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Abstract

Previous works usually report greater postural stability in precise visual tasks (e.g., gaze-shift

tasks) than in stationary-gaze tasks. However, existing cognitive models do not fully support these

results as they assume that performing an attention-demanding task while standing would alter

postural stability because of the competition of attention between the tasks. Contrary to these cog-

nitive models, attentional resources may increase to create a synergy between visual and postural

brain processes to perform precise oculomotor behaviors. To test this hypothesis, we investigated

a difficult searching task and a control free-viewing task. The precise visual task required the 16

young participants to find a target in densely furnished images. The free-viewing task consisted of

looking at similar images without searching anything. As expected, the participants exhibited sig-

nificantly lower body displacements (linear, angular) and a significantly higher cognitive workload

in the precise visual task than in the free-viewing task. Most important, our exploration showed

functional synergies between visual and postural processes in the searching task, that is, significant

negative relationships showing lower head and neck displacements to reach more expended zones

of fixation. These functional synergies seemed to involve a greater attentional demand because

they were not significant anymore when the cognitive workload was controlled (partial correla-

tions). In the free-viewing task, only significant positive relationships were found and they did not

involve any change in cognitive workload. An alternative cognitive model and its potential sub-

tended neuroscientific circuit are proposed to explain the supposedly cognitively grounded func-

tional nature of vision–posture synergies in precise visual tasks.
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1. Introduction

One characteristic of upright stance is continuous body oscillation even when individu-

als try to be as steady as possible (Reynolds, 2010; Zok, Mazz�a, & Cappozzo, 2008). The

cognitive demand, or attentional resources, required to control upright standing is usually

studied by comparing center of pressure (COP) and/or body oscillation in single versus

dual tasks (Lacour, Bernard-Demanze, & Dumitrescu, 2008; Woollacott & Shumway-

Cook, 2002). In the single control task, individuals only have to stand as steady as possi-

ble, whereas in dual tasks they have to stand as steady as possible while performing a

secondary task. In existing cognitive models, the performance of postural control and/or

the secondary task is assumed to be lower when the tasks are performed together than

when they are performed individually (Swan, Otani, Loubert, Sheffert, & Dunbar, 2004;

Woollacott & Shumway-Cook, 2002). The model of limited attentional resources (Wool-

lacott & Shumway-Cook, 2002) indeed states that the more difficult the secondary task,

the fewer attentional resources available for the task performance and postural control,

decreasing thereby the task performance and/or postural stability. A more recent model,

the U-shaped nonlinear interaction model (Lacour et al., 2008), nuances such assumption

by incorporating the possibility that an easy secondary task can improve postural stability

(Lacour et al., 2008; Vuillerme & Nafati, 2007). The increase in postural stability during

easy cognitive tasks is assumed to reflect a shift of postural control to subcortical struc-

tures so that upright stance can be controlled more automatically, hence leaving free

attentional resources to succeed in postural control and to perform the secondary task

(Lacour et al., 2008). Nonetheless, both models should predict that (very) difficult precise

visual tasks may decrease balance stability compared with the stationary-gaze task

because the central nervous system (CNS) needs to divide attentional resources to per-

form the dual task (by definition, “dual-tasks” refers to a duality to perform two tasks at

the same time). However, previous works unanimously indicate that healthy, young adults

oscillate significantly less when they perform a precise visual task than a control visual

task (Rougier & Garin, 2007; Stoffregen, Hove, Bardy, Riley, & Bonnet, 2007; Uchida,

Hashimoto, Suzuki, Takegami, & Iwase, 1979; White, Post, & Leibowitz, 1980), even

during difficult visual tasks (Mitra, Knight, & Munn, 2013; Stoffregen et al., 2007).

Both purely cognitive models (limited attentional resources and U-shaped nonlinear

interaction models) as well as the ecological (Riccio & Soffregen, 1988) and adaptive

resource-sharing models (Mitra, 2004) are concerned with the understanding of postural

control without taking into account the control of oculomotor behavior. However, one

may assume that when precise gaze shifts have to be performed while maintaining

upright standing, there is a need to coordinate or link oculomotor and postural behaviors.

Indeed, the best programmed saccade alone may not allow the eyes to precisely reach a

target because of inherent postural sway. Also, the best postural stability is useless alone

as it does not move the eyes to reach the target. For these reasons, when precise gaze

shifts have to be performed upright, the CNS may need to link oculomotor and postural

behaviors to succeed. To go even further, negative relationships between oculomotor and
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postural behaviors could be expected in precise visual tasks to show a reduction in postu-

ral sway when individuals need to explore further away. This main hypothesis comes

from the consensus that a decrease in postural sway is assumed as a sign of better postu-

ral stability (Mitra et al., 2013). Indeed, better stability may be required to succeed in the

coordination of visual and postural behaviors. If our main hypothesis were correct, the

synergy between visual and postural processes may be associated with higher cognitive

workload in precise visual tasks. Indeed, synchronous integration of visual and postural

information in a goal-directed manner may require higher cognitive workload than simply

performing visual or postural controls in isolated manners.

The objective of this study was to explore relationships between postural and oculomo-

tor behaviors and related subtended changes in cognitive workload. To this end, a free-

viewing task (looking freely at a picture; control task) and a searching task (trying to

localize a target in a picture; e.g., Kowler, 2011) were performed in this study. The free-

viewing task was considered as a control task because saccades could run randomly on

the image. Supposedly, in the searching task, precise saccades and therefore precise pos-

tural control were required. We expected the participants to be more stable in the search-

ing task than in the free-viewing task (Rougier & Garin, 2007; Stoffregen et al., 2007;

Uchida et al., 1979; White et al., 1980), even though the cognitive workload should be

greater in the first task. Moreover, we expected to find significant negative relationships

between visual and postural behaviors in the searching task, supporting the rationale that

postural sway should be more constrained in precise visual tasks to allow precise oculo-

motor behaviors in a larger visual field. The expected negative relationships should

involve higher attentional resources of the CNS, meaning that they would not be signifi-

cant anymore if the cognitive workload was controlled. Instead, in the control free-view-

ing task, significant relationships between visual and postural behaviors may be mostly

positive, showing that larger visual explorations would lead to larger postural sway, first

because there would be no need to over restrain postural sway to succeed in random

exploration and second because larger saccades could induce longer time with no visual

information. Indeed, during saccades, the visual system does not pick up any visual infor-

mation (this is usually called the saccadic suppression; Rey, Lê, Bertin, & Kapoula,

2008). Hence, larger saccades in the free-viewing task may destabilize postural control

more than shorter saccades. These findings would emphasize the need of an alternative

model to explain postural control in precise visual tasks.

2. Methods

2.1. The participants

A total of 16 students (4 males, 12 females) from the University of Lille participated

to this study. The mean age, body weight, and height were 21.13 years � 1.31,

60.75 kg � 7.90, and 167.83 m � 6.80, respectively. To be included, the participants’

visual acuity and visual contrast sensitivity had to be high (Armagnac: ≥8.2; Pelli-
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Robson: ≤1.80), either naturally or corrected. The participants were excluded if they had

a history of neurological or musculoskeletal disease, known vestibular problems, recurrent

dizziness, or visual impairment (epilepsy, strabismus, nystagmus, and amblyopia). They

were also excluded if they had a known pathology or a recent surgery (<1 year). The

study was approved by the local ethical committee of our University.

2.2. Apparatus

A dual-top force platform (AMTI, Watertown, MA) was used to record the COP dis-

placement with a sampling frequency of 120 Hz. Two white papers with printed lines

were taped to the platform to mark the normative stance width and angle recommended

by McIlroy and Maki (1997; 17 cm and 14°).
A magnetic tracking system (Polhemus Liberty 240/8-8 System, Colchester, VT) was

used to record head, neck, and lower-back markers with a sampling frequency of 120 Hz.

The markers were positioned at the occiput (head marker, on the headset), at the seventh

cervical vertebra (neck marker), and at the fifth lumbar vertebra (lower-back marker, on a

chest belt).

A head-mounted eye tracker (SensoMotoric Instruments, Teltow, Germany) was used

to record eye motions. The iViewX system recorded the pupil position at a sampling rate

of 50 Hz. The video showed the visual environment and (as a cross) what the right eye

was looking.

All apparatus (platform, magnetic tracking system, and eye tracker) were triggered at

the same time as the image was projected on the display.

To quantify the cognitive workload in each visual task, we used a validated French

version (Cegarra & Morgado, 2009) of the National Aeronotics and Space Administration

Task Load Index (NASA-TLX; Hart & Staveland, 1988) for different reasons. First, this

NASA-TLX has been used in more than 550 studies already in 2006 (Hart, 2006) and

has shown excellent reliability, sensitivity, and utility (Hart, 2006). Second, the cognitive

workload depends on many dimensions (mental demand, physical demand, temporal

demand, own performance, effort, and frustration) and the NASA-TLX is a multidimen-

sional questionnaire owing these dimensions (Hart & Staveland, 1988). Third, Cegarra

and Morgado (2009) explained that the NASA-TLX was more sensitive than other ques-

tionnaires (e.g., Subjective Workload Assessment Technique) to fine variations between

tasks, which is what we needed in our study. Fourth, the NASA-TLX was already used

in the postural control study by Stoffregen et al. (2007).

2.3. Tasks

In all trials, the participants stood at 3.11 m from a display on which the image was

projected during 35 s. We specifically chose to place the participants further than 1.50 m

from the display to avoid the participants to control their posture by use of optic flow,

that is, visible motion of the environment engendered by their own postural sway

(Bonnet, Temprado, & Berton, 2010). Four tasks were assessed: the searching task, the
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free-viewing task, and two additional stationary-gaze tasks (black dot and structured dot

tasks).

In both free-viewing and searching tasks, the participants first had to stare at a black

dot (1° of visual angle) surrounded by an image (Fig. 1B). Once the black dot had disap-

peared (after 5 s), they were invited to freely look anywhere they want on the image

(Fig. 1C). In the searching task, the participants had to specifically locate—that is, search

and find—a target after the black dot had disappeared. Once found, they had to stare at it

for 5 s and then look outside of the image. The structured dot task used the same images

as in the free-viewing task, but the participants had to stare at the black dot during the

full trial (Fig. 1B). In the black dot task, the black dot was surrounded by a white back-

ground (Fig. 1A). The two stationary-gaze tasks were performed to control whether the

structure of the visual layout (black dot vs. structured dot tasks) and the free-viewing

oculomotor behavior (structured dot vs. free-viewing tasks) could alter postural control

and cognitive workload. To better understand the relation between oculomotor and postu-

ral behaviors, task difficulty had to range from very easy to very difficult. For this pur-

pose, we decided to use a game for children called “o�u est Charlie?” in France or “where

is Waldo” in the United States of America or “where is Wally” in the United Kingdom

(published in a cartoon book; collection: Charlie; Author: Martin Handford) as the diffi-

cult task. The game consists of trying to locate where the little personage “Charlie” in

the image is.

Four images were used in the free-viewing task and four other images were used in

the searching task to avoid the participants using the same visual scan path from one trial

to another (Norton & Stark, 1971). Using different images in the free-viewing and

Fig. 1. (A) Representation of the black dot task in which the participants looked at the dot (1°) surrounded
by a white circle (22°) during the trial. (B) This image can represent the structured dot, free-viewing, or

searching tasks. The participants had to look at the dot either during the full trial in the structured dot task,

or only for the 5 initial seconds in the free-viewing and searching tasks. When the dot disappeared in the

free-viewing and searching tasks, the participants could freely look at the picture for the 30 last seconds of

the trial when the dot had disappeared. They had to search where the personage Charlie was located in that

image only in the searching task. (C) This is another image showed to the participants, but this time during

the last 30 s of a trial (in the free-viewing or searching tasks).
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searching tasks, however, may influence postural and oculomotor behaviors due to image

characteristics. To control and avoid this spurious main effect of image, we run the par-

ticipants per couple (participants a and b). The participant (a) watched images 1–4 in the

free-viewing task and images 5–8 in the searching task, and the participant (b) watched

images 5–8 in the free-viewing task and images 1–4 in the searching task. Consequently,

the eight images were watched both in the searching and free-viewing tasks by partici-

pants (a) and (b). Furthermore, Charlie was present in the image only half the time (twice

in images 1–4 and twice in images 5–8). Such a procedure allowed for recording 35 s of

data in half trials in the searching task.

One methodological constraint was that the participants should not move any part

of their body to perform any task. Otherwise, showing greater COP and/or markers of

body segment displacements in one task relative to the other task(s) may simply be

due to body motion to perform the task. If, for example, the participants had to look

at a big panel (e.g., 90° horizontally and 90° vertically) in a precise visual task ver-

sus at a black dot, the participants would surely move their head and body segments

in the precise visual task but not in the stationary-gaze task, hence creating a con-

founding variable. An ideal paradigm would have used images projected within 15°
because they only require eye motion (Hallett, 1986). However, we decided to use a

visual angle of 22° because we were unable to find any image sufficiently furnished

to create a difficult searching task with a visual angle below 15°. Below 15°, the

searched target was too quickly and easily found, whatever the chosen image. To

insure that the participants did not turn or move their head, we requested them to be

as steady as possible during trials. In all trials, the participants were told to hold the

hands by their side of the body.

2.4. Procedure

Once they had signed the information and consent forms, the participants were

invited to read and understand the French version of the NASA-TLX (Cegarra & Mor-

gado, 2009). After calibration of the devices, the participants took their shoes off and

put their feet at the standardized locations on the platform. The light of the experimen-

tal room was turned off during all recorded trials so that the participants could clearly

see the image. The four tasks were run one after another, by block of four trials. This

procedure was necessary to fill the NASA-TLX after each task, as recommended by

Hart (2006). The four trials in the free-viewing task were performed before the four tri-

als in the searching task to avoid the participants to search for Charlie—even uncon-

sciously—in the free-viewing task (cf., Norton & Stark, 1971). The two control

stationary-gaze tasks were randomly assigned, before, between, or after the free-viewing

and searching tasks.

After the free-viewing task was performed, the participants were asked whether they

knew and recognized the Charlie game and, if yes, whether they had searched for Charlie

during one or several trials in that task. If they knew the game but had not searched for

Charlie, the trials were considered for analyses.
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Before beginning the first trial in the searching task, the experimenter showed to

the participants what the personage (Charlie) looked like (a printed image with the

entire personage). Also, two pretrials were run in which Charlie was (a) easy to find

and (b) hard to find, to check if the participants were able to comply with instruc-

tions. After finishing each trial in the searching task, the experimenter asked the par-

ticipant the yes/no question of whether they had found Charlie. If yes, then they were

asked the confidence score they had about their performance (from 1 to 5; 1 being

the lower score).

2.5. Dependent variables and analyses

2.5.1. NASA-TLX
After each task, the subjective cognitive workload was assessed with the global measure of

workload in the NASA-TLX (Cegarra &Morgado, 2009; Hart & Staveland, 1988).

2.5.2. Visual performance and oculomotor behavior
To describe the visual performance in the searching task, we analyzed failure/suc-

cess at the task, the time spent to find the target, and the confidence score. A failure

was counted when the participants did not find Charlie when it was present in the

image, whereas a wrong finding was counted when the participants considered that

they found Charlie but were wrong. The characteristics of saccades and fixations were

analyzed in both free-viewing and searching tasks. We analyzed the number per trial

and the mean time per trial for both saccades and fixations. For saccades, we also

calculated the mean amplitude of eye motion per trial, the standard deviation (SD)
amplitude of eye motion per trial, and the distance travelled per trial (scan path) in

both left-right and up-down directions. For fixations, we also calculated the SD loca-

tion, that is, whether the fixations were close to each other or spread out. These vari-

ables are classically used in the science of vision (e.g., Castelhano, Mack, &

Henderson, 2009; Kowler, 2011).

2.5.3. Postural behavior
The linear displacement of the postural control system was analyzed in both antero-

posterior (AP) and mediolateral (ML) axes with the maximum excursion or range (R),
SD, and mean velocity (V) of the COP, head, neck, and lower-back displacements. R,
SD, and V are classical linear variables often used in the postural control literature

(Bonnet & Despretz, 2012; Era et al., 2006; Prieto, Myklebust, Hoffmann, Lovett, &

Myklebust, 1996). Noticeably, COP, head, neck, and lower-back linear variables

described COP and body sway in the tasks. The angular displacement (yaw, pitch) of

the head, neck, and lower back was analyzed to verify that the participants did not

rotate their body segments to perform the tasks. Hence, our hypothesis of negative

relationships between postural/COP displacement and eyes displacement in the search-

ing task was concerned with linear postural/COP displacement variables only.
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2.5.4. Preparation of the behavioral data
The first 5 s of data during which the participants looked at the black dot in the four

tasks was not considered for analyses. Behavioral data after Charlie was found in the

searching task were not considered for analyses as well. For adequate comparison

between tasks, the length of the corresponding trials in the three other tasks was adjusted

accordingly (same trial duration analyzed in the four trials). If, for example, Charlie was

found after 20 s in the first trial of the searching task, data from 20 to 35 s in this trial

were deleted and data from 20 to 35 s in the first trial of the three other tasks were also

deleted. Thirdly, trials during which the personage was searched in the free viewing were

not considered for analyses. In fact, three of the sixteen participants searched for the per-

sonage in the four free-viewing trials. The behavioral data in all trials were detrended

(cf., Bonnet, Cherraf, Szaffarczyk, & Rougier, 2014). This procedure (MLsway = detrend

(MLsway); APsway = detrend(APsway)) led the principal component of displacement to

be flat in each trial, reducing thereby the influence of change in body orientation on the

characteristics of COP and head, neck, and lower-back body displacement. For control

purposes, the mean position of the COP and markers (not detrended this time) was ana-

lyzed to check any change in body orientation between tasks (cf., Bonnet, Morio, Szaffar-

czyk, & Rougier, 2014; Tarantola, Nardone, Tacclini, & Schieppati, 1997).

2.6. Statistical analysis

The mean of the four trials per task for each postural behavior variable was used for

analysis. All variables for the postural behavior, the oculomotor behavior, and the cogni-

tive workload exhibited normal distribution, homogeneity of variance, and no outlier.

Therefore, repeated measure ANOVAs and post hoc Newman–Keuls tests were used to

compare these dependent variables. These analyses were performed at p < .05. Pearson’s

correlations were used to study significant relationships between postural and oculomotor

behaviors in the free-viewing and searching tasks separately. We tested all combinations

of postural and oculomotor variables in these correlations because our analyses were

mostly exploratory. Partial correlations were also used to control the effect of the cogni-

tive workload on the significant relationships. To be clear, these partial correlations were

performed on all significant relations between visual and postural variables to control—or

withdraw—the contribution that the cognitive workload could have on these relations. All

these correlations were performed on the average amount of variability of both behaviors

throughout each trial (Pearson’s correlations, partial correlations) and not on the full-time

series (no cross-correlation). All these correlation analyses were performed at p < .01

(Bonferroni correction for multiple uses of the dependent variables). Pearson’s correlation

(a) between oculomotor behaviors and cognitive workload and (b) between postural

behaviors and cognitive workload were not investigated because our study did not test

whether individual changes—either visual or postural—could be due to a change in cog-

nitive workload. Our interest was to test relationships between oculomotor and postural

behaviors that could be explained by a change in cognitive workload.
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3. Results

3.1. Visual task performance

During the searching task, six participants never found Charlie and one of these partic-

ipants even made one mistake in one trial (wrong finding). Eight participants found Char-

lie once but two of these participants performed one mistake in another trial. The last

two participants found the two Charlies and performed no mistake otherwise. Overall,

Charlie was accurately found 37.5% of the time (12/32) with a mean confidence score of

4.2 � 1.3 and mistakably found 9.4% of the time (3/32) with a mean confidence score of

2.3 � 0.6. The time spent to find the personage was on average shorter for good finding

(14.3 � 8.6 s) than for wrong finding (23.0 � 3.0 s).

3.2. NASA-TLX score

The ANOVA showed a significant main effect of task for the global score of the NASA-

TLX (F(3, 45) = 11.87, p < .05; Fig. 2), with a significantly lower score in the free-

viewing task than in the three other tasks and a significantly higher score in the searching

task than in the three other tasks (p < .05).

3.3. Difference in COP and body segment behaviors between the four visual tasks

The significant findings are presented in Table 1. The R and SD linear displacements

and yaw angular displacement were significantly lower in the searching task than in the

three other tasks (p < .05), for COP, lower-back, neck, and head variables in both the AP

Fig. 2. A significant main effect of task for the global score in the NASA-TLX. The four tasks are the black

dot stationary-gaze, the structured dot stationary-gaze, the free-viewing, and the searching tasks. The defini-

tion of these tasks is discussed in the text. The global score was significantly higher in the searching task

than in the three other tasks as indicated by the “+” sign. It was also significantly lower in the free-viewing

task than in the three other tasks as indicated by the “�” sign. Error bars represent the standard error of the

mean. p < .05.
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and the ML axes. Fig. 3, for example, shows that the lower-back range of AP displace-

ment was lower in the searching task than in the three other tasks. In contrast, analyses

of the mean position of COP and body segment failed to demonstrate any significant dif-

ference between tasks (F(3, 36) < 2.08, p > .05). Hence, the participants stood upright in

the same way in the four tasks.

3.4. Difference in oculomotor behavior between the four visual tasks

In the comparison between the free-viewing and searching tasks, the analyses did not

show any significant difference in oculomotor behavior, both for characteristics of fixa-

tion and saccade (Fs(1, 13) < 2.55, p > .05). In both free-viewing and searching tasks,

the eyes were required to move < 22° and this very limited zone of exploration may have

limited—eliminated—task-dependent differences in oculomotor behavior.

3.5. Correlation analyses between oculomotor and postural behaviors

The significant relationships between COP, head, neck, lower-back linear displace-

ments and oculomotor displacements in the free-viewing and searching tasks are reported

in Table 2. Significant negative relationships were only found in the searching task,

whereas significant positive relationships were only found in the free-viewing task. In the

four negative relationships, lower mean variability of head and neck AP displacements

was significantly associated with more expended mean variability of visual exploration in

the left-right direction. In contrast, in the four positive relationships, higher R and SD of

ML COP displacements were significantly associated with greater path length of succes-

sive saccades in the left-right direction.

When controlling for the influence of the cognitive workload on the significant rela-

tionships between visual and postural behaviors (partial correlations), none of the

Fig. 3. A significant main effect of task in the ANOVA for the range of the lower-back displacement in the

anteroposterior (RAP) axis. The four tasks are the black dot stationary-gaze, the structured dot stationary-gaze,

the free-viewing, and the searching tasks. The definition of these tasks is discussed in the text. The range of

the lower-back displacement in the AP axis was significantly lower in the searching task than in the three

other tasks as indicated by the “�” sign (post hoc Newman–Keuls tests). Error bars represent the standard

error of the mean. p < .05.
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relationships remained significant for the searching task. In contrast, for the free-viewing

task, taking into account the cognitive workload did not influence the relationships

between vision and posture (they were still significant).

3.6. Control analyses

In the searching task, the trial was finished once Charlie was found and not at the end

of the 35 s. Although the length of time series was equivalent in the four tasks (see Sec-

tion 2), the trials in each task did not always have the same length of data. In the postural

control literature, we are not aware of any study that used such a procedure to compute

the dependent variables. This is one methodological issue of performing the searching

task because the trial stopped once the target was found. In our method, two of the four

trials in the searching task did not display the little personage. These trials lasted as long

as the trials in the three other tasks (35 s). For control purposes, ANOVAs of COP, head,

neck, and lower back were performed again, but the means of the searching task were

calculated only based on these two trials. Overall, seven of the eleven significant findings

in Table 1 were still significant (p < .05). The ANOVA for the four other relationships

(COP RAP, head RML, neck RML, and lower-back SDML) was only marginally significant

(.05 < p < .08). In conclusion, our way to prepare the dependent variables allowed to

have more power (four trials instead of only two) but did not bias the trends of the result.

4. Discussion

In this study, we introduced the possibility that oculomotor and postural control may

be functionally related in a challenging precise visual task but not in a control free-

Table 2

Significant relationships (Pearson’s correlations) between oculomotor behaviors and linear displacement of

the center of pressure (COP), head, neck, and lower back

Saccades Fixations

Searching and head

displacement

SD left-right of fixation and

RAP (r = �.80) and SDAP (r = �.79)

Searching and neck

displacement

SD left-right of fixation and

RAP (r = �.76) and SDAP (r = �.75)

Free-viewing and COP

displacement

Scan path of saccades left-right and

RML (r = .80), SDML (r = .82)

Free-viewing and back

displacement

Scan path of saccades left-right and

RML (r = .69), SDML (r = .72)

Note. For the oculomotor behavior, the dependent variables were related to saccades (number, path) and

to fixations (path, mean, and standard deviation amplitude (SD)) in the left-right and up-down directions. For

the body displacement, the dependent variables were the range amplitude (R), SD, and mean velocity (V) in
the mediolateral (ML) and anteroposterior (AP) axes. The relationships were all significant at p < .01. Non-

significant relationships are not reported in this table.
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viewing task. The results showed significantly lower COP and body displacements in the

searching task than in the three other tasks and significantly greater cognitive workload.

Most important, our exploration of data showed negative vision–posture linear relation-

ships between visual and postural behaviors only in the searching task, suggesting that

postural stability was improved to perform precise gaze shifts in this challenging precise

visual task. The functional nature of these vision–posture synergies in precise visual tasks

and the greater implication of the CNS to facilitate these synergies are discussed below.

4.1. Basis of the results

Our results demonstrated that the participants exhibited lower amplitude of COP, head,

neck, and lower-back sway in the AP and the ML axes in the searching task compared

with the three other tasks (Table 1). These results confirmed previous work reporting

reduction of COP and/or body motions in a precise visual task compared to a control task

(Bonnet et al., 2010; Giveans, Yoshida, Bardy, Riley, & Stoffregen, 2011; Legrand et al.,

2013; Rodrigues et al., 2013; Rougier & Garin, 2007; Stoffregen et al., 2007; White

et al., 1980). Our results even extend the literature reports because we used a very diffi-

cult precise visual task with free oculomotor behaviors. The difficulty of the precise

visual task was confirmed by the fact that Charlie was found only 37.5% of the time and

the participants were even not entirely sure of their accuracy (4.17 � 1.34). In the litera-

ture, the most difficult precise visual tasks published were easier, with 87% and 75–83%
of good performance in Stoffregen et al. (2007) and in Mitra et al. (2013), respectively.

Our paradigm controlled the role of optic flow (structured dot vs. black dot) and eye

motions (free viewing vs. structured dot) as potential causes of changes in postural con-

trol. Overall, the study clearly showed that the reduction in postural sway in the searching

task was related to the task of actively moving the eyes on the image and was not caused

by any other reason. Indeed, there was no significant difference in COP and head, neck,

and lower-back displacements between the free-viewing and both stationary-gaze tasks.

4.2. A functional synergy between visual and postural processes in precise visual tasks

Original relationships between visual and postural variables were observed in both

free-viewing and searching tasks. The results showed significant negative relationships

only in the searching task for AP displacements of the head and neck (Table 2). These

negative relationships seemed functional as individuals swayed less to explore further,

and still accurately. Individuals even swayed significantly less in the precise visual task

than in the free-viewing task (Table 1) and lower postural/COP displacement is generally

assumed as a sign of better postural stability (Mitra et al., 2013). Remarkably, significant

relationships between oculomotor and postural variables only involved characteristics of

fixation in the precise visual task, and fixations usually serve to improve encoding of dif-

ferent objects/personages (Castelhano et al., 2009), which is relevant in the searching

task. The significant negative relationships between oculomotor and postural variables

were consistent with the idea that when stable fixation takes high priority, participants
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make slower and smaller amplitude of head movements during a sequential gaze-shift

task (Epelboim, 1998). These relationships also logically involved even more the CNS

because they required an increased in cognitive workload to exist. Indeed, the same nega-

tive relationships were not significant anymore when the cognitive workload was con-

trolled (partial correlations). In other words, if the CNS had not increased its cognitive

workload (Fig. 2), there may not have been any significant relationships between oculo-

motor and postural behaviors. In the free-viewing task, the positive relationships seemed

more instability related as individuals exhibited more ML COP and ML lower-back sway

when they performed saccades—not fixations—further away (Table 2). On one hand, sac-

cades are not known to encode or facilitate the identification of objects or personages,

but they serve to displace the eyes on region of interest before identification can take

place. No visual information is picked up during saccades (Rey et al., 2008), and this

argument may explain why larger saccades led to larger COP displacements during the

free-viewing task (Table 2). We need to add that the participants did not need to overcon-

strain their postural stability in the free-viewing task because their eyes did not have to

reach any specific target. Their postural control system could be relaxed and therefore

more easily affected by any kind of perturbation (the saccadic suppression being one of

them). On the other hand, greater postural/COP displacement is generally assumed as a

sign of postural instability (Mitra et al., 2013). Moreover, these positive relationships did

not involve greater implication of the CNS (see partial correlations). Overall, the results

confirmed our main hypothesis.

4.3. Insufficiency of the existing models to explain our results

The basis of the existing cognitive models (limited attentional resources and U-shaped

nonlinear interaction models) is that the CNS is limited in attentional resources. There-

fore, the simple act of performing a secondary task may lead to postural instability if that

secondary task is sufficiently hard (Lacour et al., 2008; Woollacott & Shumway-Cook,

2002). A secondary task may be expected to improve postural stability only if the task is

very easy in the U-shaped nonlinear interaction model. In our study, the precise visual

task was very hard, as shown by the visual task performance and the cognitive workload

(Fig. 2), and it led to better postural stability (Table 1). Hence, these two cognitive mod-

els may not explain our results in COP and body (head, neck, and lower back) linear dis-

placements. In other words, the concept of division of attention or duality of tasks may

not be appropriate in the context of precise visual tasks.

In contrast, the ecological model of postural control claims that postural control should

facilitate the performance of other goals, that is, visual performance (e.g., Stoffregen

et al., 2007). The results of our ANOVAs with COP, head, neck, and lower-back displace-

ments could thus validate this model. Indeed, they showed that the participants oscillated

and rotated their body significantly less in the searching task than in the free-viewing task

(Fig. 3, Table 1). However, the ecological model may be insufficient to explain our

results. Indeed, it would have predicted only our results in postural control. This model is

not concerned with relationships between oculomotor and postural variables as it does not
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suggest hypotheses on characteristics of oculomotor behavior (saccades, fixations). Also,

it would not have predicted that greater cognitive workload is associated with lesser body

sway. Exactly as the ecological or cognitive existing models, Mitra’s model (2004), com-

bining both ecological and cognitive arguments, may also be insufficient to explain our

results. Indeed, Mitra’s model (2004) is concerned with postural control as such and not

with visual control (saccades, fixations) or relationships between postural and visual vari-

ables. It would not have predicted any change in vision–posture relationships between the

free-viewing and searching tasks.

4.4. Proposition of a new model to explain postural control in precise visual tasks

The present results suggest that the CNS needs to create a synergy between visual and

postural variables, that is, a vision-posture link, to succeed in precise visual tasks. The

CNS would not decrease COP and body displacements as a main goal, but it would

adjust postural behaviors in relation to oculomotor behaviors. It could be assumed that

lower COP and body displacements are mostly a facilitatory aspect of the vision–posture
synergy, not a goal by itself.

Our results suggest that the posture–vision synergy involved greater implication of the

CNS for two reasons. First, the cognitive workload was significantly greater in the searching

task than in the three other tasks (Fig. 2). Second, negative vision–posture relationships

were significant in the searching task but not in the free-viewing task. Our analyses with par-

tial correlations showed that without an increase in cognitive workload, that is, without a

greater implication of the CNS, there would not have been any significant vision–posture
synergy in the searching task. Indeed, when the role of the CNS was kept constant, there

was no significant negative relationship between oculomotor and postural behaviors in pre-

cise visual tasks anymore. Instead, in the free-viewing task, there was no need for the partic-

ipants to link oculomotor and postural behaviors because gaze shifts could be performed

randomly on the pictures. For this reason, only positive relationships were found significant

between visual and postural behaviors, potentially showing a sign of postural destabiliza-

tion. This is the basis of a cognitive functional synergetic model of postural control. Further

investigations are required to assess the strengths and weaknesses of this new model.

The frontal cortex may play an important role in the emergence of functional synergies

between visual and postural systems in precise visual tasks. Indeed, the frontal cortex is

known to perform attentional modulations of brain activation (Milham, Banich, Claus, &

Cohen, 2003), and it is involved in the control of higher-order oculomotor (voluntary

intentional saccades; Goldberg, Bisley, Powell, & Gottlieb, 2006) and postural behaviors

(postural control in challenging tasks; Mihara, Miyai, Hatakenaka, Kubota, & Sakoda,

2008). Remarkably, the frontal cortex is strongly connected to the parietal cortex because

both structures share similar properties and work together through their association path-

ways (Andersen & Cui, 2009) in the so-called fronto-parietal circuit (Milham et al.,

2003). Supposedly, in the free-viewing task, there would be no need for the prefrontal

cortex to be more activated than usual and therefore to functionally link the visual and

postural systems. Conversely in the searching task, and through the fronto-parietal circuit,
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the frontal cortex could (a) perform goal-directed voluntary saccades, (b) modulate the

activation of reflexive saccades as it is strongly connected to the parietal eye-field (Gay-

mard, Lynch, Ploner, Condy, & Rivaud-P�echoux, 2003), and (c) modulate the activation

of area 5, which is an association area (Cui, 2014) integrating signals from the

somatosensory system and involved in posture (Sakata, Takaoka, Kawarasaki, & Shibu-

tani, 1973). In the searching task, the visual and postural systems may be linked to each

other in both parietal eye field and area 5 because area 5 is known to integrate the visual

goals in the specific task of reaching (Cui, 2014; Shi, Apker, & Buneo, 2013). All these

ideas are inferences for a potential neuroscientific circuit specific to the searching task

and to the vision–posture synergy. Future studies will need to verify these inferences.

4.5. Limitations and conclusion

We need to mention that our results are limited to healthy, young adults and cannot be

generalized to other individuals yet. Another limitation is that images showed to the par-

ticipants were not representative of everyday activities. Future studies with images of the

real world should be conducted. Also, future studies should examine the unexpected find-

ing that the cognitive workload was significantly lower in the free-viewing task than in

the two stationary-gaze tasks. Figure 2 indeed showed that the task of looking at a black

dot was actually cognitively demanding, although it is usually assumed, as a control task,

to be the simplest task (Wulf, 2007).

In conclusion, visual and postural behaviors seemed to be functionally and cognitively

linked in the challenging searching task. The visual–postural synergy was not functionally

and cognitively linked in the easy free-viewing task. We conclude that the CNS may be

more engaged to perform a goal-directed visual–postural control in precise visual tasks

than in the control free-viewing task. In future studies, new relationships between visual

and postural variables should be investigated to better build the functional synergistic

model of postural control. Some other analyses could be tested to validate the existence

of these synergies. Instead of testing linear variables describing the variability of body

and eye motions, future studies could investigate nonlinear variables. They could use the

Recurrence Quantification Analysis with variables such as percent recur, percent deter-

minism, entropy, trend, or use the Detrended Fluctuation Analysis and Fractal Analysis to

study the stochastic versus deterministic structures of the time series and/or the behavioral

flexibility versus rigidity of the system. Instead of testing relationships on summary statis-

tics for both visual and postural variables, future studies could also use cross-correlations

to test relationships between both visual and postural time-dependent structures (they

could even use the Cross Recurrence Quantification Analysis). Another way to test syn-

ergies between visual and postural variables may be to analyze dimensional compression

and reciprocal compensation, by means of the Principal Component Analysis and Uncon-

trolled Manifold Approach, as suggested by Riley, Richardson, Shockley, and Ramenzoni

(2011). In brief, there are many ways to discover vision–posture synergies in precise

visual tasks in this new—exploratory—field of research.
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