movements and timing
task with four conditions, in which one is considered the baseline, and importantly two others having
timing components (please see methods section for a full description of the task). Importantly, the
absence of learning (decrease in reaction times from baseline, as in Sakai et al., 2002) for the sample of
people on the spectrum in the conditions with timing components would be indicative of troubles in
processing the timing components of the task.

In the test phase of the task, it was asked to participants to reproduce the finger-tapping sequence
taking into account the correct finger movements and the rhythm learn previously. Importantly, we
analyse the correct accuracy in the finger movements as well as the learning of the timing component,
segregated into short (<1000ms) and long (>1000ms) time intervals where we analysed the absolute
deviation (in milliseconds) from the original sequence. Critically, if it is the case that ASD is character-
ized by a dysfunction of the sub-second cerebellum-dependent specialized timing mechanism, then a
selective impairment for short time intervals is anticipated.

After the first testing session, three other testing sessions were introduced in a total of four testing
sessions with six trials each. In the second and third testing sessions, participants were exposed during
their performance of the six trials to intermittent light stimulation (ILS), respectively, at the frequencies
of 4 and 8 Hz each. In the last testing session, participants were asked to reproduce again the sequence,
but again without light stimulation.

Synchronization and frequency entrainment have already been studied experimentally and in bio-
logical systems, namely in electroencephalographic studies in the presence of repetitive visual stimuli
(Steady-state visual evoked potentials, SSVEPs). These potentials are brain responses to visual stimula-
tion at specific frequencies, where electrical activity is generated at the same frequency as the external
stimuli (Angelini et al., 2004; Stone, 1992), and impact visual, sensory and cognitive processing (Noria
et al., 2015). Importantly, in patient studies with ILS, an increase in functional connectivity has been
already reported, namely by an increasing synchronization of both alpha and beta frequency bands (De
Tommasso et al., 2013).

This manipulation of exposing participants to ILS at the testing phase is both innovative and very
exploratory in nature. If exposure to periodic visual stimulation has an impact in regulating brain func-
tional connectivity and in cognitive processing it might be possible to observe for the autistic sample
an improvement of the performance predicted for the first immediate testing phase, particularly at the
rhythm component.
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METHODS
Participants

Eighteen control participants (Controls, 1 female) were recruited from the general population and 14
participants (ASD, 1 female) with a diagnosis of ASD participated in the study. Participants on the
spectrum were included if they were 18 years old or older, had more than 9years of formal education and
scored above 70 points in the verbal subscale of the Wechsler Adult Intelligence Scale (WAIS) (M= 109,
77, SD=17.05). An a priori ASD diagnosis was carried out and reported by an experienced psychiatrist
and was based on the DSM-IV (American Psychiatric Association, 1994). The diagnosis of ASD was
further confirmed by the Autism Diagnostic Obsetvation Schedule (ADOS) (Lotd et al., 1999) and/
ot by the Asperger's Syndrome Diagnostic Scale (ASDS) (Myles et al., 2001), The two samples were
matched for age, biological sex, schooling and general cognitive abilities as measured by the RAVEN
progressive matrices (see Table 1 below). Written informed consent was obtained from each participant
prior to any experimental procedure, and the study was approved by the ethical committee of the first
author institution, in accordance with the Declaration of Helsinki.

Material and procedure

We replicated closely the experimental procedure used by Sakai et al. (2002). In this paradigm, par-
ticipants had to perform a sequential fingers' movement in response to a visual stimulus (an asterisk)
that appeared on screen, in different positions. Each of the three different possible positions of the
visual cue corresponded to different fingers to be used in the response: index, middle and ring finger
(Figure 1). A trial comprised an array of eight varying positions of the visual cue that were presented
in a rhythmic sequence. The inter-stimuli intervals (ISI) onset consisted of four 625ms intervals, two
1250 ms intervals and two 2500 ms intervals.

In each trial, participants were asked to press the correspondent button as soon and accurate as
possible as the visual stimuli appeared on the screen. The trial started with an inter-trial interval of
1000 ms, in which it was indicated that the trial was about to start. It was followed by the eight stimuli
sequence with specific time intervals (ISI) of when the visual stimulus was presented on screen (that
varied across the four different conditions, see description below) and where button-press response and
reaction times were recorded.

Adapted from the mentioned study of Sakai (Sakai et al., 2002) we have implemented a finger
movements and timing task with four conditions: random finger sequence and timing (RANDOM,
baseline condition); fixed sequence of finger movements with random time (SEQUENCE condi-
tion); random finger movements with fixed timing (TIMING condition) and an additional novel
condition (both fixed timing and motor sequence — SEQUENCE & TIMING condition). Each
of the four different conditions (blocks) comprises three sessions of 10 trials each. The 4 blocks
were performed in a fixed order and at the beginning of each it was indicated which condition was

TABLE 1 Demographic information of both the control sample (Controls) and the autistic sample (ASD).

ASD Controls p-Value
” 14 (1 female) 18 (1 female)
Age 26.43 (5.99) [19-43] 27.61 (4.70) [21-43] .54
Schooling (years) 14.00 (1.84) [12-17] 14.56 (1.82) [12-17] 40
RAVEN scores 52.00 (4.67) [40-59] 53.17 (3.11) [47-58] 40

Note: Mean, standard deviation and range are provided for the matching variables: age, schooling and general cognitive abilities (RAVEN
matrices score).
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FIGURE 1 Task performed by the participants adapted from Sakai et al. (2002). Participants saw, one at a time, a visual
stimulus (asterisk), that could be in one of three different positions (see top of the figure). The asterisk indicated which of the
three designated fingers should be used for the button-press response (three different buttons/finger positions) (marked with
white circles). First finger position/button corresponding to the index finger, second position/button corresponding to the
middle finger and third position/button corresponding to the ring finger.

about to start. The four different conditions differed regarding whether time intervals and/or finger
movements would be random or have a fixed sequence. In the first RANDOM sequence condition,
both the timing of the visual cue appearance as well as the position/specific fingers to be used wete
random. In this condition, the timing and finger to be used remain always unpredictable and as
such no learning could occur. In the TIMING condition, the position of the visual stimuli varied
randomly across trials but the timing of the presentation of the eight stimuli was fixed and was al-
ways the same across the 10 trials (and across all three sessions) (625 ms; 1250 ms; 625 ms; 1250 ms;
2500 ms; 2500 ms; 625ms;625ms). In the next condition, the SEQUENCE condition, the position
of the asterisks for the array of eight stimulus sequences was always the same and fixed across all
trials of the three sessions (positions: 3; 1; 3; 2; 3; 1; 1; 2), whereas the timing of stimuli presentation
was random. In the last condition the combined TIMING & SEQUENCE condition, the position
of the visual cue and the timing of the presentation was always fixed across all trials of the three
sessions (and was the same as in the two previous conditions).

Before the start of the experiment participants performed six trials as training (random condition)
and the experiment began if they had understood correctly the task. Participants were tested in a quiet
and lit room and the experiment was run on a computer through e-prime 2 and accuracy and reaction
times were recorded and analysed offline.

After this phase, participants were tested in their learning (testing phase). Here, in this test phase
participants were asked to reproduce both the finger movement sequence and rhythm (as in the last
performed condition [TIMING & SEQUENCE]), by memory without any visual cue. Each trial started
with an inter-trial interval of 2000 ms that was followed by a beep sound that indicated that participants
should start reproducing the rhythmic finger sequence. In this testing phase, there were four different
conditions, performed in a fixed order, with six trials each. In the first (served as a baseline) and the last
of the four conditions, there were no exposure to intermittent light stimulation, whereas in the second
condition, participants were exposed throughout the six trials to ILS of 4Hz. In the next condition,
participants were exposed throughout the six trials to an ILS of 8 Hz. Participants were expected to
reproduce both the order of the finger sequence and the timing of button press. The accuracy of the
reproduced finger positions was evaluated by comparing it to the positions of the original sequence and
the accuracy of reproduced timing was evaluated by comparing the timings of the sequence of the eight
button presses to the original timing of the ISI of the original sequence.
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RESULTS
Statistical analysis

For the learning phase, an ANOVA was run with a between-subjects factor for the two groups of par-
ticipants and with the four different conditions as within-subjects factors. For accuracy in the testing
phase, an ANOVA was run with Group as a between-subjects factor and the four testing conditions
(with and without intermittent light stimulation) as within-subjects variables. The same factors were
used for participant's response times in two ANOVAs segregated by time intervals: long and short. For
the ANOVAs, sphericity was checked and Greenhouse—Geisser correction was used when applicable.
Subsequent independent #tests were used to analyse group differences when interaction effects were
found. Here, equality of variances was checked and corrections were used when applicable. Power effect
sizes were calculated by Cohen's d (for #tests) or Partial eta-squared (for ANOVAs) and were interpreted
accordingly (see for instance Cohen, 1988; Kotrlik & Williams, 2003).

Learning phase

The analysis on the percentage of correct responses shows a high level of performance accuracy for both
groups of participants (ASD: M =98.93%, §D=1.25; Controls: M= 98.84%, SD=1.34). The variability
of correct responses across the four different conditions is also very low (ASD: range [99.25%-98.56%;
Controls: [99.24%-98.63%]) and hence we did not further analyse performance accuracy.

For the learning phase, we further look into the Reaction times of participant's response to each
movement. This analysis focused on correct responses only and reaction times were trimmed out for the
interval of [100ms <RTs>3 * §Ds]. An ANOVA was run taking into account Group (ASD, Controls)
as a between-subjects variable and Condition (RANDOM, TIMING, SEQUENCE and SEQUENCE
&6+ TIMING) as a within-subjects factor (Figure 2).

A main effect of Condition was observed (F(3,90) =23.563; p=.001, 77}72: 44, corresponding to a
large effect) with both the RANDOM and TIMING condition leading overall to slower responses
(TIMING: 479.14ms; RANDOM: 453.67ms) and the SEQUENCE and SEQUENCE & TIMING
conditions leading to overall faster responses (SEQUENCE: 382.04 ms; SEQUENCE & TIMING:
390.83ms). Subsequent #tests show that the RANDOM condition differed from the SEQUENCE
condition (#(30) =6.657, p=.001, Cohen's d=.74, corresponding to a medium effect size) and the

BASD Controls
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100

o]
Random Timing Sequence Sequence & Timing

FIGURE 2 LEARNING phase: Participant's Reaction Times (in milliseconds) are depicted for autistic and Control
(light grey) participants and for the four different experimental conditions (Error bars are the standard deviation from the
mean).

a0 '€5998V.LT

dny wouy

'sdy) SUONIPUOD pUe SWB | 841 38S *[£202/20/2T] U0 AReigi]auliuo AS|IM eoqsiaa eAON apepsionun Aq eezT dul/TTTT 0T/1o0p/wod e |im Aeiqipul|

oy

pu

5UB0| 7 SUOLILIOD BAIER1D (el |dde auy Aq pautonoh afe sl YO ‘88N J0 S3|NJ 10} A%IqIT 8UIUO AS|IMW UO (Suor!



TIMING IN AUTISM | 7

SEQUENCE & TIMING condition (#(30) = 3.767, p <.001, Cohen's 4= .58, corresponding to a medium
effect size), with a slower performance for the RANDOM condition in comparison with the other two.
The RANDOM condition differed from the TIMING condition (#30) = 2.460, p <.02, Cohen's 4= .27,
corresponding to a small effect size) although here the performance of the RANDOM condition was
slightly better than the TIMING condition (Bonferroni Corrected). A main effect of Group was also
observed (F(1,30) =4.633; p=.04, 5 pz =.134, corresponding to a medium effect size) with Control group
showing overall faster Reaction Times (M=394.19, SEM=19.81) than the autistic group (M =458.65,
SEM=22.46). The interaction effect was found to be non-significant (»=.180). However, the condi-
tion SEQUENCE & TIMING was the one contributing greatly to the main effect of Group observed
(#(30)=2.523, p=.01, Cohen's 4= .88, corresponding to a large effect) since in all the other conditions
the differences between autistic and the comparison group were not significant (all ps=.1; Bonferroni
corrected).

Testing phase

Regarding the testing phase, we first analyse the accuracy of participant's finger movements petfor-
mance of the previously trained sequence. An ANOVA was run on the proportion of correct finger
movements taking into account Group (ASD, Controls) as a between-subject's variable and Condition
(1st test, 4 Hz stimulation, 8 Hz stimulation and last test) as a within-subjects variable (Figure 3). A main
effect of Group was found significant (F(1,30) =11.596, p <.05, npzz .279, corresponding to a large ef-
fect) with participants on the spectrum showing overall a poorer performance than the comparison
group (ASD: M=.74, SEM=.052; Controls: M=.98, SEM=.0406). Subsequent tests show that the
difference between the groups was present in all testing conditions, except the last (ps =<.01, Cohens'
ds =[1.05-1.26] below a small effect size) (with Bonferroni correction). No other effects were observed
(ps=.2).

Regarding the test phase, we further look into the timing of the participant's performance of the
learned sequence. We divided the analysis into short (<1000ms) and long (>1000ms) time intervals
and analyse the absolute deviation (in milliseconds) from the original sequence timings. ANOVAs were
run for either the short- and the long-time intervals taking into account Group (ASD, Controls) as a
between-subjects variable and Condition (Ist test without stimulation, 4 Hz stimulation, 8 Hz stimula-
tion and Last test, without stimulation) as a within-subjects variable (Figure 4).

B ASD Controls
1.2
1 1 T I =
0.8
)
S 06
3
(8]
< 0.4
0.2
0
1st test 4 Hz 8 Hz Last test

FIGURE 3 TEST phase: Participant's performance accuracy is depicted for the autistic and the Control (light grey)
groups for the four different testing conditions (with 4 and 8 Hz intermittent light stimulation and without exposure: first and
last test trials) (Error bars are the standard deviation from the mean).
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FIGURE 4 TEST phase: Participant's deviation (in milliseconds) from the original sequence is depicted for the autistic
and the control (light grey) groups for the four different testing conditions (with 4 and 8 Hz intermittent light stimulation and
without exposure: first and last test trials), for long intervals (>1000 ms) (top plot) and short intervals (<1000 ms) (bottom plot)
(error bars are the standard deviation from the mean).

For long intervals results show that no effects were found for Group, testing condition (ps =.08) nor
the interaction between those (p=.14).

On the contrary, for Short Time-intervals, results show a main effect of testing condition
(F(1,30)=3.965, p=.027, /7p22 12, corresponding to medium effect) with a steady dectrease in abso-
lute deviation from the first testing condition (M =661.81, SEM = 82.53) to last testing condition
(M=497.08, SEM=72.04). The main effect of group was found to be non-significant (p=.07)
but the interaction effect of Group * Condition shows significant results (F(3,90) =3.231, p=.05,
qu =.09, corresponding to a medium effect size). In order to better understand the interaction effect
found, subsequent independent #tests were run between groups and revealed that the only condition
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where the groups differed was in the First test trials (#(30) =—2.084, p=<.01, Cohen's 4= .88, cot-
responding to a large effect) with a much higher deviation for the autistic group (M=872.61,
SEM=152.65) as compared to the control group (M =451.02, SEM = 84.72) (for all other conditions
ps=.26; Bonferroni correction was used).

DISCUSSION

The knowledge on the neural and cognitive representation of time has received considerable inputs,
with several structures claimed to be involved in. The cerebellum is one of these structures and is now
hypothesized to be part of a specialized system that processes time, across distinct cognitive domains
(Ivry & Spencer, 2004). This structure is said to be involved in the processing of explicit time repre-
sentations, either in production or perceptual discrimination tasks. Yet, its involvement seems to be re-
stricted or more pronounced in tasks where individuals must process time in the milliseconds range (as
opposed to multi seconds range). Importantly, the cerebellum and its connectivities have been recently
hypothesized to be maldeveloped in autism (Rogers et al., 2013), with neuroanatomical abnormalities
being consistently observed in this population (see Courchesne, 1997).

In the present study, we evaluated the performance of a sample of autistic individuals without intel-
lectual disability, contrasted with a comparison sample matched for age, sex, schooling, and general cog-
nitive abilities, in a production task, where we evaluated the learning (learning phase) and reproduction
(testing phase) of distinct time intervals. We then critically inspect the differences in performance of
time intervals shorter than 1 ms and longer ones. The task applied was adapted from Sakai et al. (2002),
with an additional condition. In the learning phase of the current task besides, the random finger and
timing condition (RANDOM), the random finger movements with fixed timing (TIMING) condition
and the fixed sequence of finger movements with random time (SEQUENCE) that can be found in the
mentioned study, participants had also to perform an extra condition where both the sequence of finger
movements and timing were both fixed (SEQUENCE & TIMING).

First of all, results regarding the learning phase showed that accuracy was very high for both groups
and hence all participants have understood and complied correctly with the instructions of the task.
We measured and reported reaction times across the four conditions for both groups of participants,
and found that there was an overall effect of condition, with the SEQUENCE and SEQUENCE &
TIMING conditions leading to faster reaction times (as compared to the baseline — RANDOM con-
dition). The TIMING condition led to slower reaction times than the baseline RANDOM condition.
This latter result is in contrast with what was found in the original study of Sakai et al. (2002) and in
our case, it might indicate an interference, where the learning of the time intervals slowed down the
performance of the simple motor act.

Importantly, and in what the performance of the autistic group is concerned, we found a main effect
of group, with slower reaction times for the group of participants on the spectrum, across all four con-
ditions, with a greater difference between the groups visible in the condition where they had to learn
both the motor sequence and the timing sequence. This finding is consistent with the idea that not
only the motor functions seem troubled in ASD, but even of very simple motor movements (Allen &
Courchesne, 2003) or more complex gesturing (Carmo et al., 2013; Motofsky et al., 2006), but the timing
processes recruited for both the SEQUENCE and SEQUENCE & TIMING conditions seem to be
also deficient in this population leading to a deteriorated performance.

In the testing phase, which was absent from the original study, participants were asked to reproduce
both the finger sequence and the time intervals learned previously, and we analysed not only their accu-
racy of finger tapping but also the timing deviation (in milliseconds) from the original sequence of time
intervals, which were segregated for short (<1000 ms) and long (>1000 ms) intervals.

Regarding the accuracy of correct finger movements, we have observed a clear poorer performance
of the autistic group in all testing conditions but the last, results which are consistent with those from
the learning phase of troubles in our autistic sample with the performance of a very simple motor act.
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Our results regarding the response time performance for sub-second intervals show that in the first
immediate testing session only, differences between the groups were observed with a much higher
absolute deviation for the autistic sample. In the supra-seconds range instead, no differences were ob-
served between the two samples. Note, that these results critically add and inform that the timing of
supra-seconds representations seem to be spared in our sample of people in the spectrum and that only
time intervals shorter than 1 ms are processed with difficulty by the autistic sample. These findings are
crucial since we can restrict the difficulties of timing processing to the range below 1s solely, which
would be consistent with the proposal of a cerebellar circuitry malfunctioning in this population (see
Rogers et al., 2013) given the particular contributions of this circuitry to the sub-seconds range time
measurements. Additionally, this pattern of results helps as well clarifying mixed findings reported in
the literature (Gowen & Miall, 2005; Wallace & Happé, 2008), if this timing range aspect is taken into
account. Note also, that our results extend the findings in the literature of timing difficulties of people
on the spectrum, found in the auditory domain (Gowen & Miall, 2005), since visual stimuli were used
in the current study. Although the task applied was a production task, we cannot rule out for now, that
perceptual discrimination processes are contributing to the performance observed.

Language difficulties are a common clinical feature in autism, and speech is said to be inherently tied
to temporal processes on the sub-seconds range (Buzsaki, 2006; Moberget & Ivry, 20106). Yet, in spite of
that, studies that address internal timing in ASD are rare and still needed. Comprehensive research on
the impact of timing processing on language components and their functioning in autism is a pressing
matter. By evaluating timing mechanisms on ASD this work can inform and foster research-driven
applications in clinical or other contexts, namely in education. In education or other contexts, small
adjustments, as in the use for instance of written formats, could alleviate difficulties felt by individuals
on the autism spectrum.

Note, that it can be observed a clear overall decrease (over 200 ms) in timing deviations from long
intervals to the ones below 1s. This picture is quite clear for control participants and might indicate
a change in the mechanisms involved in either timing duration conditions, with possibly, as proposed
by some authors (Lewis & Miall, 2003b), the recruitment of a specialized system, more reflexed and
automatic for the short durations, whereas the timing measurement processes at supra-seconds range
seem to engage, alternatively, the cognitive-controlled system, linked to higher cognitive functions as
attention or memory. As such, this observation is in line with the view of two dissociable systems for
internal timing. This clear decrease in timing deviations for the short time intervals, that characterized
the performance of the control sample, is absent in the autistic sample.

Intermittent light stimulation effects

In the current study, we also added to the testing procedure two conditions where participants per-
formed the task testing phase under ILS of either 4 or 8 Hz. There were in total four testing conditions
in this phase: the first, immediately after and without exposure to ILS; the second and third with expo-
sure during the performance of the testing trials to ILS of 4 and 8 Hz, respectively, and a last condition,
again without any exposure to ILS during the trials. The results on the accuracy of the motor act showed
that there was a main effect of group with autistic participants showing a diminished performance
overall in finger tapping as compared to the control group, but no effect of the exposure to ILS nor
interaction effect was observed in the accuracy of the motor movement. The analysis of deviation of
long intervals segregated, shows no effect of conditions, group, nor interactions, but the analysis on the
deviation of timing short intervals reveals quite a different pattern.

As mentioned before, our results show, a difference in performance between groups on the first
immediate test trials where participants were not exposed to the ILS. Importantly, in the subsequent
testing conditions where participants were exposed to either 4 or 8 Hz light stimulation, the differences
between the groups are no longer observable and the performance of the autistic sample notably im-
proves, reaching the level of performance of their match control sample.
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The fact that the ILS exposure effect has some specificity as it was not evident in accuracy of the
motor act neither in the reproduction of multi-seconds time intervals, but only in the reproduction of
time intervals in the milliseconds range, hints that this exposure might be impacting the cerebellum and
its connectivities, consistent with the timing mechanisms attributed to this structure.

This finding, important and quite compelling, but admitting exploratory in nature, should not be
taken without caution and should deserve further investigation. Limitations to the testing procedure
design and interpretation are stressed and alternative explanations put forward. The fact that the dif-
ferences between groups in timing deviation vanish not only in the 4 Hz but also in the 8 Hz condition
and even in the last condition without ILS exposure, leaves open the question of whether the observed
effect is not specific for the 4 Hz condition or whether it is specific yet, this conceivable increase in neu-
ronal synchronization has a persistent effect in time. Alternatively, and for the fact that the four testing
conditions were performed by participants in a fixed order, it cannot be ruled out that the observed
pattern of results, with a stead improvement of performance of our autistic sample, is due to learning
effects (e.g. knowledge of/familiarity with the testing procedure). It should be noted however that: first,
the improvement was not observed in the long intervals condition and second that, paradoxically, in
the long time intervals control participants showed a slight but steady deterioration of performance,
possibly associated with forgetting. We believe that, both the band frequency specificity (either 4 Hz or
other) of the ILS effect and the duration/persistence of this observed effect deserves pressing empirical
attention.

CONCLUSIONS

We have observed that, both in the learning phase as well as in the reproduction phase, the timing
components of this simple motor task are deficient in our autistic sample. Results critically inform that
timing difficulties seem to be restricted to the processing of time intervals in the milliseconds range
only. This finding is important and can help better understand and accommodate mixed reports in the
field. The exposure to ILS shows possibly a specific and beneficial effect on processing time at this
short range and, although very preliminary, this empirical finding is very compelling and should foster
further investigation in the field.
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