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When saccade amplitude becomes systematically inaccurate, adaptation mechanisms
gradually decrease or increase it until accurate saccade targeting is recovered. Adaptive
shortening and adaptive lengthening of saccade amplitude rely on separate mechanisms
in adults. When these adaptation mechanisms emerge during development is poorly
known except that adaptive shortening processes are functional in children above
8 years of age. Yet, saccades in infants are consistently inaccurate (hypometric)
as if adaptation mechanisms were not fully functional in early childhood. Here, we
tested reactive saccade adaptation in 10-41 month-old children compared to a
group of 20-30 year-old adults. A visual target representing a cartoon character
appeared at successive and unpredictable locations 10° apart on a computer screen.
During the eye movement toward the target, it systematically stepped in the direction
opposite to the saccade to induce an adaptive shortening of saccade amplitude
(Experiment 1). In Experiment 2, the target stepped in the same direction as the
ongoing saccade to induce an adaptive lengthening of saccade amplitude. In both
backward and forward adaptation experiments, saccade adaptation was compared to
a control condition where there was no intrasaccadic target step. Analysis of baseline
performance revealed both longer saccade reaction times and hypometric saccades
in children compared to adults. In both experiments, children on average showed
gradual changes in saccade amplitude consistent with the systematic intrasaccadic
target steps. Moreover, the amount of amplitude change was similar between children
and adults for both backward and forward adaptation. Finally, adaptation abilities
in our child group were not related to age. Overall the results suggest that the
neural mechanisms underlying reactive saccade adaptation are in place early during
development.

Keywords: saccadic eye movements, sensori-motor adaptation, motor learning, plasticity, development, infants

INTRODUCTION

Saccadic eye movements constantly redirect the fovea of the retina onto various objects
of interest in the environment, allowing optimal visual perception. When saccades are
systematically inaccurate, such as after eye muscle paresis (Abel et al, 1978), mechanisms
of sensori-motor adaptation come into play to progressively adjust saccade amplitude and
reduce saccade endpoint errors. In the laboratory, saccadic adaptation can be induced in few
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minutes by surreptitiously stepping the target during the
saccade (McLaughlin, 1967; for reviews, see Hopp and Fuchs,
2004; Peélisson et al, 2010). Backward intrasaccadic target
steps, in the direction opposite to the primary saccade,
induce a progressive shortening of saccade amplitude. Forward
intrasaccadic target steps, in the same direction as the primary
saccade, lead to a lengthening of saccade amplitude. Behavioral
and neurophysiological studies in humans and monkeys showed
that adaptive shortening and lengthening of saccade amplitude
rely on separate mechanisms (Kojima et al., 2004; Catz et al,,
2008; Ethier et al., 2008a; Golla et al., 2008; Panouilléres et al.,
2009).

When these adaptation mechanisms emerge during
development is poorly understood. It is generally assumed
that adaptation mechanisms compensate for physiological
changes such as development. To our knowledge, only two
studies have examined adaptation of reactive saccades in
children. Salman et al. (2006) found that participants from 8 to
19 years of age show adaptive shortening of saccade amplitude
after repetitive backward intrasaccadic target steps. Results
from our group (Doré-Mazars et al., 2011) revealed in addition
that the amount of saccade amplitude decrease in a group
of 11-13 years-old adolescents was similar to adults. These
results suggest thus that adaptation mechanisms underlying
saccade amplitude shortening are functional from the age of
8 years.

What happens before? This question is relevant for two main
reasons. First, infants below 6 months of age consistently make
hypometric saccades (Aslin and Salapatek, 1975; Salapatek et al.,
1980; Regal et al., 1983; Hainline et al., 1984). We recently
showed that saccade hypometria is also a characteristic of babies
and toddlers aged from 7 to 42 months compared to adults
(Alahyane et al., 2016). However, saccade accuracy is adult-like
by 8 years of age (Munoz et al., 1998). It may thus be possible
that adaptation processes, at least those that increase saccade
amplitude, are not fully functional in the first years of life,
thereby leading to more hypometric saccades compared to adults.
Second, saccadic adaptation involves a relatively extended brain
network including the cerebellum (Takagi et al., 1998; Barash
et al, 1999; Straube et al, 2001; Alahyane et al., 2008; Catz
et al., 2008; Panouilleres et al., 2013, 2015), and cortical parietal
and frontal areas (Gaymard et al., 2001; Gerardin et al., 2012;
Zimmermann et al., 2015). Important developmental changes in
brain structure occur throughout childhood (Pfefferbaum et al.,
1994; Matsuzawa et al., 2001; Gogtay et al., 2004; Lenroot and
Giedd, 2006; Tiemeier et al., 2010), which may impact saccadic
adaptation.

In the present study, we examined both adaptive shortening
and lengthening of reactive saccades in young children aged
10-41 months of age compared to a group of adults. We
hypothesized that forward adaptation mechanisms underlying
saccade amplitude lengthening may not be fully functional
in the 10-41 month-old children, leading thus to more
hypometric saccades in children compared to adults. Given that
forward adaptation and backward adaptation rely on separate
mechanisms as we have mentioned previously, we also tested
whether children were able to progressively decrease saccade

amplitude in response to repetitive backward intrasaccadic
target steps. Lower adaptation abilities for both forward and
backward adaptation in young children compared to adults
would suggest a general functional immaturity of motor learning
processes. To induce adaptation in this challenging young
population, we developed a protocol in which the saccade targets
performed a pseudorandom walk across the computer screen
at 10° eccentricity, and adaptation was induced for all tested
saccade directions. Moreover, visual stimuli were represented
by cartoon characters that were different on every trial. Our
protocol allowed to keep children’s interest and motivation for
more than a hundred trials, in a relatively short time (less than
15 min), with no specified instruction. Note that we used this
protocol, without causing adaptation, to determine the basic
characteristics of saccade performance in infants (Alahyane et al,,
2016).

MATERIALS AND METHODS
General Methods

Backward adaptation and forward adaptation were tested in
two separate experiments. Each experiment was composed of
two conditions: an adaptation condition (backward or forward)
and a control condition. Adaptation was induced by using the
standard double-step target paradigm (McLaughlin, 1967). The
control condition was identical to the adaptation condition
except that the target never stepped during the saccade. This
control condition allowed us to test whether nonspecific factors
such as visual experience or fatigue could also affect saccade
amplitude (and reaction time). Detailed analysis of basic saccade
performance in infants for this control session alone can be
found in our recent developmental article (Alahyane et al., 2016).
The two adaptation and control conditions were performed
at least 3 days apart to avoid any carryover effects between
the two sessions (Alahyane and Pélisson, 2005) and the order
was randomized across subjects. All experimental procedures
were in agreement with the Declaration of Helsinki and were
approved by the local institutional ethics committees (CPP
no. IRB 00001072). Backward and forward experiments were
performed by two independent groups of children recruited
from four day-care centers in Paris area. Adults recruited
from Paris Descartes University were tested in both backward
and forward experiments. Adult participants and children’s
parents gave informed and written consent after the nature
of the study was fully explained. Adults were tested in
the laboratory whereas children were tested in the day-care
centers in a dedicated room. The set up and installation
were kept as similar as possible between the different test
sites.

The general experimental procedure and material are
described in detail in our previous article (Alahyane et al., 2016).

Apparatus

Participants viewed stimuli in a darkened room at a distance
of 68 cm. Adults were seated in a chair whereas children
were seated on a caregiver’s lap. Stimuli were displayed on
a 27 x 36 cm LCD monitor (HM240DT; Iiyama, Nagano,
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FIGURE 1 | Task and visual stimuli. (A) Two example successive trials.

(B) Example path of 20 successive trials (numbered 1-20) starting from center
within a block. Black circles represent the target for the current saccade and
the fixation point for the next trial. Note that for adaptation trials, the target
stepped during the saccade (not illustrated here; see text for details).

Japan; 800 x 600 pixels resolution at 160 Hz). Stimuli
were 1° x 1° colorful cartoon characters used to increase
children’s interest and were presented on a medium gray
background (Figure 1A). Vision was binocular. The right
eye was recorded with the remote Eyelink 1000 eye tracker
(SR Research Ltd., Ottawa, ON, Canada) with a sampling
rate of 500 Hz and a spatial resolution of 0.05°. A small
target sticker was placed on the participants’ forehead to
correct eye position measurements across changes in head
position.

General Procedure

Experiments were programmed with Experimenter Builder (SR
Research). We gave no particular instruction about the saccade
task. Each experimental session started with a calibration where
participants looked at an animated cartoon character appearing
sequentially and randomly at five positions over the screen

(center, up, down, right, left). The maximal separation between
the leftmost target and the rightmost target on the horizontal
axis was 27° and the maximal separation between the upper
target and the lower target on the vertical axis was 19.1°. This
process was renewed to validate that the average error between
fixation and target was <1° and that no loss of eye tracking
occurred. There was no statistically significant difference in
average calibration error between children (0.61° £ 0.52°) and
adults (0.55° £ 0.23°; t(113) = 0.68; p = 0.497; all experimental
conditions pooled together).

Each experimental condition (adaptation or control) was
divided into seven blocks of 20 trials for the backward condition
and into eight 20-trials blocks for the forward condition, with
possible rests between blocks. A new stimulus was presented
on every trial and became the fixation point of the subsequent
trial. For every trial, the experimenter pressed the space
bar of the keyboard to validate fixation and proceed to the
trial.

In the first trial of each block, an animated stimulus was
presented at screen center. Once the participant fixated this
stimulus, the experimenter pressed the space bar of the keyboard
to validate fixation. The current fixation stimulus disappeared
and at the same time a static peripheral target appeared at a
location 10° away. The target stayed on the screen until a saccade
was detected based on both a 30°/s velocity threshold and a
3000°/s/s acceleration threshold and a boundary criterion: eye
position had to cross the boundary of a 4° window centered on
target location. As soon as a saccade reached these online criteria,
one of two events occurred depending on the type of trial. In the
case of control trials where no saccade adaptation was induced,
after a delay of 300 ms, the target became animated (shrinking
to a size of 0.6° then growing to 3°, shrinking only, or spinning)
and a sound (onomatopoeia, musical note) was played. Once the
participant successfully fixated the target (which then became the
fixation point of the following trial), the experimenter pressed
the space bar of the keyboard to validate fixation and proceed to
the trial. In the case of adaptation trials, the target stepped in the
opposite or same direction as the saccade to induce backward or
forward adaptation, respectively. Then, after 300 ms, the target
became animated while a sound was played. The stimulus then
became the fixation point of the following trial. On every trial,
the fixation point also served to perform the standard Eyelink
calibration correction to make sure that fixation measurement
was still <1°, otherwise calibration was renewed. Over the course
of a 20-trial block, the stimuli performed thus a pseudo-random
walk across the screen, at 10° eccentricity and along 10 possible
directions in both right and left hemifields: on the horizontal 0°
axis, up and down at 15° from the horizontal axis, up and down
at 30° from the horizontal axis. Each direction was repeated twice
within a 20-trial block (Figure 1B).

Experiment 1: Backward Adaptation

Participants

Thirty-nine children (10-42 months-old) participated in
the backward adaptation experiment. Among them, five
participants (12-34 months-old) did not complete one of the
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two conditions (adaptation or control) and therefore, their data
were discarded from the analyses. Two others did not pass
the calibration phase. In sum, we report here on 32 children
(age range = 10-41 months; mean £ SD = 29 £ 8.9 months;
14 females). Twenty-six adults (age range = 20-31 vyears;
mean £ SD = 25.5 & 3.6 years; 21 females) also participated in
the backward adaptation experiment. None of the child or adult
participants had visual deficits (parental or self-reported) but
two adults wore contact lenses and one wore glasses. Twenty-one
children and six adults completed the adaptation condition
first.

Adaptation Condition

The adaptation condition was composed of six 20-trial
adaptation blocks (B1 to B6) in which the target stepped in the
direction opposite to the primary saccade to induce a progressive
shortening of saccade amplitude. In the first three adaptation
blocks, the target stepped 2° backward representing a step
of 20% relative to original target eccentricity (10°). The last
three adaptation blocks contained a backward intrasaccadic step
of 3° corresponding thus to 30% of initial target eccentricity.
We progressively increased the amplitude of the backward step
both to minimize “conscious” detection of the intrasaccadic step
by the participants (in particular adults) and to favor a larger
adaptation (Alahyane and Pélisson, 2005). These adaptation
blocks were preceded with a pre-adaptation block of 20 trials
(block BO) where the target did not step during saccade
execution. These pre-adaptation trials were equivalent to control
trials and provided baseline measures of saccade performance
before adaptation.

Control Condition

The design and the number of both blocks and trials were
identical to the adaptation condition described above. The only
difference was that backward intrasaccadic target steps were
never introduced here.

Experiment 2: Forward Adaptation

Participants

Forty-one children (age range = 10-38 months;
mean = SD = 28 £ 6.4 months; 17 females) were recruited
for the forward experiment and completed both adaptation
and control sessions. None had deficits in vision or wore
correction glasses. A group of 17 adults (age range = 21-31 years;
mean £ SD = 26 + 3.5 years; 16 females) was included for
comparison. All of these adults had participated in the backward
experiment a year before. One adult wore glasses and one wore
contact lenses. Twenty-one children and three adults completed
the adaptation condition first.

Adaptation Condition

The adaptation condition was divided into seven 20-trial
adaptation blocks (B1 to B7) in which the target stepped in the
same direction as the primary saccade to induce a progressive
lengthening of saccade amplitude. Note that we added a block
of 20 adaptation trials compared to the backward experiment

because of the well-known slower rate for forward compared
to backward adaptation (Pélisson et al, 2010). Here again,
the amplitude of the intrasaccadic target step increased across
blocks of trials to minimize their “conscious” perception and
induce a larger adaptation. The forward intrasaccadic step
represented 10% of the original target eccentricity (10°) in
the first two adaptation blocks, 20% in the next two blocks
and 30% in the last three adaptation blocks. These seven
adaptation blocks were preceded by a pre-adaptation block
(block B0) where the target did not step during the saccade,
providing measures of baseline saccade performance before
adaptation.

Control Condition

The design and length of the control session were identical to the
forward adaptation session described above except that forward
intrasaccadic target steps were never introduced.

Data Analyses

Data were processed with Data Viewer (SR Research) and
Microsoft Excel while statistical analyses were done with
Statistica (Statsoft).

We analyzed the first, or primary, saccade after target
appearance on every trial. All saccade directions were pooled
together as their effect was not the purpose of the study,
and there were too few trials per direction. Saccade reaction
time (SRT) was defined as the time interval between fixation
point disappearance and saccade onset. Saccade amplitude was
computed as the difference between the final and initial eye
position.

We discarded trials with blinks contaminating the saccade,
SRT shorter than 50 ms or longer than 600 ms, saccade
amplitude shorter than 4° or longer than 16°, saccade direction
outside an angle of 30° around target position, and outliers.
Outliers were values that lied below (Q1—2.3xIQR) or above
(Q3 + 2.3xIQR), Q1 and Q3 being the first and third quartiles
respectively and IQR the interquartile range (Tukey box plot;
Carling, 2000). For the backward experiment (adaptation and
control conditions pooled together), the proportion of discarded
trials for children and adults, respectively, was: 5.2% and 4.1%
for blinks, 5.6% and 9.5% for incorrect directions, 0% and 0.1%
for SRTs < 50 ms, 0.3% and 0.1% for SRTs > 600 ms, 0.5% and
0.6% for amplitudes < 4°, 0.2% and 0.1% for amplitudes > 16°,
3.9% and 4.6% for outliers. Note that a few other trials in
children were contaminated by eye recording loss and were thus
discarded (1.4%). For the forward experiment (adaptation and
control conditions pooled together), the proportion of discarded
trials for children and adults, respectively, was: 5.7% and 6.2%
for blinks, 6.4% and 8.8% for incorrect directions, 0% and
0.08% for SRTs < 50 ms, 0.7% and 0.1% for SRTs > 600 ms,
0.7% and 0.3% for amplitudes < 4°, 0.2% and 0.2% for
amplitudes > 16°, 4.2% and 3.9% for outliers. A few other trials
contaminated by eye tracking loss in children were also discarded
(1.4%). Based on all these exclusion criteria, the proportion
of valid trials for the backward experiment was 83 £ 1% for
children and 81 + 1% for adults. Each child contributed to
78-134 scorable trials and each adult contributed to 79-132 trials.

Frontiers in Human Neuroscience | www.frontiersin.org

May 2016 | Volume 10 | Article 241


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Lemoine-Lardennois et al.

Saccade Adaptation in Infants

For the forward experiment, the proportion of valid trials was
80 £ 1% for children and 80 £ 2% for adults. Each child
contributed to 85-149 valid trials and each adult contributed
to 91-149 trials. The proportion of valid trials was similar
between control and adaptation conditions for each backward
and forward experiment and for each age group. Importantly, the
similar proportions of scorable trials between children and adults
(unpaired ¢-tests, ps > 0.23) precluded any effect of number of
trials.

The backward and forward experiments were analyzed
separately. Note that in each of these experiments and in
both adult and child groups, there was no difference in
saccade baseline amplitude (block B0) between the subjects
who performed the adaptation condition first and those who
performed the control condition first (¢-tests for independent
samples, ps > 0.08). Saccade amplitude was compared across
blocks of trials, for the adaptation and control conditions
separately, by repeated measures ANOVAs with Blocks of trials
as a within-subject factor and Age group as a between-subject
factor. They were followed by post hoc Tukey high significance
difference (HSD) tests. Similar analyses were performed for
saccade reaction time to examine a possible effect of fatigue or
strategy over the course of the experiment. The effect of exposure
of repetitive intrasaccadic target steps was also estimated at the
individual level by ¢-tests for independent samples that compared
saccade baseline amplitude at block B0 and saccade amplitude in
the last adaptation block.

The amount of adaptation (%) was calculated classically using
the following formula:

Percent amplitude change = [(mean amplitude in the
last adaptation block — mean amplitude in block B0)/mean
amplitude in BO] x 100.

Developmental effects were assessed by comparing saccade
baseline performance (amplitude, reaction time) and the amount
of adaptation between adults and children with ¢-tests for
independent samples. We also performed correlations between
the percent amplitude change and age within the child
group.

Significance was set at alpha = 0.05. Note that there was no
significant effect of gender for any of the analyses (ps > 0.05).

RESULTS

Experiment 1: Backward Adaptation

Baseline Performance

Repeated measures ANOVAs with condition (adaptation vs.
control) as a within-subject factor and age group (children
vs. adults) as a between-subject factor were performed on
baseline SRT and baseline saccade amplitude (i.e., in block B0)
separately. There was only a significant effect of Age group for
both SRT (F(i,55 = 91.4, p < 0.0001) and saccade amplitude
(F(1,56) = 48, p < 0.0001). Children showed on average longer
SRT (235 £ 6 ms) than adults (163 & 3 ms), and their saccades
were more hypometric (7.93 = 0.08°) than adults’ (8.85 £ 0.11°),
in accordance with our previous study (Alahyane et al., 2016).

Adaptation Condition

Figures 2A,B show the time course of saccade amplitude as a
function of trial number in one representative child (30 months
of age) and one representative adult (20 years of age). Similar
to the adult, the child showed a progressive decrease in saccade
amplitude across adaptation trials, consistent with the backward
intrasaccadic target step introduced from trial #21 (see “Materials
and Methods” Section). As illustrated in Figure 2C, at the
group level, saccade amplitude gradually decreased across the
six 20-trial-adaptation blocks in both adult and child groups
compared to the first, preadaptation, block BO. A repeated
measures ANOVA revealed significant main effects of Blocks of
trials (F(e,336) = 49.6, p < 0.0001) and Age group (F(1,56) = 24.9,
p < 0.0001), and a significant interaction effect (Fs336) = 4.14,
p < 0.001). Post hoc Tukey HSD tests indicated that mean saccade
amplitude was shorter in children than in adults for all blocks
(ps < 0.05) except B5 and B6 (ps > 0.057) and importantly,
mean saccade amplitude in blocks B2-B6 was lower than in
block BO (ps < 0.01) in both age groups, illustrating significant
adaptation. This shortening of saccade amplitude was not due
to strategy or fatigue because there was no change in SRT
across blocks of trials in children or adults (Figure 3, solid
lines). Indeed we found only a significant effect of Age group
(Fas6) = 95.5, p < 0.0001), children showing longer SRT than
adults, but no significant effect of Blocks of trials or interaction
(ps > 0.2).

Figure 4 depicts the amplitude change between the
preadaptation block BO and the last adaptation block B6
for all 32 children and 26 adults. Interestingly, most participants
showed a decrease in saccade amplitude. This decrease was
significant in 21 of the 26 adults (representing a proportion
of 81%) and in 15 of the 32 children (i.e., 47%; ps < 0.05;
t-tests for independent samples between blocks BO and B6).
When we compared the children who exhibited a significant
shortening of amplitude and children who did not show
significant adaptation, we found that they did not differ in
age (t30) = —1.31, p = 0.2) but did differ in saccade baseline
amplitude in the preadaptation block (¢3g) = 2.51, p < 0.05). In
other words, children who did not adapt significantly were those
who made more hypometric saccades at the beginning of the
experiment.

Control Condition

We also ran a control condition, where no backward
intrasaccadic target step was introduced, to examine whether
some unspecific factors (e.g., fatigue, training) may contribute to
the effects seen in the adaptation condition. While saccade
amplitude was stable across blocks of trials in adults,
saccade amplitude progressively increased in the child sample
(Figure 2D), replicating our previous study (Alahyane et al.,
2016). These trends were confirmed by a repeated measures
ANOVA showing an interaction between the within-subject
factor “blocks of trials” and the between-subject factor “age
group” (F(s336 = 3.28, p < 0.005). Children showed larger
saccade amplitude in blocks B4-B6 compared to BO (ps < 0.002)
while no differences were found in adults (post hoc Tukey
tests).
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Tukey HSD tests, ps < 0.01); others: ns. Errors bars represent SEM.
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FIGURE 2 | Backward adaptation experiment. (A,B) Time course of saccade amplitude as a function of trial number in one representative child (30 months-old)
and one representative adult (20 years-old) in the adaptation condition. Crosses represent data in the preadaptation 20-trial-block BO. Filled circles represent data in
the adaptation blocks. (C) Mean saccade amplitude as a function of blocks of trials in the child group (black trace) and the adult group (gray trace) in the adaptation
condition. Block BO corresponds to the preadaptation block with no intrasaccadic target step, blocks B1 to B3 to adaptation blocks with an intrasaccadic step of
20% relative to initial target eccentricity, blocks B4 to B6 to adaptation blocks with an intrasaccadic step of 30%. (D) Mean saccade amplitude as a function of
blocks of trials in the child group (black trace) and the adult group (gray trace) in the control condition. The seven blocks of trials were similar to the adaptation
condition except that there were never intrasaccadic target steps. (C,D) Asterisks illustrate statistically significant differences compared to the first block BO (post hoc

Concerning SRT (Figure 3, dashed lines), we found a
significant Blocks x Age group interaction (F(133) = 2.2,
p < 0.05). SRT was longer in children than in adults for all
blocks as expected (post hoc tests, ps < 0.001) and importantly,
SRT was stable across blocks of trials in both children and
adults except a shorter SRT in B4 compared to B0 in adults
(p < 0.05).

Thus the decrease in saccade amplitude across trials in the
adaptation condition for both adults and children was related
to the systematic backward intrasaccadic target steps rather than
unspecific factors.

Amount of Adaptation

We next quantified the percent amplitude change between
the preadaptation block BO and the last adaptation block B6
(see “Materials and Methods” Section). Adults exhibited an
amplitude decrease of 10.8 + 1.1% while children showed
a decrease of 6.48 + 1.2%. However, results in the control
condition (Figure 2D) highlighted an important difference
in children compared to adults. Contrary to adults, saccade

amplitude gradually increased across blocks of trials in children.
This suggests that in children, the baseline changed over the
course of the experimental session. Thus, calculating a percentage
of amplitude change in the adaptation condition between the last
adaptation block and the preadaptation block, as it is classically
done in adults, was not appropriate in children. Instead we used
the last control block B6 as a baseline to compute the amount of
adaptation as follows:

Percent amplitude change = [(mean amplitude in the last
adaptation block B6 — mean amplitude in the last control block
B6)/mean amplitude in the last control block B6] x 100.

Note that using this new formula or the classical formula
in adults did not affect the results, which was expected
given that saccade amplitude was stable across blocks of trials
in the control condition (Figure 2D, gray trace). Figure 5
illustrates the mean percent amplitude change in both child
and adult groups using this new formula (ie., using the last
control block as a baseline to compute the percent amplitude
change). The reduction of saccade amplitude in the child
sample reached 8.8 & 1.4% on average. The percent amplitude
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FIGURE 3 | Backward adaptation experiment. Mean saccade reaction
time across blocks of trials in children (black traces) and adults (gray traces)
for the adaptation condition (solid lines) and the control condition (dashed
lines). Errors bars are SEM.

change did not correlate with age (r = 0.044, p = 0.812). Adults
exhibited an amplitude decrease of 11.3 & 1.2%, an amount
that did not differ significantly from children’s (¢6 = 1.35,
p=0.182).

This first experiment revealed that our adaptation protocol
successfully led to significant shortening of saccade amplitude
not only in adults but also in children. Thus backward adaptation
mechanisms are functional in 10-41 month-old children. What
about forward adaptation? We predicted that the pronounced
saccade hypometria in children may reflect a selective deficit of
forward adaptation mechanisms that may not be functional as
early as backward adaptation processes. We next investigated

forward adaptation in a group of 41 children (10-38 months-old)
compared to a group of 17 adults (21-31 years-old; see “Materials
and Methods” Section).

Experiment 2: Forward Adaptation

Baseline Performance

SRT and saccade amplitude in block BO were submitted
separately to repeated measures ANOVAs with condition
(adaptation vs. control) as a within-subject factor and age
group (children vs. adults) as a between-subject factor. We
only observed a significant effect of Age group for both SRT
(F,56) = 79.9, p < 0.0001) and saccade amplitude (F(j 56 = 42.9,
p < 0.0001). As expected, children showed on average longer SRT
(231 £ 5 ms) than adults (157 = 3 ms), and their saccades were
more hypometric (8.05 = 0.08°) than adults’ (8.97 £ 0.09°).

Adaptation Condition

Figures 6A,B shows the time course of saccade amplitude
as a function of trial number in one representative child
(33 months of age) and one representative adult (28 years
of age). Both child and adult exhibited a progressive increase
in saccade amplitude across adaptation trials, consistent with
the forward intrasaccadic target step introduced from trial
#21 (see “Materials and Methods” Section). As illustrated in
Figure 6C, at the group level, saccade amplitude gradually
increased across the seven 20-trial-adaptation blocks in both
adult and child groups compared to the first, preadaptation,
block B0. A repeated measures ANOVA revealed significant
main effects of Blocks of trials (F(7392 = 23.3, p < 0.0001)
and Age group (F(156) = 25.7, p < 0.0001), but no significant
interaction effect (F < 1). Post hoc Tukey HSD tests indicated
that mean saccade amplitude in blocks B2-B6 was larger than in
block BO (ps < 0.0001), illustrating significant adaptation in both
age groups.
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FIGURE 4 | Backward adaptation experiment. Saccade amplitude change measured by the difference between mean saccade amplitude in block B6 and the
mean amplitude in block BO for all 32 children (A) and all 26 adults (B). Note that in both panels participants were arranged by ascending age to facilitate
comparisons. For the child group, the age range was 10-16 months for participants #1 to #4, 20-25 months for participants #5 to #11, 26-30 months for
participants #12 to #19, 35-37 months for participants #20 to #25, and 38-41 months for participants #26 to #32. In both panels, asterisks depict statistically
significant differences in amplitude between blocks B6 and BO (t-tests, ps < 0.05). Note that data from child #19 and adult #1 were used to illustrate Figures 2A,B.
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A repeated measures ANOV A performed on SRT also showed
significant effects of Blocks of trials (F(7392) = 4.91, p < 0.0001)
and Age group (Faj56 = 86.5, p < 0.0001) factors, but no
interaction (F < 1). SRT in block B5 only was significantly higher
than SRT in block BO (p < 0.001). This lack of consistent changes
in SRT across blocks of trials (Figure 7, solid lines) suggests that
the increase in saccade amplitude (Figure 6C) was not related to
strategy or fatigue.

Figure 8 depicts the amplitude change between the
preadaptation block BO and the last adaptation block B7
for all 41 children and 17 adults. All adults and 38 children
showed larger saccade amplitude in block B7 than B0. T-tests
for independent samples between B0 and B7 performed for each
subject revealed that this increase in amplitude was significant
in 5 of the 17 adults and in 16 of the 41 children (ps < 0.05).
Comparison of child participants exhibiting significant vs. no
significant amplitude change revealed no difference in age
or in baseline amplitude (f-tests for independent samples,
ps > 0.19).

Control Condition

In the control condition that contained no forward intrasaccadic
target steps, we again found a progressive increase in saccade
amplitude in children but no modification of amplitude across
blocks of trials in adults (Figure 6D). A repeated measures
ANOVA showed a significant interaction between the within-
subject factor “blocks of trials” and the between-subject factor
“age group” (F(7392) = 2.69, p < 0.01). Children showed larger
saccade amplitude in blocks B4-B5 and B7 compared to BO
(ps < 0.05) while no differences were found in adults (post hoc
Tukey HSD tests).

For SRT, we observed a significant effect of Blocks of trials
(F(7,392) = 7.91, p < 0.0001) and of Age group (F(1,56) = 67.014,
p < 0.0001). SRT was longer in children than in adults for all
blocks as expected (post hoc tests, ps < 0.001). Compared to block
BO, SRT was significantly lower in blocks B1 and B2, and higher
in block B5 (ps < 0.05). This absence of consistent changes in
SRT across blocks of trials (Figure 7, dashed lines) rules out any
effect of strategy or fatigue.

Amount of Adaptation

The amount of adaptation between the preadaptation block B0
and the last adaptation block B7 represented 6.41 £ 0.71%
in adults and 8.88 & 1.12% in children. However, here again,
the increase in saccade amplitude in the control condition in
children suggests that the baseline changes over the course of the
experiment. Similar to the backward adaptation condition above,
we used the last control block (B7) as the baseline block instead of
the preadaptation block B0 to compute the amount of adaptation,
for both children and adults. These amounts of adaptation are
illustrated in Figure 9.

Children showed an amplitude increase of 5.77 £ 1.51%.
The percent amplitude change did not correlate with age
(r=—0.168, p = 0.292). Adults exhibited an amplitude increase of
6.56 & 1.26%, an amount that was not statistically different from
that of the children (t(s6) = —0.318, p = 0.751).

Comparison to Backward Adaptation

We tested differences between the backward and forward
adaptation conditions by comparing the amount of adaptation
depicted in Figures 5, 9 with ¢-tests for independent samples.
In adults, the amplitude change was higher in the backward
condition (n = 26; 11.3 £ 1.2%) than the forward condition
(n=17;6.56 & 1.26%; t(41) = 2.64, p < 0.05). A similar trend was
found in children but the difference between backward (n = 32;
8.8 + 1.4%) and forward (n = 41; 5.77 &+ 1.51%) adaptation was
not significant (t(;;) = 1.43, p = 0.156). In sum, the backward
condition induced greater change than the forward condition,
as classically described in the literature for standard adaptation
protocols in which one saccade vector was adapted (for review,
see Pélisson et al., 2010).

This second experiment demonstrated that our adaptation
protocol led to significant lengthening of saccade amplitude in
both adults and children. Thus forward adaptation mechanisms
are also functional in young children from 10 months
of age.

DISCUSSION

The goal of our study was to test whether saccade hypometria
which is consistently found in infants and toddlers could be
related to a deficit of forward adaptation mechanisms that
lengthen saccade amplitude. Contrary to our hypothesis, we
found that children from 10 to 41 months of age were
able to adapt to systematic forward intrasaccadic target steps.
They also showed a gradual shortening of saccade amplitude
in response to repetitive backward intrasaccadic target steps.
Saccadic adaptation was not influenced by age in our child
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condition. The eight blocks of trials were similar to the adaptation condition except that there were never intrasaccadic target steps. (C,D) Asterisks illustrate
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post hoc Tukey HSD tests following a significant Blocks of trials x Age group interaction in (D), ps < 0.05); others: ns. Errors bars represent SEM.

sample. These results show thus that reactive saccade adaptation
processes are in place in the 10-41 month-olds.

Saccadic Adaptation Paradigm in Children
Using an appropriate adaptation protocol in young children
was a first challenge to cope with because we needed a
sufficient number of trials to induce adaptation while keeping
the experiment motivating and the shortest possible in duration.
We thus developed an original protocol where visual targets
were represented by colorful cartoon characters performing a
pseudo-random walk across the screen at 10° eccentricity, and
adaptation was induced for all 10 saccade directions. Moreover,
the target was novel at every trial. But this did not a priori
impact saccadic adaptation as it has been shown that saccade
adaptation can be induced with complex targets and it does
not depend on target shape or color (Deubel, 1995; Bahcall and
Kowler, 2000; Azadi and Harwood, 2014). This experimental
protocol was successful because it allowed us to maintain
children’s interest over 140 or 160 trials (in the backward

or forward condition, respectively), in less than 15 min, with
no specified instruction. Importantly, 73 of the 78 children
completed both adaptation and control conditions on separate
days.

Our protocol differs from standard adaptation protocols that
usually test simple saccade targets and adapt only saccades
with one amplitude and one direction in adults. Nevertheless
we successfully induced saccadic adaptation in adults. Indeed,
adults showed significant saccade amplitude shortening or
lengthening consistent with the repetitive intrasaccadic target
step (backward or forward, respectively) whereas no change
in saccade amplitude was observed in the control condition in
which there were no intrasaccadic target steps. No change in
SRT was shown across blocks of trials, excluding any effect of
fatigue or strategy. Finally, the amount of backward adaptation
was significantly greater than the amount of forward adaptation,
in agreement with previous studies using standard adaptation
protocols (for review see Pélisson et al., 2010). Another study in
adults tested backward adaptation of saccades performed toward
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FIGURE 7 | Forward adaptation experiment. Mean saccade reaction time
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adaptation condition (solid lines) and the control condition (dashed lines).
Errors bars are SEM.

0.2°-diameter dots stepping in a pseudo-random walk across the
screen (Rolfs et al., 2010). Their protocol differed from ours
since the target steps could be in any direction between 0° and
359° and with an amplitude range of 4-12°. The amount of
adaptation in their study (12.5%) was however close to ours
(11.3%).

For comparison, we also ran in adults a more conventional
adaptation experiment (not shown) in which we induced
adaptation of reactive saccades directed toward a visual
target always appearing on the right of the fixation point, at
10° eccentricity. All other aspects of the procedure of this “one
saccade vector” adaptation experiment were the same as the

“multiple saccade vectors” adaptation experiment described and
analyzed in the present study. We found that the change in
saccade amplitude between the pre-adaptation block and the
last adaptation block was larger in the “one saccade vector”
experiment than in the “multiple saccade vectors” experiment
(amplitude decrease of 16.8 + 1.14% vs. 10.8 £+ 1.1% for
backward adaptation; amplitude increase of 13.3 £ 2.2% vs.
6.41 + 0.71% for forward adaptation; see also Scudder et al.,
1998). These results were expected as a same saccade vector
(10° amplitude, horizontal rightward direction) was “trained”
120 times (or 140 times) in the “one-vector” experiment for
the backward (or forward) adaptation condition. In contrast,
in the present study, 10 saccade directions were tested and
each one was trained 12 or 14 times over the course of
the backward or forward adaptation condition, respectively.
These complementary results confirm the well-known vector-
specificity of saccadic adaptation in monkeys (Straube et al,
1997; Noto et al., 1999) and humans (Deubel, 1987; Frens and
van Opstal, 1994; Collins et al., 2007; Alahyane et al., 2008).
Our “multiple saccade vectors” protocol, however, induced
significant adaptation in adults suggesting that it provides a
good and rapid model to study saccadic adaptation in young
children.

Adaptation Mechanisms for Reactive

Saccades are in Place in Young Children

Previous studies revealed that adaptation mechanisms
underlying saccade amplitude shortening are functional
in children above 8 years of age (Salman et al, 2006;
Doré-Mazars et al,, 2011). Here, we found that both these
adaptation mechanisms and those underlying saccade
amplitude lengthening are in place well before, during the
first years of life. Similar to adults, children in the age range of
10-41 months exhibited saccade amplitude changes consistent
with the direction (backward or forward) of the repetitive

Participants

FIGURE 8 | Forward adaptation experiment. Saccade amplitude change measured by the difference between mean saccade amplitude in block B7 and the
mean amplitude in block BO for all 41 children (A) and all 17 adults (B). Note that in both panels participants were arranged by ascending age to facilitate
comparisons. For the child group, the age range was 10-19 months for participants #1 to #3, 21-25 months for participants #4 to #10, 26-29 months for
participants #11 to #25, 30-35 months for participants #26 to #35, and 36-38 months for participants #36 to #41. In both panels, asterisks depict statistically
significant differences in amplitude between blocks B7 and BO (t-tests, ps < 0.05). Note that data from child #31 and adult #13 were used to illustrate Figures 6A,B.
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intrasaccadic target steps. Moreover, they showed similar
amount of adaptation to adults for both backward and forward
conditions. Finally, adaptation abilities were not related to age
in the child sample. Behavioral, neurophysiological, imaging
and lesion studies proposed that reactive saccade adaptation
mechanisms involve the final stage of oculomotor processing
including the cerebellum vermis and the superior colliculus
or the brainstem (Frens and van Opstal, 1994; Melis and van
Gisbergen, 1996; Desmurget et al., 1998; Takagi et al., 1998;
Barash et al., 1999; Edelman and Goldberg, 2002; Alahyane et al.,
2004, 2007, 2008; Takeichi et al., 2007; Catz et al., 2008; Golla
et al., 2008; Panouilléres et al., 2009, 2013, 2015; Xu-Wilson
et al., 2009; Kojima et al., 2010; Gerardin et al., 2012). While
the brain continues to undergo structural changes in gray
matter and white matter through childhood and adolescence
(for reviews see Johnson, 2001; Luna et al., 2008), our study
suggests that the basic neural circuitry involved in sensori-motor
adaptation is in place in early childhood. Nevertheless, this
should not be automatically extended to voluntary saccades.
Adaptation mechanisms are partially separate between reactive
and voluntary saccades (for review, see Pélisson et al., 2010).
In particular, it is suggested that voluntary saccade adaptation
relies on early stages of oculomotor processing (involving
notably parietal and frontal cortical areas) and the lateral
cerebellum (Deubel, 1995; Alahyane et al., 2007, 2008; Cotti
et al., 2007; Gerardin et al., 2012; Panouilléres et al., 2013).
These brain regions are still maturing during childhood, and
even adolescence (Gogtay et al., 2004; Lenroot and Giedd,
2006; Tiemeier et al., 2010). It is thus possible that, contrary
to reactive saccade adaptation, voluntary saccade adaptation
may not be functional early during development. We have

begun new experiments in our lab to explore this exciting
hypothesis.

An interesting point in our study was that not only did
the children show efficient forward adaptation contrary to our
initial hypothesis but their adaptation abilities were not related
to their initial saccade hypometria. In other words, children who
made more hypometric saccades did not show larger saccade
amplitude increase in response to the forward intrasaccadic
target steps. It is tempting to speculate that, similar to adults
(Bahcall and Kowler, 2000; Collins and Wallman, 2012), the
error signal leading to adaptive saccade lengthening may not
be simply a post-saccadic visual error in children. Indeed, the
amount of forward adaptation would have been larger in children
generating shorter saccades, and even larger than the backward
adaptation, which was not the case here. Note that we observed
that children who did not show significant backward adaptation
were those who made more hypometric saccades. But this was
not surprising given that saccades in these children may have
landed closer to the final position of the target and could not be
shortened further. In sum, similar to adults, saccade hypometria
may be favored in young children, perhaps to minimize total
saccadic flight time (Harris, 1995) or to allow the generation of
primary and secondary saccades from the same brain hemisphere
(Robinson, 1973).

At last, in agreement with our past results (Alahyane et al.,
2016), we found that children also showed a progressive
increase in saccade amplitude across blocks of trials in the
control condition where no intrasaccadic target steps were
introduced. This increase in amplitude may be related to visual
experience and/or sensori-motor learning. Whether the saccade
amplitude lengthening observed in this control condition and
the saccade lengthening induced by exposure to systematic
artificial errors rely on similar or separate processes needs further
investigations.

Why are Saccades Hypometric in Children?
We showed that sensori-motor learning processes are functional
in young children and they can lead to a lengthening of saccade
amplitude when necessary. Then, why do children consistently
generate more hypometric saccades than adults?

One possibility may be that their saccade hypometria may
be related to immature peripheral neural systems. In particular,
if the fovea becomes adult-like by 15-18 months of age, it
continues to mature until 4-5 years of age (Hendrickson and
Yuodelis, 1984; Hendrickson, 1992; Dubis et al., 2012). However,
if this were the only reason for saccade inaccuracy in young
children, then saccade adaptation should be influenced by age,
which was not the case here.

Another attractive hypothesis could be related to adaptation
retention. It has been proposed that saccadic adaptation is
supported by two processes: a fast adaptation process that learns
quickly from errors but is subjected to forgetting, and a slow
process that learns slowly from errors but shows strong retention
(Ethier et al., 2008b; Xu-Wilson et al., 2009). We can thus
suppose that the slow and enduring adaptation process is not
fully functional in children contrary to the rapid and “more
labile” adaptation process. In other words, even if children are
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able to progressively recover saccade accuracy, this learning is not
retained. However this does not mean that exposure to repetitive
intrasaccadic target steps in the laboratory does not lead to true
plastic changes. Indeed, significant saccade gain changes in adults
were still observed three or five few days after the adaptation
experiment, and even longer (Alahyane and Pélisson, 2005;
Wang et al, 2012). Unfortunately our experimental protocol
did not include a postadaptation block of trials with no visual
feedback to measure the after-effect of saccadic adaptation,
which would have provided some first cues on retention in
young children. Future studies are thus necessary to address this
issue.

In conclusion, our study shows that reactive saccade
adaptation processes are in place early during development.
But this is hopefully only the beginning of a new and
exciting research area on the acquisition, development and
consolidation of sensori-motor learning processes that ensure the
maintenance of saccade accuracy and optimal vision through the
lifespan.

REFERENCES

Abel, L. A., Schmidt, D., Dell'Osso, L. F., and Daroff, R. B. (1978). Saccadic
system plasticity in humans. Ann. Neurol. 4, 313-318. doi: 10.1002/ana.410
040405

Alahyane, N., Fonteille, V., Urquizar, C., Salemme, R., Nighoghossian, N.,
Pelisson, D., et al. (2008). Separate neural substrates in the human cerebellum
for sensory-motor adaptation of reactive and of scanning voluntary saccades.
Cerebellum 7, 595-601. doi: 10.1007/s12311-008-0065-5

Alahyane, N., Koene, A., and Pélisson, D. (2004). Transfer of adaptation
from visually guided saccades to averaging saccades elicited by double
visual targets. Eur. ]. Neurosci. 20, 827-836. doi: 10.1111/j.1460-9568.2004.
03536.x

Alahyane, N., Lemoine-Lardennois, C., Tailhefer, C., Collins, T., Fagard, J., and
Doré-Mazars, K. (2016). Development and learning of saccadic eye movements
in 7- to 42-month-old children. J. Vis. 16:6. doi: 10.1167/16.1.6

Alahyane, N., and Pélisson, D. (2005). Long-lasting modifications of saccadic eye
movements following adaptation induced in the double-step target paradigm.
Learn. Mem. 11, 433-443. doi: 10.1101/Im.96405

Alahyane, N., Salemme, R., Urquizar, C., Cotti, J., Guillaume, A., Vercher, J. L.,
et al. (2007). Oculomotor plasticity: are mechanisms of adaptation for reactive
and voluntary saccades separate? Brain Res. 1135, 107-121. doi: 10.1016/j.
brainres.2006.11.077

Aslin, R. N., and Salapatek, P. (1975). Saccadic localization of visual targets
by the very young human infant. Percept. Psychophys. 17, 293-302. doi: 10.
3758/bf03203214

Azadi, R., and Harwood, M. R. (2014). Visual cues that are effective for contextual
saccade adaptation. J. Neurophysiol. 111, 2307-2319. doi: 10.1152/jn.00894.
2013

Bahcall, D. O., and Kowler, E. (2000). The control of saccadic adaptation:
implications for the scanning of natural visual scenes. Vision Res. 40,
2779-2796. doi: 10.1016/50042-6989(00)00117-6

Barash, S., Melikyan, A., Sivakov, A., Zhang, M., Glickstein, M., and Their, P.
(1999). Saccadic dysmetria and adaptation after lesions of the cerebellar cortex.
J. Neurosci. 19, 10931-10939.

Carling, K. (2000). Resistant outlier rules and the non-Gaussian case. Comput. Stat.
Data Anal. 33, 249-258. doi: 10.1016/s0167-9473(99)00057-2

Catz, N., Dicke, P. W., and Thier, P. (2008). Cerebellar-dependent motor learning
is based on pruning a Purkinje cell population response. Proc. Natl. Acad. Sci.
U S A 105, 7309-7314. doi: 10.1073/pnas.0706032105

Collins, T., Doré-Mazars, K., and Lappe, M. (2007). Motor space structures
perceptual space: evidence from human saccadic adaptation. Brain Res. 1172,
32-39. doi: 10.1016/j.brainres.2007.07.040

AUTHOR CONTRIBUTIONS

CL-L, NA, TC, JF and KD-M contributed to the conception
and design of the experiments. CL-L, NA and CT ran the
experiments. CL-L and NA analyzed the data. All authors
discussed on the results and their interpretation. NA wrote the
article. CL-L, TC, and KD-M edited the article. All authors
approved the final version of the article.

ACKNOWLEDGMENTS

The authors are very grateful to the children and their families,
to the adult volunteers, and the staff of the day-care centers
for their participation in the study. They thank Denis Pélisson
and Jean-Yves Baudouin for the fruitful discussions on the
baseline saccade amplitude in children and its possible impact
on the calculations of the amount of adaptation. The work was
supported by Université Paris Descartes (Collaborative Research
Projects, decision no 990/ EAU 01/2012/02).

Collins, T., and Wallman, J. (2012). The relative importance of retinal error and
prediction in saccadic adaptation. J. Neurophysiol. 107, 3342-3348. doi: 10.
1152/jn.00746.2011

Cotti, J., Guillaume, A., Alahyane, N., Pelisson, D., and Vercher, J. L. (2007).
Adaptation of voluntary saccades, but not of reactive saccades, transfers to
hand pointing movements. J. Neurophysiol. 98, 602-612. doi: 10.1152/jn.00293.
2007

Desmurget, M., Pélisson, D., Urquizar, C., Prablanc, C., Alexander, G. E., and
Grafton, S. T. (1998). Functional anatomy of saccadic adaptation in humans.
Nat. Neurosci. 1, 524-528. doi: 10.1038/2241

Deubel, H. (1987). “Adaptivity of gain and direction in oblique saccades,” in Eye
Movements: From Physiology to Cognition, eds J. K. O’'Regan and A. Lévy-
Schoen (Amsterdam: Elsevier), 181-190.

Deubel, H. (1995). Separate adaptive mechanisms for the control of reactive
and volitional saccadic eye movements. Vision Res. 35, 3529-3540. doi: 10.
1016/0042-6989(95)00058-m

Doré-Mazars, K., Vergilino-Perez, D., Lemoine, C., and Bucci, M. P. (2011).
Adaptation of reactive saccades in normal children. Invest. Ophthalmol. Vis.
Sci. 52, 4813-4818. doi: 10.1167/iovs.10-6626

Dubis, A. M., Costakos, D. M., Subramaniam, C. D., Godara, P., Wirostko, W. J.,
Carroll, J., et al. (2012). Evaluation of normal human foveal development using
optical coherence tomography and histologic examination. Arch. Ophthalmol.
130, 1291-1300. doi: 10.1001/archophthalmol.2012.2270

Edelman, J. A.,, and Goldberg, M. E. (2002). Effect of short-term saccadic
adaptation on saccades evoked by electrical stimulation in the primate superior
colliculus. J. Neurophysiol. 87, 1915-1923. doi: 10.1152/jn.00805.2000

Ethier, V., Zee, D. S., and Shadmehr, R. (2008a). Changes in control of
saccades during gain adaptation. J. Newurosci. 28, 13929-13937. doi: 10.
1523/JNEUROSCI.3470-08.2008

Ethier, V., Zee, D. S., and Shadmehr, R. (2008b). Spontaneous recovery of motor
memory during saccade adaptation. J. Neurophysiol. 99, 2577-2583. doi: 10.
1152/jn.00015.2008

Frens, M. A., and van Opstal, A. J. (1994). Transfer of short-term adaptation
in human saccadic eye movements. Exp. Brain Res. 100, 293-306. doi: 10.
1007/bf00227199

Gaymard, B., Rivaud-Péchoux, S., Yelnik, J., Pidoux, B., and Ploner, C. J.
(2001). Involvement of the cerebellar thalamus in human saccade
adaptation. Eur. ]. Neurosci. 14, 554-560. doi: 10.1046/j.0953-816x.2001.
01669.x

Gerardin, P., Miquée, A., Urquizar, C., and Pélisson, D. (2012). Functional
activation of the cerebral cortex related to sensorimotor adaptation of reactive
and voluntary saccades. Neuroimage 61, 1100-1112. doi: 10.1016/j.neuroimage.
2012.03.037

Frontiers in Human Neuroscience | www.frontiersin.org

12

May 2016 | Volume 10 | Article 241


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

Lemoine-Lardennois et al.

Saccade Adaptation in Infants

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis,
A. C, et al. (2004). Dynamic mapping of human cortical development during
childhood through early adulthood. Proc. Natl. Acad. Sci. US A 101, 8174-8179.
doi: 10.1073/pnas.0402680101

Golla, H., Tziridis, K., Haarmeier, T., Catz, N., Barash, S., and Their, P. (2008).
Reduced saccadic resilience and impaired saccadic adaptation due to cerebellar
disease. Eur. J. Neurosci. 27, 132-144. doi: 10.1111/§.1460-9568.2007.05996.x

Hainline, L., Turkel, J., Abramov, 1., Lemerise, E., and Harris, C. M. (1984).
Characteristics of saccades in human infants. Vision Res. 24, 1771-1780. doi: 10.
1016/0042-6989(84)90008-7

Harris, C. M. (1995). Does saccadic undershoot minimize saccadic flight-time? A
monte-carlo study. Vision Res. 1, 691-701. doi: 10.1016/0042-6989(94)00163-g

Hendrickson, A. (1992). A morphological comparison of foveal development in
man and monkey. Eye (Lond.) 6, 136-144. doi: 10.1038/eye.1992.29

Hendrickson, A. E., and Yuodelis, C. (1984). The morphological development
of the human fovea. Ophthalmology 1, 603-612. doi: 10.1016/s0161-
6420(84)34247-6

Hopp, J. J., and Fuchs, A. F. (2004). The characteristics and neuronal substrate
of saccadic eye movement plasticity. Prog. Neurobiol. 72, 27-53. doi: 10.1016/j.
pneurobio.2003.12.002

Johnson, M. H. (2001). Functional brain development in humans. Nat. Rev.
Neurosci. 2, 475-483. doi: 10.1038/35081509

Kojima, Y., Iwamoto, Y., and Yoshida, K. (2004). Memory of learning facilitates
saccadic adaptation in the monkey. J. Neurosci. 24, 7531-7539. doi: 10.
1523/jneurosci.1741-04.2004

Kojima, Y., Soetedjo, R., and Fuchs, A. F. (2010). Changes in simple spike activity
of some Purkinje cells in the oculomotor vermis during saccade adaptation are
appropriate to participate in motor learning. J. Neurosci. 30, 3715-3727. doi: 10.
1523/jneurosci.4953-09.2010

Lenroot, R. K., and Giedd, J. N. (2006). Brain development in children and
adolescents: insights from anatomical magnetic resonance imaging. Neurosci.
Biobehav. Rev. 30, 718-729. doi: 10.1016/j.neubiorev.2006.06.001

Luna, B, Velanova, K., and Geier, C. F. (2008). Development of eye-movement
control. Brain Cogn. 68, 293-308. doi: 10.1016/j.bandc.2008.08.019

Matsuzawa, J., Matsui, M., Konishi, T., Noguchi, K., Gur, R. C., Bilker, W., et al.
(2001). Age-related volumetric changes of brain gray and white matter in
healthy infants and children. Cereb. Cortex 11, 335-342. doi: 10.1093/cercor/11.
4.335

McLaughlin, S. C. (1967). Parametric adjustment in saccadic eye movements.
Percept. Psychophys. 2, 359-362. doi: 10.3758/bf03210071

Melis, B. J., and van Gisbergen, J. A. (1996). Short-term adaptation of
electrically induced saccades in monkey superior colliculus. J. Neurophysiol. 76,
1744-1758.

Munoz, D. P., Broughton, J. R., Goldring, J. E., and Armstrong, I. T. (1998). Age-
related performance of human subjects on saccadic eye movement tasks. Exp.
Brain Res. 121, 391-400. doi: 10.1007/5002210050473

Noto, C. T., Watanabe, S., and Fuchs, A. F. (1999). Characteristics of Simian
adaptation fields produced by behavioral changes in saccadic gain and
direction. J. Neurophysiol. 81, 2798-2813.

Panouilléres, M., Alahyane, N., Urquizar, C., Salemme, R., Nighoghossian, N.,
Gaymard, B., et al. (2013). Effects of structural and functional cerebellar lesions
on sensorimotor adaptation of saccades. Exp. Brain Res. 231, 1-11. doi: 10.
1007/s00221-013-3662-6

Panouilléres, M. T., Miall, R. C., and Jenkinson, N. (2015). The role of the posterior
cerebellum in saccadic adaptation: a transcranial direct current stimulation
study. J. Neurosci. 35, 5471-5479. doi: 10.1523/jneurosci.4064-14.2015

Panouilléres, M., Weiss, T., Urquizar, C., Salemme, R., Munoz, D. P., and
Pélisson, D. (2009). Behavioral evidence of separate adaptation mechanisms
controlling saccade amplitude lengthening and shortening. J. Neurophysiol.
101, 1550-1559. doi: 10.1152/jn.90988.2008

Pélisson, D., Alahyane, N., Panouilleres, M., and Tilikete, C. (2010). Sensorimotor
adaptation of saccadic eye movements. Neurosci. Biobehav. Rev. 34, 1103-1120.
doi: 10.1016/j.neubiorev.2009.12.010

Pfefferbaum, A., Mathalon, D. H., Sullivan, E. V., Rawles, ]. M., Zipursky, R. B.,
and Lim, K. O. (1994). A quantitative magnetic resonance imaging study of
changes in brain morphology from infancy to late adulthood. Arch. Neurol. 51,
874-887. doi: 10.1001/archneur.1994.00540210046012

Regal, D. M., Ashmead, D. H., and Salapatek, P. (1983). The coordination of eye
and head movements during early infancy: a selective review. Behav. Brain Res.
10, 125-132. doi: 10.1016/0166-4328(83)90158-4

Robinson, D. A. (1973). Models of the saccadic eye movement control system.
Kybernetik 14, 71-83. doi: 10.1007/bf00288906

Rolfs, M., Knapen, T., and Cavanagh, P. (2010). Global saccadic adaptation. Vision
Res. 50, 1882-1890. doi: 10.1016/j.visres.2010.06.010

Salapatek, P., Aslin, R. N., Simonson, J., and Pulos, E. (1980). Infant saccadic eye
movements to visible and previously visible targets. Child Dev. 51, 1090-1094.
doi: 10.2307/1129548

Salman, M. S., Sharpe, J. A., Eizenman, M., Lillakas, L., To, T., Westall, C., et al.
(2006). Saccadic adaptation in children. J. Child Neurol. 21, 1025-1031. doi: 10.
1177/7010.2006.00238

Scudder, C. A., Batourina, E. Y., and Tunder, G. S. (1998). Comparison of two
methods of producing adaptation of saccade size and implications for the site
of plasticity. J. Neurophysiol. 79, 704-715.

Straube, A., Deubel, H., Ditterich, J., and Eggert, T. (2001). Cerebellar lesions
impair rapid saccade amplitude adaptation. Neurology 57, 2105-2108. doi: 10.
1212/wnl.57.11.2105

Straube, A., Fuchs, A. F., Usher, S., and Robinson, F. R. (1997). Characteristics
of saccadic gain adaptation in Rhesus macaques. J. Neurophysiol. 77,
874-895.

Takagi, M., Zee, D. S., and Tamargo, R. J. (1998). Effects of lesions of the
oculomotor vermis on eye movements in primate: saccades. J. Neurophysiol.
80, 1911-1931.

Takeichi, N., Kaneko, C. R., and Fuchs, A. F. (2007). Activity changes in monkey
superior colliculus during saccade adaptation. J. Neurophysiol. 97, 4096-4107.
doi: 10.1152/jn.01278.2006

Tiemeier, H., Lenroot, R. K., Greenstein, D. K., Tran, L., Pierson, R., and Giedd,
J. N. (2010). Cerebellum development during childhood and adolescence: a
longitudinal morphometric MRI study. Neuroimage 49, 63-70. doi: 10.1016/j.
neuroimage.2009.08.016

Wang, J., Xi, R,, Zhang, M., and Pan, Y. (2012). Long term retention of saccadic
adaptation is induced by a dark environmental context. Brain Res. 1489, 56-65.
doi: 10.1016/j.brainres.2012.10.018

Xu-Wilson, M., Chen-Harris, H., Zee, D. S., and Shadmehr, R. (2009). Cerebellar
contributions to adaptive control of saccades in humans. J. Neurosci. 29,
12930-12939. doi: 10.1523/jneurosci.3115-09.2009

Zimmermann, E., Ostendorf, F., Ploner, C. J., and Lappe, M. (2015). Impairment
of saccade adaptation in a patient with a focal thalamic lesion. J. Neurophysiol.
113, 2351-2359. doi: 10.1152/jn.00744.2014

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Lemoine-Lardennois, Alahyane, Tailhefer, Collins, Fagard and
Doré-Mazars. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

May 2016 | Volume 10 | Article 241


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Saccadic Adaptation in 10–41 Month-Old Children
	INTRODUCTION
	MATERIALS AND METHODS
	General Methods
	Apparatus
	General Procedure

	Experiment 1: Backward Adaptation
	Participants
	Adaptation Condition
	Control Condition

	Experiment 2: Forward Adaptation
	Participants
	Adaptation Condition
	Control Condition

	Data Analyses

	RESULTS
	Experiment 1: Backward Adaptation
	Baseline Performance
	Adaptation Condition
	Control Condition
	Amount of Adaptation

	Experiment 2: Forward Adaptation
	Baseline Performance
	Adaptation Condition
	Control Condition
	Amount of Adaptation
	Comparison to Backward Adaptation


	DISCUSSION
	Saccadic Adaptation Paradigm in Children
	Adaptation Mechanisms for Reactive Saccades are in Place in Young Children
	Why are Saccades Hypometric in Children?

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


