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Abstract

Saccades were assessed in 21 adults (age 24 years, SD = 4) and 15 children (age 11 years,
SD = 1), using combined functional magnetic resonance imaging (fMRI) and eye-tracking.
Subjects visually tracked a point on a horizontal line in four conditions: time and position pre-
dictable task (PRED), position predictable (pPRED), time predictable (tPRED) and visually
guided saccades (SAC). Both groups in the PRED but not in pPRED, tPRED and SAC pro-
duced predictive saccades with latency below 80 ms. In task versus group comparisons,
children’s showed less efficient learning compared to adults for predictive saccades (adults =
48%, children = 34%, p = 0.05). In adults brain activation was found in the frontal and occipi-
tal regions in the PRED, in the intraparietal sulcus in pPRED and in the frontal eye field, pos-
terior intraparietal sulcus and medial regions in the tPRED task. Group—task interaction was
found in the supplementary eye field and visual cortex in the PRED task, and the frontal cor-
tex including the right frontal eye field and left frontal pole, in the pPRED condition. These
results indicate that, the basic visuomotor circuitry is present in both adults and children, but
fine-tuning of the activation according to the task temporal and spatial demand mature late
in child development.

Introduction

Our ability to learn new motor behaviors benefits largely from observing repetitive patterns
and adjusting the motor system to predict the desired motor outcome. The term prediction
refers here to the ability to combine information about what was expected to happen in the
motor domain with what actually did happen, as reported to the brain by the sensory system
[1]. Early in our life we learn that most of the movements in our environment are rather
predictable, and so prediction development allow us to reduce the processing delays and
errors of tracking visual targets. Prediction can be studied with a special type of short latency
saccade, the predictive saccade, produced by square-wave tracking of a visual stimulus alter-
nating at a constant pace between fixed left and right positions. Saccades are rapid eye
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movements that can be generated as a reflexive response to sudden displacement of an object
in the scene or voluntarily toward the position of interest [2]. Developmental studies of sac-
cades have shown that some saccadic parameters, such as velocity and saccadic adaptation,
develop throughout early childhood [3-6] while others, i.e., latency and precision, show a
specific developmental curve and stabilize only in early adulthood [7-10]. Furthermore, sac-
cadic characteristics may vary both in children and adults according to the experimental
properties, i.e., saccadic latencies and errors are typically lower in visually guided saccades
than in voluntary anti-saccades, in which the eye must be directed to the opposite side from
the target [11-13]. Saccades have been also studied in specific developmental impairments,
such as developmental dyslexia [14, 15] and attention deficit [16]. In highly functioning
autism, neurofunctional impairments can be indicated by altered patterns of visual tracking
and prediction, among other alterations [17]. However, until now only one study has investi-
gated predictive saccades through square-wave tracking in normally developing children
[18].

Studies using predictive saccades have reported a quick shift from visually guided to inter-
nally guided behavior in adults. As soon as subjects implicitly perceive time and position regu-
larity in the target motion they reduce their saccadic latency to zero or to negative values [19].
When testing predictive tracking with stimulus frequencies ranging from 0.25 to 1.25 Hz,
both children and adults showed reduced saccadic latency, but only in the middle range of fre-
quencies. For frequencies that produced predictive tracking, the saccadic latency variability
was similar for both groups, but children’s latencies were longer than those of adults. Adults
achieved almost perfect synchrony with the target’s movement, however children’s predictive
saccades were near express saccade latency, around 70 ms. Whether this indicates a slowing of
the ocular motor system or rather qualitative differences in the capacity of children to predict
is not clear [18]. Also, it is still to be answered if predictive tracking is supported by common
saccadic circuitry in both children and adults.

Combining simultaneous eye tracking and functional magnetic resonance (fMRI) is possi-
ble to have a better insight into the developmental changes of specific behaviors as well as their
underlying neural maturation process. In an anti-saccades task, for example, combined eye-
tracking and fMRI study have found changes in patterns of activation and reorganization of
cortical connections along with development. From childhood to adulthood, the activity of the
neural system involved in inhibition decreased, while activity of neural regions involved in
cognitive control of the task execution increased [20]. Moreover, functional prefrontal connec-
tivity with other cortical and subcortical regions increased by adolescence and, furthermore,
strengthened by adulthood [21].

In this study, we aimed to test predictive tracking in children and adults using a modified
version of the square-wave tracking task. In this procedure, the prediction was modulated by
changing the stimulus time and space predictability [22]. The purpose of our study was three-
fold. The first one was to identify the neural circuitry of healthy adults associated to the pro-
cessing of eye-tracking targets with varying temporal and spatial predictability [22, 23]. The
second one was to compare the neurofunctional patterns of activation of normally developing
children with those of adults in conditions with varying temporal and spatial predictability.
The last one, on a behavioral level, was to compare the saccadic latency patterns of children
and adults in varying temporal and spatial predictability [18]. To our knowledge, this is the
first study that collected simultaneous eye tracking and fMRI data for predictive tracking of
visual target in children and adults using the same experimental set-up. We believe that it is
essential to fill the gap in the literature on predictive tracking in children prior to its use in spe-
cific pediatric groups.
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Materials and methods

Subjects

A total of 36 right-handed subjects (21 adults and 15 children) participated in the study. The
adults (11 males), with a mean age of 24 (SD = 4) years, were recruited among graduate and
undergraduate students. Children (9 males) with a mean age of 11 (SD = 1) years were
recruited from one private basic school in Sdo Paulo. Subjects reported no history of psychiat-
ric or neurological illnesses, all were right-handed (according to the Edinburgh handedness
inventory; [24], and had normal or corrected vision. The Ethics Committee of the Hospital das
Clinicas of the Medicine Faculty, University of Sdo Paulo approved the study under the num-
ber 0279/08. All participants and/or parents signed the written informed consent prior to the
beginning of the study. Before signing the consent, the researcher in charge (author KL)
explained all the procedures of the study and answered all the participants’ questions.

Data acquisition

Behavioral data. Four experimental saccadic tasks were presented in a standard fMRI
block design. In each task, the saccade execution was modeled by varying target predictability:
mixed time/position predictable (PRED), position predictable (pPRED), time predictable
(tPRED) and visually guided saccades (SAC). The task design is displayed in Fig 1. In the
PRED task, the timing and position of targets was constant throughout the block. The target
appeared at a constant inter-stimulus interval (ISI = 0.8 s) from left to right over 5° of visual
angle (2.5° from the central baseline position). In pPRED, target position was constant as in
the PRED task, with random ISIs of 0.4, 0.8 and 1.2 s. In tPRED, target timing was kept con-
stant (ISI = 0.8 s) whereas the target could shift by 2.5° to the right or left in five different hori-
zontal positions. The position predictability was thus decreased to 50%, except when the target
was at the extreme locations on the left and right side of the screen. In order to keep the task’s
overall position predictability low, the proportion of middle and extreme target positions was
approximately 7: 1. In SAC, the target moved in five horizontal positions in randomly varying
ISIs (0.4, 0.8, 1.2 s). To avoid giving any clue of the upcoming task, the target onset position
was at the center in all conditions.

0.85 0.8s 0.4s,0.8s, 0r 1.2s 0.4s,0.8s, 0r 1.2s
@ G @ S °
Time/position predictable Time predictable Position predictable Time/position unpredictable
PRED tPRED pPRED SAC
B PRED tPRED pPRED SAC
FIX FIX FIX FIX
20s 20s 20s 20s
25 trials 20s 25 trials 20s 25 trials 20s 25 trials 20s
............... ’
Total time 8 min / 240 volumes

Fig 1. Schematic depiction of each task design (A) and experimental runs (B). (A) displays time and position specifications of trials in each task:
time/position predictable (PRED), position predictable (pPRED), time predictable (tPRED), visually guided saccades (SAC). (B) shows the sequence

and duration of blocks within a run. Each task was reapeated 3 times within a run in pseudo-randomized order.

https://doi.org/10.1371/journal.pone.0196000.9001
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Each participant performed the task twice in two functional runs, separated by approxi-
mately 10 min of structural acquisitions. The first run was used as a training session and locali-
zer for region of interest (ROI) analysis and the second run served for our data acquisition for
the whole brain group comparisons. Each run was composed of 24 blocks of 20 s duration
each. The four experimental tasks were presented three times, alternated with 12 control fixa-
tion block conditions of the same duration. The order of experimental block presentation was
pseudo-randomized and was the same for all subjects. The target was a black spot (0.4° of
visual angle) presented on a grey background for a total of 25 trials per block.

Imaging data. Imaging was performed on a 3 T MR system (Achieva, Philips Medical Sys-
tem, The Netherlands) with an eight-channel head receive coil. Single shot echo planar imag-
ing (EPI), sensitivity-encoded (SENSE) for blood oxygen level-dependent (BOLD) contrast
(T2*), was used with the following parameters: repetition time (TR) = 2000 ms, echo time
(TE) = 30 ms, flip angle = 90°, slice thickness = 3.0 mm, gap = 0, matrix = 64 x 64, in-plane res-
olution 3 x 3 mm?. Forty slices covering the whole head were acquired with anterior commis-
sure—posterior commissure (AC-PC) orientation in ascending order. The first four volumes
were discarded to allow stabilization of magnetization. Foam padding was used to minimize
head movement.

Special care was taken to ensure that children were properly acclimated to the scanner envi-
ronment. All were given 15 to 20 min of training to practice the task and to keep the head sta-
ble during the fMRI procedure while listening to pre-recorded scanner noise. Additionally, a
questionnaire was administered immediately after the fMRI acquisition to check the subjective
impression of task difficulty, personal discomfort and general impression. The results of quali-
tative analyses of the reports were similar between the groups, with only one subject from each
group stating ‘unwillingness to repeat the exam due to task difficulty’, few reporting high dis-
comfort due to the position at the scanner (2 children, 1 adult), and a good general impression
(most children attributed a score of 10 and adults 9).

The stimuli were projected by LCD video projector onto a screen positioned at the subjects’
feet and reflected onto the overhead mirror placed on the head coil. Eye movements were reg-
istered with an integrated MRI-compatible eye tracker (Mag Design and Engineering, sam-
pling frequency 60Hz, precision < 1°) and processed by ViewPoint software (Arrington
Research, EUA). With the subject positioned in the scanner, all subjects were equally
instructed to ‘move your eyes in time with the target’ [25]. A 12-point eye tracker calibration
was run immediately before the data acquisition.

Structural images were acquired in order to access white matter lesions and eventual inci-
dental findings. The parameters were TR: 11,000 ms; TI: 2800 ms; TE: 130 ms; T = 3:18 s;
matrix size: 328 x 172; FOV: 230 x 132 mm; 24 slices with 5 mm thickness, 0.5 mm inter-slice
separation and 3D T1-weighted images with 1 mm isotropic voxels; TR: 7 s; TE: 3.2 5; T =
5:58s; matrix size: 240 x 240; FOV: 240 x 240 mm; flip angle = 8 and reconstruction 240. A
board-certified neuroradiologist visually inspected all images.

Data processing

Behavioral analysis. Behavioral data were processed offline with a custom script written
in-house in Matlab™ (R2012a). In pre-processing, eye blinks were excluded and small drifts
were corrected. Saccades were automatically identified if the eye velocity surpassed a threshold
of 18° of visual angle per second, and if that velocity kept rising for a temporal window of 44
ms [26]. The first saccade within a time window of —300/+500 ms relative to the target’s
appearance was considered as valid. If directed to the target, saccades were considered correct
and classified according to their latency (the time between the target and saccade onset) in
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four categories: predictive (latency —300 to 80 ms), express (80 to 120 ms), regular (120 to 350
ms) or late (350 to 500 ms) [3, 22, 27]. If initiated out of the allowed time window or in the
wrong direction, a saccade was considered an error. All detected events were visually double-
checked by the experimenters (KL and RMN) to avoid misclassification.

A generalized linear mixed model with the participant as a random effect was used to assess
the association between the occurrence of each type of saccade and the following fixed effects:
group, task and group by task. The models were estimated using the binomial link function
and an adaptive Gauss-Hermite quadrature approximation to the likelihood function [28].

To visualize whether there was an implicit learning curve in the PRED task, for each sub-
ject, the median latency (out of three) was taken for each trial within the block and then aver-
aged for the subjects within a group. The results were graphically displayed for each group
versus task. The efficiency of predictive learning, defined as a conditional probability of
remaining within predictive state with saccadic latency of below 80ms [3, 27] was estimated by
the following formula [29]. The probability of saccade i + 1 being predictive (S;,; = P) if sac-
cades i is predictive (S; = P) is:

P(S;, = PIS; = P) = (%) (ZI\\I/I)

where M is the number of times a predictive response happened, m is a number of times a pre-
dictive response was followed by another predictive saccade and N is the total number of sac-
cades. The predictive response is considered every saccade with latency in a range of —300 to
80ms in regard to the stimulus on-set. The conditional probability was calculated for each sub-
ject in all the PRED blocks, the data were pulled together and than the ¢-test was used to ana-
lyze the between group difference.

Image analysis. All functional images were processed with FSL 6.00 (Analysis Group,
FMRIB, Oxford, UK; www.fmrib.ox.ac.uk). Image pre-processing of all 240 brain images (vol-
umes) included a MCFLIRT motion correction [30] spatial smoothing using a Gaussian kernel
(FWHM = 5 mm), high-pass temporal filtering (60 s) and spatial normalization to standard
space (MNI 152 affine transform). Pre-processed data were analyzed using a general linear
model (GLM) with FILM semi-parametric estimation of residual autocorrelation [31].

In order to assure data quality, the average motion was assessed for both groups after fMRI
data processing with motion correction. The absolute head displacement during the acquisi-
tion for children was 0.47 (SD = 0.3) and adults 0.23 (SD = 0.1). There was a significant differ-
ence between groups (t-test, p < 0.01) with children having bigger head displacement than
adults. However the children‘s average is within the generally accepted movement range in the
literature [32, 33].

The group activation maps were generated using the mixed-effects model (FLAME) [31].
The statistics images were thresholded using a cluster determined by a Z-score > 1.96 and
voxel p < 0.05 in group-level analyses [30]. In order to determine activation related to predict-
ability, group activation maps were generated for PRED, pPRED and tPRED and compared to
the unpredictable SAC task. The group versus task interaction was also tested.

The peak activation foci were labeled by Juelich histological brain and Talairach Deamon
FSL atlases and were visually confirmed by a board-certified neuroradiologist. In order to visu-
alize the signal change in the ROI, a sphere of 4 mm was positioned around the coordinates of
local maxima of the task x group interaction contrasts in RUN 1. For signal extraction, we
used the baseline contrasts in RUN2, task (PRED, pPRED and tPRED) x baseline (cross-fixa-
tion) and the signal time series were averaged for both groups.
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Results
Behavioral results

The effect of advance knowledge of position and time on saccade latency was assessed in each
task: PRED (Time/position predictable), pPRED (Position predictable), tPRED (Time predict-
able) and SAC (Visually guided saccades). The effect was measured by the proportion of sac-
cades in each latency groups: predictive (latency —300 to 80 ms), express (80 to 120 ms),
regular (120 to 350 ms) or late (350 to 500 ms). Overall, there was a decrease in the rate of pre-
dictive saccades along the tasks, and an increase in the rate of regular saccades in both groups
from the PRED (Time/position predictable) task to pPRED (p < 0.0001) and pPRED task to
tPRED (p < 0.05). Considering late saccades, the PRED task showed the lowest proportion of
late saccades among tasks in both groups (p < 0.0001). The saccade distribution for each task
is shown in Fig 2.

Latency in PRED x SAC. In the PRED task, predictive and express saccades were more
frequent than in the SAC task for both groups (p < 0.0001). In addition, children made fewer
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Fig 2. The saccades distribution for each task. The task dependent change in ocular motor pattern is displayed as the proportion of saccades (graph y-
axis) generated the latency groups: predictive (-300 to 80ms), express (80 to 120ms), regular (120 to 350ms) or late saccades (350 to 500ms). The
proportion of saccadets is displayed for each task and group (children and adults): (A) PRED, (B) pPRED, (C) tPRED and (D) SAC. The error bars

represent the Standard Deviation.

https://doi.org/10.1371/journal.pone.0196000.9002
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predictive saccades than adults, as evidenced by a group X task interaction (model estimate =
-0.583, SDE = 0.314, z = —1.856, p = 0.05, adults = 48%, children = 34%). Children also showed
fewer express saccades than adults (model estimate = —1.156, SDE = 0.600, z = =1.925,p =
0.05, adults = 5%, children = 3%). On the other hand, children had a higher rate of regular sac-
cades than adults (estimate = 1.772, SDE = 0.156, z = 11.391, p < 0.0001, adults = 46%, chil-
dren = 57%). There was a marginal interaction for late saccades group x task (p < 0.05).

Latency in pPRED x SAC. In the pPRED task, regular and predictive latency saccades dif-
fered in frequency from the SAC task (p < 0.001). The group x task interaction was found for
regular saccades (estimate = 0.842, SDE = 0.165, z = 4.763, p < 0.0001, adults = 80%, chil-
dren = 74%). In pPRED, late saccades showed an effect for task and group x task (p < 0.01)
with children making more late saccades than adults (adults = 4%, children = 10%, p < 0.01).

Latency in tPRED x SAC. In the tPRED task, the overall rate of predictive saccades was
low, but they were more frequent than in the SAC task (p < 0.001), which indicates that sub-
jects benefited from the time cue of the target. For both groups, saccades were mainly classified
as regular and no statistical difference was found (adults = 88%, children = 74%).

In order to analyze learning effects during the task execution, the saccadic latency within
the block was plotted for each stimulus and task (Fig 3). Latency was reduced throughout the
block in PRED and pPRED but not in the tPRED and SAC tasks. While adults continually
reduced the latency until the end of the 20 s block, children reduced the latency to approxi-
mately 150 ms, below which no further learning was evident. The learning curves for each
task are depicted in Fig 3. The conditional probability of remaining within the predictive
state along the task execution was higher in adults then in children (M,qus = 0.36, SD = 0.24;
M hitdren = 0.21, SD = 0.2; t(g6) = 2.98, p = 0.004). In other word, this indicates that adults were
more successful in maintaining a sequence of predictive saccades then children.

fMRI results

In order to isolate areas activated by the predictability components, PRED, pPRED and tPRED
were contrasted to the SAC task. Initially, whole brain exploratory analyses for adults and chil-
dren are described, followed by the group versus task interaction. The MNI coordinates of all
activated clusters are described in the Supporting Information (S1 and S2 Tables).

Adults

In adults, common activation in all tasks with predictability (PRED, pPRED, tPRED) x SAC
task contrast was found in the bilateral occipital cortex (V1 to V3) and dorsomedial frontal
lobe corresponding to the supplementary eye field (SEF) proper. The activated regions are
described below and depicted in Fig 4.

Activation in PRED x SAC task. The contrast of time/position predictable x unpredict-
able task showed activation in the frontal lobe in the SEF and frontal eye field (FEF) regions,
with extended left hemisphere activation into the middle and inferior frontal gyri. On the mid-
line, activation was found in the anterior and posterior part of the cingulate gyrus and cuneus.
Subcortically, the bilateral thalamus and left putamen were activated, together with the bilat-
eral hippocampus subiculum. Additionally, cerebellum activation was found mainly in the ver-
mis VI, anterior lobe VI and Crus I.

Activation in pPRED x SAC task. For the contrast of position predictable x unpredict-
able task, activation in the primary visual cortex extended into the lateral occipital cortex,
corresponding to V5. Frontoparietal activation was seen in the bilateral FEF, SEF and pre-
SEF, extending further into the bilateral middle and inferior frontal gyri. In the parietal cor-
tex, there was activation mainly along the anterior and middle intraparietal sulcus (IPS).
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https://doi.org/10.1371/journal.pone.0196000.9003

The bilateral supramarginal and angular gyrus were also activated. In the temporal cortex,
activation was located in the superior border of the middle temporal gyrus, and subcortically,
as in the previous contrasts, the activation was found in the thalamus, putamen and

cerebellum.

Activation in tPRED x SAC task. For the contrast of time predictable x unpredictable
task, parietal activation was reduced to the bilateral posterior intraparietal sulcus, precuneus
and bilateral foci in the post-central sulcus. Frontal activation was located in regions corre-
sponding to the SEF and pre-SEF. On the midline, activation was found in the anterior and
posterior parts of the cingulate gyrus and bilateral thalamus. The right middle temporal gyrus
and hippocampus were also activated. In addition, cerebellum activation was found mainly in
the left vermis VI, anterior lobe VI and Crus I.
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Fig 4. Group activations for tasks with predictable components compared with visually guided saccades. The activation pattern changed according
to the tasks predictability. (A) Time/position predictable (PRED) was characterized by an increase in precentral sulcus/superior frontal sulcus and
medial frontal lobe. (B) Position predictable (pPRED) the fronto-parietal and anterior cingulate cortex activation was most evident. (C) Time
predictable (tPRED) activation was localized mainly in intraparietal sulcus and medial portions of the brain. (D) In children, only time predictable
(tPRED) showed differential activation from SAC in frontal cortex. Statistical images were thresholded using cluster determined by Z-score > 1.96 and
(corrected) cluster significance threshold of p < 0.05. The MNI coordinates of all activated clusters are described in Supplementary material (S1 Table).
(Acronyms: FEF-frontal eye field; SEF—supplementary eye field; ACC-anterior cingulate cortex; IPS—intraparietal sulcus; dIPFC—dorsolateral
prefrontal cortex; vIPFC—ventrolateral prefrontal cortex; FP-frontal pole).

https://doi.org/10.1371/journal.pone.0196000.9004

Children

No difference in activation was found in children for the PRED x SAC and pPRED x SAC
contrasts. The activated regions are depicted in Fig 4.

Activation in tPRED x SAC. Activation was scattered mainly over the frontal cortex,
located in the right frontal pole and bilateral middle frontal gyrus. Subcortically, there was
activation in the bilateral nuclei caudate and only the right putamen and left thalamus.

Task x group interaction. Activation was found only for adults x children in the con-
trasts of PRED x SAC and pPRED x SAC tasks. The activated regions and the tendency in sig-
nal change are described in Figs 5 and 6.

Activation in PRED x SAC task. Compared to children, adults activated more bilaterally,
in primary visual areas in the lingual gyrus and cuneus. Additional activation was found in the
SEF, right pre-central gyrus posterior to the FEF and left inferior frontal gyrus extending into
the frontal pole. The superior board of the bilateral middle temporal gyrus was also more acti-
vated in adults than in children (Fig 5).
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Fig 5. Activated regions in task x group interaction and the average signal variation. The between-group interaction contrast (on the left) in
PRED x SAC task with activation in (A) frontal eye field, (B) lingual gyrus, (C) cuneus. Statistical images were thresholded using cluster determined by
Z-score > 1.96 and corrected cluster significance threshold of p < 0.05. The average signal change (on the right) plotted for groups of adults and

children. (Acronyms: FEF-frontal eye field; LinG-lingual gyrus; Cun-cuneus).
https://doi.org/10.1371/journal.pone.0196000.g005

Activation in pPRED x SAC task. Activation was found to be greater in adults than in
children in the lateral portion of the right FEF and right pre-central gyrus posterior to the FEF.
Also, the left inferior frontal gyrus extending into frontal pole was more activated in adults

than in children (Fig 6).
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Fig 6. Activated regions in task x group interaction and the average signal variation. The between-group interaction contrast (on the left) in
pPRED x SAC activation in (A) supplementary eye field, (B) frontal pole. Statistical images were thresholded using cluster determined by Z-

score > 1.96 and corrected cluster significance threshold of p < 0.05. On the right: the average signal change plotted for groups of adults and children.
Regions of interest (ROIs) were generated in three local maxima of between-groups interaction contrast (on the left. These ROIs were then used to
extract the signal variation from the contrasts of task x baseline fixation in each group. (Acronyms: SEF-supplementary eye field; FP-frontal pole).

https://doi.org/10.1371/journal.pone.0196000.9006

Task x group ROI signal change variation. Using the ROI peak activation expanded the
whole brain analyses. The BOLD percent signal was extracted from the main ROIs (left hemi-
sphere) from the individual contrasts of task x baseline fixation and we performed ANOVA
multivariate test on the 2 groups of subjects. The tasks (PRED, pPRED, tPRED, SAC) were
used as within subject and groups (children, adults) as between subjects factor.

The result showed a significant main effect for Task x Group interaction, with the percent
signal change increased in adults within FEF (F3 75) = 2.74, p = 0.05) and IPS (F[3 75; = 2.88,

p = 0.04), but not within SEF, putamen and anterior part of the cingulate gyrus. For the task
effect, Post Hoc test showed greater activation for pPRED compared to the other tasks in FEF,
SEF and putamen. The posterior intraparietal sulcus showed greater activation in tPRED com-
pared to all the other tasks. In anterior cingulate gyrus, decrease in signal differentiates the
SAC task from the other tasks. The results for the task effect are depicted in Table 1.

Discussion

In this study, we showed that adults had an advantage from advance timing/position knowl-
edge since they were able to reduce saccadic latency along the task execution more efficiently
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Table 1. The ANOVA comparison of the signal from the main region of interest (ROI). The task x baseline mean signal variation (Std.Error) with the task as a within

subject factor and p-value.

ROI Mean Mean
PRED pPRED
FEF 0.42
(0.06)
SEF 0.35
(0.05)
IPS 0.35
(0.08)
Put. 0.25
(0.04)
ACC 0.03
(0.03)
* < 0.05;
* <0.01;
¥ <0.001

https://doi.org/10.1371/journal.pone.0196000.t001

Mean Mean Fi3,73) P
tPRED SAC
0.66 0.47 0.36 10.61 PpPRED—PRED***
(0.08) (0.07) (0.06) PpPRED—SAC***
0.52 0.40 0.31 13.49 pPRED—PRED***
(0.07) (0.06) (0.05) pPRED—tPRED**
PpPRED—SAC***
0.53 0.79 0.17 19.02 tPRED—PRED***
(0.10) (0.12) (0.05) tPRED—pPRED*
0.29 0.24 0.16 3.19 PPRED—SAC*
(0.04) (0.04) (0,04)
0.05 -0.05 -0.19 9.81 SAC—PRED**
(0.03) (0.4) (0.05) SAC—pPRED**
SAC—tPRED*

than children, which indicates better prediction learning. In adults, the pattern of brain activa-
tion within the ocular motor circuitry changed according to the kind of advance knowledge
used in each experimental task with time only, position only or time/position cues. On the
other hand, children showed small improvement in saccadic latency for predictive saccades,
and the activated neural structures were mostly similar to the visually guided saccade activa-
tion. To our knowledge, there has been only one study that investigated predictive saccades
behavior in children and our findings further extend the knowledge on this topic since the
early studies [18].

The predictive task imposes implicit learning because of the time and positional regularities
of the stimuli. To better understand the influence of timing and position cues on saccade gen-
eration within the incidental learning task, the degree of predictability was manipulated in
each task. Latency decreased to a greater extent when position rather than timing was predict-
able, and this was more evident in adults than in children. For the advance timing knowledge,
we did not find the same effect and the pattern was very similar to the visually guided saccades.
This is in line with other studies with adults that have shown that position predictability leads
to saccadic latency reduction by elevating the readiness of ocular motor system for the saccade
execution [34-37] tested implicit learning with time structure, ordinal structure and both asso-
ciated in a finger tapping task and came to similar results. Adults reduced reaction time when
knowing in advance the finger’s movement order and in a mixed task but not when only
‘when to move’” was known in advance. Our results suggest that, also in the ocular motor
domain, internal timing representation is formed in association with positional mapping and
not as an independent temporal template. Thus, the learning is most evident when both posi-
tion and time information are predictable.

According to studies in adults, the successful execution of predictive saccades is supported
by an internal estimation of the stimulus timing together with the feedback of previous inter-
saccade intervals, timing errors and the sequence of past movements over which this feedback
is acquired. Adults are able to adjust their saccadic system to the stimulus movement after
three to four saccades and move in line with the target with saccadic latencies below 80 ms [29,
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38]. We found rapid adaptation to the stimulus pace in adults that showed a reduction in
latency after the fourth stimulus, and a similar pattern was observed for children. The differ-
ence between the two groups was in the further synchronization of eye movements with the
stimulus; while adults kept on getting more in line with the stimulus frequency, the children
reached the floor effect and showed no further improvement, reaching a saccadic latency of
approximately 125 ms. Our results confirm the findings of other study that tested children’s
prediction for a range of target frequencies [18]. In a frequency similar to the one used in our
procedure (1.25 Hz), children generated saccades with 150 ms latency. Thus, the behavioral
results indicate that pre-adolescent children reduce the saccadic latency in predictive condi-
tion, but they are still not able to sustain predictive tracking (below 80ms) synchronized with
the targets.

We looked into the possibility of express saccades being generated in place of predictive
tracking but did not find a high rate of express saccades in children compared to adults. In
fact, express saccades have been frequently reported as more frequent in children below 12
years old in pro-saccade tasks with a time gap between the central cross offset and stimuli
onset [11, 39]. Klein & Foerster [11] showed that express saccade inhibition starts to develop
after the age of 10-11 years and has a similar developmental course to error pro-saccades
in the anti-saccade task. However, in the present task the express saccades were mostly
incidental.

The behavioral differences for predictive tasks were further sustained by the neurofunc-
tional results. We reported differences in activation pattern when comparing adults and chil-
dren in tasks allowing prediction based on time/position and position information. Adults
activated more than children in regions of the frontal cortex, such as the FEF and SEF,
known to be responsible for visuospatial monitoring of incoming saccades [40]. Additionally,
Connolly, Goodale, Menon, & Munoz [41] showed that the FEF but not the intraparietal sul-
cus (IPS) is the main region involved in coding the readiness and expectation to perform sac-
cade. Visual spatiotemporal expectation has already been reported in 4 to 12 month-old
infants with specific event-related potential (ERP) signals in FEF regions, indicating that at
an early age frontal visual fields are involved to some extent in saccade control and visual
attention [42-44]. The data from our study indicate that the neurofunctional pattern in chil-
dren does not change with varying spatiotemporal expectancy when monitoring the incom-
ing saccades. Yet, time predictable task alone led to activity localized in the frontal medial
cortex and basal ganglia, possibly due to the need to compensate for poor implicit timing
monitoring. This argument is supported by behavioral results showing an increase in late sac-
cades in this task without an increase in error. The evidence indicates that the activation in
the frontal cortex during anti-saccades compensates for the late maturation of secondary cor-
tical areas [20].

In adults, the canonical ocular motor regions were activated in all tasks when contrasted
against the baseline cross-fixation. Manipulation of the degree of predictability produced spe-
cific activation patterns in adults. For advance time/position knowledge, adults” activation was
similar to the results presented by [23] on predictive tracking. A large amount of activation
was reported in the frontal cortex and in the anterior and posterior parts of the cingulate
gyrus, putamen, thalamus and hippocampus. This study reported activation in the angular and
marginal gyri that were absent in our study. We also found partially coherent results in the cer-
ebellum, with similar activation in the vermis VI and hemispheres lobe VI, but not Crus IL
For position and time tasks, our findings are divergent from a similar study by Gagnon [22],
that reported activation in the dorsal FEF and caudate for position predictability and dorsal
FEF, SEF, caudate and putamen activation for time predictability. We suggest that these differ-
ences stem from the use of five stimuli positions and faster pacing in our study instead of three
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positions and longer ISIs used by Gagnon. We showed activation along the intraparietal sulcus
together with the frontal FEF/SEF regions for the position task, while in the time task, frontal
region activation was restricted to the SEF, posterior intraparietal sulcus and precuneus. Stud-
ies in monkeys have largely reported on spatial tuning of the lateral intraparietal cortex (LIP),
but have only recently shown a specific role of the SEF and the neurons within this area in
sequential state representation and timing [45]. In other words, intraparietal regions code the
direction of upcoming saccade with the SEF providing detailed information on upcoming
motor intention and the timing of the saccade sequence [46]. Transposing this model to
human prediction, it would explain the change in activation pattern we found in the time and
position tasks, with larger parietal activation for position monitoring and more evident frontal
activation for time and time/position monitoring. The main implication of our study is the
absence of this activation pattern in pre-adolescent children, and it should be taken into
account in clinical population studies that explore predictive saccade abilities [17]. Differently
from Ross & Ross [18], our data indicate that the slowing of the ocular motor system in chil-
dren during predictive saccades is a behavioral trait of neurofunctional differences when com-
pared to similar behavior in adults. Thus a special care should be taken when comparing the
children’s performance in predictive saccades of healthy or clinical population to the adult
literature.

This study has some limitations. fMRI acquisition in children is challenging due to the high
frequency of subjects’ head movement, which was also the case in this study. We found more
movement in the children group; it was, however, within normally accepted limits reported by
studies in children and clinical populations [47]. In the pPRED latency plot (Fig 3), unexpected
short latencies were found for stimuli 17 and 25. We believe that this could be due to the
nature of the stimulus or some alias effect during synchronization between triggering the sys-
tem and the programmed stimulus-onset asynchrony.

In conclusion, our results indicate that the basic visuomotor circuitry present in pre-adoles-
cents and adults is similar. However, fine-tuning of this system according to the task’s tempo-
ral and spatial demand is not yet matured in children, probably due to the interplay of
inefficient error-feedback processing, error correction and timing monitoring. Thus, we
believe that an efficient predictive behavior can be found only late in child development and
until it is fully ready, reflexive-like saccades are executed. The implication of this finding is
important when planning child developmental fMRI studies involving eye movements (learn-
ing paradigms based on visual presentation of stimulus). Our data may also help in the choice
of neuroimaging variables as end points for psychological and/or pharmacological clinical
trials.

Supporting information

S1 Table. Brain regions activated in tasks with predictable components (PRED, pPRED,
tPRED) compared to SAC. MNI peak voxels coordinates for adults.
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$2 Table. Brain regions activated in tasks with predictable components (PRED, pPRED,
tPRED) compared to SAC. MNI peak voxels coordinates for children.
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