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ARTICLE INFO ABSTRACT

Keywords: When we follow a slowly moving target with our eyes, we perform smooth pursuit eye movements (SPEM).

Sm“’Oth‘P“rs‘ﬂt eye movements Previous investigations point to significantly and robustly reduced SPEM performance in the presence of a sta-

iehibﬂ;t_i'_ tionary background and at higher compared to lower target velocities. However, the reliability of these back-
eplicability

ground and target velocity effects has not yet been investigated systematically.

To address this issue, 45 healthy participants (17 m, 28 f) took part in two experimental sessions 7 days apart.
In each session, participants were instructed to follow a horizontal SPEM target moving sinusoidally between
+7.89° at three different target velocities, corresponding to frequencies of 0.2, 0.4 and 0.6 Hz. Each target
velocity was presented once with and once without a stationary background, resulting in six blocks. The blocks
were presented twice per session in order to additionally explore potential task length effects. To assess SPEM
performance, velocity gain was calculated as the ratio of eye to target velocity.

In line with previous research, detrimental background and target velocity effects were replicated robustly in
both sessions with large effect sizes. Good to excellent test-retest reliabilities were obtained at higher target
velocities and in the presence of a stationary background, whereas lower reliabilities occurred with slower
targets and in the absence of background stimuli. Target velocity and background effects resulted in largely good

Reliability paradox
Individual differences

to excellent reliabilities.

These findings not only replicated robust experimental effects of background and target velocity at group
level, but also revealed that these effects can be translated into reliable individual difference measures.

1. Introduction

When we follow a small, slowly moving target with our eyes, we
perform smooth pursuit eye movements (SPEM) in order to hold the
image of the target on the fovea (Leigh & Zee, 2015; Lisberger, 2015;
Lisberger et al., 1987). SPEM represent a complex sensorimotor
behaviour incorporating various perceptual, motor and cognitive pro-
cesses including attention, prediction and inhibition (Barnes, 2008;
Lisberger, 2015). Parameters used to quantify SPEM accuracy include
measures such as pursuit velocity gain (ratio of eye velocity to target
velocity) or root mean square error (RMSE) as well as more specific
measures such as the number of intrusive (e.g. anticipatory saccades) or
compensatory saccades (e.g. catch-up saccades) (Barnes, 2008; Lencer &
Trillenberg, 2008; Smyrnis, 2008). Velocity gain is considered the pri-
mary measure of performance of the smooth pursuit system (Barnes,
2008; Lencer & Trillenberg, 2008; Smyrnis, 2008).

A well-established experimental finding is that SPEM accuracy is
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reduced in the presence of task irrelevant, visual distractors or struc-
tured backgrounds (Barnes & Crombie, 1985; Collewijn & Tamminga,
1984; Hutton et al., 2000; Kaufman & Abel, 1986; Mohrmann & Thier,
1995; Niemann & Hoffmann, 1997; Spering et al., 2006). It has been
argued that the optokinetic drive induced by the background slows
pursuit eye movements (Barnes, 2008). This process can be influenced
by attention directed to enhance target processing and/or reduce
background processing (Barnes, 2008), a process related to inhibitory
control (Friedman & Miyake, 2004). Importantly, increased deployment
of attention may counter, but does not fully abolish the detrimental
influence of task irrelevant background stimuli, leading to the replicable
observation of this background effect in the literature (Collewijn &
Tamminga, 1984; Hutton et al., 2000; Kaufman & Abel, 1986; Mohr-
mann & Thier, 1995; Niemann & Hoffmann, 1997; Spering et al., 2006).

SPEM is also highly sensitive to target velocity (or target frequency).
Horizontal SPEM targets typically either have a constant velocity or
follow a sinusoidal velocity pattern, i.e. decelerating towards the
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turnings points and accelerating towards the center of the screen. The
latter are described by their peak velocity and/or their temporal fre-
quency given a specific amplitude of target excursion. It has been shown
that performance reliably deteriorates with increasing target velocity (or
frequency) (Collewijn & Tamminga, 1984; Lisberger et al., 1981). This
effect indicates that increasing demands on the system at higher target
velocities cannot be fully addressed, leading to the observed perfor-
mance decreases. The effect might be attributed to eye velocity and/or
acceleration saturation at higher target velocities (Buizza & Schmid,
1986).

A recent study replicated the background effect, i.e. a general per-
formance decrease in the presence of a stationary background (Meyhofer
et al,, 2019). In addition, it was shown that the background effect
interacted with the detrimental effects of target velocity on velocity
gain, as performance decrements with increasing target velocity were
particularly strong in the presence of a stationary background (Meyhofer
et al., 2019). This suggests that the inhibition of the influence of back-
ground stimuli and the precise matching of eye to target velocity
compete for the same limited cognitive resources or rely on the same
underlying system, possibly related to spatial attention or motion pro-
cessing (Spering & Montagnini, 2011; Van Donkelaar & Drew, 2002).

Whereas the background and target velocity effects on SPEM have
been consistently reported in the literature and are thus highly repli-
cable at group level, less is known about their reliability at the level of
individual differences. In this context, we refer to replicability as
obtaining a similar finding with different random samples that capture
the most important facets of the original research (Asendorpf et al.,
2013). In contrast, reliability refers to the extent to which a measure
consistently ranks individuals (Hedge et al., 2018).

In a widely noted recent methodological analysis, it was argued that
robust and replicable experimental task effects at group level cannot
necessarily be translated into reliable individual difference measures
due to low between-subject variability, a phenomenon referred to as the
reliability paradox (Hedge et al., 2018). In this context, Hedge et al.
(2018) showed that several classic, attention demanding inhibitory tasks
such as the Stroop and Eriksen flanker tasks show relatively poor test-
retest reliability despite producing replicable task effects at group
level. This phenomenon can be traced back to different objectives in
experimental and correlative research fields concerning within- and
between-subjects variance maximization.

Previous studies on the reliability of smooth pursuit performance
have yielded mostly moderate to good reliability scores (Bargary et al.,
2017; Calkins et al., 2003; Ettinger et al., 2003; Roy-Byrne et al., 1995;
Versino et al., 1993). Importantly, the only study that distinguished
between different target velocities reported better reliability for faster
targets (Ettinger et al., 2003), suggesting that reliability might depen-
dent on overall demands on the pursuit system, i.e. task difficulty. Most
strikingly, to our knowledge, no previous study has reported the reli-
ability of the background or target velocity effects in SPEM. This is an
important gap in the literature, particularly given the observation of
strong within-subject variance in these highly replicable group-level
effects.

Although SPEM has long been studied in experimental or group de-
signs (Barnes & Asselman, 1991; Haraldsson et al., 2008; Holzman et al.,
1973), more recently, there has been an increasing focus on individual
differences in SPEM using correlational designs (Bargary et al., 2017;
Lenzenweger & O’Driscoll, 2006; Smyrnis et al., 2007). Many of these
studies have investigated correlations between SPEM measures and
psychosis-spectrum personality traits, based on the continuum hypoth-
esis of individual differences in personality and psychopathology
(Ettinger et al., 2014; Haslam et al., 2020). Interestingly, studies on the
relationship between SPEM performance and psychosis-related person-
ality traits such as schizotypy typically yield only small correlations
(Lenzenweger & O’Driscoll, 2006; Smyrnis et al., 2007), possibly due to
low reliability of task performance (as has been argued regarding
cognitive tasks; Hedge et al., 2018). Therefore, the current study will
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focus on exploring the reliability of smooth pursuit in a paradigm with
and without a stationary background and at different target velocities in
a group of healthy participants, in order to estimate the reliability not
only of pursuit performance in general but, specifically, of the target
velocity and background effects.

In addition to this important primary objective, this study will
address a number of related, secondary questions. As a secondary issue,
the role of task duration in measuring reliability will be addressed. In
experimental investigations, shorter tasks carry several advantages
including economic efficiency, higher acceptability and easier applica-
bility in patient or developmental populations. However, compared to
longer tasks they bear the risk of lower reliability (Hedge et al., 2018;
Wostmann et al., 2013). The extent, to which task duration influences
the reliability of SPEM, and in particular of the target velocity and
background effects, has not yet been characterised. Therefore, this study
will also address this issue using a modification of a task that has pre-
viously been shown to produce robust background and target velocity
effects at group level (Meyhofer et al., 2019). Specifically, in each ses-
sion (test, retest), the task is presented twice, in two blocks, and reli-
ability indices are calculated for the short (one block) as well as the long
(two blocks) version of the task in order to characterise effects of task
duration on reliability.

A further aim of this study is to explore how repeated exposure to the
task both across sessions (test, retest) and in each session (first block,
second block) influences the magnitude of the background and target
velocity effects. While in standard SPEM tasks, in the absence of a
background, no or only small effects of repeated exposure on pursuit
performance across time points have been observed (Calkins et al., 2003;
Ettinger et al., 2003), less is known about the influence of task repetition
on the robustness of the background and target velocity effects. Complex
interactions between perceptual and motor learning may help to auto-
mate behaviour and improve performance over time (Censor et al.,
2012; Ostry & Gribble, 2016). By presenting the task in two blocks in
each session and twice across two sessions over the course of one week,
we aim to investigate whether the background and target velocity effects
can be replicated robustly within the same sample and to what extent
they are affected by time. If interactions between time or block and
background or target velocity are revealed, it is crucial to address this
issue in future studies as they can act as confounding factors in longi-
tudinal designs.

In summary, this study had six specific aims: (1) to replicate earlier
findings of reduced smooth pursuit performance in the presence of a
stationary background and at higher target velocities, (2) to explore the
test-retest and split-half reliability of smooth pursuit performance at
different target velocities with and without a stationary background, (3)
to specifically explore the reliability of the background and target ve-
locity effects, (4) to investigate whether reliability increases when using
a longer version of the task, (5) to explore the effects of repeated task
blocks on performance, and finally, (6) to explore how repeated expo-
sure to the task across sessions influences the magnitude of the back-
ground and target velocity effects.

2. Materials and methods
2.1. Power

To detect a significant intraclass correlation ICC of 0.40 (the
threshold for fair reliability according to Cicchetti, 1994) compared to
no correlation at all with 0.80 power, a sample size of least 39.5 par-
ticipants is necessary (Walter et al., 1998). With at least 43.5 partici-
pants it is possible to detect a difference between fair (0.40) and good
(0.60) reliabilities with 0.80 power (Walter et al., 1998). Concerning the
background and target velocity effects, at least 26 participants were
needed to detect a large effect (;13 = 0.26) with at least 0.80 power (Faul
et al., 2007). Thus, the minimum sample size we aimed for was 44
participants.
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2.2. Participants

Participants were recruited via advertisements on the campus of the
University of Bonn, circular emails and social media. Exclusion criteria
were current diagnosis of physical, psychiatric or neurological condition
and current consumption of prescription or over-the-counter medication
(except for oral contraceptives in women, nutritional supplements or
thyroid drugs). Smokers were asked to abstain from smoking for at least
2 h prior to the sessions. Participants were included if they were healthy
university students aged 18-35 years. All participants had normal or
corrected-to-normal vision. The study procedures were approved by the
research ethics committee of the Department of Psychology at the Uni-
versity of Bonn. Participants provided written, informed consent and
received course credits for participation.

2.3. Study design and procedure

Upon recruitment, participants were asked to confirm inclusion and
exclusion criteria and to fill in a short online questionnaire to assess
demographic information (age, sex, current occupation, years of edu-
cation, and handedness, assessed via the Edinburgh Handedness In-
ventory (Oldfield, 1971)). If suitable, they were invited to take part in
two sessions in the eye-tracking laboratory. The assessments were car-
ried out at the same time of the day (+ 2 h) in two sessions (T1, T2)
approximately one week apart (7 days, + 2 days).

In each session, the task described in 2.4 was carried out two times
(block A vs. block B) with a short break in between. In total, one session
took no longer than 15 min.
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2.4. Task

The task was the same as the one used by Meyhofer et al. (2019) and
is available here (https://osf.io/qbtcf). It was written using Experiment
Builder (SR Research Ltd., Ontario, Canada, version 1.10) and presented
on the inner 1680 x 1050 px of a flat-screen BenQ monitor (screen di-
mensions 42.9 x 22.2 cm; resolution 1920 x 1080 pixels; refresh rate
144 Hz). The task was presented on a black background (RGB = 0, 0, 0)
in a block design in randomized order. The target was a grey circle (RGB
= 128, 128, 128; diameter = 15px/0.27°, stroke width = 5px/0.09°)
moving horizontally between +432px (7.89°) across the screen in a si-
nusoidal waveform at three different target velocities (corresponding to
frequencies of 0.2 Hz, 0.4 Hz, 0.6 Hz), always starting from the central
position (0°, 0°). The sinusoidal pattern indicates that target velocity
constantly changed over time, accelerating towards the center of the
screen, and decelerating towards the turning points. Peak and average
velocities were 9.91°/s and 6.31°/s for the 0.2 Hz target, 19.83°/s and
12.62°/s for the 0.4 Hz target and 29.74°/s and 18.94°/s for the 0.6 Hz
target. Target trajectories for the three target velocity conditions are
depicted in Fig. 1 along with exemplary eye position data from one
participant.

Each target velocity condition was presented once on a blank and
once on a structured stationary background (Fig. 2), resulting in a total
of 6 blocks, each lasting 30 s. The stationary background consisted of a
six-by-six grid of white circles (RGB = 255, 255, 255; diameter = 15px/
0.27°, stroke width = 5px/0.09°) symmetrically distributed along the
horizontal and vertical plane of the screen (corner coordinates in pixels:
408, 310; 408, 740; 1272, 310; 1272, 740).

Between blocks, a fixation circle was presented. Participants rested
their head on a chin-rest and were instructed to follow the target as
accurately as possible with their eyes while keeping their head still. At
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Fig. 1. Target and eye trajectories for the three different target velocities and window of gain analysis.
Legend: Trajectories of the target and exemplary eye data of one participant for the middle 10 s of each target velocity condition without background. Missing eye
data indicate blinks. Grey shaded areas show the critical interval for gain analysis (only shown for the first half-ramp) for each of the target velocity conditions.
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Fig. 2. Smooth pursuit target display.

Legend: The upper panel depicts the target display in the background condition.
The lower panel depicts the target display in the no background condition. Both
panels show the grey target at the center of the screen.

the beginning of each session, they performed a brief practice block in
order to get familiarized with the task. The practise block consisted of
four trials, each lasting 5 s in the following order: 0.4 Hz without
structured background, 0.2 Hz with structured background, 0.4 Hz with
structured background, 0.6 Hz without structured background.

2.5. Eye movement recording

To record eye movements, a desktop-mounted video-based com-
bined pupil and corneal reflection eye-tracker (EyeLink 1000, SR
Research, Ottawa, Ontario, Canada) was used. A centroid pupil-tracking
algorithm was employed to detect pupil and corneal reflection of the
right eye at a sampling rate of 1000 Hz. Prior to the task, a five-point
horizontal-vertical calibration was performed. Distance from eye to
monitor was approximately 70 cm.

2.6. Eye movement preprocessing

Eye movement data were preprocessed in Matlab R2019B. As we
were not interested in the initiation phase of pursuit, the first excursion
of the target from the centre to the peripheral turnaround point was
excluded from the analyses.

Velocity gain was calculated as the average ratio of mean eye ve-
locity and mean target velocity for the middle 50% of each half-cycle
(the excursion of the target from one peripheral turnaround point to
the other) for segments longer than 50 ms excluding blinks and saccades.
The critical interval for gain analysis is depicted in Fig. 1. Saccades were
identified using velocity (>22°/s) and acceleration (>3800° /' s%) criteria.
Exclusion of blinks and saccades resulted in segments of different
lengths that were time-weighted in the averaging procedure according
to the duration of the segments.

To compare reliability between the short and long versions of the
task, all dependent variables were also calculated for a joint version of
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blocks A and B of each session. To do so, data of relevant segments (i. e.
after exclusion of blinks or saccades) of blocks A and B were again time-
weighted according to the duration of the segment and then averaged.

Background effects were calculated separately for each target ve-
locity condition by subtracting the gain values of the background con-
dition from the no background condition. Target velocity effects were
calculated separately for each background condition by subtracting the
gain values of the 0.6 Hz condition from the 0.2 Hz condition.

The present paper focuses on pursuit gain as the primary outcome
variable of pursuit. However, other outcomes are also important (Orban
de Xivry & Lefevre, 2007). Therefore, additional analyses of catch-up
saccade rate and root mean square error (RMSE) are provided in the
Supplementary Material.

2.7. Statistical analysis

Statistical analyses were carried out using R with the following
packages: ez V.4.4.0 for analyses of variance (ANOVAs) (Lawrence,
2016), rstatix V.0.5.0 for pairwise t-tests (Kassambra, 2020), irr V.0.84.1
for ICCs (Gamer et al., 2019), psych V.1.9.12.31 for Pearson correlations
(Revelle, 2019) and tidyverse V.1.3.0 for general data management
(Wickham et al., 2019).

The significance threshold for all analyses was a = 0.05. Outliers
were identified separately for each condition. Values were defined as
outliers if they exceeded the mean plus three times the interquartile
range (IQR) criterion or fell below the mean minus three times the IQR
criterion. If the IQR was 0, outliers were not defined. Participants were
excluded from analyses of variance if their scores were defined as out-
liers in more than half of the conditions. Participants were excluded
from reliability analyses of those condition pairs, where at least one of
two scores were defined as an outlier.

2.7.1. Test-retest reliability

To assess test-retest reliability, both Pearson and intraclass correla-
tions (ICC) between T1 and T2 were calculated separately for the short
(only block A) and long (blocks A and B combined) versions of the task.
Additionally, they were also calculated for the background and target
velocity effects. For ICCs, we used the two-way mixed-effect model for
single measurements as a measure of absolute agreement (McGraw &
Wong, 1996). ICCs have been widely used to assess test-retest re-
liabilities for a variety of outcomes (Bargary et al., 2017; Ettinger et al.,
2003; Hedge et al., 2018).

To facilitate comparison, 95% confidence intervals were calculated.
Reliability coefficients are interpreted according to the guidelines pro-
posed by Cicchetti (1994), indicating that values less than 0.40 are poor,
values between 0.40 and 0.59 are fair, values between 0.60 and 0.74 are
good and values between 0.75 and 1.00 are excellent.

2.7.2. Split-half reliability

To assess split-half reliability, we calculated Pearson correlations and
ICCs between block A and block B separately for T1 and T2. Addition-
ally, they were also calculated for the background and target velocity
effects.

2.7.3. Analyses of variance

To assess the effects of background, target velocity, block and time
on velocity gain, we carried out a four-way repeated-measures ANOVA
with the within-subjects factors background (present, absent), target
velocity (0.2 Hz, 0.4 Hz, 0.6 Hz), block (A, B) and time (T1, T2) for
pursuit gain as the dependent variable. Effect sizes were calculated as
partial eta squared. If the sphericity assumption was violated,
Greenhouse-Geisser correction was applied. Uncorrected degrees of
freedom and Greenhouse-Geisser € were calculated. Bonferroni-
corrected t-tests were calculated as post hoc tests with d,, (Lakens,
2013) as effect size. Uncorrected p-values were obtained but significance
was inferred from corrected alpha-thresholds.
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Study data and the analysis code are available at https://osf.io/qbtcf.
3. Results
3.1. Participants

The final sample consisted of N = 45 participants (17 males, 28 fe-
males), aged M = 23.00 (SD = 3.02) years. Six additional participants
completed T1 but did not return for T2. Those participants are not
included in the analyses. Additionally, one participant (male) was
excluded from the ANOVA because his scores were outliers in more than
half of the conditions.

The mean absolute difference between T1 and T2 was 7.07 days (SD
= 0.33 days, minimum = 7 days, maximum = 9 days). The mean ab-
solute difference between the starting times of the two sessions was 7.78
min (SD = 18.43 min, minimum = 0 min, maximum = 110 min).

3.2. Descriptive results

Descriptive statistics of all dependent variables are shown in Table 1.
As can be seen descriptively, both the presence of a stationary back-
ground and an increase in target velocity substantially affected perfor-
mance, indicative of the expected background and target velocity effects
(see Table 2; for detailed statistical analyses of these effects, see 3.4).

3.3. Reliability analyses

Results of the reliability analyses are shown in Supplementary
Table 1 and Fig. 3 (ICCs only, Pearson correlations can be found in
Supplementary Fig. 1). The number of outliers in each condition that
were removed from the analyses can be found in Supplementary Table 4.

For the direct performance measures, Pearson correlations ranged
from 0.51 to 0.94. ICCs were very similar to Pearson correlations and
ranged from 0.50 to 0.92. Reliabilities were fair to good for the 0.2 Hz no
background condition and good to excellent for all other conditions.
Descriptively, in almost all conditions, reliability was higher in the
presence of a stationary background and at higher target velocities.

Reliability indicators of the background and target velocity effects of
velocity gain can be found in Supplementary Tables 2 and 3. For the
background effect, reliability was good to excellent, ranging from 0.60
to 0.86 (Pearson correlations) and 0.59 and 0.85 (ICCs). For the target

Table 1
Descriptive statistics of velocity gain.

Target velocity Time Block Background No background
M SD M SD

0.2 Hz T1 A 0.87 0.11 0.96 0.04
B 0.84 0.14 0.96 0.04

A+B 0.86 0.11 0.96 0.04

T2 A 0.86 0.14 0.95 0.05

B 0.87 0.13 0.96 0.05

A+B 0.86 0.13 0.96 0.05

0.4 Hz T1 A 0.75 0.17 0.90 0.08
B 0.76 0.18 0.90 0.08

A+B 0.75 0.17 0.90 0.07

T2 A 0.77 0.18 0.90 0.07

B 0.78 0.18 0.91 0.07

A+B 0.77 0.17 0.90 0.07

0.6 Hz T1 A 0.60 0.21 0.79 0.15
B 0.61 0.23 0.81 0.13

A+B 0.60 0.21 0.80 0.13

T2 A 0.66 0.21 0.82 0.13

B 0.68 0.21 0.83 0.12

A+B 0.67 0.20 0.83 0.12

Descriptive statistics (M mean and SD standard deviation) of velocity gain of the
background and no background conditions at three different target velocities of
two sessions (T1, T2) one week apart, separately for blocks A and B and a joint
version of the blocks (A + B) in a sample of N = 44 participants.
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velocity effect, reliability was fair to excellent, ranging from 0.52 to 0.85
(Pearson correlations) and 0.51 to 0.86 (ICCs). Fig. 4 shows the corre-
lations between T1 and T2 of the background effects of pursuit gain for
the long version. Fig. 5 shows the correlations between T1 and T2 of the
target velocity effects of pursuit gain for the long version.

For the direct performance measures, the longer task version always
achieved higher test-retest Pearson correlations and ICCs than the
shorter version except for the 0.4 Hz no background condition, where
the opposite pattern was found. On average, the longer version was
more reliable than the shorter version by 0.037 (Pearson correlation)
and 0.042 (ICCs). The same pattern of results was found for the differ-
ence scores (background effect, target velocity effect). For the back-
ground effect, the longer version outperformed the shorter version on
average by 0.08 (Pearson correlations) or 0.07 (ICCs). For the target
velocity effect, the average difference between the short and long
version was 0.07 (both for Pearson correlations and ICCs). For all con-
ditions, confidence intervals of the short and long version of the task
overlapped.

Split-half reliabilities reached results similar to test-retest re-
liabilities. In all conditions, split-half reliability was higher at T2 than at
T1. The average difference between split-half reliabilities at T1 and T2
was 0.130 (Pearson correlations) and 0.135 (ICCs) for the direct per-
formance measures. However, confidence intervals overlapped for all
conditions except for the 0.2 Hz background condition. This pattern of
results was similar for the difference scores. For the background effect,
T2 split-half reliability outperformed T1 split-half reliability on average
by 0.113 (Pearson) or 0.127 (ICCs). For the target velocity effect, T2
split-half reliability outperformed T1 split-half reliability on average by
0.195 (Pearson) or 0.210 (ICCs). All confidence intervals of T1 and T2
split-half reliability overlapped for the difference scores.

3.4. Task and time effects

Analyses of velocity gain revealed main effects of background (F(,
43) = 69.87,p < .001, ;13 = 0.619), target velocity (F(2, gs) = 114.69, p <
.001, 72 = 0.727, ¢ = 0.62) and time (Fq, 43) = 7.16, p = .011, 73 =
0.143). Gain was higher without a stationary background, at lower
target velocities and at T2.

In addition, we found a significant two-way interaction between
background and target velocity (F(2, g6y = 20.77, p < .001, 1712, = 0.326).
Bonferroni-corrected t-tests revealed significant differences between the
background conditions at all target velocities (0.2 Hz: background vs. no
background t(43) = —6.47, p < .001, day = —1.11; 0.4 Hz: background vs.
no background t43) = —7.16, p < .001, dyy = —1.10; 0.6 Hz: background
vs. no background t(43) = —9.43, p < .001, d,y = —1.01). Qualitatively,
the interaction suggests that the effect of target velocity was stronger in
the presence of a structured background.

We also found a significant two-way interaction between back-
ground and time (Fq, 43) = 8.44, p = .006, ng = 0.164). Bonferroni-
corrected t-tests showed that the improvement in gain from T1 to T2
was significant only in the background condition but not in the absence
of a background (background: T1 vs. T2 t43) = —3.49, p < .001, dyy =
—0.15; no background: T1 vs. T2 ty43) = —1.09, p = .28, n.s. at the
Bonferroni-corrected alpha-level, d;; = —0.08). The background effect
was smaller at T2 than at T1, but achieved significance in both sessions
(T1: background vs. no background t43) = —9.09, p < .001, day = —0.92;
T2: background vs. no background t43) = —7.25, p < .001, day = —0.86).

Moreover, there was a two-way interaction between target velocity
and time (F(2, g¢) = 25.29, p < .001, 1112, =0.370, ¢ = 0.82). Post hoc t-tests
results showed that gain scores significantly increased from T1 to T2
only in the 0.6 Hz condition, but not in the lower target velocity con-
ditions (0.2 Hz: T1 vs. T2 t43) = 0.27, p = .79, n.s. at the Bonferroni-
corrected alpha-level, d;y = 0.02; 0.4 Hz: T1 vs. T2 t43) = —1.37,p =
.18, n.s. at the Bonferroni-corrected alpha-level, d,, = —0.08; 0.6 Hz: T1
vs. T2 t43) = —5.21, p < .001, d,y = —0.24). Significant main effects of
target velocity were found in both sessions, when analyzing them
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Table 2
Descriptive statistics of the background and target velocity effects.
Time Block Background effect Target velocity effect
0.2 Hz 0.4 Hz 0.6 Hz Background No background
M SD M SD M SD M SD M SD
T1 A 0.09 0.10 0.15 0.15 0.18 0.13 0.27 0.15 0.18 0.13
T1 B 0.12 0.12 0.14 0.14 0.20 0.16 0.24 0.17 0.16 0.12
T1 A+B 0.11 0.10 0.14 0.14 0.19 0.13 0.26 0.15 0.17 0.12
T2 A 0.09 0.12 0.13 0.14 0.16 0.14 0.20 0.15 0.13 0.11
T2 B 0.09 0.11 0.13 0.15 0.14 0.14 0.19 0.14 0.13 0.10
T2 A+B 0.09 0.11 0.13 0.13 0.15 0.13 0.19 0.13 0.13 0.10

Descriptive statistics (M mean and SD standard deviation) of velocity gain background effect (no background condition minus background condition) at three different
target velocities and velocity gain target velocity effect (0.2 Hz condition minus 0.6 Hz condition) of the two background conditions of two sessions (T1, T2) one week
apart, separately for blocks A and B and a joint version of the blocks (A + B) in a sample of N = 44 participants.

A

0.2 Hz 0.2 Hz 0.4 Hz 0.4 Hz 0.6 Hz 0.6 Hz
no no no
background background background background background background
1.00 1 I
0.75 :[ B
8 0.50 4
0.25 1
0.00 o 7 o o 7 o
B 0.2 Hz 0.4 Hz 0.6 Hz C backaround no
9 background
1.00 1
1.00 1
0.75 :I:
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Fig. 3. Results of the reliability analyses (intraclass correlations).

Legend: Reliabilities for pursuit gain (Panel A) for the six background and target velocity conditions, pursuit gain background effect (Panel B; no background
condition minus background condition) and pursuit gain target velocity effect (Panel C; 0.2 Hz condition minus 0.6 Hz condition). ICC = intraclass correlation. Error
bars represent the upper and lower limit of the 95% confidence interval.

separately (T1: Fo, gs) = 124.75, p < .001, nf, =0.744, ¢ = 0.62; T2: F(o, There was no main effect of block and there were no further in-
86) = 87.03,p <.001, 1112) =0.669, ¢ = 0.67). However, the target velocity teractions (all p > .05). Supplementary Fig. 2 gives an overview of the
effect was smaller at T2. task and time effects. Fig. 6 depicts the significant interactions.
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Fig. 4. Scatter plot of the background effect of velocity gain (long version) at T1 and T2 for the three target velocity conditions.
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Fig. 5. Scatter plot of the target velocity effect of velocity gain (long version) at T1 and T2 for the two background conditions.

4. Discussion

The present study aimed to contribute to the controversial matter of
the reliability of task effects in experimental psychology, termed the
“reliability paradox” by Hedge et al. (2018). Specifically, we investi-
gated the replicability and reliability of two well-established experi-
mental effects in the domain of oculomotor control, viz. the detrimental
effects of a stationary structured background and target velocity on
smooth pursuit eye movement performance. To do so, healthy partici-
pants performed smooth pursuit tasks in a repeated-measures design in
two sessions one week apart. The main results are as follows.

The presence of background distractors and higher target velocity
impaired velocity gain, thereby replicating the background and target
velocity effects, respectively.

Analyses of reliability revealed heterogeneous findings, with good to
excellent reliabilities in the more challenging task conditions (higher
target velocity and/or stationary background) and lower reliabilities in
the absence of a stationary background or with lower target velocity.
Importantly, the background effect revealed good to excellent reliability
scores at all target velocities. Similarly, the target velocity effect reached
predominantly good and excellent reliability scores.

Descriptively, the longer task version reached higher reliability than
the shorter version, and split-half reliability was higher at T2 than at T1
for most task conditions and variables. However, differences were not
significant and reliability scores fell in the same categories of interpre-
tation (Cicchetti, 1994). Generally, Pearson correlations and ICCs
reached converging results.

Repeated task exposure led to increased velocity gain at T2
compared to T1. However, this effect was driven by an increase in
performance only in the presence of a structured background and at
higher target velocities.

4.1. Reliability

The reliability indices obtained in this study were predominantly
good or even excellent (Cicchetti, 1994).

For velocity gain, the primary measure of smooth pursuit perfor-
mance, the study revealed excellent reliability scores in the presence of a
stationary background and at higher target velocity. For slower targets
and in the absence of a stationary background, however, reliability
scores were lower, replicating earlier findings (Ettinger et al., 2003). The
poorest reliability outcomes occurred in the putatively easiest version of
the task, implying a correlation between task difficulty and reliability.
As performance in those easier conditions was excellent and standard
deviations were low, these results can be interpreted in terms of the
reliability paradox (Hedge et al., 2018) since the sample was very ho-
mogenous in their responses in these conditions.

An interesting observation was that the decrease in performance
(and increase in variance; Table 1) from the easier to the more difficult
task conditions was comparably large for the target velocity and back-
ground manipulations. Strikingly, however, the improvement in reli-
ability from the no background condition to the background condition
was larger than from lowest to highest target velocity. This suggests that
the higher reliability in the background condition was not merely due to
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Fig. 6. Interactive effects of target velocity, background and time on pursuit velocity gain.
Legend: Two-way interaction of target velocity and background (Panel A), two-way interaction of target velocity and time (Panel B), two-way interaction of
background and time (Panel C) on pursuit velocity gain. All interactions are significant at a = 0.05. Significant t-tests after Bonferroni-correction are marked with an

asterisk. Data are presented as mean =+ standard errors.

greater variance in that condition compared to the no background
condition. Instead, pursuing a target over a structured background ap-
pears to bring out inter-individual differences, possibly linked to
enhanced recruitment of inhibitory processes (Lindner et al., 2001), that
are highly reliable, and more so than in a high target velocity condition
that yields comparable overall performance levels and variance.

For both the background and the target velocity effects, excellent
reliability scores were obtained for the long version of the task for all
levels of the other factor. These results, combined with the large mag-
nitudes of the background and target velocity effect sizes at group level,
are at odds with major claims of the reliability paradox. Specifically, in
our study, between-subject variance was in fact so high (see Figs. 4 and
5) that excellent reliability scores could be ensured despite clear
experimental effects at group level.

Earlier studies have revealed heterogeneous results for the reliability
of difference measures depending on the specific task used (Hedge et al.,
2018; Paap & Sawi, 2016; Soveri et al., 2018). Our results match the
assumptions by Zimmerman and Williams (1998) concerning the cir-
cumstances under which difference scores can achieve good reliability.
Specifically, variance and reliability were larger in the background
condition than in the no background condition and at higher compared
to lower target velocities (see Figs. 4 and 5, Table 1 and Supplementary
Tables 1 to 3).

A potentially major conclusion from our findings is that oculomotor
data might be better suited for individual difference research than out-
comes from standard cognitive tasks focusing on manual-motor reaction
times or error rates (Hedge et al., 2018). For instance, pursuit gain is less
susceptible to common problems with reaction times or accuracy met-
rics such as speed-accuracy trade-offs or impurity of the measures
(Draheim et al., 2019; Miller & Ulrich, 2013). Pursuit gain might
therefore reflect the main function of smooth pursuit, the matching of
eye velocity to target velocity, more accurately than reaction time
measures reflect processes of inhibitory control, suggesting lower task
impurity and higher ecological validity (Burgess et al., 2006; Miyake

etal., 2000). In addition, smooth pursuit over a structured background is
a behaviour shown regularly when exploring the environment, e.g.,
when looking at naturalistic scenes (Agtzidis et al., 2020; Startsev et al.,
2019), indicative of a better match between the behaviour in the labo-
ratory and in free viewing circumstances, compared to other inhibitory
or visual tasks (Kristjansson & Draschkow, 2021). Indeed, laboratory
tasks of inhibitory control such as the Stroop task have been criticized
for their lack of ecological validity (Burgess et al., 2006).

Castelhano and Henderson (2008) demonstrated that saccadic and
fixational behaviour when viewing natural scenes is highly stable within
participants across different stimuli. This might suggest that trial-to-trial
variability in pursuit gain is smaller compared to classic inhibitory tasks,
which in turn would facilitate higher reliability values as high trial
variance has been identified as a major driver of low reliability in in-
hibition tasks (Rouder et al., 2019). Recently, de Haas and colleagues
provided evidence not only for substantial interindividual differences in
fixation pattern when viewing natural scenes but also for excellent test-
retest and split-half reliabilities of these patterns in two independent
samples (De Haas et al., 2019; Linka & de Haas, 2020), in line with the
findings of the current study. However, the nature of smooth pursuit
variability and its relation to reliability has to be explored in much more
detail in future investigations. Still, our results suggest that robust
experimental effects can indeed translate into reliable individual dif-
ference measures.

Interestingly, the reliability of the background effect declined at
higher target velocities (especially when looking at the difference be-
tween the lowest and the intermediate and the lowest and highest target
velocity, respectively). Conversely, reliability increased with higher
target velocities for the direct performance measures. Possibly, reli-
ability was poor for the lowest target velocity in the absence of a sta-
tionary background because of a ceiling effect of performance. At both
sessions, participants were so accurate at pursuing the slow target that
fluctuations between the sessions were random, resulting in low re-
liabilities. Higher target velocities decreased performance and
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simultaneously increased between-subject variance, thereby facilitating
higher reliabilities. Similarly, the presentation of a stationary back-
ground led to more between-subjects variance, enabling higher reli-
ability values. The decrease in reliability of the background effect at
higher target velocities might be due to the fact that the reliabilities
mainly depend on variance in the background condition. As perfor-
mance was quite homogeneous at 0.2 Hz in the absence of a stationary
background and consequently the baseline was very similar between
participants, the difference measures mainly reflect the background
condition. A similar rationale has been argued by Hedge et al. (2018) for
the explanation of the different reliabilities for reaction time and accu-
racy data.

The good reliabilities under the more difficult task conditions are
promising, considering that in everyday life smooth pursuit occurs to
more complex stimuli than in the present laboratory study. Future
studies could therefore turn to investigating reliability of natural
viewing behaviour (Agtzidis et al., 2020).

Descriptively, the longer version of the task reached higher reli-
ability scores than the shorter version for almost all conditions, in
accordance with previous investigations (Hedge et al., 2018; Wostmann
et al., 2013). However, for most variables, confidence intervals over-
lapped between the two versions, which consequently does not permit
the conclusion of significant superiority of the longer task. In the future,
therefore, the task length should be selected according to the specific
study objectives, with the longer version recommended when individual
differences are the main focus.

For most variables, split-half reliability scores for T2 were descrip-
tively higher than for T1. The observed pattern of results can be inter-
preted as evidence of a reduction in error variance at T2, possibly due to
better familiarity with the task. However, again, in most cases the
confidence intervals overlapped, allowing for no firm conclusions to be
drawn.

Pearson correlations and ICCs generally led to consistent or only
slightly diverging results. Future investigations might therefore choose
to report only one measure, preferably ICCs, as they not only rely on
relative consistency but also contain additional information on absolute
agreement (McGraw & Wong, 1996).

Our results extend previous studies on smooth pursuit reliability due
to differences in the methodological approach. Firstly, in contrast to
Bargary et al. (2017) and Ettinger et al. (2003), we did not use a
triangular, constant-velocity target but a target following a sinusoidal
velocity pattern, as is common in clinical smooth pursuit research
(Barnes, 2008; Levy et al., 2010; Meyhofer et al., 2015; Nkam et al.,
2010; Ohlendorf et al., 2007). Secondly, we reported reliability scores
separately for each of the target velocity and background conditions.
This approach proved to be very valuable as our results suggest that
reliability scores widely differed between different task configurations.
Lastly, the present study was the first to directly assess the reliability of
the background and target velocity effects, which had not yet been
investigated despite these effects being well replicated experimental
group-level findings in the pursuit literature.

The observed pattern of results speaks for the general stability and
likely trait nature of eye movement performance, which has previously
been shown for saccades using latent-state-trait modelling (Meyhofer
etal., 2016). Similar modelling approaches should also be adopted in the
future to delineate the contribution of stable person effects and situa-
tional influences on smooth pursuit performance.

4.2. Task and time effects

4.2.1. Background

For all levels of target velocity, we found strong background effects,
indicative of worse performance in the presence of background stimuli,
in line with earlier findings (Barnes & Crombie, 1985; Collewijn &
Tamminga, 1984; Hutton et al., 2000; Meyhofer et al., 2019). This
pattern of results can be explained by background induced optokinetic
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drive that slowed eye movements (Barnes, 2008; Lawden et al., 1995).
The highly structured background stimuli provided a strong signal to the
optokinetic reflex, interfering with the smooth pursuit tracking of the
target. As a consequence, participants had to actively engage cognitive
resources to selectively enhance processing of the target stimulus
(Barnes & Crombie, 1985) or inhibit background processing in order to
perform stable smooth pursuit. The latter might be achieved by atten-
uating sensitivity to global motion signals in the opposite direction of
the pursuit target, which also corresponds to the direction of self-
induced retinal motion (Lindner et al., 2001).

Lower pursuit performance in the presence of a structured back-
ground might depend on gradual attention shifts between target and
background stimuli (Kerzel et al., 2008). These shifts may be modulated
by feature similarity between target and background distractors
(Stormer et al., 2011). For example, it has been shown that increased
attention to the target due to a target-related secondary task may even
improve smooth pursuit performance despite a general increase in de-
mands due to the secondary task (Stubbs et al., 2018). Future studies
should further explore the role of attention on target and distractor or
background stimuli. In this context, partial processing of the background
may even be beneficial in some cases, as it can also provide valuable
information about future events such as target trajectory (Eggert et al.,
2009; Ladda et al., 2007).

Results from a lesion study suggest that inhibition of irrelevant
background distractors might depend on parietal cortex and frontopar-
ietal white-matter connections (Lawden et al., 1995). Interestingly, the
posterior parietal cortex has also been associated with divided attention
between a SPEM target stimulus and an additional auditory target
(Baumann & Greenlee, 2009) as well as the dissociation between the
focus of attention and gaze (Ohlendorf et al., 2007). The specific role of
this area in the context of smooth pursuit against a structured back-
ground might concern motion processing relative to a frame of reference
(Ohlendorf et al., 2010) or attentional control (Baumann & Greenlee,
2009). However, the studies discussed above reported different peak
locations in the parietal cortex, so further research is needed concerning
the exact functions of the parietal cortex and its subregions during this
complex sensorimotor process. In addition, it has been suggested that
intact pathways of the basal ganglia are necessary for successful sup-
pression of irrelevant stimuli during smooth pursuit (Henderson et al.,
2011).

We also detected significant background x target velocity in-
teractions, indicating that the adverse effects of a stationary background
were particularly pronounced at higher target velocities, in line with
previous findings (Howard & Marton, 1992; Hutton et al., 2000;
Meyhofer et al., 2019). Thus, if the pursuit system is challenged — by fast
targets, structured backgrounds or the combination of both — perfor-
mance deteriorates substantially. These effects might indicate that both
factors rely on the same underlying process, for example spatial atten-
tion, which is important for both the matching of eye to target velocity
and the inhibition of background processing. Interestingly, it has been
shown that the focus of attention is modulated by target velocity (Van
Donkelaar & Drew, 2002). The faster the target moves, the further ahead
of the target attention shifts. If the target is no longer at the center of
attention at high velocities, pursuit gain might be reduced as the
matching of eye to target velocity is impeded. However, the assumed
asymmetrical distribution of attention biased ahead of the target is not
supported by all lines of evidence (Souto & Kerzel, 2021). The pro-
cessing benefit at locations ahead of the target has been found in reac-
tion time paradigms and with frequency-tagged steady-state visual
evoked potentials (Chen et al., 2017; Van Donkelaar, 1999; Van Don-
kelaar & Drew, 2002) but not in perceptual discriminations tasks
(Lovejoy et al., 2009; Watamaniuk & Heinen, 2015). It is debated
whether these effects in fact represent spatial attention or rather visual
processes such as the suppression of visual signals opposite of target
direction (Souto & Kerzel, 2021). Therefore, more research is needed to
investigate the relationship between smooth pursuit and attention and
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how they relate to target velocity and the background the target is
presented on.

Another important aspect to consider in explaining the background
x target velocity interaction is velocity perception during pursuit, which
has been shown to depend on the background the target is presented on
(Raymond et al., 1984). However, this has been probed relative to a
reference stimulus presented before the target and should be investi-
gated in more detail.

4.2.2. Target velocity

Additionally, we aimed to replicate the effects of target velocity on
pursuit performance. In line with previous research and our hypotheses,
performance was affected by target velocity (Collewijn & Tamminga,
1984; Lisberger et al., 1981; Meyhofer et al., 2019), with pursuit gain
being lower at higher target velocity. Effect size measures indicated that
target velocity accounted for a substantial part of pursuit gain variance.
The manipulation of target velocity can therefore be regarded as a
valuable tool to control overall task demands. Our results add to the
literature by highlighting the importance of using more than a single
level of target velocity since some task manipulations only become
evident at a certain level of target velocity (e.g. background x target
velocity interactions). As a consequence, studies that employ only a
single level of target velocity might be limited in their explanatory
power.

Although the effects of manipulating target velocity have been
studied extensively, to our knowledge, target velocity effects as the
difference in performance between two levels of target velocity are not
typically reported. Therefore, here, we demonstrate the feasibility of this
approach. Individual target velocity effects may prove to be particularly
useful for later use in individual differences research to better under-
stand between-subjects variance.

4.2.3. Block

In order to examine the course of performance over time, data were
analyzed for within-session performance changes from the first to the
second half of the experiment. However, no differences between the two
blocks could be observed. This absence of effects suggests that perfor-
mance is relatively stable over a duration of several minutes. This could
be due to the fact that at the beginning of each session, participants had
the opportunity to familiarize themselves with the task through a
practice session. This way, understanding of instructions and familiarity
with the study setup was ensured and did not have to be acquired during
task performance, which may have led to differences between blocks.

4.2.4. Time

We found a significant main effect of time for pursuit gain, indicative
of improvement of performance from the first (T1) to the second (T2)
session day over a period of one week.

Interactions between time and background conditions as well as time
and target velocity revealed that these effects only occurred in the more
challenging conditions, namely in the presence of a stationary back-
ground and at higher target velocities. This pattern indicates that
repetition or practice effects might depend on baseline performance,
which is related to task difficulty. Performance in the easier task con-
ditions may already be near ceiling at T1, with gain scores close to 1.
Thus, the performance level could not improve any further. Performance
improvements in the more difficult task conditions might be due to
learning processes, which is consistent with previous results from
healthy and neurological samples (Eibenberger et al., 2012; Kerkhoff
et al., 2013). If the task is to be used in study designs with multiple
assessments, the issue of performance changes due to multiple exposure
to the task needs to be considered. Importantly, however, the back-
ground effect proved to be highly robust and could be observed in both
sessions with large effect sizes. The same pattern of results was observed
for the target velocity effect. Thus, time only influenced the size of the
background or target velocity effect but not the effect as such.
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Future investigations should further explore whether or at what
point performance stabilizes over time by employing multiple assess-
ments over several days.

We aimed to control the influence of previous exposure to the
experimental stimulus sets by introducing a brief practice block at the
beginning of each session. However, familiarity with the assessment
setting might still influence performance, which is problematic espe-
cially in repeated-measures designs, where participants undergo
experimental manipulations at different time points. In order to further
reduce this influence in the future, the practice block could be presented
for a longer time or participants could get familiarized with the task
during an initial baseline measurement. The latter may also help to
examine possible baseline effects on learning as stabilization might
occur earlier or later dependent on initial performance levels.

4.3. Limitations

The study was limited in the number of sessions. In order to explore
the effects of repeated exposure to the same task in more detail, more
measurement sessions would have been informative. Also, latent state
trait modelling (Geiser et al., 2015) of smooth pursuit data is called for
to formally estimate trait and state components of variance as well as
measurement error.

4.4. Conclusion

In this study, we have presented reliability scores and task effects for
a smooth pursuit paradigm employing three target velocities and a
background vs. no background condition in two sessions one week apart
in a sample of 45 participants. Presenting background distractors and
increasing target velocity impaired smooth pursuit performance
consistent with previous investigations.

Background as well as target velocity effects were robustly replicated
in both sessions. However, practice effects between the two sessions
were observed in the more difficult task conditions and should be
considered in future investigations using longitudinal designs.

Reliability results were good, especially at higher target velocities
and/or in the presence of a stationary background. Reliability scores
were largely in line with previous literature but also revealed interesting
novel insights, especially concerning the role of task difficulty. Back-
ground as well as target velocity effects proved to be highly reliable.
These findings demonstrate, in contrast to some other cognitive tasks
(Hedge et al., 2018), that a task can produce both robust experimental
effects and reliable individual difference outcomes.
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