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HIGHLIGHTS BACKGROUND: The relationship between gaze behavior and postural stability under distinct cognitive loads is still
+ The relationship between gaze and postural unclear in children.

control changes with age. Th ! . ' o : : '
« The greater the attentionalicognitive demand AIM: Th|s study chuses on eye movements' effect on the children's postural stability by varying the visual tasks
attentional/cognitive demands.

for the tasks, the greater the CoP displacement. . ) . .
 Challenging basis of support interfere with eye METHOD: Twenty young adults (23.4 years-old, + 2.1) and sixteen children (10.3 years-old, + 0.4) stand in semi-

movement effects on children’s body sway. tandem position on a force plate, wearing a head-mounted eye-tracking while performing three 40 second-trials
+ The gaze performance of children differs from in the following order: stationary gaze task; free-viewing task; and visual searching task.

adults and between visual tasks. RESULTS: Children showed a higher number of fixations during the stationary gaze task (p<0.0001), but this
+ Children must develop the ability to modulate number was lower during free-viewing (p<0.004) and visual searching tasks (p<0.0001) when compared to young
bath the gaze and postural control. adults. Total fixation duration was lower in children than in young adults (p<0.0001) and higher during stationary
ABBREVIATIONS gaze task than free-viewing (p<0.0001) and visual searching tasks (p<0.0001) for both groups.

AlOs Areas of interest CONCLUSION: These results indicate that the performance of the visual searching task during the maintenance of
AP Anterior-posterior a challenging stance may deteriorate children’s postural stability suggesting that the relationship between gaze
CNS Central nervous system behavior and postural control is not well developed around the age of 10 years.

CoP Center of pressure
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INTRODUCTION

Visual information is used by the central nervous system (CNS) to adjust the motor
commands to environmental changes to maintain a stable body position relative to the visual
scene. Acquiring visual information depends on different gaze behaviors, such as gaze
fixation, smooth pursuit, and saccadic eye movements. Performing saccades is crucial to
promote an active search for relevant information in the environment while maintaining the
eyes relatively stable (gaze fixation) is necessary to bring high-resolution visual information
onto the fovea.! Various cortical and subcortical structures underlie the reflexive (e.g.,
vestibular-ocular reflex, optokinetic nystagmus) and the voluntary control of eye movements,
which are linked to head, neck, and body movements.2

It is known that both postural and oculomotor control develops through childhood
into adolescence. Developmental changes in the dynamic relationship between visual
information and body sway, for instance, is revealed in the reduction of body sway of 4-year-
old children, following an improvement with age to achieve adult-like behavior around 12
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years old.34 Regarding the ability to control the eyes, it has been shown that gaze fixation,
smooth pursuit, and saccadic eye movements are observed early in life and continue
developing up to 15 years of age and later.5 Irving and colleagues® showed that saccadic
latency decrease from 3 to 14 years of age, presenting relative stability up to 50 years and
a gradual increase at 80 years of age.

Recent studies have indicated an interaction between gaze and postural control,
and it changes with age.”-® Ajrezo and colleagues® showed a reduction in children’s body
sway from 5 to 18 years old during the saccadic eyes movement task compared to the gaze
fixation task. The authors also reported a decrease in the saccadic latency and enhancement
in fixation quality with age. Contrariwise, Schérli and colleagues’1? found that 5 years-old
children increased the body sway during saccades task compared to older children and
adults while standing in a narrow stance. These results were attributed to the immaturity of
head control during the gaze shifts in such a challenging balance stance.” Unfortunately, the
results of gaze behavior were not reported in this study. In another study0 of these authors,
it was observed a developmental improvement in children aged 6-12 years on body and
head stabilization in space during gaze fixation as well as in free-viewing visual task. The
larger body and head displacements were associated with larger gaze shifts in younger
children during exploratory gaze tasks.!0

Characteristics and complexity of visual and postural tasks should be considered
when interpreting these results. Studies with young and older adults have demonstrated that
performing complex oculomotor tasks leads to greater postural stability but can be affected
by the stances' challenges.!™-1* Also, Legrand and colleagues® examined the interference
between the oculomotor and postural tasks in 7-8-years-old children by manipulating the
attentional/cognitive demands of visual tasks (fixation/prosaccades/antisaccades) and
complexity of the postural tasks (standard/tandem Romberg stance). The results indicated
longer latencies during the antisaccades task (the most difficult visual task) in children than
in young adults when this visual task was performed with tandem Romberg stance (the most
difficult postural task). These results are in line with the study by Polastri and colleagues'?
for older adults who showed higher latency variability only during the vertical saccades task
when they were standing on a semi-tandem basis of support. Altogether, these studies
indicate that both the children and older adults presented increased body instability during
the most challenging visual and postural tasks. Despite these findings, the relationship
between gaze and postural control of children is still unclear concerning the reciprocal effects
on visual and postural tasks. Our study adds novelty to the current understanding of the
linkage between postural and oculomotor responses in children.

The current study aimed to investigate the effect of the attentional/cognitive
demands of visual tasks on the children’s postural stability during a challenging upright
stance. We examined sway measures and eye movements recording during unrestricted
free-viewing and searching visual tasks while children and adults were standing in a semi-
tandem position, a challenging postural stance. First, we explored whether children’s
postural control would interact with the complexity of visual tasks in a more natural gazing
context, allowing comparison with systematic gaze shifts usually employed by other studies.

Second, we increased the attentional/cognitive demands by using a visual
searching task, followed by progressively less demanding free-viewing and stationary gaze
tasks.'3.15 Lastly, as many factors influence the visual attention and the selection of what is
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seen in the visual scene account for the eye movements consistency,'® we controlled
stimulus salience and semantic relevance features of the visual images,'” the so-called
bottom-up and top-down respective aspects, during the visual searching task. It has been
assumed that the top-down stimulus requires higher-order processing, which demands more
attentional efforts.8.'® Donnelly and colleagues'? pointed that 6-7 years-old children present
a lower capacity to perform visual search tasks guided by top-down stimulus than 8-10
years-old children and suggested that attentional components required by visual searching
seem to develop from mid to late childhood.

We hypothesized that: 1) Children’s postural sway would be increased during visual
searching task compared to free-viewing and stationary gaze tasks, and they would be more
unstable than young adults in all visual tasks; 2) Children would present lower number and
longer duration of fixations than young adults in exploratory visual tasks; 3) Children would
present higher number and shorter duration of fixations combined with higher postural sway
during visual searching task compared to the free-viewing task.

METHODS

Participants

Twenty young adults from 20 to 29 years (mean age = 23.4, £ 2.1 years) and sixteen
children from 9 to 11 years (mean age = 10.3, £ 0.4 years) participated in the study. Written
consents were signed by the young adults and the children’s parents allowing them to
participate in the study. The local University Ethics Committee approved the experimental
procedures according to the principles of the Declaration of Helsinki. None of the participants
reported diagnosed neurological diseases, musculoskeletal problems, vestibular disorders,
or visual impairments, which could compromise the experimental conditions' performance.

Procedures

Participants were required to stand in a semi-tandem position as still as possible
on a force plate (AMTI — AccuGait), wearing a head-mounted eye-tracking (Applied Science
Laboratory — ASL, model H6, USA), and looking straight ahead towards an image that was
displayed on a screen fixed on the wall, placed at 2 meters, in front of them. The projector
used to display the images was fixated on the ceiling and adjusted to the participant’s height.
The semi-tandem stance (dominant foot aligned ahead and medial to the non-dominant foot)
was chosen to challenge the participant’s postural stability in the medial-lateral direction
(ML).

Each participant performed three 40 second-trials in the following order: 1)
Stationary gaze task - the participants were required to fixate a stationary target displayed
on the center of the screen at eye-height. The target was a filled circle in red with 2 cm of
diameter in white background (Figure 1-A); 2); Free-viewing task - the participants were
required to look at the details of an image displayed on the screen, without any other
instructions; 3) Visual searching task — the participants were instructed to look at the image
projected previously on the screen and to locate specific changes in the features of the scene,
reporting them at the end of the trial. This visual task required to recall the details of the
image displayed during the free-viewing task. In this condition, two images were created to
account for the influence of bottom-up and top-down factors on the visual searching’ (Figure
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1-C and 1-D). Half of each group’s participants (ten young adults and eight children) looked
only at the image with bottom-up changes while the other half of them looked only at the
image with top-down changes. Figure 1 depicts the images projected on the screen during
the stationary target condition (A), free-viewing condition (B), and visual searching condition
with the locations of bottom-up (C) and top-down (D) changes. The bottom-up changes are
located in the wall painting and the carpet (Figure 1-C), and the top-down changes are
located in the tea-cup and lampshade (Figure 1-D). Participants were instructed to fixate the
target or visually explore the images on the screen with eye movements only without move
the head. There was no rest period between trials. However, they were instructed to request
intervals between trials if necessary.

A

Figure 1. Representative images were displayed to the participants during the experimental procedures. Three
trials were performed in the following order: stationary gaze task (panel A) with a filled circle in red displayed
in white background; free-viewing task (panel B); and visual searching task (panels C and D). Note: In the third
trial (visual searching condition), half of the participants (ten young adults and eight children) looked only at the
image (C) with Bottom-Up changes in the wall painting and the carpet, and the other half of the participants
looked only at the image (D) with Top-Down changes in the tea-cup and the lampshade. The arrows indicate
the locations of the changes and were not displayed to the participants during the visual searching condition.

Data analyses

Center of pressure (CoP) displacement at anterior-posterior (AP) and ML axes were
calculated using the forces and moments (Fx, Fy, Fz, and Mx, My Mz) acquired by the force
plate, and provided information about the participant’s body sway. A head-mounted eye-
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tracking system measured eye movements. The accuracy of the eye-tracking equipment is
1 degree (1°) of change in the line-of-gaze. Participants' eye movements were recorded
using Head-Mounted Eye Tracker (model H6, Applied Science Laboratory, USA). This video-
based analysis system of eye movements contains two micro-cameras, one that records the
eye and another the scene, attached to a headgear that was anatomically adjusted to the
participant's head. In the eye video, pupil and corneal reflection centroids were identified,
and the vector between both is used to determine horizontal and vertical coordinates of eye
position on-scene video. To calibrate the system, participants visually fixed nine points (3 by
3 grid) displayed in front of them while the referred centroids were registered (nine-point
calibration method). A second low-pass Butterworth filter with a 4 Hz cut-off frequency was
used to filter the CoP data. The sampling rate was 60 Hz for all equipment.

From the CoP trajectory data, the following dependent variables were calculated:
mean sway amplitude (standard deviation of the trajectory after the average position was
subtracted from the data points throughout the trial); mean velocity (the trajectory of the total
sway divided by the total duration of the trial); and mean sway frequency (sum of the product
of power spectrum and frequency divided by the total sum of the power spectrum), in the AP
and ML directions, and sway area (an ellipse that contains 95% of the CoP signals
dispersion).

From the eye movements, the following dependent variables were calculated:
number of fixations (sum of the fixations throughout each trial) (units); mean fixation duration
(s) (mean of the intervals between the fixation onset and fixation offset throughout each trial);
and the total fixation duration (sum of the fixation duration throughout each trial). Fixation
onset was set when one degree of visual angle in horizontal and vertical axes exceeded 100
ms; fixation offset was defined when the initial fixation value deviated by more than one
degree of visual angle in horizontal and vertical axes. Lastly, ASL Plus Results software
(version 1.8.2.18) was used to define four areas of interest (AOIs) in the image visualized by
the participant relative to the location of the bottom-up (painting and carpet) and top-down
(lampshade and tea-cup) changes during the visual searching task. The number of fixations,
total fixation duration, and mean fixation duration were calculated for each AOI and then
averaged across groups to quantify the gaze shifts towards the image changes. The number
of errors reported by the participants regarding the changes' location was also computed for
each group.

Statistical analyses

Firstly, ANOVA was performed in each CoP parameters, separately, for each group
to examine differences between the participants who looked at the image with bottom-up
changes and the ones who looked at the image with top-down changes during the visual
searching task. There were no differences between groups (p>0.05) in these analyses.
Therefore, repeated-measures two-way ANOVA (2 groups x 3 tasks) were performed to
compare each CoP and gaze parameters between groups and within-group task conditions.
Another set of ANOVA was performed to examine differences between groups relative to
the gaze performance at the AOls. Post hoc tests with Bonferroni adjustments were
conducted for main effects. The significance level was p<0.05 (SPSS, 17.0).
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RESULTS

CoP displacement

Figure 2 depicts the CoP parameters for each group, in all task conditions, at AP
(left panels) and ML (right panels) directions. Statistical significance indicated that children
showed greater sway area, higher mean sway amplitude, and faster mean velocity than
young adults in all visual tasks. The main effects and interactions for the CoP parameters
are presented in Table 1.

Table 1 - ANOVA results for main effects of Group, Task, and Group and Task interaction relative to the center of pressure (CoP) displacement parameters.
Note: significant values are in bold (p<0.05).

Task Effect Group Effect Interaction Group-Task
Cop Parameters
F value P F value p F value P
Mean Sway Amplitude AP (cm) 7.361 p<0.001 34.571 p<0.0001 5.725 p<0.005
Mean Sway Amplitude ML (cm) 2.539 p>0.05 16.551 p<0.0001 0.059 p>0.05
Mean Sway Frequency AP (Hz) 1.238 p>0.05 0.299 p>0.05 1.462 p>0.05
Mean Sway Frequency ML 0.640 p>0.05 0.513 p>0.05 1.746 p>0.05
(Hz)
Mean Velocity AP (cm/s) 4.239 p<0.02 32.392 p<0.0001 7.090 p<0.003
Mean Velocity ML (cm/s) 1.468 p>0.05 8.564 p<0.01 1.245 p>0.05
Sway Area (cm®) 5.315 p<0.005 36.526 p<0.0001 2.809 p<0.05

For AP mean sway amplitude, post hoc tests for interaction between groups and
tasks revealed that only children showed greater mean sway amplitude during the visual
searching task as compared to free-viewing (p<0.02) and stationary gaze task (p<0.05). At
ML direction, post hoc tests pointed out that children showed higher mean sway amplitude
than young adults (p<0.0001). However, there were no task effect or interaction between
groups and tasks in the ML direction.

For AP mean velocity, post hoc tests for interaction between groups and visual tasks
revealed that children swayed faster in all visual tasks than young adults (p<0.0001).
However, only children showed faster mean velocity during the visual searching task as
compared to free-viewing (p<0.02) and stationary gaze tasks (p>0.001). ML mean velocity
was higher in children than in young adults (p<0.01). There were no task effects or
interactions between groups and tasks (p>0.05). For the sway area, post hoc tests for
interaction between groups and tasks revealed that children showed higher sway magnitude
than young adults (p<0.001) in all visual tasks. However, only children showed a higher sway
area during the visual searching task than the stationary gaze task (p>0.01). No differences
were found for mean sway frequency at AP and ML directions (p>0.05).
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Figure 2. Mean and standard deviation values of mean sway amplitude, mean velocity, and mean sway
frequency, at anterior-posterior (left panels) and medial-lateral (right panels) directions for each group (young
adults and children) across visual tasks (stationary gaze, free-viewing, and visual searching tasks). Note: #
symbol indicates statistical significance for the main group effect; *symbol indicates statistical significance for
groups and task interaction (p<0.05).

Gaze performance

The main effects and interactions for the gaze variables are presented in Table 2.
For the number of fixations, post hoc tests for interaction between groups and tasks revealed
that young adults present a lower number of fixations in stationary gaze task (p<0.004) and,
on the other hand, a higher number of fixations during free-viewing (p<0.004) and visual
searching task (p<0.0001) as compared to children. Young adults showed a lower number
of fixations during stationary gaze than free-viewing (p<0.0001) and visual searching tasks
(p<0.0001), and lower in free-viewing than in visual searching tasks (p<0.02). Children
showed a lower number of fixations during stationary gaze than free-viewing (p<0.0001) and
visual searching task (p<0.0001). However, they did not show differences between free-
viewing compared to visual searching task (p>0.05).
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Table 2 - Mean (+ standard deviation) values of gaze variables of young adults and children for each visual task condition. ANOVA results for main effects of Group, Task,
and Group, and Task interaction. Note: Significant values are in bold (p<0.05).

Stationary Free-Viewing Visual Searching Task Effect Group Effect Interaction Group-Task
Gaze
variables Adults Children Adults Children Adults Children F value P F value P F value P
Number of 15.9 314 78 58.2 87.9 59.6 114.302 p<0.001 8.723 p<0.01 20.441 p<0.001
Fixation (9.2) (19.0) (19.2) (18.2) (18.7) (13.4)
(units)
Total Fixation 39.4 31.7 24.0 18.3 25.9 17.5 117.329 p<0.0001 28.085 p<0.0001 0.885 p>0.05
Duration (s) (2.5) (9.3) (3.6) (6.3) (3.4) (6.3)
Mean 3.8 1.3 4.9 35 2.0 1.2 15.641 p<0.0001 10.252 p<0.004 3.624 p<0.05
Fixation (3.7) (0.8) (2.0) (1.1) (0.5) (0.4)
Duration (s)
AOI Number - - - --- 58.5 44.9 - - 10.567 p<0.004
of Fixation (12.0) (12.5)
(units)
AOI Total e ---- -—-- -—-- 17.2 13.27 - - 6.918 p<0.020
Fixation (3.1) (5.7)
Duration (s)
AOI Mean - - ---- --- 1.2 1.1 - - 0.780 p>0.05
Fixation (0.2) (0.2)

Duration (s)

For the total fixation duration, post hoc tests for the group effect indicated that
children showed a lower fixation duration than young adults (p<0.0001). Moreover, post hoc
tests for task effect showed that participants presented a higher total fixation duration during
stationary gaze task than free-viewing (p<0.0001) and visual searching tasks (p<0.0001).
There was no difference between free-viewing and visual searching tasks (p>0.05). There
was no interaction between groups and tasks (p>0.05). For mean fixation duration, post hoc
tests for interaction between groups and tasks revealed that young adults showed higher
mean fixation duration than children during stationary gaze (p<0.02) and free-viewing tasks
(p<0.02) but not during the visual searching task (p>0.05). For young adults, the mean
fixation duration was lower during the visual searching task than the free-viewing (p<0.0001)
and stationary gaze tasks (p<0.02). The mean fixation duration was higher for children during
the free-viewing task compared to the stationary gaze (p<0.03) and the visual searching task
(p<0.0001). Regarding the gaze shifts towards the AOls, post hoc tests for group effect
indicated a higher number of fixations (p<0.004) and higher total fixation duration (p<0.02)
for young adults as compared to children. No differences were found for mean fixation
duration (see Table 2). One young adult and four children indicated incorrect locations for
the images' changes during the visual searching task.

DISCUSSION

The current study aimed to investigate the effect of eye movements during
unrestricted gaze behavior on the children’s postural stability by varying the
attentional/cognitive demands of the visual tasks while the participants were standing in a
challenging stance. Our findings confirmed our hypotheses. Children showed greater and
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faster body sway, at AP direction, during the visual searching than the free-viewing and the
stationary gaze tasks. They oscillated more than young adults in all visual tasks. Interestingly,
children were also more unstable as compared to young adults in the ML direction. However,
there were no differences between visual tasks, likely due to the effect of the challenging
stance in the ML axis. These aspects will be discussed further.

The overall results indicated that eye movements through exploratory gaze behavior
increased children's postural sway from 9 to 11 years compared to gaze fixation,® instead
of attenuating it as shown by previous studies during target-guided saccadic eye
movements.82 |t has been suggested that the postural control system's development relative
to the head stabilization is the limiting factor to the postural stability in children.8.10 Scharli
and colleagues'® demonstrated that young children's gaze-related head movements were
associated with higher CoP displacement during an exploratory gaze condition (watching a
movie) until, at least, the age of 12 years. In our study, participants were instructed to stand
as still as possible and visually explore the image with eyes-only, without moving their heads.
However, since the stimuli visual angle was not limited to 15 degrees®, to avoid the need
for compensatory head movements, it is possible that children have increased the head
movements and it has influenced the overall children’s postural stability. Adults’ postural
sway was not affected by the gaze behavior corroborating this idea.

However, head instability cannot be the only factor to explain the increase in the
children’s body sway since the postural sway was dependent on the complexity of the visual
task. We found that postural stability decreased as the attentional/cognitive demand required
to perform the oculomotor tasks increased. It played an important role in the regulation of
the postural control and gaze performance of the children. Indeed, our results suggest that
the increase in the cognitive engagement to perform precise gaze shifts, along with the
challenge imposed by the basis of support to maintain the upright position, exceeded the
capacity limits of the CNS, which presumably reduced the efficacy of the efferent
mechanisms (efference copy and re-afferences)? in improving the children’s postural
stabilization.®!3 These findings are in line with other studies that had already demonstrated
an interaction between the complexity of the postural and visual tasks and their effects on
children and young adults' postural sway and gaze performance.?1021

Studies have shown that the programming and execution of eye movements and
fine-tuning the postural adjustments while individuals are performing difficult visual and
postural tasks require attentional resources, and it seems to result in more robust brain
activation.!22 For instance, cortical activations suggesting higher control has been shown
during tandem versus standard Romberg tasks,?3 and it appears to deteriorate the
performance of a spatial working memory task.2* In the present study, the visual searching
task required working memory and planned eye movements (gaze fixation and saccades) to
locate the images' changes, increasing the demand for attention. This reflected in an
increase of the body sway in children, differently at AP and ML axes, indicating that
perturbation direction due to the basis of support interacts with the eye movements effect on
the postural stability of children.?

Luna et al.5 reported that the ability to make memory-guided saccades appears to
develop around mid-adolescence and continues into adulthood. In line with these results,
we have found differences between children aged 9 to 11 years and young adults in the gaze
performance. Children presented a lower number of fixations in the free-viewing and visual
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searching tasks than young adults. Young adults increased the number of fixations
according to the visual task complexity (visual searching > free-viewing > stationary gaze).
However, children showed such an increase only between visual searching and stationary
gaze task. On the other hand, children presented a higher number of fixations during the
stationary gaze task indicating a less stable gaze behavior in this condition compared to
young adults. Moreover, children moved their eyes less often towards the AOls than young
adults, regardless of whether they were looking at bottom-up and top-down features. These
results indicate an immaturity of the oculomotor system of children to efficiently control the
eyes under unrestricted gaze conditions. Therefore, age-related changes in postural and
oculomotor control systems seem to interfere in a more effective eye-posture relation in
children.

Our study presents some limitations. First, we instructed the participants to remain
upright as still as possible in a challenging stance and visually explore an image with eyes-
only without moving the head. However, we did not measure head movements during visual
tasks. Although our COP measures are consistent with other studies, it would be interesting
to evaluate the magnitude of the head movements and investigate whether changes in COP
displacement are consistent with changes in head motion during unrestricted gaze behavior.
It could also help to explain the differences in postural performance and gaze behavior
between children and young adults. Second, we did not randomize the order of visual tasks.
Randomization of the trial order would require different images during the free-viewing and
visual searching tasks. To avoid choosing images with different levels of complexity (bottom-
up and top-down influences), which itself might change the eye movements consistency in
young adults and children' and interfere in the postural stabilization, we chose to keep the
order of the trials for all participants. Besides that, there was a dependency between the
free-viewing and visual searching tasks regarding the memory requirements. Our results
regarding these aspects should be interpreted with caution.

CONCLUSION

In conclusion, our findings showed that eye movements during visual searching
decrease children’s postural stability. In particular, the greater the attentional/cognitive
demand, the greater the CoP displacement. Interestingly, the challenging basis of support
modulated the visual task effect on the body sway at the perturbation direction (e.g., ML). It
suggests that a functional interaction between the oculomotor system and the postural
control system is not yet developed at 9 to 11 years old. In everyday life, moving the eyes
to relevant aspects of the environment while standing in different stances is crucial to the
success of many motor tasks. Therefore, children must develop the ability to modulate eyes
and body movements relative to each other according to each task's demands (postural and
visual) to achieve an adult-like eye-posture relation. Future studies should manipulate other
combinations between visual and postural tasks to better understand the relationship
between eye movements and posture in children.
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