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Even if all external circumstances are kept equal, the oculomotor system shows intra-
individual variability over time, affecting measures such as microsaccade rate, blink rate,
pupil size, and gaze position. Recently, some of these measures have been associated with
ADHD on a between-subject level. However, it remains unclear to what extent these
measures constitute stable individual traits. In the current study, we investigate the intra-
individual reliability of these oculomotor features. Combining results over three experi-
ments (> 100 healthy participants), we find that most measures show good intra-individual
reliability over different time points (repeatability) as well as over different conditions
(generalisation). However, we find evidence against any correlation with self-assessed
ADHD tendencies, mind wandering, and impulsivity. As such, the oculomotor system
shows reliable intra-individual reliability, but its benefit for investigating self-assessed
individual differences in healthy subjects remains unclear. With our results, we highlight
the importance of reliability and statistical power when studying between-subject differ-
ences.
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Introduction

Imagine that you are working in your office, and one
of your colleagues suddenly walks in: Your eyes will
immediately change position from your work to your
colleague, and your pupil size will be modulated by the
differences in light hitting your eye. These changes in eye
position and pupil size may be described as ‘exogenous-
ly-driven’ — variability within an individual over time that
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is brought about by changes in the external environment.
However, even when all external circumstances remain
the same and one is solely fixating on a static dot, the
oculomotor system still shows variability, such as fluc-
tuations in eye position (i.e., ‘fixational eye movements’,
see Rolfs, 2009 for a review) or pupil size, and blinks. All
of these changes may be described as ‘purely endoge-
nous’ intra-individual variability — brought about by
internal fluctuations. Oculomotor variability measured
during a psychophysical task will reflect both exogenous
and endogenous fluctuations, and quantifying their re-
spective contributions would be difficult. Alternatively,
endogenous or ‘basic’ activity can be measured in ‘rest-
ing-state based paradigms’, during which the environ-
ment is kept stable for a prolonged period of time. Such
resting-states have gained popularity in neuroimaging
studies, but these are time-consuming and expensive to
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run. Oculomotor measures seem more appealing, as they
are easily accessible in terms of money and time.

Recently, the World Federation of Societies of Bio-
logical Psychiatry and the World Federation of ADHD
have identified the need for dedicated biomarkers of
ADHD (Thome et al., 2012). Indeed, basic oculomotor
variability has been proposed as a potential biomarker for
ADHD (Panagiotidi et al., 2017; but see Unsworth, Robi-
son & Miller, 2019). However, it is crucial for any bi-
omarker to show intra-individual reliability (Mayeux,
2004), and the reliability of basic oculomotor variability
has not been investigated. The aim of the current paper is
therefore twofold. First, we aim to examine whether ocu-
lomotor variability during resting-state based paradigms:
1) shows intra-individual reliability, and secondly, 2)
correlates with ADHD tendencies (as a whole or either of
its two subscales, inattention and hyperactivity), and two
commonly associated traits, mind wandering and impul-
sivity.

Oculomotor functioning and variability

While ‘saccades’ refer to sudden, ballistic movements
in eye position and ‘fixations’ refer to the maintenance of
the eye position on a particular spot, microsaccades refer
to small, sudden movements of the eye position during
fixations (see Rolfs, 2009 for a review). Microsaccades
are one of three types of fixational eye movements, the
others being drift and tremor. The movements of mi-
crosaccades have been described as ‘jerk-like’, small
(typically below 1-2° in amplitude), and often as ‘binocu-
lar’ (i.e., in both eyes simultaneously). Suggestions on the
purposes of microsaccades include control over fixation
position, prevention of perceptual fading, improvement of
visual processing, (small-area) scanning of the environ-
ment, and acuity (see Rolfs, 2009; Martinez-Conde,
Otero-Millan & Macknik, 2013 for reviews).

While microsaccades have been related to attention,
this refers mostly to attentional cuing and ‘covert atten-
tion’ (i.e., foci of attention separate from the current eye
position). Attentional cuing has been known to modulate
both the direction and occurrence of microsaccades, with
the latter commonly showing the ‘microsaccade rate
signature’ — a sudden drop in microsaccades after cue
onset, followed by a strong increase right after. Interest-
ingly, this modulation of microsaccade rate seems influ-
enceable by top-down expectations (Valsecchi, Betta &
Turatto, 2007). However, the role of attentional cuing
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relates to task-related variability, not to the manifestation
of variability during rest — which can only be related to
fluctuations in internal states.

Oculomotor variability and ADHD sympto-
matology

Fried et al. (2014) examined task-related differences
between adults with ADHD (both in an ‘unmedicated’
and ‘medicated’ session) and healthy controls (unmedi-
cated in both sessions). Participants were asked to press a
button in response to targets but not to non-targets. While
unmedicated, participants with ADHD showed signifi-
cantly higher microsaccade and blink rates compared to
controls, both near stimulus onset and throughout the
entire trial. However, these differences were not found in
the ‘medicated’ session. No significant between-group
differences were found in pupil size mean or variability.
Similarly, a separate study compared microsaccades
between participants with and without ADHD in a visual
go/mo-go task with a fixed inter-stimulus interval (Dank-
er, Shalev, Carrasco & Yuval-Greenberg, 2017; see also
Mihali, Young, Adler & Halassa, 2018). Microsaccade
rate prior to target onset was reduced in controls but not
in patients.

Resting-state based approaches can be found in two
recent studies. Panagiotidi et al. (2017) instructed partici-
pants to fixate on cross for 20 seconds over 20 trials.
They found a positive association between microsaccade
rate and self-assessed ADHD tendencies within a healthy
population (r = .35 on 38 participants), but did not inves-
tigate pupil size or blink rate. Unsworth et al. (2019)
conducted a larger-scale study (N = 204), in which
healthy participants had to fixate on a point for five con-
tinuous minutes. They found a weak correlation between
ADHD tendencies and mean pupil size (r = .15), but not
between ADHD and the SD of pupil size, blink rate, or
SD of gaze variability. Microsaccades were not analysed.
However, as they only used classical significance testing
(rather than Bayesian statistics), their analyses cannot
assess evidence in favour of the null-hypothesis. Fur-
thermore, their study includes a large number of correla-
tions and is vulnerable to Type I errors.

None of these studies (Danker et al., 2017; Fried et
al., 2014; Panagiotidi et al., 2017; Unsworth et al., 2019)
have examined the reliability of their measures. However,
this is a crucial step in investigating individual differ-
ences, and specifically biomarkers: If oculomotor
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measures are not consistent within individuals, it is un-
clear how their associations with questionnaire scores are
meaningful. Likewise, any absences of correlations (e.g.,
Unsworth et al., 2019) could potentially be explained by
a lack of reliability in the measures.

Intra-individual stability of oculomotor variability has
been shown previously over different types of tasks,
images, and display modalities (Andrews & Coppola,
1999; Boot et al., 2009; Castelhano & Henderson, 2008;
Poynter et al., 2013; Rayner et al., 2007; see Discussion
for more details). However, these studies concern the
generalisation of oculomotor variability across different
conditions/tasks — and cannot inform us about the repeat-
ability of oculomotor variability, nor about the reliability
of basic oculomotor behaviour specifically.

While Panagiotidi et al. (2017) did use an ADHD
questionnaire with two subscales — Inattention and Im-
pulsivity/Hyperactivity, reflecting the two main subtypes
of ADHD — they only analysed the total scores. However,
as the correlation between the subscales was only moder-
ate (r = .46), the subscales show sufficient non-shared
variance (78.8%) to investigate their separate contribu-
tions. Analysing the subscales separately may still reveal
potential differences between them, particularly when it
is unclear what exact mechanism underlies the correla-
tion.

Oculomotor variability
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Impulsivity is one of the main characteristics of
ADHD (Berg, Latzman, Bliwise & Lilienfield, 2015;
Miller, Derefinko, Lynam, Milich & Fillmore, 2010;
although some facets of impulsivity may be more im-
portant than others). ADHD has also been associated with
increased mind wandering both in clinical samples and in
healthy participants (Shaw & Giambra, 1993; Seli et al.,
2015; Unsworth et al., 2019). Possibly, this reflects a
decreased ability to maintain top-down focus.

Current research

In the current research, we examine the resting-state
paradigm for eye movements in more detail, to see if it
produces reliable markers within individuals over differ-
ent time points (repeatability) and over different condi-
tions (generalisation). In particular, we will examine
microsaccade rate, pupil size, blink rate, and gaze varia-
bility (in horizontal and vertical dimension). To get fur-
ther insight into the mechanisms underlying potential
individual differences in oculomotor variability, we in-
cluded self-assessed measures of mind wandering and
impulsivity. We aim to replicate positive associations of
these two measures with self-assessed ADHD, as well as
investigate their relationship to oculomotor variability.
Figure 1 shows an overview of our three aims.

Self-assessed
questionnaire scores

Mind

wandering

Replication of

/\ positive between-
Does oculomotor 2 ) subject correlations
variability show Mean r 3) ] between ADHD and
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differences in *
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Figure 1. Graphical representation of the oculomotor measures and self-assessed questionnaire scores, with the three

aims of the current study.
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Methods

Participants

In total, data of 129 participants was collected. All of
them had normal or corrected-to-normal vision. The stud-
ies were approved by the local ethics commission.

Experiment 1: Eighty-one participants (66 female,
fourteen male, one other, aged between 18-25; exact ages
not recorded) contributed in exchange of course credits.
Of them, 73 had valid eye tracking data. For three of
these remaining 73, the second session was not included
because they had more than 33% missing samples.

Experiment 2: Twenty-one participants (eighteen fe-
male, 21-40 old, Mage = 26.3) contributed in exchange of
a monetary reward. All had valid eye-tracking data. Two
of them only took part in one test day, due to technical
issues. For another three participants, the second session
on the first day was excluded, and for one participant, the
second session of the second day was excluded, because
more than 33% samples were missing.

Experiment 3: Twenty-eight participants (eighteen
female, 18-36 years old, Mage = 25.5) contributed in
exchange of a monetary reward, and twenty-six of them
had valid eye tracking data. Of these twenty-six partici-
pants, one participant had only three sessions, and anoth-
er had only two sessions. Furthermore, another eleven
(out of 303 remaining) sessions from five different partic-
ipants were not included because more than 33% missing
samples were missing.

Design

Experiment 1 and 2: Resting state eye movements and
pupil dilation were recorded before and after a behav-
ioural task — see Figure 2 for an overview. This gave (2 x
4) 8 minutes of resting state eye measures in total for
each participant. ADHD tendencies, mind wandering
tendencies, and impulsivity characteristics in daily life
were measured with questionnaires.

Experiment 3. Resting state eye movements and pupil
dilation were recorded in three different condition — see
Figure 2 for an overview. In the ‘Fixation plus instruc-
tion’-condition, participants were asked to fixate on a
fixation dot that was displayed on the centre of the
screen. In the “No fixation, Instruction only’-condition,
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participants were shown a blank screen, and were asked
to fixate on the centre of the screen. In the third condi-
tion, participants were also shown a blank screen, but
were only asked to not turn away from the screen. As
they were given no instructions relating to fixation, we
refer to the third condition as the ‘No fixation plus no
instruction’-condition throughout. This procedure was
repeated over four days — resulting in (1 x 3 x 4) 12
minutes of resting state measures for each participant in
total. ADHD tendencies, mind wandering tendencies, and
impulsivity characteristics in daily life were measured
with questionnaires. Again, ADHD tendencies, mind
wandering tendencies, and impulsivity characteristics in
daily life were measured with questionnaires.

Materials

The resting state paradigms were generated with
MATLAB (The Mathworks, Inc.) and Psychtoolbox-3
(Brainard, 1997; Kleiner, Brainard & Pelli, 2007; Pelli,
1997). The background of the paradigms was set at light-
grey, and the fixation point was white. An Eyelink 1000
(SR Research) was used in each of the experiments for
eye data recording. Each experiment started calibrating
and validating the eye tracker (five-dot calibration in
Experiment 1, nine-dot calibration in Experiment 2 and
3). Participants were seated in a chin-rest to limit head
movement.

The Adult ADHD Self-Report Scale (ASRS-vl1.1;
Kessler et al., 2005) was administered to measure ADHD
tendencies. The ASRS-v1.1 consists of 18 items with a 5-
point scale from 0 (“Never”) to 4 (“Very often”) and has
a high reliability (with Cronbach's a ranging from .88 to
.94; Adler et al., 2006; 2012). The ASRS-v1.1 can be
divided into two subscales — Inattention and Hyperactivi-
ty / impulsivity - reflecting the two main subtypes of
ADHD (Kessler et al., 2005; Reuter, Kirsch & Hennig,
20006).

Furthermore, the Daydreaming Frequency Scale
(DFS; Singer & Antrobus, 1963) was administered to
measure mind wandering in daily life. The DFS is a sub-
scale of the Imaginal Processes Inventory and measures
the amount of daydreaming and off-task mind wandering
in daily life. It consists of 12 items, each with a 5-point
scale. It has a high internal consistency (Cronbach's o =
.91) and a high test-retest reliability (.76 with an interval
of maximum one year; Giambra, 1980).
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Experiment 1
Conducted on 1 day

Please keep your eyes
fixated on the dot

4 minutes 4 minutes

Computerised task
30 minutes

Please keep your eyes
fixated on the dot

4 minutes

4 minutes

Experiment 2
Repeated over 2 days

Please keep your eyes
fixated on the dot

Computerised task
50 minutes

Please keep your eyes
fixated on the dot
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Experiment 3
Repeated over 4 days

Fixation+
Instruction*

Please keep your eyes

1 minute fixated on the dot

No fixation,
Instruction only*
Please keep your eyes
fixated on the middle
of the screen

No fixation +
No instruction*®

Please wait, without
turning your head
1 minute EXEACLRUEEEE

*Order randomised across days participants

Figure 2. Overview of the resting state eye movement paradigms of all three experiments.

To measure impulsivity, participants completed the
UPPS-P Impulsive Behaviour Scale (Whiteside &
Lynam, 2001; Lynam, Smith, Whiteside & Cyders,
2006). The UPPS-P consists of 59 items, with a scale
ranging from 1 (“agree strongly”) to 4 (“disagree strong-
ly”), divided over five subscales: positive urgency, nega-
tive urgency, (lack of) premeditation, (lack of) persever-
ance, and sensation seeking.

Experiment 1: The stimuli were generated with a
Viglen Genie PC and displayed on an ASUS VG248
monitor with a resolution of 1920 by 1080 and a refresh
rate of 144 Hz. Eye movements and pupil dilation were
recorded binocularly at 500 Hz.

Experiment 2: The stimuli were generated on a HP
7230 Workstation PC and an LG 24GM77 monitor with
a resolution of 1920 by 1080 and a refresh rate of 120 Hz.
The paradigms were displayed on a projector screen. Eye
movements and pupil dilation were recorded binocularly
at 500 Hz.

Experiment 3: The stimuli were generated with a
Bits# Stimulus Processor video-graphic card (Cambridge
Research Systems) and a Viglen VIG80S PC, and were

displayed on an hp p1230 monitor with a resolution of
1280 by 1024 and a refresh rate of 85Hz. Eye movements
and pupil dilation were recorded monocularly at 1000 Hz.

Procedure

Experiment 1: Participants came to the lab for a ses-
sion of about 1.5 hours. They were seated at a distance of
615 mm from the screen. Eyes were tracked binocularly
during the resting state for four minutes (time 1). Next,
participants performed a computerised task, lasting about
30 minutes (data not analysed in the current paper). Right
after finishing this task, the resting state paradigm was
conducted again (time 2). Lastly, participants filled in
nine questionnaires: the DFS, ASRS-v1.1, and UPPS-P,
as well as the Beck Anxiety Inventory Second edition
(Beck et al., 1993), Beck Depression Inventory Second
edition (Beck et al., 1996), Short form Wisconsin Schizo-
typy scales (Winterstein et al., 2011), Five-facet Mind-
fulness Questionnaire (Baer, Smith, Hopkins, Krietemey-
er & Toney, 2008), Toronto mindfulness scale (Lau et al.,
2006), and Positive and Negative Affect Schedule (Wat-
son, Clark & Tellegen, 1988). Only the first three ques-
tionnaires were analysed in the current study.
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Experiment 2: Participants came to the lab for two
sessions, each about 1.5 hours. They were seated at a
distance of 1185 mm to the screen. Eyes were tracked
binocularly for four minutes (time 1). Next, they per-
formed a computerised task of about 50 minutes (data not
analysed in the current paper), and afterwards they con-
ducted the resting state paradigm again (time 2). Lastly,
participants filled in the DFS, ASRS-v1.1, and UPPS-P.

Experiment 3: The experiment consisted of four ses-
sions of about an hour. Participants were seated at a dis-
tance of 1040 mm to the screen. Eyes were tracked mo-
nocularly in the three different conditions. Each condition
lasted 60 seconds. Instructions were shown for two sec-
onds. For each participant, the order of the conditions
was random on each of the four sessions. After complet-
ing the resting state eye movements paradigm, partici-
pants completed a 30 to 45 minutes computerised task
(data not analysed in the current paper). On the last day,
they filled in the DFS, ASRS-v1.1, and UPPS-P.

Procedure

Blinks were defined as missing tracking data, with a
maximum of 1000 ms. The total number of blinks
throughout each session was counted, and a blink rate per
second was subsequently calculated. Pupil size variability
was calculated by dividing the standard deviation of the
pupil size throughout each session by the mean pupil size
— reflecting the coefficient of variation (CV). Gaze varia-
bility was calculated separately for the x- and y-screen
dimension by calculating the standard deviation of posi-
tion in degrees throughout the entire session (these stand-
ard deviations were not normalised by the mean, as the
mean degrees in the middle of the screen is approximate-
ly zero). To minimise noise, 20 ms were excluded both
before and after missing samples from the calculation of
the pupil size mean, pupil size variability, and gaze vari-
ability.

Microsaccade detection was done with the Eng-
bert and Kliegl algorithm (2003), using the Microsaccade
Toolbox for R (Engbert, Mergenthaler & Trukenbrod,
2015). This algorithm calculates a detection threshold
from the standard deviation of the velocity distribution
multiplied by a value of A. Whenever the velocity on a
sample passes over said threshold in both eyes simultane-
ously, it is counted as a saccade. It should be noted that
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the existence of monocular microsaccades remains a
controversial topic: Some argue that they are noise, while
others have argued they represent more than that (see
Nystrom, Andersson, Niehorster & Hoogee, 2017 for an
in-depth discussion). For our more practical purposes, we
only analysed the well-established binocular microsac-
cades. Microsaccade-related analyses were therefore only
conducted for Experiment 1 and 2, as recordings in Ex-
periment 3 were monocular.

In accordance with the R toolbox, we report results
using a A value of five for all analyses. As prior research
has also used a more stringent A of 6 (the original Engbert
& Kliegl, 2003, as well as Panagiotidi et al., 2017), we
also ran all microsaccade-related analyses with A = 6
instead. This did not change any of the results patterns.
To reduce noise in the detection process, saccades were
defined as being at least three samples long. Furthermore,
a period of 100 ms both prior and following blinks was
excluded. Missing/excluded samples were subsequently
interpolated. To avoid the false detection of post-saccadic
oscillations as microsaccades, a window of 20 ms follow-
ing each saccade was excluded. Saccades with amplitudes
above 2° or with peak velocities above 200°/s were ex-
cluded from subsequent analyses. To validate the mi-
crosaccades, saccade amplitude was correlated with ve-
locity over all participants and over both time points (also
known as the ‘main sequence’). These were highly corre-
lated with each other for both Experiment 1 (r = .88,
BF10 = oo, p <.001) and for Experiment 2 (r = .86, BF10
= oo, p < .001). The mean microsaccade rate was 1.1 per
second (SD = .43) for Experiment 1 and 1.58 (SD = 47)
for Experiment 2, which is within the typical rate of 1-2
per second (Ciuffreda & Tannen, 1995).

Scores on items of the questionnaires were reversed
when necessary. Missing responses were substituted with
the median (but note that the number of missing respons-
es was negligible, 0.26%). Next, the total score was cal-
culated for each of questionnaire. Individual item scores
were used to check the questionnaires’ internal consisten-
cy (Cronbach’s a; Cronbach, 1951) — see Table 1 for an
overview.
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Table 1. Overview of the Daydreaming Frequency Scale (DFS), the Adult ADHD Self-Report Scale (ASRS-v1.1), and the UPPS-P
Impulsive Behaviour Scale (UPPS-P). Shown are the mean scores and standard deviations (SD) over all the participants, as well as
the internal consistency (Cronbach’s a) for each questionnaire, for each sample separately as well as for the combined data. Also
shown are the minimum and maximum possible scores of each questionnaire.

Questionnaire Sample Mean score SD Cronbach’s a Possible range

Exp 1 39.3 9.8 .93
DFS Exp 2 39.3 8.7 .92
Exp 3 377 9.1 .93

Combined 39.0 9.4 .92 12-60
Exp 1 334 8.5 .81
ASRS-v1.1 Exp 2 28.5 5.7 .62
Exp 3 255 7.3 .76

Combined 30.6 8.6 .89 0-72

Exp 1 138.8 239 .93
UPPS-P Exp 2 119.7 20.3 .93
Exp 3 122.8 18.6 .68

Combined 1323 23.7 .92 59-236

All Bayesian statistics throughout the current research
were conducted in JASP (JASP Team, 2017), using the
default options of equal prior probabilities for each model
and 10000 Monte Carlo simulation iterations. Distribu-
tions of the oculomotor measures were highly skewed on
the group level. This may bias the results of the correla-
tion analyses, particularly for Experiment 2 and 3, which
have smaller sample sizes. For consistency, all analyses
were conducted on the natural logarithm of the measures.

Because of the differences in design, the intra-
individual reliability was examined separately for each
experiment. The individual differences analyses (Aim 2
and 3) were only conducted on the combined data.

Results aim 1. Intra-individual
reliability of oculomotor variability
measures

Experiment 1. Reliability over time

Two means were calculated for each measure
(microsaccade rate, blink rate, pupil size mean, pupil size
variability, gaze-x variability, and gaze-y variability):
One for time point 1 (pre-task) and one for time point 2
(post-task). Bayesian Pearson pairs were then conducted
on each of the measures to test intra-individual reliability
over time. Figure 3 shows the within-subject correlational
plots over the two time points for the logged measures of
gaze variability in the horizontal and vertical dimension,
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pupil size variability, blink rate, and microsaccade rate —
with correlation coefficients and logged Bayes Factors
(BF10) on top.

The BF10 reflect the likelihood of the data for the
alternative hypothesis (in this case, the presence of a
correlation) over the null-hypothesis (in this case, the
absence of a correlation), and can take a value between
zero to infinity — note that BFO1 (null over alternative
hypothesis) can be derived from BF10 (alternative over
null) by taking its inverse. To interpret the Bayes Factors,
the guidelines from Lee & Wagenmakers (2013) were
used. It is important to note however that, unlike in
classical significance testing, these labels are a heuristic
for verbalising results, rather than hard cut offs. For a full

r=.67, log(BF10) = 17.7

r = .66, log(BF10) = 16.85
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interpretation of the Bayes Factor, it is important to look
at the ‘raw’ value. For example, for gaze variability in the
horizontal dimension, the log(BF10) between time 1 and
2 is 17.7 — meaning that the likelihood of the data is
(exp(17.7) = ) 48642102 times larger under the
alternative than under the null-hypothesis. This can be
interpreted as extremely high evidence for the presence
over the absence of a correlation between the two time
points. The other four measures show similarly extreme
Bayes Factors. Each of the measures show high and
positive r-values, indicating that they show intra-
individual consistency. Thus, oculomotor shows
reliability when measured half an hour apart.

r=.74, log(BF10) = 23.7
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Figure 3. Correlations between time point 1 (pre-task) and time point 2 (post-task) for each of the five oculomotor measures from
Experiment 1: Gaze variability (standard deviation; SD) in the horizontal dimension, gaze SD in the vertical dimension, pupil size
mean, pupil size coefficient of variability (CV), blink rate per second, and microsaccade rate per second (Ms). All five measures
show a high correlation coefficient and accompanying high Bayes Factor, indicating that the measures show intra-individual reliabil-
ity over time. Note that both the measures and the Bayes Factors are logged.
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Experiment 2. Reliability over time and days
After we found that the oculomotor markers were reliable
within one experimental session, we were tested whether
this reliability would hold up over different testing days.
Combined, Experiments 2 and 3 have 21 correlation pairs
for each oculomotor measure, each testing the reliability
over different time points and days. Rather than having to
plot each correlation separately and then trying to assess
the global patterns, the distributions of these correlations
are shown in violin plots (Figure 4). This way of
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representing the data allows for an immediate overall
picture of the correlations. The vertical dimension of
these violin plots indicates the entire range of correlation
coefficients (top panel) and accompanying Bayes Factors
(bottom panel), while the horizontal dimension indicates
the density. Each condition is also plotted (coloured
triangles and asterisks), with the white dot representing
the median value.

Exp 3. Fixation+

1 Instruction
AT F XJ
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] M 3 { o (" JvA:-‘ 1&
| . * % . | ]
3 [+ b ) A 1l . Exp 2. Day 1-2
c 05| | * .t . .y
|> | * : **E * \
o %o “ * %!
* 's I “ ;“‘4/ Exp 3. Instruction
only
0
Gaze-X SD Gaze-Y SD Blink rate Pupil size Pupil size Microsaccade
" mean cv rate
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)
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s o
%] | |
o 10 o, Support for
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£ | ) * -
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- N against
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Figure 4. Distributions of the correlation coefficients (top panel) and accompanying logged Bayes Factors (bottom panel) of the
correlation analyses on within-subject reliability for each of the five oculomotor measures. Values denoted with a triangle represent
the correlations for Experiment 2, with light-blue triangles representing the correlations between different time points (pre and post
task), and dark-blue triangles representing the correlation between days. Values denoted with an asterisk represent the correlations
for Experiment 3, with red, black, and green representing the different conditions (‘Fixation plus instruction’, ‘No fixation, instruc-
tion only’, and ‘No fixation plus no instruction’ respectively). In the top panel, higher values on the y-axis indicate higher correlation
coefficients. In the bottom panel, values above the upper red line indicate evidence in favour of the existence of correlations over
time, while values below the lower red line (log(BF) < -1) indicate evidence against correlation over time. Values falling between the
two red lines are interpreted as indeterminate. Overall, reliability seems low for variability in gaze position, particularly in the hori-

zontal dimension, but the other measures show good reliability.
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To test the intra-individual reliability over time in
Experiment 2, four means were calculated for each
measure: One for time 1 (pre-task) and one for time 2
(post-task), both for day 1 and day 2. For both days,
Bayesian Pearson pairs were conducted between time 1
and time 2 on each measure — giving two replications of
the analysis of Experiment 1 (shown in Figure 4 in light-
blue triangles). Again, we found evidence in favour of
correlations between time 1 and 2 for pupil size mean and
variability, blink rate, and microsaccade rate (with all six
BF10 above 1, and only one of them in the indeterminate
range), with corresponding r-values all being moderate to
high — though mean pupil size is clearly more reliable
than the other measures. These findings again indicate
good intra-individual reliability of the measures —
especially when considering the much smaller sample
size of this experiment. These results replicate the
findings from Experiment 1 with almost twice as much
time in between the two time points. However, we no
longer found evidence for intra-individual reliability in
gaze variability, especially in the horizontal dimension:
All four BF10 were in the indeterminate range, with three
of them being below 1.

Next, means over time points were averaged, resulting
in two means for each measure: One for day 1, and one
for day 2. Bayesian Pearson pairs were conducted on
each of the measures between day 1 and day 2 to test
intra-individual reliability on a longer time span. Figure 4
shows the correlation coefficient and Bayes Factor for
each measure (dark-blue triangles). The correlations
between days show similar patterns to the ones between
time points: Gaze variability appears least reliable, while
pupil size variability, blink rate, and microsaccade rate
show good reliability.

Interim-discussion: should a

resting state session be?

How long

Overall, oculomotor variability showed good intra-
individual reliability over time, both before and after a
task of 30/50 minutes (Experiment 1 and 2 respectively),
as well as over days (Experiment 2) — although variability
in gaze position appeared to be the least reliable measure.
It should be noted that the differences we found between
individuals are substantial — for example, in Experiment
1, for gaze variability in the horizontal dimension at time
1, the most variable participant has an SD that is 32 times
larger than the least variable participant. Findings for
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both experiments were based on a resting state of four
minutes. The next question may be how long a resting
state session should minimally take before it could be
considered to produce reliable measures. To answer this
question, we analysed the data of Experiment 1 — looking
at variability in gaze and in pupil size over the course of
the resting state.

First, for each measure, the Pearson r-value between
time 1 and time 2 was calculated on every cumulative
second. This results in 240 r-values — with the first -
value being based on one second of data, and the last r-
value being based on four minutes of data. This trajectory
reflects how the consistency between the two time points
develops as more data is collected (red line on Figure 5).

Next, we adopted a subsampling approach, using a
simplified version of Schonbrodt and Perugini’s (2013)
approach. From the entire pool of data of four minutes,
one chunk of data was randomly selected for both time
points, and the r-value between them was calculated. This
subsampling was done 1000 times for each cumulative
second, represented on Figure 5 by the grey circles, with
the mean represented by the black line. This means that,
for example, at time = 1 sec, there are 1000 different r-
values, each based on one continuous randomly selected
second in the entire pool of data. Next, at time = 2 sec,
there are also 1000 different r-values, each based on two
continuous randomly selected seconds in the data. As
such, we end up with 1000 r-values at each cumulative
second. Because of this method, the r-values converge to
one point as the subsamples are based on more data —
resulting in very small margins of error at the right side
of the x-axis. Still, the mean trajectory of the subsampled
r-values combined with the trajectory of the ‘actual’ r-
values can give an idea of the minimal necessary length
for an oculomotor resting state.

Looking at Figure 5, it seems that reliability is lower
and more volatile when it is based on less than a minute
of data. After one minute, the reliability stabilises, and
does not seem to improve any further after two minutes.
Based on these outcomes, we recommend that an
oculomotor resting state session is no shorter than one
minute, but that it may not be necessary to collect more
than two minutes of continuous data. However, this
conclusion is based solely on the gaze position and pupil
size recordings, and not on blink and microsaccade rates
(which occur at a much slower time scale).
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Figure 5. Intra-individual reliability of Experiment 1 over the course of the resting state for our three continuous measures: gaze
variability (in the horizontal and vertical dimension) and pupil size mean and variability. The r-value between time points 1 and 2
was calculated at each cumulative second (red), thus reflecting the trajectory over time. Next, for each cumulative second, estimates
of the r-value were calculated on 1000 random subsamples. These estimates are shown in light-grey circles, with the mean of these

subsamples shown in black.

Experiment 3. Reliability over days and
conditions

In Experiment 3, we were not only interested in the
intra-individual reliability of oculomotor variability over
different days (repeatability), but also in the extent to
which the oculomotor variability would generalise over
different types of ‘oculomotor resting states’. For this, we
used the same resting state version as in Experiment 1
and 2, as well as a free viewing version (in which partici-
pants did not have to fixate on anything, and were free to
look anywhere on the screen), and an ‘intermediate’ ver-
sion (in which participants were asked to fixate on the
middle of the screen, but were not provided with a fixa-
tion dot). Because participants were asked to participate
in each condition on four different days (resulting in
twelve resting states per participant), we made the ses-
sions shorter — using one minute per resting state instead

of four. As shown above, this is long enough to produce
reliable estimates.

For each of the measures, means were calculated sep-
arately for each condition and each day (thus resulting in
twelve means for each measure). Bayesian Pearson corre-
lations were conducted for each measure between the
means over the different days, separately for each condi-
tion (resulting in eighteen correlation pairs for each) — to
test the reliability of the oculomotor measures over time.
Figure 4 shows these correlation coefficients and Bayes
Factors (asterisks) for each of the three conditions (with
‘Fixation plus instruction’ in red, ‘No fixation, instruction
only’ in black, and ‘No fixation plus no instruction’ in
light-green). The overall pattern is similar to that of Ex-
periment 2. Gaze variability in the horizontal dimension
seems least reliable: Bayes Factors mostly show indeter-
minate evidence against a correlation. Again, mean pupil
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is clearly the most reliable measure. Pupil size variability
and blink rate also performed reasonably well: correlation
coefficients for these two measures were mostly moder-
ate to high, with both median values around 0.5. Our
‘intermediate’ condition, in which participants were
asked to fixate at the middle of a blank screen, appeared
to produce the least reliable measures.

Over all three experiments, we thus found reliability
in oculomotor measures over time, from relatively short
ranges (30 to 50 minutes) up to multiple days apart. Next,
we were interested in to what extent the oculomotor
measures were generalisable over different types of rest-
ing states. To examine this, means were averaged over
days, resulting in three means for each measure, each

Fixation dot and instruction
Vs.
No fixation, instruction only

No fixation, instruction only

No fixation, no instruction
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reflecting one condition. Bayesian Pearson correlations
were conducted on the means of the three conditions — to
investigate the reliability of the measures over different
conditions. Figure 6 shows the correlation plots between
the conditions for each measure, with Table 2 showing
the accompanying correlation coefficients and Bayes
Factors. All correlations had a Bayes Factor above 1,
with eight of them ranging from moderate to extreme.
Overall, the measures again show moderate to high relia-
bility, although it is the poorest for gaze variability in the
horizontal dimension. Mean pupil size is again the most
reliable measure.
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Figure 6. Correlation plots between the three different conditions (‘Fixation plus instruction’, ‘No fixation, instruction only’, and
‘No fixation plus no instruction’) on each of the four oculomotor measures from Experiment 3. Overall, evidence favours the exist-
ence of correlations — suggesting good intra-individual reliability of oculomotor variability over the different conditions. Note that

the measures are logged.
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Table 2. Overview of the intra-individual reliability across conditions for each of the measures from Experiment 3. For each pair of
conditions and each measure, the correlation coefficient is shown, with the accompanying BF10 in brackets.

Measure Fixation + Instruction Fixation + Instruction Instruction only
Vs Vs Vs
Instruction only No fixation + Instruction No fixation + Instruction

Gaze-X 36 (1.12) .63 (60.05) 37 (1.28)
Gaze-Y 47 (3.66) 73 (1241.77) 45 (3.10)

Pupil mean .95 (6.1e+10) 98 (1.3e+14) .95 (6.4¢+10)
Pupil CV 40 (1.67) .83 (77689) A43(2.41)

Blink rate .84 (241807) .85 (288824) .79 (10224)

Intra-class correlation: The intra-class correlation can
estimate the reliability of a larger group of measures, to
reflect to what extent they measure the same underlying
phenomenon — and as such, can reflect the ‘correlation’
between more than two measures. To estimate the intra-
class correlation, a two-way random model was conduct-
ed on each measure. The measure of consistency was
estimated, as this is most similar to our Pearson correla-
tion analyses. Table 3 shows the correlation coefficients
for the average measure, to reflect the overall consistency
of the resting states. The analysis was run both on each
condition separately as well, to get an estimate of reliabil-
ity over days, and collapsed over conditions and days, to
get an estimate of the overall reliability of the paradigm.

All three conditions showed moderate (.5-.75) to good
(.75-.9) reliability (see Koo & Li, 2016 for guidelines),
although results again indicate that the ‘Instruction only’

condition produces the least reliable results. When col-
lapsing over all days and all conditions, reliability is even
higher, ranging from good to excellent (.9-1) — though
mean pupil size is the only measure that has excellent
reliability throughout. Overall, the conditions seem to
measure the same underlying construct — reflecting good
intra-individual reliability of oculomotor measures. Inter-
estingly, the coefficients are all at least in the good range,
even variability in gaze position — as such, diverging
from the results of the individual Pearson correlations.
However, the Pearson correlations can only reflect the
consistency between two single measures, while our
intra-class correlations reflect the consistency over all the
different days averaged together. This suggests that over
all the days combined, the oculomotor variability still
shows within-subject consistency.

Table 3. Overview of the intra-class correlation coefficients of the average measure for each of the three conditions from Experiment
3, separately for each of the four measures, as well as the coefficients per measure over all conditions and days combined.

Measure Fixation + Instruction Instruction only No fixation + Instruction All
Gaze-X SD 74 77 .83 .85
Gaze-Y SD 5 74 .85 .87

Pupil size mean 91 .90 92 97
Pupil size CV .88 .65 76 .88
Blink rate .80 .65 .81 91
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Results aim 2. Between-subject corre-
lations between ADHD, mind wander-
ing, and impulsivity

Bayesian Person correlations were conducted on the
questionnaire scores. Figure 6 shows the between-subject
correlational plots with their corresponding Pearson r
coefficients and Bayes Factors. Looking at the between-
subject correlations between ADHD tendencies, mind
wandering (DFS), and impulsivity (UPPS-P), we found
that ADHD tendencies were highly correlated with im-
pulsivity and mind wandering tendencies. Both of these
findings thus provide extreme evidence for replication of
previous literature.

There was also some evidence for a correlation be-
tween mind wandering and impulsivity, but the evidence
was in a much lower range and the accompanying corre-
lation coefficient was similarly low, Pearson r = .23,
BF10 = 3.8. It seems plausible that this correlation is
caused by a confounding effect of ADHD tendencies. To
statistically control for ADHD tendencies, a Bayesian
Linear Regression was performed in which impulsivity
scores were regressed on mind wandering tendencies
(alternative Model M1) and compared to a null-model
that included the ADHD tendencies as model term (mod-
el MO; see Wetzels & Wagenmakers, 2012 for more de-
tails on this method). Bayesian evidence favoured MO
over M1, BFO1 = 7.7, indicating that the relationship
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between impulsivity and mind wandering disappears
when controlling for ADHD tendencies.

Results aim 3. No between-subject
correlations between questionnaires
and oculomotor behaviour

One overall mean was calculated for every partici-
pant, separately for each oculomotor measure, collapsed
over all time points and conditions. Because the distribu-
tions of mean pupil size differed across the three experi-
ments (caused by differences in distance-to-screen, room
lighting, et cetera), the values were re-centered separated-
ly for each experiment (e.g., the mean of pupil size in
Experiment 1 was substracted from each individual value
in Experiment 1), so they could be combined into one
analysis.

Out of the eighteen analyses, thirteen showed moder-
ate evidence against a correlation, and five were in the
indeterminate range (three of them with BF10 < 1, and
the other two with BF10 > 1). Looking at the two correla-
tions that had a BF10 > 1 (though in the indeterminate
range), the accompanying r-values were low (explaining
only 4.4 and 4.8% of the total variance).

r=.23, log(BF10) = .58
200

150| ¢

Impulsivity

100

20 40 60
Mind wandering

Figure 7. Correlational plots between self-assessed ADHD tendencies, mind wandering tendencies, and impulsivity, with accom-
panying Pearson r and Bayes Factor values. ADHD tendencies are positively correlated with both mind wandering and impulsivity —

replicating previous literature.
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Figure 8. Correlation plots between the oculomotor measures and the questionnaire scores. Green shading indicates that the cor-
responding Bayes Factor is above 1 (indicating evidence in favour of a correlation between the conditions on that measure), while red
shading indicates a Bayes Factor below 1 (indicating evidence against a correlation). Note that the oculomotor measures are logged.

Table 4. Kendall’s t-values (BF10) between the three questionnaires and the measures of oculomotor variability, combined over
the three experiments.

Measure ADHD Mind wandering Impulsivity
Gaze-X SD -15 (41) -15(.38) 02 (.12)
Gaze-Y SD -10 (.20) 21 (1.61) 02 (.12)

Pupil size mean .02 (.12) -.03(.12) .01 (.12)
Pupil size CV 22(2.11) 08 (.16) 15 (43)
Blink rate 11(24) -.09 (.18) 12(27)
Microsaccade rate 10 (.21) -.02 (.13) .08 (.17)

To examine if any correlations would be more pro-  the inattention subscale (r = .24, BF10 = 3.75), but not
nounced when looking at the subscales instead of the  With impulsivity/hyperactivity (r = .13, BF10 = .31) —
total scores of ADHD, the inattention and impul-  indicating that participants with more inattention-related
sivity/hyperactivity scores were correlated with the ocu- ~ ADHD tendencies showed more variability in pupil size.

lomotor measures. Pupil size variability correlated with ~ However, the explained variance was again low (5.8%).
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Discussion

In the current study, we found that oculomotor varia-
bility indeed shows consistency within individuals, both
over time (repeatability) and over different conditions
(generalisation). Of the six measures that we used (varia-
bility in both horizontal and vertical dimensions, pupil
size mean and variability, blink rate, and microsaccade
rate), each showed consistency to some extent - though,
mean pupil size was the only measure that showed excel-
lent reliability throughout all the analyses. Notably, mi-
crosaccade rate also appeared to have great reliability, but
as we did could not extract these in Experiment 3, more
research is needed on the generalisation of this marker.
Furthermore, we mostly found evidence against correla-
tions, and for the few correlations that were weakly sup-
ported, effects sizes were low — mirroring Unsworth et al.
(2019). We did find positive correlations between self-
assessed traits, replicating previous associations between
ADHD and mind wandering (Shaw & Giambra, 1993;
Seli et al., 2015), and between ADHD and impulsivity
(Berg et al., 2015; Miller et al., 2010).

Reliability of oculomotor variability

To our knowledge, the present study is the first sys-
tematic investigation of the repeatability of standard
measures of oculomotor activity. Intra-individual reliabil-
ity of oculomotor variability has previously been investi-
gated in the context of generalisation across different
tasks (Andrews & Coppola, 1999; Boot et al., 2009;
Castelhano & Henderson, 2008; Poynter et al., 2013;
Rayner et al., 2007). In particular, Andrews and Coppola
(1999) looked at fixation duration and saccade size across
five conditions: a ‘dark room’ condition, in which partic-
ipants’ basic oculomotor behaviour was continuously
recorded for 100 seconds, two free viewing conditions
(simple and complex patterns), and two ‘cognitive’ tasks
(visual search and reading). Basic oculomotor measures
showed positive intra-individual correlations with the
viewing conditions, but not with cognitive conditions.
Similarly, Poynter et al. (2013) extracted six measures of
oculomotor activity (saccade amplitude, microsaccade
rate and amplitude, and fixation rate, duration, and size —
the last one being a measure of all three fixational eye
movements combined) over four different tasks (a sus-
tained fixation, scan-identify, search, and Stroop task),
and found that each oculomotor measure was reliable
across tasks. However, their fixation-task trials were only
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three seconds long — meaning that activity is highly de-
pendent on stimulus-onset. While these studies have
compared measures across tasks, they did not investigate
how repeatable these measures are within individuals.
Instead, our results show that participants who show high
variability in one session tend to show high variability in
all sessions. This is an important condition for studying
individual traits.

Previous studies have found similar intra-individual
reliabilities in reaction time variability over time within
and across tasks (Hultsch et al., 2002; Saville et al., 2011;
Saville et al., 2012; but see Salthouse, 2012). In these
contexts, it is difficult to quantify which part of the varia-
bility is task-related or task-unrelated. It is possible that
found consistencies reflect individual consistency in
viewing and processing strategies. To our knowledge, our
design is the first to investigate the intra-individual stabil-
ity in variability in basic oculomotor behaviour using
continuous measurement under an absence of changes in
the external environment.

Reliability over time was strongest in Experiment 1 —
in which the two measures were closest together in time —
and lowest in Experiment 3 — in which measures were
typically separated by multiple days. Still, the measures
showed at least moderate intra-individual consistency
even in Experiment 3. Of course, the individual correla-
tion pairs will be affected by chance. This is evidenced
by the distribution plots in Figure 5, that shows a large
range of correlation coefficients. Still, the overall distri-
butions favoured moderate to high correlations, with
median r-values around .5 (with the exception of gaze
variability). Furthermore, intra-class correlation coeffi-
cients showed good to excellent consistency for each of
the measures over days — revealing that they likely reflect
the same underlying construct.

Gaze variability was consistently the weakest meas-
ure, particularly in the horizontal dimension. In the cur-
rent analyses, the gaze-position over the horizontal and
vertical dimensions were examined separately. Another
measure to quantify fixation stability used in the literature
is the ‘Bivariate Contour Ellipse Area’ (BCEA; Stein-
man, 1965), representing the area in which P % of fixa-
tions occur. We calculated the BCEA with P = 68%, and
reran the analyses on these values. Reliability of the
BCEA was comparable to the reliability of gaze variabil-
ity in the vertical plane only. It should be noticed that
there was evidence for a correlation between BCEA and
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ADHD tendencies, though the direction was negative (r =
-.30, BF10 = 23.1). Remarkably, when examining the
BCEA distribution, we noticed the values have an ex-
tremely large range between participants (minimum value
= 234, maximum value = 457257). Visual inspection of
the data revealed the larger BCEA values appeared to be
driven by partial blinks — i.e., sudden large jumps in eye
position, without complete loss of signal — suggesting
that participants with more ADHD tendencies made less
partial blinks. The meaning and significance of this re-
mains open to interpretation.

One possibility for the weaker performance of gaze
variability compared to the other measures is that it is
driven by a multitude of sources, including saccades,
drift, tremor, and partial blinks. Gaze variability may
have less specificity than the other measures, and thus,
less validity. While reliability and validity are theoretical-
ly different constructs, in practice, they often go hand in
hand. While simple gaze position has computational
appeal, more specified measures could be more informa-
tive of underlying constructs.

It is important to note that we find oculomotor behav-
iour is consistent within individuals over time — likely
reflecting individual traits. This means that individuals
who are highly variable at time 1 typically are also highly
variable at time 2. However, this does not mean that the
measures are exactly the same at time 1 and time 2; they
are still subject to variability.

Statistical power and sample size

Despite our relatively large sample size, a number of
between-subject analyses in Aim 3 produced indetermi-
nate Bayes Factors. If anything, this highlights the im-
portance of large samples when studying individual dif-
ferences. However, sample size is not the only determi-
nant of statistical power (Asendorpf et al., 2013; McCel-
land, 2000). Among others, one can obtain higher power
by minimising measurement noise and collecting enough
data points with reliable measurements. Our results di-
verge from previous literature, which found a positive
association between ADHD and microsaccade rate in a
healthy population (Panagiotidi et al., 2017). We used the
same eye tracker system, refresh rate, microsaccade de-
tection algorithm (Engbert & Kliegl, 2003), and analysis
(Pearson’s r). However, our study had a higher sample
size (our correlation between ADHD and microsaccades
included 94 participants, compared to their 38) and more
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data points (minimally 8 compared to ~6.5 minutes). The
absence of a replication in our results is thus not caused
by a lack of power.

Individual differences in oculomotor varia-
bility

The current between-subject analyses replicate Un-
sworth et al. (2019), who tested over 200 participants
(though they did not analyse microsaccades) — and found
that inter-individual correlates of oculomotor measures
are not robust and typically insignicant. With our Bayesi-

an analyses, we furthermore show explicit evidence
against the individual differences.

In our experiments, oculomotor variability was rec-
orded in one continuous ‘trial’, while in Panagiotidi et al.
(2017) participants fixated for only 20 seconds in a row
over 20 separate trials. After each trial, they were given a
break, and could decide themselves when to continue.
One possibility is that the observed relationship with
ADHD is driven by reduced ability to switch between
trials and breaks, related to deficits in executive function-
ing (see Willcutt, Doyle, Nigg, Faraone & Pennington,
2005 for a meta-analysis). For now, this remains specula-
tive, as the break-to-task switch times were not investi-
gated.

Our results also diverge from Fried et al. (2014) and
Danker et al. (2017), but there are profound differences in
design: Their participants performed a rapid action selec-
tion task with trials of 2 seconds long, that featured a
visual stimulus in each trial — and as such, capture func-
tional, task-related variability. Microsaccades likely do
not differ in ADHD patients per se, but rather may be
task-dependent (e.g., Roberts, Ashinoff, Castellanos &
Carrasco, 2017, in which both microsaccade rates and
performance in cued visual orientation discrimination
tasks was not significantly different between ADHD
patients and healthy controls). As such, our results on
ADHD and microsaccades are in line with Roberts et al.
(2017).

Our sample did not include many individuals at
the high end of the spectrum, possibly restricting our
effect sizes. In healthy and academic samples, these more
extreme cases will be difficult to find by chance, particu-
larly in small samples. More definitive conclusions would
require larger sample sizes, or oversampling for extreme
scores. Last, oculomotor measures may still prove useful
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to distinguish clinical (or extreme) cases of ADHD, fur-
ther characterise the dysfunctional circuitry underlying
the disorder or assess the possible benefits of medication.

Variability during rest: beneficial or detri-
mental?

Within the context of our study, we have discussed
possible associations between oculomotor variability and
ADHD. This may imply that oculomotor variability is
inherently detrimental. Of course, this would be a false
assumption; oculomotor variability inherently reflects the
functioning of our oculomotor system. Fixational eye
movements have been proven to be important for our
vision (see Rolfs, 2009; Martinez-Conde et al., 2013 for
reviews), and more generally speaking it is possible that
intra-individual variability is largely irreducible (Perquin
etal., 2019).

When participants are instructed to keep fixation,
higher variability may be perceived as ‘worse perfor-
mance’. On the other hand, because fixational eye
movements are a healthy phenomenon during fixation, it
is therefore unclear whether we should expect them to be
reduced or increased in clinical conditions. This high-
lights the importance of indicating which mechanisms
would drive potential individual differences in variability.
Instead, task-based oculomotor variability, in which cer-
tain eye movement patterns may be considered as benefi-
cial or detrimental for the task, may be better suited to
study these individual differences.

Oculomotor measures: extraction and corre-
lations

In the current analyses, we only included saccades
with an amplitude below two degrees in the microsaccade
rate (similar to Fried et al., 2014; Panagiotidi et al.,
2017). Although this cut-off is a traditional standard in
the literature, it remains somewhat arbitrary. Saccades
and microsaccades may represent a continuum, rather
than two opposing categories (Otero-Millan, Troncoso,
Macknik, Serrano-Pedraza & Martinez-Conde, 2008;
Otero-Millan, Macknik, Langston & Martinez-Conde,
2013). We therefore reran our (micro-) saccades analyses
without an amplitude cut-off, to capture more of partici-
pants’ total variability. This did not change any of our
findings.

We likewise used a cut-off for the blink extraction:
Blinks were computed as missing samples with a maxi-
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mum of one second — to differentiate blinks from periods
of task disengagement (e.g., a participant falling asleep).
Similarly, when rerunning our blink-related analyses
without the upper-bound cut-off, our findings did not
change.

To extract the microsaccades, we used the binocular
detection algorithm of Engbert and Kliegl (2003). One
feature of this algorithm is that the microsaccade detec-
tion threshold is computed for each trial, to adjust for
different noise levels across different trials. However, our
tasks do not contain any traditional trials, only continuous
measurements. This may affect the computation detection
threshold due to untypical variability within the ‘trial’,
resulting in too lenient thresholds. Still, our microsaccade
rate is well in line with previously reported rates using
shorter trials. Furthermore, we also used the measures of
gaze variability, which may capture both and other types
of fixational eye movements — thus reflecting an overall
capacity to fixate.

Previous research has also looked at the associations
between task-based oculomotor measures, and found that
different measures (saccade amplitude, microsaccade rate
and amplitude, and fixation rate, duration, and size) could
all be captured by one single factor (Poynter et al., 2013)
— which they interpret as “Individuals’ eye-movement
behavior profiles”. Follow-up analyses show this was not
the case in our data: Only three out of nineteen pairs of
measures showed clear evidence for a correlation. Two
indicated low correlations between pupil size variability
and microsaccade and blink rate (r = .31 and .24 respec-
tively), while the last one was an unsurprising high corre-
lation between the horizontal and vertical dimension of
gaze variability (r = .82). However, our measures are
quite different from Poynter et al. (2013), with only mi-
crosaccade rate overlapping (see Reliability of oculomo-
tor variability Section).

Conclusion

In the current study, we found that oculomotor varia-
bility shows good correlation within individuals both
over time and over different conditions. Particularly mean
pupil size had very high reliability. Still, microsaccade
rate, blink rate, and variability of pupil diameter show
reasonable reliability — meaning that these measures may
have the potential to be used as biomarkers. Of course,
this begs the question of what for they can be used as
biomarkers. Our results showed that the between-subject
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correlations to self-assessed ADHD, mind wandering,
and impulsivity were all either absent or very small. In
contrast, the questionnaires themselves correlated well
with each. Still, it is possible that these oculomotor
measures may serve a function complementing question-
naires or show stronger validity, for instance in predicting
important outcomes. Future research should focus on
linking the resting-state oculomotor measures to task-
related deficiencies in ADHD or differences in brain
structure or integrity, as in these cases, oculomotor
measures may serve as an easy and cheap substitute.
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