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Abstract

This study investigated the oculomotor performance in children with autism spectrum disorder (ASD) during a face-to-face
conversation. A head mounted eye tracker recorded the eye movements in 20 children with ASD and 23 children with typical
development (TD). Group comparisons were conducted on the randomness and the quantity of eye movement. The amount
of time needed to reveal group difference was also examined. Results showed that the randomness of eye movement was
significantly higher at all examined time durations, and the amount of eye movement was significantly greater within 3 s in
the ASD group. These findings demonstrated an atypical pattern of oculomotor dynamics in children ASD, which might
facilitate the objective identification of ASD during daily social interaction.
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Abbreviations
ASD Autism spectrum disorder

DSM-V  The Diagnostic and Statistical Manual of Men-
tal Disorders—>5th Edition

TD Typical development

Introduction

Autism spectrum disorder (ASD) is a complex neurode-
velopmental condition characterized by compromised
social communication and restricted and repetitive behav-
ior. Abundant research has demonstrated that individuals
with ASD differ from those with typical development (TD)
with respect to both visual fixation patterns and oculomotor
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performances (Chita-Tegmark, 2016; Frazier et al., 2017;
Johnson et al., 2016; Kanner, 1943).

The implementation of eye tracking technology has
greatly promoted our understanding of both visual attention
and oculomotor dynamics in ASD. Interestingly, the major-
ity of eye tracking research has been focused on examining
characteristics of visual fixation in individuals with ASD,
and a variety of ASD related features has been revealed. One
of the most prominent features is that individuals with ASD
present a decreased visual fixation to social stimuli, and
an increased fixation to nonsocial stimuli (Chita-Tegmark,
2016; Frazier et al., 2017; Klin et al., 2002). Decreased fixa-
tion to socially relevant information might lead to failures
of detecting important clues for social interaction, which
would further contribute to impaired social interaction
(Murias et al., 2018). As compared to people with TD, it
has also been found that ASD individuals tend to pay less
visual attention to biological motion (movements produced
by humans or animals) (Klin et al., 2009), and have higher
preference for repetitive movements (e.g., a butterfly per-
forming circular movements) versus random movements
(e.g., a butterfly flying randomly) performed by the same
cartoon characters (Wang et al., 2018). Interestingly, some
studies reported that people with ASD performed better in
local or piecemeal processing tasks than their TD peers, in
which participants were required to detect a unique element
among a number of foils (Gliga et al., 2015; Grinter et al.,
2009). Although mixed results have been reported (Jones
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et al., 2017; Nadig et al., 2010), it is widely accepted that
individuals with ASD exhibit an atypical pattern of visual
fixation in certain circumstances.

In terms of oculomotor performance, abnormalities
in fixation maintenance, saccade, and visual pursuit have
been reported in ASD. For instance, Nowinski et al. (2005)
investigated the suppression of intrusive saccades and the
ability to sustain eccentric gaze in individuals with ASD.
Participants were required to fixate on a central target, a
peripheral target, and the remembered central target loca-
tion. No difference was found in terms of frequency of intru-
sive saccades, but their results demonstrated a significant
increase in amplitude of intrusive saccade and a significant
decrease in time of target re-fixation after intrusive saccades
in ASD individuals when fixating on the remembered central
target location (Nowinski et al., 2005). Regarding saccadic
eye movement, visually-guided tasks were typically imple-
mented, in which participants were required to fixate on a
peripheral target as rapidly as possible after focusing on a
central target. Reduced saccade accuracy (Miller et al., 2014;
Schmitt et al., 2014), longer saccade latency (Miller et al.,
2014), and elevated instability of fixation (Johnson et al.,
2016; Sumner, Hutton, & Hill, 2020) have been reported in
individuals with ASD compared to their TD peers. Concern-
ing visual pursuit, Sumner, Hutton and Hill (2020) found
that children with ASD spent significantly less time when
visually following a target, which oscillated in a horizontal
motion at different frequencies (Sumner et al., 2020).

Again, despite the fact that atypical ocular motion has
been frequently reported in ASD, considerable controversies
exist. For instance, unlike abovementioned studies reporting
reduced saccade accuracy and longer saccade latency with
ASD, Kovarsk et al. (2019) investigated characteristics of
eye movements in ASD during different visual tasks, and
their results showed that children with ASD were even faster
and more accurate to visually reach targets in certain tasks
as compared to the TD counterparts (Kovarski et al., 2019).
Indeed, the discrepancy of findings in previous studies might
result from participants’ characteristics (e.g., age and sex
ratio) and task variance (Harrop et al., 2018; Kovarski et al.,
2019; Schmitt et al., 2014).

To date, oculomotor performance in ASD has been
mainly examined in stimuli viewing scenarios. No study
has been found to investigate whether eye movements are
different in individuals with ASD during face-to-face inter-
actions. In fact, a few studies demonstrated that the physical
presence of a social partner was a potent stimulus eliciting a
different pattern of neural response and gaze behavior from
tasks without genuine interpersonal interactions (Freeth,
Foulsham, & Kingstone, 2013; Ponkénen et al., 2011). These
findings suggest that oculomotor performance in ASD dur-
ing face-to-face interaction might be different from that in
stimuli viewing scenarios.
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Brief Introduction to This Study

Using a head-mounted eye tracker, this study collected the
eye movements of both children with ASD and TD while
they were engaged in a face-to-face conversation with an
interviewer. Since the eye tracker was tightly attached to
head, there was no relative movement between the head and
the device. Therefore, eye movement could be estimated by
analyzing the gaze behavior. The primary objective of this
study was to investigate the randomness and the amount of
eye movement in ASD, which have been rarely examined
by prior research. The investigation of these two aspects of
oculomotor performance in ASD not only provides opportu-
nities to understand the abnormalities in the expansive neu-
ral network that controls the eye movement, but also offers
quantifiable behavioral markers that might facilitate the
objective identification of ASD. This is of particular scien-
tific and practical significance given the fact that the current
diagnosis of ASD heavily relies on observational evaluation,
which is negatively affected by a variety of subjective factors
such as caregivers’ report bias and clinicians’ insufficient
experiences of detecting ASD (Moricke, Buitelaar, & Rom-
melse, 2016; Tebartz van Elst et al., 2013).

Apart from comparing group differences, it was also
examined how much time was needed to observe the signifi-
cance of group difference in eye movement. This is a criti-
cal question in both ASD research and clinical application
because children with ASD are sensitive to wearing devices,
and great difficulty might be experienced to make them fol-
low experimental instructions (Dufour & Lanovaz, 2020).
Therefore, knowledge about the amount of time needed to
reveal the group difference has valuable implications for
developing diagnostic tools using eye movement data.

Method
Participants

Eye tracking data of this study were obtained from a larger
experiment which examined the natural social behavior in
children with ASD during a face-to-face conversation (Z.
Zhao et al., 2021a; Zhong Zhao et al., 2021b). The sample
size was estimated as 34 (n=17 for ASD and TD, respec-
tively) using power analysis (between-group ¢-test, d=1,
a=0.05, power=0.8) on eye tracking data during face-
to-face interactions (Falck-Ytter, 2015; Hutchins & Brien,
2016). Finally, 20 children with ASD and 23 children with
TD were enrolled in our study. Data of 4 participants (1
ASD and 3 TDs) were excluded due to data loss in the eye
tracking process. Children with ASD were recruited from
a first-class mental health center in China. The accuracy of
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the ASD diagnosis was assured through a variety of rigor-
ous procedures. First, the diagnosis of ASD was made by
a licensed psychiatrist with no less than 5 years’ clinical
experience by strictly following the DSM-IV criteria. After-
wards, the ASD diagnosis was further evaluated by a senior
psychiatrist. A consultation with at least two additional sen-
ior psychiatrists would be conducted if disagreement took
place. In addition, participants with ASD needed to fulfill
the following criteria: (a) aged between 6 and 13 years old;
(b) having at least average non-verbal intellectual ability
(IQ was first screened by the psychiatrist and subsequently
assessed as /Q > 70 with the Raven’s Advanced Progressive
Matrices); (c) absence of other clinical conditions such as
schizophrenia and ADHD, and not on medication at the
time of experiment; (d) being capable of maintaining aver-
age verbal communication (assessed by a speech—language
psychologist in preliminary screening). Children with TD
were healthy participants included from local schools if
aged between 6 and 13, and reporting no physical or men-
tal disorders. In addition, no ASD/ADHD was reported in
the first-degree relatives of this group. Children with TD
also received the Raven’s Advanced Progressive Matrices
to assure that their IQ was above the average level. Written
informed consent approved by the local ethics committee
was provided by participants’ caregivers. Participants were
compensated with 200 CNY for their participation in the
experiment. The experimental protocol conformed to the
Declaration of Helsinki. The subject’s demographics is pre-
sented in Table 1.

Eye Tracker

Participants wore a head-mounted eye tracker (Tobii Pro
Glasses 2, sampling frequency 50 Hz; Tobii Technology,
Stockholm, Sweden) during the conversation, and they were
seated 80 cm away from the interviewer’s chair (Fig. 1a).
Tobii Pro Glasses 2 is a light-weighted, glasses-like eye
tracker that tracks the natural gaze behavior of the wearer
without constraining head movement. The direction of eye
gaze was recorded by four sensors receiving near infrared
light beams reflected by the user’s eyes. The eye tracker
comprised a scene camera to video-record the front scene
of the wearer (Fig. 1b). Finally, time series of gaze allocation

in the coordinate system based on the scene camera could
be obtained. Since the eye tracker was tightly worn (with-
out causing self-reported discomfort), there was no relative
movement between the scene camera and the head. There-
fore, the eye movement in the eye sockets could be estimated
by the position of gaze allocation.

In our experiment, participants were instructed to act
naturally, and not to move the glasses (eye tracker) or make
abrupt or intense head movements during the conversa-
tion with an interviewer. The genuine function of the eye
tracker was not revealed to them. All participants were asked
whether they knew the genuine function of the glasses after
the whole experiment, and none of them were aware that it
was used for recording eye movement.

(b)

Fig. 1 a Experimental setup. b Scene camera and the coordinate sys-
tem. x and y coordinates correspond to the horizontal and vertical
directions of eye movement respectively

Table 1 Subject demographics

: ASD TD Group comparison p value
and group comparisons
Sex (M:F)* 17:2 17:3 Xz(l) =.174 .676
Age in months (M=SD) 99.6+25.1 108.8+27.0 t(37)=1.09 283
IQ M+SD)° 100.8 +22.7 116.1+22.7 t(37)=2.45 .019%
*01<p<.05

2x? Test was performed

®Independent samples t-test was performed
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Experimental Procedure

Prior to the start of the conversation, participants were
arranged to sit on a chair and to wear the eye tracker under
the experimenter’s guidance. Afterwards, the one-point
calibration procedure was conducted, in which participants
focused their gaze on the center point of the calibration card
that was placed around the position of the interviewer’s
body (within Tobii’s recommended calibration distance of
0.5-1.5 m). Next, the interviewer came in and sat on the
other chair once the calibration was completed. Note that
the interviewer was not informed of the participants’ group
membership, and she was specifically required to behave
consistently across all participants regarding the way she
spoke, gestures, and other body movements.

The structured conversation was launched by the inter-
viewer to greet the participant, followed by the chrono-
logically arranged sessions/topics: Generic question (also
referred to the 1st session), Hobby sharing (2nd session),
Yes—no question (3rd session), and Question raising (4th
session). Only data of the first session were analyzed in
the present study. In this particular session, the interviewer
posed six questions to the participants, and the purpose of
this session was to help both people get familiar with each
other (please refer to “Appendix” for questions asked in this
session).

The conversation was videotaped by two still cameras
for the purpose of studying the participant’s social behav-
ior. One camera (Samsung HMX-F90, sampling frequency
25 Hz) recorded both persons’ behavior during the conver-
sation, with each person separated equally on the left and
right side of the recording view. The other camera (Logitech
C270, sampling frequency 30 Hz) was placed beside the
interviewer to capture the participant’s behavior from the
front view.

Eye Tracking Data Analysis

All the x and y coordinates of the gaze point were exported
by the Tobii Pro Lab in units of pixels. The coordinate sys-
tem for the recorded gaze data was based on the scene cam-
era video, whose size was 1920 pixels (x-axis) X 1080 pixels

(y-axis) (Fig. 2).

Computation of Randomness and Amount of Eye
Movement

Given a time series of gaze point (a,, a,, as,...,a;), the first
step was to set the length of the examined time window. The
purpose of creating time window was to seek the time dura-
tion needed to reveal the group differences in eye movement
measures. We examined the time duration of k second(s)
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(where k=1, 2, 3,...,up to 25). A maximum time window
of 25 s was chosen based on the principle of preserving
the maximum number of participants, as some participants
would have to be excluded due to great data loss (>30%)
when the duration of the time window was greater than 25 s
(Wang et al., 2020). Since the sampling frequency of the
eye tracker was 50 Hz, the number of gaze points within the
examined time window would be 50 * k.

Second, the randomness and amount of eye movement
were calculated within the examined time window. We used
entropy analysis to quantify the randomness of eye move-
ment in this study. Entropy was initially termed in thermo-
dynamics to denote the form of energy no longer available
for physical work (Clausius, 1867). In probability theory,
information theory, and the theory of dynamical systems,
it is a variable that quantifies the level of uncertainty, com-
plexity, or irregularity (Kolmogorov, 1959; Shannon, 1948).
In the literature of ASD, prior studies have implemented
entropy analysis to quantify the randomness/regularity of
movement in postural sway, head movement, and visual scan
(Fournier et al., 2014; Wang et al., 2020; Zhong Zhao et al.,
2021b). Higher entropy is associated with an elevated level
of randomness in movement (i.e., less regular movement),
and lower entropy is an indication of lower degree of ran-
domness in movement (i.e., more regular movement). In this
study, the randomness of eye movement was computed with
Shannon entropy based on the gaze allocation data. Given
that the size of the scene camera video was 1920 x 1080 pix-
els, the image was divided into 22,000 (200 x 110) equally
sized blocks (Fig. 3). This meant that the size of each block
was roughly 10x 10 pixels, which was neither too small to
treat extremely close gaze allocations as different points,
nor too large to include distantly allocated gazes in the
same block. To examine the randomness of gaze allocation
in these blocks within k second(s), Shannon entropy was
computed as:

1920 pixels

@)
\

Recorded gaze point (xi, yi)

Y

w——— 1080 pixels ———

/ Scene Camera Video
Origin (0, 0)

Fig. 2 Illustration of the coordinate system of the scene video camera
and the position of gaze allocation
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Entropy = — Zp(xm) * log2p (xm),

i=1

where n=22,000, p(x,,) is the probability of the mth block.

As for the amount of eye movement, the first step was to
compute the sum of the distance between two consecutive
gaze points within the time window, measured in pixels. To
counterbalance the variance of gaze loss in different k-sec-
ond time windows, the amount of eye movement within the
time window was calculated as:

sum of distance * 50k

Amount of eye movement = - —.
number of valid gaze points

Third, the examined k-second time window shifted for-
ward in time by one gaze point, and the calculation of Shan-
non entropy and amount of eye movement repeated. The
window continuously shifted until the end of the trial. Note
that time windows with few data points (data loss >30%)

ASD

Frequency of gaze point

0 50

x axis of scene camera (1

unit = 10 pixe\S)

were discarded from further calculation (Wang et al., 2020).
The illustration of time window and window shift is pre-
sented in Fig. 4.

Finally, the randomness and amount of eye movement
within the whole trial was computed by taking the means
of all the examined k-second time windows. In this way,
the randomness and amount of eye movement within 1 s,
2's,...,25 s could be obtained.

Results

Table 1 presents participants’ demographics. Results showed
a significant difference in nonverbal IQ between ASD and
TD in the present study, suggesting that nonverbal I1Q might
be a potential confounder for eye movement measures. To
address this concern, Pearson correlation tests were con-
ducted to examine the relation of IQ with the randomness
and the amount of eye movement.

TD

Frequency of gaze point

200

0 - .
) 50 + ~ 10 pixels)
(7S 0 1unit=10 P
) . amera (
o) of scene ¢
J:fo X axis
L2
G
T

Fig.3 Exemplary illustration of gaze allocation for an ASD and a TD participant at a 5 s time window

a a; az As50+k  As50xk+1 A50%k+2

L 1Istwindow ——
L 7ndwindow

[ 3rd window

- >

Ai—k+50 QAi—k+50+1

L (-k*50)th window

4|
L (i-k*50+1)th window

Window shifting direction

Fig.4 Illustration of time window and window shift
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Results showed that none of the randomness of eye move-
ment measures was significantly correlated to IQ (all p val-
ues > 0.05), but all the amount of eye movement measures
were significantly correlated to 1Q (all p values <0.05).
Based on these results, IQ was entered as a covariate in
comparisons on the amount of eye movement, but not on
the randomness of eye movement.

Randomness of Eye Movement

Independent #-tests were performed to examine whether the
ASD group significantly differed from the TD group with
respect to the randomness of eye movement. All the results
are presented in Table 2 and Fig. 5. Results showed that the
entropy values were significantly higher in the ASD group
than those in the TD group at all time windows from 1 s
through 25 s, indicating a higher level of randomness in the
ASD children across all the examined time durations.

Amount of Eye Movement

ANCOVAs were performed to examine the significant dif-
ference in the amount of eye movement between ASD and

TD. The dependent variables were the amount of move-
ment at different time windows. The independent variable
was group, and IQ was entered as a covariate variable in all
ANCOVAs. Results presented in Table 3 and Fig. 6 showed
that the ASD group had a significantly greater amount of eye
movement than the TD group only within a short amount
of time (<3 s). The statistical significance disappeared in
longer time durations.

Discussion

The present study investigated the characteristics of ocu-
lomotor performance in children with ASD during a face-
to-face conversation. Results demonstrated a higher level
of randomness and a short-term excessive eye movement
in children with ASD as compared to those with TD. Dif-
ferent from previous studies having participants looking
at static or dynamic stimuli, the innovation of this study
was that we investigated the dynamics of eye movement
during a face-to-face conversation with a human partner.
In addition, we examined the randomness and the amount
of eye movement, which revealed novel features of eye
movement that have been rarely studied in prior research.

Table 2 Comparison of

. ASDM +SD) TD(M +SD) Group comparison p value Cohen's d

randomness of gaze allocation

between ASD and TD within Is 4.14+ .40 3.64+.35 1(37.00)=4.21 <.001 1.35

different time durations 25 5.03 +.43 451+ 36 ((37.00)=4.12 <.001 132
3s 5.56+ .45 5.04+.36 (37.00)=3.99 <.001 1.27
4s 5.93 + .45 5.41+.36 137.00)=3.90 <.001 1.25
55 6.21+.46 5.71+.36 1(37.00)=3.82 <.001 1.22
65 6.43+ .47 5.94+ 36 (37.00)=3.65 <.001 1.17
7s 6.63 + .48 6.14+ .37 1(37.00)=3.56 .001 1.13
8s 6.79+ .48 6.31+.37 1(37.00)=3.48 .001 1.11
9s 6.94 + .49 6.47 +.37 1(37.00)=3.39 002 1.08
10s 7.07 +.49 6.61+.38 1(37.00)=3.35 .002 1.07
11s 7.20+.50 6.73+.38 1(37.00)=3.34 002 1.07
12s 7.31+.50 6.84+ .38 1(37.00)=3.31 002 1.06
13s 741+ .51 6.94+ .38 1(37.00)=3.27 .002 1.05
14 7.51+.51 7.04+.39 1(37.00)=3.25 .002 1.04
155 7.60+.52 7.12+.39 1(37.00)=3.26 .002 1.04
16 7.69+.52 7.20+.39 1(37.00)=3.29 .002 1.05
175 7.77+.53 7.28+.39 1(37.00)=3.31 .002 1.06
18s 7.84+.53 7.35+.39 1(37.00)=3.31 .002 1.06
19s 7.94+ .54 741+ .39 1(37.00)=3.48 .001 1.12
20s 8.01+.54 7.48+ .39 1(37.00)=3.48 .001 1.12
21's 8.07+.55 7.54+ .39 1(37.00)=3.45 .001 1.11
25 8.13+.55 7.59+.39 1(37.00)=3.46 .001 1.11
23s 8.18+.56 7.65+.39 1(37.00)=3.46 .001 1.11
24 8.24+ .56 7.70 + .40 1(37.00)=3.47 .001 1.12
25s 8.26+.57 7.74 + 40 1(37.00)=3.29 .002 1.05
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Entropy

0 1 1 1 1 1 1 1 | |

10 11 12 13 14 15 16 17

1

ASD
™ |

18 19 20 21 22 23 24 25

\ - /
\‘7 o T —o—

|

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Length of time window (s)

Fig.5 Comparison between ASD and TD on the randomness of gaze allocation (upper panel) and the corresponding p values (bottom panel) at

different lengths of time window

Further, the study of time duration in the present study
could provide important information when designing the
duration of future experiments or clinical tests.

In a typical face-to-face interaction with a real person,
individuals do not consistently stare at the social partner.
But rather, gaze shifts occur all the time. For instance, indi-
viduals tend to look at the partner when the person is speak-
ing (Jones et al., 2017; Klin et al., 2002), and look away
when dealing with tasks with high cognitive load (Doherty-
Sneddon et al, 2002; Glenberg, Schroeder, & Robertson,

1998). Previous studies also demonstrated that individuals
look at different important body features such as mouth,
eyes, and body, to help decode the intention and emotion of
the social partner (Melinger & Levelt, 2005; Sasson et al,
2016). Our results demonstrated that ASD children produced
more eye movement at all time scales, although significant
difference was only found within 3 s (Fig. 6). This finding
was consistent with prior research which showed that chil-
dren with ASD made more saccadic eye movement, and had

@ Springer
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Table 3 Comparison of amount

2

of eye movement between ASD ASD M +SD) TD (M +SD) Group comparison p value s

and TD within different time 1s 702.75+235.63 502.77 +175.23 F(1,36)=5.61 023 14

durations 2s 1387.26+469.03 1009.78 +353.94 F(1,36)=4.71 037 12
3s 2074.04 + 681.60 1535.39 +547.12 F(1,36)=4.26 046 11
4 2747.23 +896.94 2058.78 +739.83 F(1,36)=3.88 057 10
55 3402.17+1112.80 2575.64 +929.09 F(1,36)=3.42 073 .09
6s 4032.07+1343.78 3094.93+1118.71  F(1,36)=2.87 099 07
s 4686.25+ 1574.52 3610.78+ 131823 F(1,36)=2.68 110 07
8s 5343.11+1828.58 413330£1505.79  F(1,36)=2.54 120 07
9s 5980.43 +2062.03 4658.80+1695.46  F(1,36)=2.33 136 06
10s 6598.90 +2312.07 5203.26+1908.43  F(1,36)=2.01 165 .05
11s 7245.11 +£2555.08 5740.07+210621  F(1,36)=1.88 178 05
12s 7914.75 +2795.90 6288.72+2321.78  F(1,36)=1.82 185 .05
135 8596.17 +3040.74 6827.85+2530.17  F(1,36)=1.84 183 .05
145 9274.19 +3286.36 7367.78+2768.59  F(1,36)=1.82 185 .05
15 10,015.38 £3574.22 7923.15+£2997.78  F(1,36)=1.92 174 05
16's 10,723.79 +£3775.68 8451254319825  F(1,36)=2.02 164 05
17 11,395.85 £ 4000.49 8979.25+3388.89  F(1,36)=2.03 163 .05
18s 12,078.01 £4201.97 9511.09+3583.02  F(1,36)=2.08 158 06
19s 13,027.26 +4326.80 10,040.84+3775.86  F(1,36)=2.77 105 07
20's 13,741.75 £4558.84 10,589.90+3982.91  F(1,36)=2.79 104 07
21s 14.,443.60 +4794.63 11,130.82£4189.72  F(1,36)=2.77 105 07
22 15,165.32 +5032.60 11,659.87+4390.28  F(1,36)=2.84 101 07
23's 15,871.74 +5289.88 12,186.05+4592.28  F(1,36)=2.88 098 07
24 s 16,621.29 +5553.99 12,710.34+4795.60  F(1,36)=2.97 094 08
25 16,930.69 +5974.98 13,238.34+498250  F(1,36)=2.23 145 06

shorter spontaneous fixation durations (Kemner et al, 1998;
Nackaerts et al., 2012; Wass et al., 2015).

Apart from excessive eye movement, our results also
showed that eyes moved in a less regular fashion in children
with ASD, as evidenced by a more sparsely allocated gaze
points. These results might be partially explained by the
attentional deficit in selectively attending to social informa-
tion out of irrelevant information among children with ASD
(Chita-Tegmark, 2016; Frazier et al., 2017). When interact-
ing with a real human, individuals with TD fixate more on
important social information (i.e., face, and body), and less
on background (Z. Zhao et al., 2021a; Zhong Zhao et al.,
2021Db). In contrast, visual fixation in ASD was more equally
assigned between social and irrelevant information, leading
to more sparsely allocated gaze points, and thus a higher
entropy value.

Participants’ head movement was not constrained, and
the eye tracker was tightly attached to the head in our study.
This meant that gaze allocation in the coordinate system
of the scene camera did not reflect how participants fix-
ated on external stimuli, as fixation shift from one external
object to another could be realized through head movement
without making eye movements. A recent study also com-
puted Shannon entropy of gaze allocation to understand the

@ Springer

scanning strategy children with ASD used in face viewing
tasks (Wang et al., 2020). Consistent with our finding, their
research showed a significantly greater entropy in gaze allo-
cation in children with ASD. However, Wang et al. (2020)
used a remote eye tracker in their experiment, and thus, the
gaze allocation simply reflected how participants looked at
the presented stimuli. In our study, however, the result of
greater entropy in children with ASD could be interpreted
that eyes moved in a more random (or less regular) fashion
in these participants.

The present study examined the influence of the time
duration, and found a significant higher entropy across all
examined time durations and a significantly greater amount
of eye movement with the time durations less than 3 s. The
results on entropy analysis echoed Wang et al.’s finding,
which showed an increased entropy in children with ASD
even within a very short amount of time (500 ms) (Wang
et al., 2020). As for the amount of time needed to reveal
group difference in the amount of eye movement, it was not
clear why significance existed only within 3 s. But these
results suggest that time duration is an important factor that
influences the group difference, and that a short eye tracking
test might suffice to reveal the ASD related deficits.
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ent lengths of time window

Limitations and Future Directions

Exploring oculomotor dynamics during a face-to-face con-
versation was one of the innovations of this study since it
expanded our understanding of eye movement performance
in a natural interpersonal interaction. However, this also
meant that various factors were not controlled (e.g., dis-
tractions in the background, and the interviewer’s interac-
tive behavior). For instance, although the interviewer was
required to treat all participants equally, her behavior was
not exactly the same across all participants. Since visual
attention is sensitive to the behavior of the social partner, the
group difference could possibly be explained by the variant

interactive behavior of the interviewer. To address this con-
cern, we implemented an image differencing techniques
(Alviar et al., 2020; Ramseyer & Tschacher, 2011) to esti-
mate the overall amount of movement the interviewer made
during the conversation. Statistical analysis failed to reveal
a group difference in the amount of the interviewer’s move-
ment [#(24.13)=0.93, p=0.361]. Strictly speaking, however,
similar amounts of movement does not necessarily imply
that the form and the temporal structure of the interviewer’s
movement was the same for these two groups of participants.
This is a serious question for all studies which intend to
adopt genuine social interaction tasks in research, since a
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real person could not behave exactly the same with different
persons, or even with the same person at different times.

Our study investigated the characteristics of eye move-
ment when participants answered generic questions. A
sizable amount of research demonstrated that social gaze
behavior vary with tasks (Falck-Ytter, 2015; Falck-Ytter,
Carlstrom, & Johansson, 2015; Hutchins & Brien, 2016).
A few studies reported that eye movement varies with task
demands and stimuli familiarity in individuals with TD
(Benson, Piper, & Fletcher-Watson, 2009; Kemner et al.,
1998). For instance, Kemner et al. (1998) reported more sac-
cadic movement in children with TD when viewing familiar
relative to unfamiliar objects (Kemner et al., 1998). In con-
trast, ASD individuals show less variability in treating differ-
ent stimuli (Benson et al., 2009; Kemner et al., 1998). In this
vein, it is reasonable to argue that eye movement differences
between ASD and TD are task-specific. Thus, whether our
results could be replicated in other tasks or contexts requires
further investigation.

Conclusion

By implementing a head mounted eye tracker, our study
showed that children with ASD made more eye movement
in a less regular fashion when conversing with a real per-
son. Given the close relation between eye movement and the
neural networks that controls it, the atypical pattern of eye
movement might be indicative of a structural or functional
change in ASD. On the other hand, our results indicated
that oculomotor performance might contain objective bio-
markers that could be harnessed to identify ASD. This is of
particular significance in ASD as it might offer opportunities
to develop labor- and time-saving means to ASD diagnosis.

Appendix: Details of the Structured
Conversation: Generic Question

1. What is your name
2. How is your name written
3. What is the name of your school and what grade are you in?

4. Who is your best friend? What is your favorite thing to do
together?

5. Could you please share with me the most interesting thing hap-
pened last week? Let me know the time, place, people and the
whole process of the event

6. What is the plan for your summer vacation?

@ Springer

Author contributions ZZ, XZ, XQ, and JL designed the experiment
and recruited participants. ZZ, JX, and XH performed data analysis
and statistics. ZZ, XZ, and XQ drafted and revised the manuscript.

Funding The study was financially supported by the National Natural
Science Foundation of China (No. 82171539), the SZU Funding Pro-
ject (No. 860-000002110259), the Science and Technology Innova-
tion Committee of Shenzhen (No. JCYJ20190808115205498), the Key
Medical Discipline of Guangming Shenzhen (No. 12 Epidemiology),
Sanming Project of Medicine in Shenzhen (No. SZSM201612079), Key
Realm R&D Program of Guangdong Province (No. 2019B030335001),
Shenzhen Key Medical Discipline Construction Fund (No.SZXK042),
and Shenzhen Double Chain Grant [2018]256.

Declarations

Conflict of interest None of the authors declare a financial interest in
any of the products or devices mentioned in the manuscript.

References

Alviar, C., Dale, R., Dewitt, A., & Kello, C. T. (2020). Multimodal
coordination of sound and movement in music and speech. Dis-
course Processes: A Multidisciplinary Journal. https://doi.org/10.
1080/0163853X.2020.1768500

Benson, V., Piper, J., & Fletcher-Watson, S. (2009). Atypical saccadic
scanning in autistic spectrum disorder—ScienceDirect. Neuropsy-
chologia, 47(4), 1178-1182.

Chita-Tegmark, M. (2016). Social attention in ASD: a review and meta-
analysis of eye-tracking studies. Research in Developmental Dis-
abilities, 48, 79-93. https://doi.org/10.1016/j.ridd.2015.10.011

Clausius, R. (1867). The mechanical theory of heat: With its applica-
tions to the steam engine and to physical properties of bodies.
London: John van Voorst.

Doherty-Sneddon, G., Bruce, V., Bonner, L., Longbotham, S., & Doyle,
C. (2002). Development of gaze aversion as disengagement from
visual information. Developmental Psychology, 38(3), 438—445.
https://doi.org/10.1037/0012-1649.38.3.438

Dufour, M.-M., & Lanovaz, M. J. (2020). Increasing compliance with
wearing a medical device in children with autism. Journal of
Applied Behavior Analysis, 53(2), 1089-1096. https://doi.org/
10.1002/jaba.628

Falck-Ytter, T. (2015). Gaze performance during face-to-face commu-
nication: a live eye tracking study of typical children and children
with autism. Research in Autism Spectrum Disorders, 17, 78-85.
https://doi.org/10.1016/j.rasd.2015.06.007

Falck-Ytter, T., Carlstrom, C., & Johansson, M. (2015). Eye contact
modulates cognitive processing differently in children with
autism. Child Development, 86(1), 37-47. https://doi.org/10.
1111/cdev.12273

Fournier, K. A., Amano, S., Radonovich, K. J., Bleser, T. M., & Hass,
C.J. (2014). Decreased dynamical complexity during quiet stance
in children with autism spectrum disorders. Gait and Posture,
39(1), 420—-423. https://doi.org/10.1016/j.gaitpost.2013.08.016

Frazier, T. W., Strauss, M., Klingemier, E. W., Zetzer, E. E., Hardan, A.
Y., Eng, C., & Youngstrom, E. A. (2017). A meta-analysis of gaze
differences to social and nonsocial information between individu-
als with and without autism. Journal of the American Academy of
Child and Adolescent Psychiatry, 56(7), 546-555. https://doi.org/
10.1016/j.jaac.2017.05.005


https://doi.org/10.1080/0163853X.2020.1768500
https://doi.org/10.1080/0163853X.2020.1768500
https://doi.org/10.1016/j.ridd.2015.10.011
https://doi.org/10.1037/0012-1649.38.3.438
https://doi.org/10.1002/jaba.628
https://doi.org/10.1002/jaba.628
https://doi.org/10.1016/j.rasd.2015.06.007
https://doi.org/10.1111/cdev.12273
https://doi.org/10.1111/cdev.12273
https://doi.org/10.1016/j.gaitpost.2013.08.016
https://doi.org/10.1016/j.jaac.2017.05.005
https://doi.org/10.1016/j.jaac.2017.05.005

Journal of Autism and Developmental Disorders (2022) 52:3699-3710

3709

Freeth, M., Foulsham, T., & Kingstone, A. (2013). What affects
social attention? Social presence, eye contact and autistic traits.
PLoS ONE. https://doi.org/10.1371/journal.pone.0053286

Glenberg, A. M., Schroeder, J. L., & Robertson, D. A. (1998). Avert-
ing the gaze disengages the environment and facilitates remem-
bering. Memory and Cognition, 26(4), 651-658.

Gliga, T., Bedford, R., Charman, T., & Johnson, M. (2015).
Enhanced visual search in infancy predicts emerging autism
symptoms. Current Biology, 25(13), 1727-1730.

Grinter, E. J., Maybery, M. T., Beek, P. L. V., Pellicano, E., Badcock,
J. C., & Badcock, D. R. (2009). Global visual processing and
self-rated autistic-like traits. Journal of Autism and Develop-
mental Disorders, 39(9), 1278-1290.

Harrop, C., Jones, D., Zheng, S., Nowell, S. W, Boyd, B. A., &
Sasson, N. (2018). Sex differences in social attention in autism
spectrum disorder. Autism Research: Official Journal of the
International Society for Autism Research, 11(9), 1264-1275.
https://doi.org/10.1002/aur. 1997

Hutchins, T. L., & Brien, A. (2016). Conversational topic moder-
ates social attention in autism spectrum disorder: talking about
emotions is like driving in a snowstorm. Research in Autism
Spectrum Disorders, 26, 99—110. https://doi.org/10.1016/j.rasd.
2016.03.006

Johnson, B. P., Lum, J. A., Rinehart, N. J., & Fielding, J. (2016).
Ocular motor disturbances in autism spectrum disorders: sys-
tematic review and comprehensive meta-analysis. Neuroscience
and Biobehavioral Reviews, 69, 260-279. https://doi.org/10.
1016/j.neubiorev.2016.08.007

Jones, R. M., Southerland, A., Hamo, A., Carberry, C., Bridges, C.,
Nay, S., Stubbs, E., Komarow, E., Washington, C., Rehg, J. M.,
Lord, C., & Rozga, A. (2017). Increased eye contact during con-
versation compared to play in children with autism. Journal of
Autism and Developmental Disorders, 47(3), 607-614. https://
doi.org/10.1007/s10803-016-2981-4

Kanner, L. (1943). Autistic disturbances of affective contact. Nerv-
ous Child, 2, 217-250.

Kemner, C., Verbaten, M. N., Cuperus, J. M., Camfferman, G., &
van Engeland, H. (1998). Abnormal saccadic eye movements in
autistic children. Journal of Autism and Developmental Disor-
ders, 28(1), 61-67. https://doi.org/10.1023/A:1026015120128

Klin, A., Jones, W., Schultz, R., Volkmar, F., & Cohen, D. (2002).
Visual fixation patterns during viewing of naturalistic social
situations as predictors of social competence in individuals with
autism. Archives of General Psychiatry, 59(9), 809-816.

Klin, A., Lin, D. J., Gorrindo, P., Ramsay, G., & Jones, W. (2009).
Two-year-olds with autism orient to non-social contingencies
rather than biological motion. Nature, 459(7244), 257-261.
https://doi.org/10.1038/nature07868

Kolmogorov, A. N. (1959). Entropy per unit time as a metric invari-
ant of automorphism. Doklady Akademii Nauk SSSR, 124(4),
754-755.

Kovarski, K., Siwiaszczyk, M., Malvy, J., Batty, M., & Latinus, M.
(2019). Faster eye movements in children with autism spectrum
disorder. Autism Research, 12(2), 212-224. https://doi.org/10.
1002/aur.2054

Moricke, E., Buitelaar, J. K., & Rommelse, N. N. J. (2016). Do we
need multiple informants when assessing autistic traits? The
degree of report bias on offspring, self, and spouse ratings.
Journal of Autism and Developmental Disorders. https://doi.
org/10.1007/s10803-015-2562-y

Melinger, A., & Levelt, W. J. M. (2005). Gesture and the communi-
cative intention of the speaker. Gesture, 4(2), 119-141.

Miller, M., Chukoskie, L., Zinni, M., Townsend, J., & Trauner, D.
(2014). Dyspraxia, motor function and visual-motor integration

in autism. Behavioural Brain Research, 269, 95-102. https://
doi.org/10.1016/j.bbr.2014.04.011

Murias, M., Major, S., Davlantis, K., Franz, L., Harris, A., Rar-
din, B., Sabatos-DeVito, M., & Dawson, G. (2018). Valida-
tion of eye-tracking measures of social attention as a potential
biomarker for autism clinical trials. Autism Research, 11(1),
166—174. https://doi.org/10.1002/aur.1894

Nackaerts, E., Wagemans, J., Helsen, W., Swinnen, S. P., Wenderoth,
N., & Alaerts, K. (2012). Recognizing biological motion and
emotions from point-light displays in autism spectrum disor-
ders. PLoS ONE, 7(9), e44473. https://doi.org/10.1371/journ
al.pone.0044473

Nadig, A., Lee, L., Singh, L., Bosshart, K., & Ozonoff, S. (2010).
How does the topic of conversation affect verbal exchange and
eye gaze? A comparison between typical development and
high-functioning autism. Neuropsychologia, 48(9), 2730-2739.
https://doi.org/10.1016/j.neuropsychologia.2010.05.020

Nowinski, C. V., Minshew, N. J., Luna, B., Takarae, Y., & Sweeney,
J. A. (2005). Oculomotor studies of cerebellar function in
autism. Psychiatry Research, 137(1-2), 11-19. https://doi.org/
10.1016/j.psychres.2005.07.005

Ponkénen, L. M., Alhoniemi, A., Leppinen, J. M., & Hietanen, J. K.
(2011). Does it make a difference if I have an eye contact with
you or with your picture? An ERP study. Social Cognitive and
Affective Neuroscience. https://doi.org/10.1093/scan/nsq068

Ramseyer, F., & Tschacher, W. (2011). Nonverbal synchrony in
psychotherapy: coordinated body movement reflects relation-
ship quality and outcome. Journal of Consulting and Clinical
Psychology, 79(3), 284-295. https://doi.org/10.1037/a0023419

Sasson, N. J., Pinkham, A. E., Weittenhiller, L. P., Faso, D. J., &
Simpson, C. (2016). Context effects on facial affect recogni-
tion in schizophrenia and autism: behavioral and eye-tracking
evidence. Schizophrenia Bulletin, 42(3), 675-683. https://doi.
org/10.1093/schbul/sbv176

Schmitt, L. M., Cook, E. H., Sweeney, J. A., & Mosconi, M. W.
(2014). Saccadic eye movement abnormalities in autism spec-
trum disorder indicate dysfunctions in cerebellum and brain-
stem. Molecular Autism, 5(1), 47. https://doi.org/10.1186/
2040-2392-5-47

Shannon, C. E. (1948). A mathematical theory of communication.
Bell System Technical Journal, 5(3), 3-55.

Sumner, E., Hutton, S. B., & Hill, E. L. (2020). Subtle oculomo-
tor difficulties and their relation to motor skill in children with
autism spectrum disorder. Advances in Neurodevelopmental
Disorders, 5, 1-12.

Tebartz van Elst, L., Pick, M., Biscaldi, M., Fangmeier, T., & Riedel,
A. (2013). High-functioning autism spectrum disorder as a basic
disorder in adult psychiatry and psychotherapy: psychopatho-
logical presentation, clinical relevance and therapeutic concepts.
European Archives of Psychiatry and Clinical Neuroscience,
263(2), 189-196. https://doi.org/10.1007/s00406-013-0459-3

Wang, Q., Hoi, S. P., Wang, Y., Song, C., & Yi, L. (2020). Out
of mind, out of sight? Investigating abnormal face scanning
in autism spectrum disorder using gaze-contingent paradigm.
Developmental Science. https://doi.org/10.1111/desc.12856

Wang, Q., Hu, Y., Shi, D., Zhang, Y., Zou, X, Li, S., Fang, F., &
Yi, L. (2018). Children with autism spectrum disorder prefer
looking at repetitive movements in a preferential looking para-
digm. Journal of Autism and Developmental Disorders, 48(8),
2821-2831. https://doi.org/10.1007/s10803-018-3546-5

Wass, S. V., Jones, E. J. H., Gliga, T., Smith, T. J., Charman, T.,
Johnson, M. H., & BASIS Team. (2015). Shorter spontaneous
fixation durations in infants with later emerging autism. Sci-
entific Reports, 5(1), 8284. https://doi.org/10.1038/srep08284

@ Springer


https://doi.org/10.1371/journal.pone.0053286
https://doi.org/10.1002/aur.1997
https://doi.org/10.1016/j.rasd.2016.03.006
https://doi.org/10.1016/j.rasd.2016.03.006
https://doi.org/10.1016/j.neubiorev.2016.08.007
https://doi.org/10.1016/j.neubiorev.2016.08.007
https://doi.org/10.1007/s10803-016-2981-4
https://doi.org/10.1007/s10803-016-2981-4
https://doi.org/10.1023/A:1026015120128
https://doi.org/10.1038/nature07868
https://doi.org/10.1002/aur.2054
https://doi.org/10.1002/aur.2054
https://doi.org/10.1007/s10803-015-2562-y
https://doi.org/10.1007/s10803-015-2562-y
https://doi.org/10.1016/j.bbr.2014.04.011
https://doi.org/10.1016/j.bbr.2014.04.011
https://doi.org/10.1002/aur.1894
https://doi.org/10.1371/journal.pone.0044473
https://doi.org/10.1371/journal.pone.0044473
https://doi.org/10.1016/j.neuropsychologia.2010.05.020
https://doi.org/10.1016/j.psychres.2005.07.005
https://doi.org/10.1016/j.psychres.2005.07.005
https://doi.org/10.1093/scan/nsq068
https://doi.org/10.1037/a0023419
https://doi.org/10.1093/schbul/sbv176
https://doi.org/10.1093/schbul/sbv176
https://doi.org/10.1186/2040-2392-5-47
https://doi.org/10.1186/2040-2392-5-47
https://doi.org/10.1007/s00406-013-0459-3
https://doi.org/10.1111/desc.12856
https://doi.org/10.1007/s10803-018-3546-5
https://doi.org/10.1038/srep08284

3710

Journal of Autism and Developmental Disorders (2022) 52:3699-3710

Zhao, Z., Tang, H., Zhang, X., Zhu, Z., Xing, J., Li, W., Tao, D.,
Qu, X., & Lu, J. (2021a). Characteristics of visual fixation in
Chinese children with autism during face-to-face conversations.
Journal of Autism and Developmental Disorders. https://doi.
org/10.1007/s10803-021-04985-y

Zhao, Z., Zhu, Z., Zhang, X., Tang, H., Xing, J., Hu, X., Lu, J.,
Peng, Q., & Qu, X. (2021b). Atypical head movement during

@ Springer

face-to-face interaction in children with autism spectrum disorder.
Autism Research. https://doi.org/10.1002/aur.2478

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10803-021-04985-y
https://doi.org/10.1007/s10803-021-04985-y
https://doi.org/10.1002/aur.2478

	Random and Short-Term Excessive Eye Movement in Children with Autism During Face-to-Face Conversation
	Abstract
	Introduction
	Brief Introduction to This Study
	Method
	Participants
	Eye Tracker
	Experimental Procedure
	Eye Tracking Data Analysis
	Computation of Randomness and Amount of Eye Movement


	Results
	Randomness of Eye Movement
	Amount of Eye Movement

	Discussion
	Limitations and Future Directions

	Conclusion
	References




