Journal of Computational Neuroscience
https://doi.org/10.1007/s10827-020-00764-3

®

Check for
updates

Influence of prior and visual information on eye movements
in amblyopic children

|1,2

Coralie Hemptinne @ - Nicolas Deravet ' - Jean-Jacques Orban de Xivry*” - Philippe Lefévre " . Demet Yiikse

Received: 5 March 2020 /Revised: 10 August 2020 /Accepted: 31 August 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

This study analyzed the characteristics of pursuit and assessed the influence of prior and visual information on eye velocity and
saccades in amblyopic and control children, in comparison to adults. Eye movements of 41 children (21 amblyopes and 20
controls) were compared to eye movements of 55 adults (18 amblyopes and 37 controls). Participants were asked to pursue a
target moving at a constant velocity. The target was either a ‘standard’ target, with a uniform color intensity, or a ‘noisy’ target,
with blurry edges, to mimic the blurriness of an amblyopic eye. Analysis of pursuit patterns showed that the onset was delayed,
and the gain was decreased in control children with a noisy target in comparison to amblyopic or control children with a standard
target. Furthermore, a significant effect of prior and visual information on pursuit velocity and saccades was found across all
participants. Moreover, the modulation of the effect of visual information on the pursuit velocity by group, that is amblyopes or
controls with a standard target, and controls with a noisy target, was more limited in children. In other words, the effect of visual
information was higher in control adults with a standard target compared to control children with the same target. However, in the
case of a blurry target, either in control participants with a noisy target or in amblyopic participants with a standard target, the

effect of visual information was larger in children.
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1 Introduction

Humans visually interact with their environment using smooth
pursuit and saccades (Orban De Xivry and Lefevre 2007).
Saccades and smooth pursuit are programmed in the brain
taking into account sensory visual inputs and predictions
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based on a short-term memory of prior visual information
(Deravet et al. 2018). The models that integrate these two
inputs include the Bayesian integration and the Kalman filter-
ing, with weights linked to these two inputs’ reliability (Orban
de Xivry et al. 2013). Given their lower ability to estimate the
position, velocity and acceleration of objects, children prefer-
entially rely on visual feedback to achieve motor tasks
(Rosblad 1996).

At birth, the visual system is not as mature as it is in adults,
unlike other sensory systems such as the auditory system. The
saccadic system becomes comparable in children and adults at
about 6 years (Ego et al. 2013). Saccadic peak velocity is
equal to or slightly higher in children than in adults, with a
similar saccade accuracy (Accardo et al. 1995; Irving et al.
2006; Salman et al. 2006a). However, saccade latency de-
creases with age in children until 12—15 years of age
(Fukushima et al. 2000; Irving et al. 2006; Luna et al. 2004).
Higher saccade latencies are associated with more accurate
saccades, that is a smaller position error after saccades.

The pursuit system continuously matures until late adoles-
cence (Riitsche et al. 2006; Salman et al. 2006b; Von Hofsten
and Rosander 1997). In the pursuit of predictable stimuli, the
pursuit gain, defined as the ratio of the eye to the target
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velocity, increases until between 13 and 18 years of age
(Accardo et al. 1995; Katsanis et al. 1998; Salman et al.
2006b), or until 67 years for lower target velocities (Ross
etal. 1993). For instance, in the pursuit of a sinusoidally mov-
ing target, pursuit gain increased from 0.7 at 8 years old to
1.0 at 19 years old (Salman et al. 2006b). In the pursuit of
unpredictable targets at constant velocity, adults react sooner
and accelerate faster than children during the initiation of pur-
suit (Ego et al. 2013), with acceleration increasing until 14—
16 years old, average pursuit latency decreasing until 8—
9 years old, and latency standard deviation decreasing until
14-16 years old.

While the development of pursuit and saccades in children
has been analyzed by many authors, the influence of prior
information on the oculomotor behavior of children has been
scarcely studied. In addition, although the oculomotor perfor-
mance in amblyopia, a pathology associated with motion per-
ception deficit, has been studied in adults, little is known re-
garding the characteristics of pursuit and saccades in ambly-
opic children.

The present study aimed to analyze the characteristics of
pursuit and to assess the influence of prior and visual infor-
mation on eye velocity and on saccades for children compared
to adults in three subgroups: control with standard target, con-
trol with noisy target and amblyopic with standard target.

2 Method
2.1 Participants

The research protocol followed the tenets of the Declaration of
Helsinki and was approved by the University of Louvain’s
Human Biomedical Ethics Board. 59 volunteers between 5
and 13 years old equally distributed in four age categories,
including 30 children who were treated for amblyopia at the
Cliniques Universitaires Saint-Luc and 29 age-matched
healthy controls without strabismus nor amblyopia, were test-
ed between March 2015 and December 2019. Their results
were compared to 58 adolescents and adults (referred to as
“adults” in the remainder of the manuscript) between 12 and
61 years old, including 20 amblyopic patients and 38 controls.
All participants and, in the case of children, their carers pro-
vided informed written consent before participating in the
study.

Inclusion criteria for all participants included the following:
the patient (1) has completed the full protocol; (2) understands
the instructions; (3) has given, together with their carer, in-
formed written consent (4) presents no general health disease,
has a normal neurologic status and does not take any
medication.

Furthermore, amblyopic patients were required to have uni-
lateral amblyopia with a visual acuity lower than 0.15
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logMAR. Lastly, controls were required to have no ophthal-
mological disease particularly strabismus. All participants had
normal binocular vision, and corrected visual acuities of 0
logMAR or better in both eyes.

The exclusion criteria included several conditions regard-
ing the quality of the recorded data (see the Data processing
section).

3 Experimental set-up and stimuli

Participants were seated on a chair in a darkened room and
were asked to fixate on a colored target projected by a cine8
Barco projector (Barco Inc., Kortrijk, Belgium) at a refresh
rate of 100 Hz. At a viewing distance of 150 cm, the screen
subtended 65° (horizontal) x 50° (vertical) of visual angle.
Head position was kept stable using a forehead and chin rest.
Eye movements of the non-dominant eye were recorded at
1000 Hz with an Eyelink 1000 (SR Research, Ottawa,
Ontario, Canada), with the other eye occluded.

The experiment started with a calibration sequence, during
which participants were asked to fixate on a target initially
located in the center of the screen. The target would then move
to various points on the screen (e.g., right, left, up or down).
This sequence was repeated every 30 trials, and a break was
proposed to participants before each calibration sequence. The
calibration sequence was followed by stimulus blocks. These
blocks included training and test trials. In the trials of a given
stimulus block, participants were asked to fixate a target
appearing at the center of the screen for 500 ms and then to
pursue the target moving at a constant velocity (15°/s or 20°/s)
in a given direction (—20°, 0°, 20°, 160°, 180° or 200°). In the
following stimulus block, the target moved in a different di-
rection, which remained constant throughout the block. Each
stimulus block included 1 to 4 training trials and, in 80% of the
blocks, a test trial. Training trials were defined as trials with a
constant direction and target velocity, in order to build a short-
term memory of prior visual information. In the test trial, the
direction remained identical, however, for 80% of the blocks,
the velocity changed by +5°/s (Fig. 1b). The experiment lasted
approximately 30 min.

For a given experiment, the target was either a ‘standard’
target, which consisted of a red disk with a diameter of 0.8°
and a uniform color intensity, or a ‘noisy’ target, which was a
red disk with the same luminance, but with blurry edges, ac-
cording to a Gaussian distribution (o =1.27°). The noisy tar-
get was defined and implemented in controls to degrade the
quality of the visual information (Deravet et al. 2018, 2019).
Since bad visual acuity is one of the core deficits in ambly-
opia, a noisy target simulating blurriness is a way to mimic the
abnormal visual perception of an amblyopic eye in a global
manner. However, we are aware that blurriness is not a com-
plete representation of the range and breadth of visual deficits



J Comput Neurosci

a Example of a stimulus block
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Fig. 1 (a) Example of two stimulus blocks, including one or several training trials at a given velocity and one test trial at a different velocity (b) Structure

of blocks

seen in amblyopia. Nonetheless, modeling these different pat-
terns of visual deficits is beyond the scope of this paper. It
would certainly be an opening for further studies.

Controls completed two conditions, first with a noisy target
then with a standard target. Amblyopic patients only complet-
ed one condition with a standard target. The adults and chil-
dren were subdivided into 3 groups: standard (control subjects
with a standard target), noisy (control subjects with a blurred
target), and amblyopic (amblyopes with a standard target).

4 Data processing

Missing data in the Eyelink output were considered to be
blinks and removed from the data, including a margin preced-
ing and following the blink. The resulting data was low-pass
filtered at 35 Hz in Matlab. Eye velocity and acceleration were
evaluated based on the position signal using a central differ-
ence algorithm. Saccades were detected by means of a 500%/s
acceleration threshold and replaced by a linear interpolation.

Pursuit onset was defined as the intersection of two regres-
sion lines approximating, respectively, low velocity
(anticipatory) eye movements as a plateau and the subsequent
(visually-guided) acceleration as a ramp, within the interval
[-100, 300] ms. This estimation was considered as valid if no
blink occurred in the 50 ms following the computed pursuit
onset, and if eye velocity during the initial plateau remained
lower than 4°/s.

Steady-state eye velocity was considered to be the slope of
a regression line approximating eye position for an interval of
at least 70 ms starting at the first catch-up saccade and ending
at the following saccade. If there was no such interval, smooth
eye displacement during saccades was approximated by the

integral of the linear interpolation of the saccades’ eye velocity
data, and included in the fit.

Position error was estimated 100 ms before saccade onset,
at the time when it was assumed to be assessed by participants
(Becker and Jirgens 1979). It was defined as the difference
between target and eye position.

The accuracy of saccades was evaluated by computing the
saccade residuals, that is the difference between actual and
ideal saccade amplitudes. Ideal saccade amplitudes were as-
sumed to be the difference between target position at saccade
offset and eye position at saccade onset. These residuals were
determined for trials 2 to 4, as in trial 1 pursuit onset occurred
later, with larger saccades.

Trials were considered as abnormal and removed from the
data if: (1) the eye position error was greater than 5° in the last
100 ms of fixation; (2) there was 90 or more missing data
considered to be blinks in the 450 ms of pursuit; (3) eye dis-
placement was smaller than 15% of target displacement; (4)
position error during pursuit was greater than 8° for more than
100 ms; (5) participants performed a saccade greater than 25°
or a reverse saccade; (6) the steady-state pursuit gain was
smaller than 0.2; (7) less than 5% of the target displacement
was associated with smooth pursuit; (8) pursuit started less
than 50 ms after the start of target displacement. In addition,
if more than 60% of a participant’s recorded data was rejected,
that participant was excluded from the study.

5 Evaluation of prior and visual information
effects

In order to estimate the effect of prior information, we com-

pared the pursuit characteristics of a test trial and a training
trial with the same trial number and target velocity but
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preceded by trials with different target velocity. For instance,
we compared the pursuit gain of:

—  Test trial #2, with a target velocity of 15 deg/s and pre-
ceded by training trial #1 at 20 deg/s,

— And training trial #2 at 15 deg/s (identical visual input)
and preceded by training trial #1 at 15 deg/s (different
prior information).

As the visual input was identical for the compared trials,
eye movement differences between them were assumed to
derive from the different prior visual information. The extent
to which prior visual information influenced eye velocity was
assessed using the following normalized ratio (Deravet et al.
2018):

mean(eye velocity of training trial)—eye velocity of test trial

prior target velocity of training trial—prior target velocity of test trial

Similarly, the effect of visual input was evaluated by com-
paring the pursuit characteristics of a test trial and a training
trial with the same trial number and preceded by trials with the
same target velocity, but with different target velocity. For
instance, we compared the pursuit gain of:

—  Test trial #3, with a target velocity of 10 deg/s and pre-
ceded by training trial #2 at 15 deg/s,

— And training trial #3 at 15 deg/s (different visual input)
and preceded by training trial #2 at 15 deg/s (identical
prior visual information).

As the prior visual information was identical for the com-
pared trials, eye movement differences between them were
assumed to derive from the different visual inputs. The extent
to which visual input influenced eye velocity was assessed
using the following normalized ratio (Deravet et al. 2018):

mean(eye velocity of training trial)—eye velocity of test trial

target velocity of training trial—target velocity of test trial

6 Statistical analyses

Hypothesis tests were performed using type IIl ANOVA, with
the evaluation of the denominator degrees of freedom per-
formed using the Kenward-Roger method. To analyze the
pursuit characteristics (pursuit onset and steady-state pursuit
gain), we used the following factors: age (adults vs. children),
group (control participant with standard target, control partic-
ipant with noisy target and amblyopic participant with stan-
dard target) and target velocity (15 deg/s vs. 20 deg/s). The
nested structure of the data was taken into account by
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including random intercepts for participants into the models
for all relevant analyses.

To analyze the effect of prior information on the smooth
pursuit response and on the amplitude of catch-up saccades,
we used the normalized effect of prior information (see above)
as dependent variable and the following factors: age, group,
target velocity and prior information (no prior information vs.
prior information). In this case, a main effect of the factor
“prior” would indicate that prior information influences the
oculomotor response.

To analyze the effect of visual information on the smooth
pursuit response and on the amplitude of catch-up saccades,
we performed a first analysis on the raw oculomotor data
(pursuit velocity or saccade amplitude) to demonstrate the
presence of an effect and then a second analysis with the
normalized effect of visual information (see above) as depen-
dent variable. In the first analysis, we used the following fac-
tors: age, group, target velocity and visual information
(=5 deg/s, +5 deg/s or no change with respect to previous
trial). In this case, a main effect of the factor “visual informa-
tion” would indicate that it modulates the oculomotor re-
sponse. In the second analysis, we normalized the oculomotor
response to the change in visual information by collapsing
across the different visual information levels to allow for com-
parisons across groups. With this normalized variable, a value
larger than zero corresponds to an effect of visual information.
For this second analysis, we used the following factors: age,
group, target velocity and trial number (first vs. subsequent
trials).

These analyses were conducted using the afex (Singmann
et al. 2018), Ime4 (Bates et al. 2015) and ImerTest
(Kuznetsova et al. 2017) packages in R (R Core Team
2018). Post-hoc pairwise comparisons were conducted in the
form of robust independent and dependent t-tests using the
WRS2 R package (Mair and Wilcox 2018).

7 Results

Out of 117 participants, 21 were excluded based on the inclu-
sion and exclusion criteria. The final sample included 21 am-
blyopic children (M-age: 9 years; SD: 2 years; n: 8 females
and 13 males), of which 11 were strabismic, 6 were anisome-
tropic and 4 were organic amblyopes; 20 age-matched control
children (M-age: 9 years; SD: 2 years; n: 9 females and 11
males); 18 amblyopic adults (M-age: 33 years; SD: 17 years;
n: 8 females and 10 males), of which 14 were strabismic and 4
were anisometropic amblyopes; and 37 control adults (M-age:
32 years; SD: 11 years; n: 21 females and 16 males). The 20
control children all participated in both the noisy and standard
versions of the test. The 37 control adults took part in either
one version (26 control adults) or both versions of the protocol
(11 control adults). This resulted in 23 recordings of control
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adults with a standard target, and 25 recordings of control
adults with a noisy target.

8 Pursuit onset and gain across ages
and groups

We compared the effect of age (children vs. adult) and group
(controls with standard target, controls with noisy target and
amblyopic patients with standard target) on smooth pursuit
latency and steady-state pursuit gain (Fig. 2).

For the pursuit onset, we found that children had a longer
reaction time than adults (main effect of age: F(1,86.51)=
22.5, p<0.0001) and that group type also influenced this pa-
rameter (main effect of group: F(2,156.52)=295.8, p<
0.0001). More precisely, control participants with a standard
target had the shortest reaction time (children: 123 ms,
CI=[119 ms, 126 ms]; adults: 103 ms, CI=[99 ms,
107 ms]) while the control participants with a noisy target
had the longest reaction time (children: 156 ms,

CI=[151 ms, 161 ms]; adults: 143 ms, CI=[139 ms,
147 ms]). Amblyopic patients had a reaction time between
the two conditions of the control participants, very close to
controls with a standard target (children: 126 ms,
CI=[120 ms, 131 ms]; adults: 121 ms, CI=[114 ms,
127 ms]). The interaction between age and group was also
significant (F(2,156.52)=3.83, p=0.02). Indeed, there was
a significant onset difference of 10-20 ms between children
and adults in all conditions except in the amblyopic partici-
pants. For adults, controls with a standard target had a shorter
onset than amblyopic participants (standard vs. amblyope:
Mdiff=—-17.41 ms, CI=[-24.23 ms, —10.59 ms], Yt=
—4.81, p<0.0001, effect size = 0.706), amblyopic participants
had a shorter onset than controls with a noisy target (noisy vs.
amblyope: Mdiff=22.75 ms, CI=[15.23 ms, 30.27 ms], Yt=
6.21, p<0.0001, effect size = 0.78), and controls with a stan-
dard target had a shorter onset than controls with a noisy target
(standard vs. noisy: Mdiff=—40.16 ms, CI=[—45.66 ms,
—34.65 ms], Yt=—14.55, p<0.0001, effect size=0.99). A
similar trend was observed in children with the exception of
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Fig. 2 (a) Overall pursuit performance during Trial #1, averages, per
group, of participant’s average eye velocity traces during Training trials
at 15°/s and 20°/s (top: pediatric, bottom: adult). The surrounding error
bars indicates 95% CI (b) Pursuit onset and steady-state pursuit gain, for

training trials at 15°/s and 20°/s. Dots correspond to individual partici-
pants. Error bars are centered on the average of participant’s averages and
indicate the 95% CI
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an absence of significant difference between the standard and
amblyopic groups. Thus, in children, controls with a standard
target had a shorter onset than controls with a noisy target
(standard vs. noisy: Mdiff=—33.33 ms, CI=[—39.23 ms,
—27.43 ms], Yt=—11.3, p<0.0001, effect size=0.83), and
amblyopic children had a shorter onset than controls with a
noisy target (noisy vs. amblyope: Mdiff=30.38 ms,
CI=[23.23 ms, 37.53 ms], Yt=28.29, p < 0.0001, effect size =
0.92). However, the onsets of control children with a standard
target and of amblyopic children were not significantly differ-
ent (standard vs. amblyope: Mdiff=-2.95 ms,
CI=[-9.11 ms, 3.21 ms], Yt=—0.9, p=0.34, effect size=
0.16).

The quality of the pursuit, as measured by the pursuit
gain, was lower in children than in adults (F(1,90.03)=
2.7, p=0.1) but was clearly influenced by the group
(main effect: F(2,153.89)=39.73, p<0.0001) and, as
expected, by target velocity (F(1,150.05)=198.7, p<
0.0001). Interestingly, the effect of group on the pursuit
gain was different for the two age categories (interaction
between age and group: F(2,153.89)=3.94, p=0.02). In
controls with a standard or noisy target, pursuit gain of
children (standard: mean=0.75, CI=[0.71, 0.79]; noisy:
mean =0.66, CI=[0.61, 0.71]) was lower than in adults
(standard: mean=0.87, CI=[0.83, 0.91]; Mdiff=-0.12
CI=[-0.17, —0.06], Yt=—4-41, p<0.0001, effect size =
0.67; noisy: mean=0.75, CI=[0.69, 0.80]; Mdiff=
—0.09 CI=[-0.16, —0.02], Yt=—2.44, p=0.02, effect
size =0.37). However, in amblyopic patients, the pursuit
gains were not significantly different between children
and adults (children: mean =0.75, CI=[0.68, 0.82]) and
adults: mean=0.71, CI=[0.62, 0.80]; Mdiff=0.04,
CI=[-0.06, 0.15], Yt=0.77, p=0.43, effect size=
0.14). Control children with a noisy target had a signif-
icantly lower gain than control children with a standard
target (standard vs. noisy: Mdiff=0.09, CI=[0.03,
0.15], Yt=3.05, p=0.005, effect size=0.49) or than
amblyopic children (noisy vs. amblyope: Mdiff=-0.09,
CI=[-0.17, —0.01], Yt=-2.15, p=0.004, effect size=
0.34). However, the gains of control children with a
standard target and of amblyopic children were not sig-
nificantly different (standard vs. amblyope: Mdiff=
0.004, CI=[-0.07, 0.08], Yt=0.11, p=0.91, effect
size =0.04). This trend across groups was different for
adults. Amblyopic adults had a lower gain than control
adults with a standard target (standard vs. amblyope:
Mdiff=0.16, CI=[0.07, 0.25], Yt=3.47, p=0.004, ef-
fect size=0.62), and control adults with a noisy
target also had a lower gain than control adults with a
standard target (standard vs. noisy: Mdiff=0.12,
CI=[0.06, 0.19], Yt=3.71, p<0.0001, effect size=
0.50). There was no significant difference between the
amblyopic and noisy groups (noisy vs. amblyope:
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Mdiff=0.04, CI=[-0.06, 0.14], Yt=0.82, p=0.41, ef-
fect size=0.12).

9 Effect of prior and visual information on eye
velocity

9.1 Prior

As we have previously shown (Deravet et al. 2019) that prior
information has a larger influence when the target is noisy
than when it is standard, we hypothesized that the effect of
prior information would be higher in the trials with a noisy
target for control participants and in the trials of amblyopic
patients, as a result of the deterioration of the quality of visual
information. As illustrated in Fig. 3a (first row, red trace), the
effect of prior visual information was assessed by first
displaying a target at a velocity of 20 deg/s during the training
trials; during the consecutive test trial, with a target velocity of
15 deg/s, the participant, influenced by his short-term memory
of visual information, did not follow the target at 15 deg/s but
at a higher velocity. Similarly, in the blocks in which the target
velocity in the training trials was lower than in the test trial
(second row, green trace), after having followed a target at a
velocity of 15 deg/s during the training trials, the participant,
faced with a target at a velocity of 20 deg/s during the test trial,
did not follow the target at 20 deg/s but at a lower velocity.
This suggests that the target velocity from previous trials in-
fluences the smooth pursuit response in subsequent trials.

For comparison of the effect of prior across ages and
groups, we normalized the smooth pursuit data such that we
could get one normalized effect of prior target velocity inde-
pendently from the fact that it was linked to a higher or lower
target velocity (see methods and Deravet et al. 2018). The
normalized effect of prior on eye velocity across ages and
groups is shown in Fig. 4a. We found that prior information
had a significant effect on normalized eye velocity (main ef-
fect of presence of prior information: F(1,395.05)=34.59,
»<0.0001) and that it was slightly modulated by target veloc-
ity (interaction between prior and target velocity: F(1,
395.05)=4.21, p=0.04) with the effect of the prior being
slightly larger for higher target velocity (mean and CI of nor-
malized effect at 15 deg/s: 0.12, [0.08, 0.16], 20 deg/s: 0.23,
[0.19, 0.27]). However, we did not find any evidence for a
difference across groups (interaction between prior and group:
F(2,395.06)=0.95, p =0.39).

9.2 Visual

Based on our previous study (Deravet et al. 2019), we predict-
ed that the effect of visual information would be higher in
controls with a standard target, compared to controls with a
noisy target or the amblyopic participants. As illustrated in
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a Effect of PRIOR on eye velocity in children
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Fig. 3 Effect of prior and visual information on eye velocity in children
(a) Averages of participant’s average eye velocity traces during training
and test trials with the same target velocity (first row: 15 deg/s; second
row: 20 deg/s), but different priors of target velocity for trials #2—#4. blue
traces correspond to training trials, red/green traces to test trials. Error bars

Fig. 3b (first row), after participants have followed the target
at 15 deg/s in test trials, they are faced with a target at a higher
(green trace), similar (blue trace) or lower velocity (red trace)
during test trial. Eye velocity is thus expected to adapt to the
new target velocity.

We found that visual information had a significant effect on
eye velocity (main effect of presence of visual information:
F(2,634.01)=431.6, p<0.0001). The effect of visual infor-
mation on eye velocity was also expected to differ depending
on target velocity. Indeed, we found that smooth pursuit
steady-state gain was higher when target velocity was higher
(main effect of target velocity: F(2,634.01)=429.48,
p<.0001). That is, increasing or decreasing target velocity
leads to an increase or decrease in smooth eye velocity. To
analyze this further, we normalized these data in such a way
that we could pool the data for the increase and decrease in
target velocity together, yielding a normalized effect of visual
information for each participant and each condition. The nor-
malized effect of visual information on eye velocity is shown
on Fig. 4b. The effect differed across groups (main effect:
F(2,193.48)=24.15, p<0.0001). As expected, the normal-
ized effect of visual information was larger for the control
participants with the standard target than those with the noisy
target (standard vs. noisy: Mdiff=0.19 CI=[0.14,0.24], Yt=
7.748, p<0.0001) or for the amblyopes (standard vs.
amblyope: Mdiff=0.12 CI=[0.07, 0.19], Yt=4.151, p<
0.0001). In other words, a clear vision of the target allows
one to better tune her/his eye velocity to target velocity.

Furthermore, this modulation was different across the two
age groups (interaction between group and age: F(2,193.48) =
15.76, p < 0.0001). The effect of visual information was larger
in adults than in children for control participants with a stan-
dard target (child vs. adult: Mdiff=-0.15, CI=[-0.22,
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—0.07], Yt=-3.96, p=0.001, effect size = 0.48) but was low-
er for control adults with the noisy target (child vs. adult:
Mdiff=0.08, CI=[0.007, 0.15], Yt=2.3, p=0.03, effect
size=0.25) and for the amblyopic adults with the standard
target (child vs. adult: Mdiff=0.13, CI=[0.04, 0.23], Yt=
2.80, p=0.006, effect size =0.33) (Fig. 4b). In other words,
the modulation of the effect of visual information on the
smooth pursuit response by group was more limited in chil-
dren (standard vs. noisy: effect size =0.22; standard vs.
amblyope: effect size =0.03) than in adults (standard vs.
noisy: effect size =0.77; standard vs. amblyope: effect size =
0.70).

10 Effect of prior and visual information
on saccades

10.1 Prior

As we found that prior and visual information also influenced
the amplitude of catch-up saccades in our previous work
(Deravet et al. 2019), we performed the same analysis on the
saccadic amplitude (Fig. 4c and d). As for the pursuit gain, we
analyzed the normalized effect of prior and visual information
(see methods and Deravet et al. 2018). We found that prior
information influenced the normalized saccadic amplitude of
the first catch-up saccade: (main effect of prior information:
F(1,395.85)=16.81, p <0.0001). That is, saccade amplitude
was larger (resp. lower) when the target velocity of the previ-
ous trials was higher (resp. lower) than in the current trial.
Similarly to the pursuit gain results, we did not find any evi-
dence that group or age influenced the effect of prior informa-
tion on the normalized saccade amplitude (interaction
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Fig. 4 Normalized effect of prior and visual information on eye velocity
and saccades in children compared to adults. Normalized effect of prior
(a) and visual (b) information, on eye velocity, with participant’s
averages as dots, and error bars corresponding to the standard error of
the mean. Normalized effect of prior (c¢) and visual (d) information on

between prior and group: F(2,395.8) = 1.54, p = 0.22; interac-
tion between prior and age: F(1,395.85=2.96, p=0.09).

10.2 Visual

Visual information was also able to modulate saccadic ampli-
tude (main effect of visual information on saccade amplitude:
F(2,634.02) =345.16, p <.0001), which simply shows that
saccade amplitude is larger when target velocity is larger.
We analyzed this further with the normalized saccadic ampli-
tude in order to test for differences across groups. Participant
group modulated the effect of visual information on normal-
ized saccadic amplitude (main effect: F(2,221.49)=4.46, p=
0.01). As expected, the effect of visual information on saccad-
ic amplitude was larger for the control participants with a
standard target than for those with a noisy target (standard
vs. noisy: Mdiff=0.18, CI=[0.08, 0.28], Yt=3.84,
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saccade amplitude. Dots are individual averages of normalized residuals,
and error bars correspond to the standard error of the mean. Participant’s
averages in (a) and (c) are based on trials #2 and following, while in (b)
and (d), they are based on trials #1 and following

p<0.0001) and larger for the amblyopic patients than for
the controls with a noisy target (noisy vs. amblyope:
Mdiff=—-0.22, CI=[-0.35,-0.1], Yt=-3.65, p<0.0001). In
contrast to what was observed for smooth pursuit, we did not
find any evidence that the effect of visual information on
saccade amplitude was different for children and adults (inter-
action between visual information and age: F(1,401.38) =
0.01, p=0.93).

11 Discussion

This study first showed that the pursuit onset was delayed and
the gain was lower in control children with a noisy target in
comparison to amblyopic children or control children with a
standard target. Unexpectedly, the pursuit onset and gain were
not different between control children with a standard target



J Comput Neurosci

and amblyopic children. The comparison between pediatric
and adult pursuit characteristics showed that, while the pursuit
performance of control children with a standard or noisy target
improved with age, with higher gains and shorter latencies in
control adults with these targets, it did not improve with age in
amblyopic participants. In addition, the comparison also
showed that the variation of target velocity had a significant
effect on pursuit onset and on gain, in both children and adults.
Secondly, a significant effect of prior and of visual informa-
tion on pursuit velocity and on saccades was found across all
participants. Moreover, the modulation of the effect of visual
information on the pursuit velocity by group was more limited
in children.

The modeling of brain decisions based on multiple sensory
inputs (e.g., visual, auditory, somatosensory) has been
achieved by several authors (Ernst and Banks 2002; Jacobs
and Fine 1999; Su et al. 2017) using Bayesian integration, by
summing the inputs with a weight based on the respective
reliability of each input. This modeling may explain that am-
blyopic children perform like control children in motor tasks
involving manual dexterity, balance or aiming skills
(Hemptinne et al. 2020). Despite their less reliable visual in-
put, with an altered stereopsis, amblyopic children probably
rely to a greater extent on other sensory inputs, such as ves-
tibular or somatosensory information, in balance tasks, and on
other depth cues, such as light/shadow and perspective, in
aiming tasks. The present study has brought additional in-
sights on the characteristics of the neural decision model of
amblyopic participants in visual tasks. Orban de Xivry et al.
showed in 2013 that a memory of past experience was inte-
grated with sensory inputs with a reliability-based approach
using Kalman filtering to allow motor decision. The pursuit
performance deficits in amblyopic adults, reflected by a lack
of gain and latency improvement in amblyopic participants, as
opposed to controls, suggest a smaller weight associated with
visual input in amblyopic adults, compared to control adults.
This confirms the findings of Deravet et al. (2019).

Amblyopic children achieved a better pursuit performance,
with a higher gain and a shorter latency, compared to control
children tested with a stimulus assumed to mimick the blurri-
ness perceived by amblyopic children. Thus, with a similarly
deteriorated visual input, amblyopic children better adapted
their pursuit than control children. This may derive from a
possible unfair comparison between visual conditions, but al-
so from compensation mechanisms developed in the long run
by amblyopic children. As the degraded visual information is
present at an early age in amblyopic children, there seems to
be a built strategy with a greater tolerance for blurriness at
some point of their visual development, while control children
have no time to adapt to an immediate degradation of the
visual information. Furthermore, the presence of amblyopia
prevents future progress and maturation. Beyond a given
point, control children seem to pursue their visual maturation,

while amblyopic children may no longer make visual prog-
ress. Therefore, control adults perform better than amblyopic
adults.

The continuous maturation of the pursuit system until late
adolescence explains the improvement with age of pursuit
latency and gain in control participants (Riitsche et al. 2006;
Salman et al. 2006b; Von Hofsten and Rosander 1997). In
amblyopic children, however, the present study suggests a
blockage of the development of the pursuit system, at the
origin of the already described deficits in motion sensitivity
in amblyopes (Kiorpes et al. 2006). Our results suggest that
the motion processing deficits in amblyopic adults result from
the absence of maturation of the pursuit system. While in
childhood, it seems that the built strategy of amblyopia is
sufficient to ensure a good pursuit performance, the perfor-
mance becomes poor in adulthood. Thus, it is likely that am-
blyopic adults will rely on the visual input associated with a
moving target to a smaller extent than control adults. A func-
tional magnetic resonance imaging analysis of amblyopic pa-
tients showed a topographic disorganization in all early visual
areas (Clavagnier et al. 2015). In line with our study, these
researchers depicted the amblyopic visual system as an imma-
ture system with a lower spatial resolution and a disordered
topographical map. The development of the oculomotor sys-
tem in amblyopic patients contrasts with other deficits, such as
cerebral palsy, in which children’s oculomotor system ma-
tures as fast as or even faster than in control children, thereby
compensating for impaired motor function (Ego et al. 2015).
The different neural development mechanisms induced by
amblyopia as opposed to cerebral palsy may reflect different
plasticity mechanisms in the sensory as opposed to the motor
system.

While visual information had a significantly different effect
on eye velocity and saccades for amblyopic and control pa-
tients with a noisy or standard target, the effect of prior infor-
mation on these two parameters was not significantly different
between these three groups. It could have been expected that
amblyopic patients, compared to controls, would have given
more weight to prior information to compensate for the lower
reliability of their visual perception. However, in binocular
viewing conditions, amblyopic patients can rely on the visual
input of their dominant eye. The pathways involved in the
integration of prior information mature in the long run based
on binocular information, and notably the input of the domi-
nant eye. Therefore, these pathways are expected to develop
and to be integrated with a similar weight in amblyopic pa-
tients, because of the inhibition of visual input from the am-
blyopic eye by the dominant eye. In the present study, while
visual information was captured only by the unpatched eye,
prior information might have been processed by pathways
developed in binocular conditions, with the input of the dom-
inant eye. Consequently, the comparable effect of prior infor-
mation in the amblyopic and control patients might require a
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binocular processing of prior information, after visual infor-
mation is gathered by both retinas. This hypothesis is consis-
tent with the suggestion that this different processing of visual
and prior motion information is probably performed in distinct
cortical areas, the MT area (Osborne et al. 2007) and the
frontal eye fields (Darlington et al. 2017) respectively.

Regarding the between-group difference in the effect of
visual information on eye velocity, a larger effect of visual
information was observed in control adults with a standard
target compared to control children. However, with a blurry
target, children showed a larger effect of visual information
either in control participants with a noisy target or in ambly-
opic participants with a standard target. Thus, adults, faced
with high quality visual information, adapted their oculomotor
behavior to a larger extent than children, but with low quality
visual input, adults decreased the weight given to visual infor-
mation. These findings might be explained by an oculomotor
control in adults trained to low tolerance for errors. In chil-
dren, to the contrary, tolerance for errors might be higher,
leading to a more important weight given to visual informa-
tion despite its low quality. This oculomotor behavior in chil-
dren may be related to the findings of Ego et al. 2013, who
showed that despite their lower pursuit performance, children
did not compensate with more catch-up saccades. To the con-
trary, children performed less saccades than adults and sac-
cade latencies were longer for children. These observations,
while children are able to perform saccades with latencies as
short as adults, were explained by a larger tolerance for aver-
age position errors in children. This larger tolerance in chil-
dren may suggest a more approximate adaptation of eye ve-
locity to target velocity, with a more limited influence of prior
target velocity on saccades amplitude after the target velocity
changes.

While the modulation by group of the effect of visual in-
formation on pursuit velocity was different between adults and
children, there was no evidence that the effect of visual infor-
mation on saccade amplitude was different between children
and adults. This may be explained by the different timeframes
of development for pursuit and saccades. Whereas the saccad-
ic system completes its maturation at about 6 years (Ego et al.
2013), the pursuit system keeps developing until late adoles-
cence. As most tested children were older than 6 years old, we
could expect that their control of saccades based on visual
information would not differ significantly from adults, as op-
posed to their tuning of pursuit velocity.
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