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We studied relations between eye movements and postural control. In two experi-
ments, participants were asked to shift gaze to follow horizontal oscillation of visual
targets. Postural sway variability was reduced during target oscillation, relative to
sway with a stationary target. Target displacement amplitude was within the range
that normally does not elicit head rotation, and measured head rotation did not in-
crease during target motion. Eye movements made when the eyes were closed did not
yield a reduction in body sway (relative to sway when the closed eyes were station-
ary). The amplitude and frequency of eye movements matched the amplitude and
frequency of target motion. The results undermine the view that eye movements and
postural control compete for limited central processing resources, and document a
functional integration of postural control with visual performance.

Tasks or behavioral goals that are superordinate to the control of posture may be
termed suprapostural tasks (Stoffregen, Pagulayan, Bardy, & Hettinger, 2000;
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Stoffregen, Smart, Bardy, & Pagulayan, 1999). Suprapostural tasks and postural
control are defined and evaluated in qualitatively different terms. For example,
reading is not evaluated in terms of the position or motion of the body’s center of
mass, the minimization of global optical flow, and so on. Body sway can influence
performance at some suprapostural tasks (e.g., uncontrolled sway can interfere
with reading), but performance of suprapostural tasks is measured in different
terms (e.g., reading rate or comprehension). In general, values of postural parame-
ters are not informative about suprapostural task performance. For example, a large
excursion of the center of mass might degrade visual performance (e.g., if the per-
son began to fall over), but it could facilitate visual performance (e.g., if the person
leaned to bring the eyes closer to a visual target).

It is widely understood that suprapostural activity can influence the control of
stance (e.g., Bernstein, 1996; Jeka, 1995; Newell, 1986; Reed, 1988; Slijper &
Latash, 2000; Woollacott & Shumway-Cook, 2002). This effect typically is attrib-
uted to one of two causes. Many suprapostural activities involve motions of the
body or its parts such as occur in reaching, walking, and so on. In such cases,
suprapostural activity will influence posture because these suprapostural activities
tend to affect the position or motion of the center of mass (e.g., Commissaris &
Toussaint, 1997; Friedli, Hallett, & Simon, 1984; Lee, 1980; Slijper & Latash,
2000). Perturbations of the center of mass are thought to have a direct influence on
postural control (e.g., Giese, Dijkstra, Schöner, & Gielen, 1996; Nashner &
McCollum, 1985).

Posture can be influenced even when suprapostural activity does not perturb the
centerofmass.Posturalcontrol is influencedbytasks, suchasvisual search,verbal re-
action time, and mental arithmetic, that appear to have no mechanical influence on
the position or motion of the center of mass (e.g., Dault, Geurts, Mulder, & Duygens,
2001; Hunter & Hoffman, 2001; Kerr, Condon, & McDonald, 1985; Maylor &
Wing, 1996; Stoffregen et al., 2000; Stoffregen et al., 1999; Teasdale, Bard, LaRue, &
Fleury, 1993). Effects of this kind have often been interpreted in terms of cognitive
processes such as the allocation of central processing resources (for a review, see
Woollacott & Shumway-Cook, 2002). An alternative interpretation is that posture
mightbecontrolled, inpart, soas to facilitateperformanceof suprapostural tasks that
make demands on perceptual performance (Riccio & Stoffregen, 1988), such as
touching (Riley, Stoffregen, Grocki, & Turvey, 1999) and looking (Stoffregen et al.,
2000; Stoffregen et al., 1999). In this study we evaluated the hypothesis that postural
control might be modulated adaptively to facilitate changes in the direction of gaze.
Our results suggest thatpostural controlactionscanbetunedto facilitate thecontrol
of changes in the direction of gaze.

In this article we distinguish between saccadic eye movements that are visually
guided (i.e., saccades whose success is evaluated in terms of their tendency to
maintain or improve the visibility of objects and events in the environment) and
those that do not depend on visual guidance (e.g., saccades made in the dark or
with the eyes closed). Visually guided eye movements are used to change the direc-
tion of gaze or to shift gaze. Gaze shifts can be accomplished by visually guided eye
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movements, by visually guided head movements (rotations), or by a combination
of these. When the angular change in the direction of gaze is less than 15°, shifts in
gaze commonly are achieved without rotation of the head, using only visually
guided saccades (Hallet, 1986). In our experiments experimentally induced shifts
in gaze were always less than 15°. For this reason, in this article the terms changes in
the direction of gaze, shifts in gaze, and visually guided eye movements are equivalent.

CENTRAL COMPETITION OR FUNCTIONAL
INTEGRATION?

A substantial literature has grown up around the idea that there may be important
relations between the control of posture and the execution of simultaneous
suprapostural tasks. In the typical paradigm, experimenters measure body sway
while standing participants perform a suprapostural task. Sway under these condi-
tions is compared with sway observed during “quiet stance,” that is, without an ex-
plicit suprapostural task. Several studies have reported significant increases in
body sway during performance of an explicit suprapostural task, such as visual
matching (Dault et al., 2001), auditory reaction time (e.g., Lajoie, Teasdale, Bard,
& Fleury, 1993), or mental arithmetic (e.g., Maylor & Wing, 1996; Yardley,
Gardner, Leadbetter, & Lavie, 1999). Researchers have concentrated on under-
standing the increase in body sway that sometimes accompanies tasks of this kind.
These effects have often been interpreted in terms of the competitive allocation of
central processing resources to postural and suprapostural activities (e.g., Lajoie et
al., 1993; Teasdale et al., 1993) and more generally, between two tasks being per-
formed simultaneously (e.g., Abernethy, 1988; Navon & Gopher, 1979). The gen-
eral idea is that postural and suprapostural activities constitute separate tasks, each
of which draws on a central pool of cognitive processing resources. This view leads
to the general prediction that combination of postural control with suprapostural
activity should lead to degradation in performance of postural control, of the
suprapostural task, or both.

By contrast, we have argued that postural control can be tuned to support the
achievement of suprapostural activities (Riccio & Stoffregen, 1988; Riley, Mitra,
Stoffregen, & Turvey, 1997; Riley et al., 1999; Stoffregen et al., 2000; Stoffregen et
al., 1999). Our view suggests that, rather than interacting in a competitive manner,
posture and certain types of suprapostural activity can be integrated so that their si-
multaneous performance need not lead to degradation in either and can, in fact,
lead to improved performance. In the next section, we review the empirical basis
for this view.

Postural Stabilization of Visual Performance

Stoffregen et al. (2000) measured postural sway while standing participants per-
formed one of two visual tasks. One group of participants looked at a blank target
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(participants were not asked to maintain fixation on a specific point, and so we re-
fer to this as an inspection task, not a fixation task). A second group of participants
looked at a target covered with text, and were asked to search the text, identifying
and counting instances of a designated target letter. The manipulation of visual
task was crossed with variation in the distance of targets (the visual angle of targets
was held constant across variations in distance). The amplitude of postural sway
was operationalized in terms of the standard deviation of body position. There was
a main effect of suprapostural task on the variability of sway (there was also a main
effect of target distance; cf. Stoffregen et al., 1999). As predicted, during visual
search, the variability of anterior–posterior (AP) sway was significantly lower than
during inspection of the blank targets.

The visual search task used by Stoffregen et al. (2000) required an extended se-
ries of coordinated shifts of gaze (visually guided eye movements), alternating with
brief periods of stationary gaze (fixation). In contrast, the inspection task was toler-
ant of reduced precision in the control of shifting and stationary gaze. Functional
changes in sway might have been organized to facilitate the control of stationary
gaze, of shifting gaze, or both. In this study, we evaluated the hypothesis that body
sway can be modulated to support changes in the direction of gaze. Following our
earlier research (Riccio & Stoffregen, 1988; Riley et al., 1997; Riley et al., 1999;
Stoffregen et al., 2000; Stoffregen et al., 1999), we hypothesized that there would
be a functional relationship between body sway and visually guided eye move-
ments. This is because the accuracy of such movements can be influenced by small
changes in body sway. By contrast, eye movements that are not visually guided
(e.g., eye movements made in the dark, or with eyes closed) are not subject to facil-
itation or disruption by small changes in body sway.

Eye Movements and Body Sway

The finding that body sway is reduced during a visual search task (Stoffregen et al.,
2000) raises the possibility of a functional relation between body sway and eye
movements: During visual search, body sway might be modulated to facilitate eye
movements that shift gaze. Very little existing research is relevant to this issue.
There is a large literature on relations between vision and posture (for partial re-
views, see Warren, 1995, 1998), and there is a large literature on eye movements
(for a review, see Rayner, 1998), but the overlap between these literatures is small.
This is because the majority of studies on eye movements are conducted in the ab-
sence of postural sway, using seated participants who are subjected to head re-
straint (either bite bar or chin rest).1 This means that studies of eye movements
generally have not considered the consequences of body sway. Similarly, studies re-
lating vision to stance generally have not considered eye movements. Some au-
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thors have suggested that visually controlled eye movements may be relevant to
postural control (e.g., Dault et al., 2001), but very few relevant data have been col-
lected.

Of the few studies that have examined eye movements during unrestrained
stance, most are of doubtful relevance to visual guidance of eye movements, due to
the inclusion of nonoptical factors such as inertial stimulation of the vestibular sys-
tem (induced by voluntary head movements; Steinman & Collewijn, 1980; or by
imposed motion of the body; e.g., Welch, Bridgeman, Williams, & Semmler, 1998)
or muscle vibration (Ivanenko, Grasso, & Lacquaniti, 1999). Skavenski, Hansen,
Steinman, and Winterson (1979) studied eye movements and retinal slip during
unrestrained quiet stance. They instructed participants to fixate a stationary target
at optical infinity. Recordings were made of eye and head position, but there was no
measurement of body motion. As noted earlier, the visual search task used by
Stoffregen et al. (2000) required shifts in gaze. However, these shifts were not the
focus of the study, and there was no controlled manipulation of the direction, fre-
quency, or amplitude of gaze shifts.2

Researchers who have addressed relations between eye movements and body
sway have tended to predict that sway should increase during eye movement, rela-
tive to sway when the eyes are stationary. There are two motivations for this pre-
diction. One is based on the idea of between-task competition for limited central
processing resources (Hunter & Hoffman, 2001; Maylor & Wing, 1996; Teasdale
et al., 1993), as discussed earlier. On this view, cognitive resources devoted to the
control of eye movements would not be available for the control of stance. Thus,
we might expect an increase in body sway when people use eye movements to, for
example, track the motion of a visible target.

The second reason that sway might increase during eye movement derives from
the concept of saccadic suppression (Oblak, Gregoric, & Gyergyek, 1985; White,
Post, & Leibowitz, 1980). A large database suggests that the pickup of information
from the optic array is suppressed during saccades. If the pickup of information
from the optic array were suspended during saccades, this would be similar to clos-
ing the eyes for an equivalent period. Generally, sway is greater when the eyes are
closed, relative to when they are open (e.g., Edwards, 1946); hence the prediction
of increased sway during visual activities that require saccades.

We know of four studies that have assessed the effects of eye movements on body
sway. White et al. (1980) argued that saccadic suppression should lead to increased
sway during eye movements. To test this prediction, they instructed participants to
alternate gaze between two target lights that were separated by 4° of horizontal visual
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angle. Participants were required to stand on one leg, and were instructed to fixate
whichever light was illuminated. Three conditions were relevant to this study (in the
other conditions, moving visual scenes were used to simulate the optical conse-
quences of eye movements). In the control condition, only one target light was illu-
minated, producing stationary fixation. In two experimental conditions, the lights
were illuminated alternately at 3 Hz or “aperiodically every few seconds” (p. 622).
The dependent variable was the ratio of the power spectra of body sway in experi-
mental and control conditions. The hypothesis that saccadic suppression would lead
to an increase in body sway when the eyes were moving was not supported; there was
no difference in the power spectra of sway between the fixation and saccade condi-
tions. Postural data were obtained using a force platform; White et al. did not mea-
sure the position or motion of the eyes or head.

Oblak et al. (1985) also hypothesized that saccadic suppression would lead to
increased body sway when the eyes were moving. Standing participants fixated a
stationary target, or used saccades to fixate successively target lights to the left and
right of center, which were illuminated one at a time, alternating at 0.5 Hz. Oblak
et al. used electromyography to confirm that participants executed eye move-
ments, but they did not analyze their eye movement data. Data obtained from a
force platform were used to compute the mean radius of sway (the root mean
square of deviations from the mean position). The hypothesis that sway would in-
crease during eye movements was not supported. On the contrary, during eye
movements there was a significant reduction in sway, relative to sway during sta-
tionary fixation. This finding is intriguing, but it cannot be taken at face value. The
main reason is that Oblak et al. did not report the distance or separation of the tar-
get lights, or the amplitude of gaze shifts required to change fixation between
lights; thus, we do not know whether the required gaze shifts tended to elicit head
rotation (they did not measure head rotation). Head rotation is a problem for three
reasons. First, it makes it more difficult to understand the role of eye movements,
per se, in postural control. Second, it tends to introduce nonpostural motion of the
head that complicates interpretation of postural measurements. Third, head rota-
tion may bring into play the so-called vestibulo-ocular reflex (e.g., Steinman &
Collewijn, 1980), which could complicate interpretation of both visual and pos-
tural behavior. For these reasons, and because we were interested in relations be-
tween postural control and eye movements, per se, in this study we used motion
stimuli that typically elicit eye movements without head rotation.

Kikukawa and Taguchi (1985) also found that body sway was decreased during
viewing of a moving visual target (this appeared to be true for healthy participants,
but not for a group of participants with peripheral vestibular disorders). The reduc-
tion in sway appeared to be concentrated in the medio-lateral (ML) sway axis.
Kikukawa and Taguchi recorded motion of the center of pressure (COP) during
stationary fixation, and when participants looked at two targets that were lit alter-
nately. Here again the reduction in body sway during eye movements cannot be
taken at face value, for several reasons. The amplitude of required eye movements
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(20°) was great enough to elicit movements of both the eyes and the head. In addi-
tion, the authors provided no information about the appearance of the visual stim-
uli. They also did not report the number or duration of trials, or inferential statisti-
cal tests on their effects.

HunterandHoffman(2001)measuredbody swaywhenparticipants fixateda sta-
tionarydot, andwhentheywere instructed to shift gazebetweenseveraldots thatap-
peared sequentially in different locations. Hunter and Hoffman measured the posi-
tional variability of the ML component of the COP and found that it was greater in
the sequential condition thanduring stationary fixation.They interpreted this result
in terms of “interference between the processing of visual information for the task
and for the control of posture” (p. 45). However, two aspects of their methodology
raise questions about the generality of their finding. First, they used heel-to-toe
stance; this is not only unrepresentative of ordinary stance, but was also relatively
novel for their participants, possibly requiring novel and inadequately practiced
compensatory strategies. Second and perhaps more important, their eye movement
condition required shifts in gaze of up to 54°. As noted earlier, when gaze is shifted
more than 15°, eye movements typically are supplemented by rotation of the head
(Hallett, 1986). Thus, in Hunter and Hoffman’s study, it is very likely that head
movements were used to fixate the targets (head movements were not measured).
This means that the measured increase in COP variability during eye movements
may have been an artifact of the use of head movements to facilitate shifts in gaze be-
tween the widely spaced targets.

This study differs from previous studies in several respects. To increase represen-
tativeness, stance was bipedal, with the feet side by side rather than heel to toe.
The angular displacement of our moving targets was within the range that nor-
mally elicits shifting of gaze without rotation of the head (White et al., 1980). We
did this because head rotation would tend to alter motion of the torso, which would
complicate our effort to understand relations between eye movements and stance.
Unlike any of the studies reviewed here, we directly measured head motion. This
allowed us to determine whether head rotation was used in the presence of moving
visual targets. We also conducted separate analyses of postural motion in the AP
and ML axes (Hunter & Hoffman, 2001).

Summary and Predictions

If postural control competes with suprapostural activity for limited central process-
ing resources (e.g., Teasdale et al., 1993; Woollacott & Shumway-Cook, 2002),
then there should be degradation in postural control during eye movements that
should be expressed as an increase in body sway (Hunter & Hoffman, 2001). Alter-
natively, if sway is unchanged, then there should be degradation in the accuracy of
eye movements (e.g., relative to eye movements made in the absence of postural
control actions). By contrast, if body sway is modulated to facilitate the achieve-
ment of suprapostural tasks (Stoffregen et al., 2000; Stoffregen et al., 1999), then
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there should be a decrease in sway during visually guided eye movements (relative
to stance during stationary fixation, and relative to stance during eye movements
that are not visually guided), because accurate changes in the direction of gaze are
easier when motion of the head and body is reduced. We assume that more precise
control of the eyes is required to change the direction of gaze than to maintain sta-
tionary fixation. Previous studies have not directly contrasted these competing hy-
potheses and have provided ambiguous or inconsistent results. Critically, previous
research has not adequately controlled for the possible influence of head rotation
on gaze control or on measured body sway.

In these experiments, participants shifted their gaze between target positions,
moved their (closed) eyes in time to a metronome, and held their eyes steady (dur-
ing fixation of a stationary target, or with eyes closed). We predicted that (a) the
amplitude and frequency of eye movements would match the amplitude and fre-
quency of target motion (that is, we predicted that participants would successfully
track the dot), (b) during visually guided eye movements, the variability of body
sway would be reduced (relative to sway during fixation of stationary targets); and
(c) during eye closure, posture would not be influenced by the presence or absence
of eye movements. Previous research relating posture to vision has sometimes
found trial effects (e.g., Pagulayan, Hayes, & Stoffregen, 2001). For this reason, in
this study we analyzed the data for possible trial effects. However, we did not make
any predictions about possible trial effects.

EXPERIMENT 1

There were four conditions in Experiment 1. In the stationary target condition, par-
ticipants were asked to fixate a stationary target for the duration of each trial. In the
moving target condition, two dots appeared on the screen sequentially and partici-
pants were asked to shift their gaze so as to look at whichever dot was visible at any
given moment. We assumed that viewing of the stationary target would require less
precise control of the eyes than viewing of the moving target. On this basis, we pre-
dicted that body sway variability would be reduced in the moving target condition,
relative to sway when the target was stationary. The remaining conditions permitted
us to determine whether any effects of eye movements on stance were related to the
visual guidance of eye movements, or to the physical movement of the eyes, per se. In
the closed moving condition, participants were instructed to engage in oscillatory,
lateral eye movements during eye closure.3 Sway in this condition was compared to a
condition in which the eyes were closed and stationary (closed stationary). When
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the eyes are closed, eye movements are not visually guided, that is, eye movements
are not organized or evaluated with respect to targets in the environment, and so
small variations in body sway should not influence such eye movements. A finding
that body sway was influenced by eye movements during eye closure could under-
mine our assertion that the relation between sway and eye movements is functional.
There was not an obvious reduction in cognitive demand in the eyes-closed condi-
tion.This isbecausewerequiredparticipants tomovetheir eyes in timewithametro-
nome, which constrained the timing (but not the direction or amplitude) of eye
movements. The metronome also had the benefit of ensuring that the frequency of
eye movements was the same in eyes-open and eyes-closed conditions.

Separate measurement of head and torso position permitted us to evaluate sev-
eral hypotheses. First, we could determine whether eye movements influenced
only torso motion or motion of both the torso and head. Second, the collection of
data on head position allowed us to determine whether participants rotated their
heads. Given the small amplitude of gaze change needed, this was unlikely; how-
ever, it was important to evaluate the possibility.

Method

Participants. Fourteen undergraduate students (8 men, 6 women) from the
University of Cincinnati participated in exchange for course credit. Participants re-
ported no history of disease or malfunction of the vestibular apparatus, or of pos-
tural instability, recurrent dizziness, or falls. Due to apparatus constraints, partici-
pant height was limited to a maximum of 183 cm. Height ranged between 157.5 cm
and 183 cm (M = 170 cm). Age ranged from 18 to 29 years (M = 20 years). Three
participants had corrected vision (glasses or contacts). Participants were treated in
accordance with the Ethical Principles of Psychologists and Code of Conduct (Ameri-
can Psychological Association, 1992).

Apparatus. Postural sway was recorded using a 6-df (degrees of freedom) mag-
netic tracking system(FlockofBirds,AscensionTechnologies, Inc.,Burlington,Ver-
mont). One receiver was attached to a bicycle helmet worn by the participant, while
a second receiver was attached to the skin between the shoulders (approximately at
the seventh cervical vertebra) using cloth medical tape. Each receiver was sampled
at25Hz,andthedatawerestoredonacomputer for lateranalysis.Visual stimuliwere
generated using PsyScope (Cohen, MacWhinney, Flatt, & Provost, 1993), and pre-
sented on a Macintosh G3 computer with a 43 cm Apple Studio Display.

Procedure. The experiment was conducted at the University of Cincinnati.
The visual target consisted of a filled red circle on a white background. Luminance
of the background was approximately 108.44 cd/m2, and luminance of the target
was approximately 26.07 cd/m2. The contrast ratio was approximately 1:4. Partici-
pants stood with their eyes 100 cm from the display. At this distance, the target cir-
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cles subtended approximately 1.15° of visual angle. In the stationary target condi-
tion, the visual target appeared in the center of the display and remained there for
the duration of the trial. In the moving target condition, the target was presented
in two positions, alternating between positions at 0.583 Hz to produce apparent
motion. The target first appeared 9.75 cm to the left of the center of the display for
1 sec, at which point it disappeared, reappearing approximately 9.75 cm to the
right of the center of the display, where it was again visible for 1 sec (maximum dis-
placement approximately 19.5 cm, subtending 11° of visual angle in the horizontal
plane). The 11° gaze shifts required in the moving target condition were well
within the range that typically is accomplished with eye movements alone, that is,
without supporting head movements (Hallet, 1986). Participants were shown an
example of the moving target condition to ensure they fully understood the task.

In the third condition (closed moving), participants were instructed to move
their eyes while they were closed. They were asked to move their eyes with the
same amplitude as in the moving target condition (they were allowed to practice
eyes-closed eye movements after viewing the stimulus for the moving target condi-
tion). Eye movements were paced to the sound of a metronome, which emitted a
tone every 1.715 sec. Participants were instructed to move their eyes once at each
tone, so that a full cycle (i.e., two movements) occurred at a frequency of 0.583 Hz.
We sought to reproduce the 0.5 Hz used in previous studies, but 0.583 was the low-
est frequency that our metronome could produce. This fact dictated the frequency
of tones in the closed moving condition and, therefore, in the moving target condi-
tion. In the fourth condition (closed stationary), participants were instructed to
close their eyes but keep them pointing straight ahead.

Each participant performed 12 trials (three in each condition), each of which
lasted 65 sec. Condition order was counterbalanced across participants. Partici-
pants donned the bicycle helmet with the receiver attached to the back of it. An
experimenter attached the second receiver. Participants were asked to stand ap-
proximately 100 cm from the display, with their feet together. The display was ad-
justed so that the top of the screen was approximately level with the participant’s
eyeheight. In all trials, participants were given the option of letting their arms hang
at their sides, putting their hands in their pockets, or holding their hands clasped in
front of or behind them. Whichever position they chose, they were asked to keep
the same position for each trial, and not to move their hands during trials.

In conformity with University of Cincinnati institutional review board require-
ments, participants were required to sit and take a break after the first six experi-
mental trials. This was done to minimize the possibility of fatigue or other adverse
side effects of prolonged stance (Smart, Pagulayan, & Stoffregen, 1998).

Results

The dependent variables were the positional variability of the head and torso in
fore–aft and lateral motion. These were operationalized as the standard deviation
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of the head and torso displacements, analyzed separately for the AP and ML axes.
The independent variable was condition (stationary target, moving target, closed
stationary, closed moving). Separate analyses of variance (ANOVAs) were con-
ducted on AP and ML motion of the head, and on AP and ML motion of the torso.
Summary data (collapsed across trials) are presented in Figure 1. Data from repre-
sentative trials are presented in Figure 2.

Torso ML. The main effect of condition was significant, F(3, 39) = 22.39, p
< .05, partial η2 = 0.63.4 The main effect of trial was not significant, F(2, 26) =
1.36, p > .05, nor was the Condition × Trial interaction, F(6, 78) < 1, ns. Planned
t tests (using a criterion alpha of .0167)5 revealed that there was less variability in
the moving target condition (M = 0.216 cm) than in the stationary target condi-
tion (M = 0.294 cm); t(13) = 4.80, p < .0167, as predicted. There was also less
variability in the moving target condition than in the closed moving condition (M
= 0.385 cm); t(13) = 6.68, p < .0167, as predicted. There was less variability in the
stationary target condition than in the closed stationary condition (M = 0.437
cm); t(13) = 3.64, p < .0167, replicating classical effects (e.g., Edwards, 1946).
Finally, variability in the closed stationary condition did not differ from that in the
closed moving condition, t(13) = 2.05, p > .0167. Thus, the influence of eye
movements on torso motion occurred only when the eyes were open.

Torso AP. The main effect of conditions was significant, F(3, 39) = 34.07, p
< .05, partial η2 = 0.72. The main effect of trial was not significant, F(2, 26) =
2.49, p > .05, but the Trial × Condition interaction was significant, F(6, 78) =
2.39, p < .05, partial η2 = 0.16. The Trial × Condition interaction is illustrated in
Figure 3. The interaction seems to indicate that when the eyes were moving, pos-
tural variability followed an inverted U, being greater in Trial 2 than in Trials 1 and
3. When gaze was stationary, postural variability decreased over trials (when the
eyes were open), or was constant over trials (when the eyes were closed). We did
not predict this interaction, and we do not have a clear interpretation of it.

Planned comparisons on the main effect of conditions revealed that the moving
target condition (M = 0.234 cm) did not differ from the stationary target condi-
tion, M = 0.237 cm, t(13) = 0.165, p > .0167. The moving target condition was
significantly less variable than the closed moving condition, M = 0.337 cm, t(13)
= 6.51, p < .0167, as predicted. The stationary target condition was significantly
less variable than the closed stationary condition, M = 0.363 cm, t(13) = 6.74, p <
.0167, replicating classical effects (e.g., Edwards, 1946; Riley et al., 1997). The
closed stationary condition did not differ from the closed moving condition, t(13)
= 2.28, p > .0167.
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Head ML. The main effect of condition was significant, F(3, 39) = 22.34, p
< .05, partial η2 = 0.63. The main effect of trial was not significant, F(2, 26) =
1.64, p > .05); nor was the Condition × Trial interaction, F(6, 78) < 1, ns.

Planned t tests revealed that, as predicted, variability of head motion during the
moving target condition, M = 0.252 cm, was significantly less than during the sta-
tionary target condition, M = 0.325 cm, t(13) = 3.86, p < .0167. As predicted,
variability of head motion during the moving target condition was significantly less
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FIGURE 1 Means of the positional variability of the head and torso in the AP and ML axes,
Experiment 1. ST = stationary visual target; MT = apparent motion of the visual target at
0.583 Hz; CM = eyes closed with instructions to move the eyes in time with the metronome at
0.583 Hz; CS = eyes closed with instructions to hold the eyes stationary. Error bars represent
the standard error of the mean.
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FIGURE 2 Representative head/torso position data for one participant in Experiment 1.

FIGURE 3 The significant Trial × Condition interaction, Experiment 1.



than during the closed moving condition, M = 0.435 cm, t(13) = 7.08, p < .0167.
In addition, variability of head motion during the stationary target condition was
significantly less than during the closed stationary condition, M = 0.511 cm, t(13)
= 3.82, p < .0167, replicating classical effects (e.g., Edwards, 1946). Finally, ML
head motion during the closed moving condition was not significantly different
than during the closed stationary condition, t(13) = 2.26, p > .0167, confirming
our prediction.

Head AP. The main effect of condition was significant, F(3, 39) = 30.38, p <
.05, partial η2 = 0.70. The main effect of trial was significant, F(2, 26) = 4.07, p <
.05, partial η2 = 0.24, but the Trial × Condition interaction was not significant,
F(6, 78) = 2.09, p > .05. Means and standard deviations for the trials were as fol-
lows: Trial 1, M = 0.81 cm, SD = 0.36 cm; Trial 2, M = 0.92 cm, SD = 0.37 cm;
and Trial 3, M = 0.83 cm, SD = 0.33 cm.

Planned comparisons on the main effect of conditions revealed that AP motion
of the head did not differ during the moving target and stationary target condi-
tions, M = 0.281 and 0.266 cm, respectively; t(13) = 0.575, p > .0167. AP head
motion during the moving target condition was significantly reduced relative to
the closed moving condition, M = 0.389 cm, t(13) = 5.43, p < .0167. During the
stationary target condition, AP head motion was significantly less than during the
closed stationary condition, M = 0.412 cm, t(13) = 7.83, p < .0167, replicating
classical effects (e.g., Edwards, 1946). During the closed stationary condition, AP
head motion did not differ from the closed moving condition, t(13) = 1.95, p >
.0167. Finally, post hoc t tests on the main effect of trial revealed that AP motion of
the head was greater during Trial 2 than during either Trial 1, t(55) = 1.99, p < .05,
or Trial 3, t(55) = 2.18, p < .05. Trials 1 and 3 did not differ, t(55) < 1, ns.

Head rotation. We computed head rotation about the vertical axis. This al-
lowed us to evaluate the possibility that participants used head movements to
maintain gaze on the moving target, rather than (or in addition to) eye move-
ments. Means and standard deviations for the conditions were as follows: station-
ary target, M = 1.08°, SD =1.08°; moving target, M = 1.31°, SD = 1.22°; closed
moving, M = 0.48°, SD = 0.85°; closed stationary, M = 1.24°, SD = 0.45°. An
ANOVA revealed that there was not a significant effect of condition on head rota-
tion around the vertical axis, F(3, 123) < 1, ns.

Discussion

For both the head and torso, sway in the ML axis was reduced when the target
moved, relative to when it was stationary. Sway in the closed moving condition was
less variable than in the closed stationary condition, but this was true only for head
ML. That is, there was an effect on the head, but not on the torso. Variability of
head motion in the moving target condition was less than in the closed moving
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condition, for both head and torso, in both axes. Finally, there was no difference
among conditions in the rotation of the head around its vertical axis.

Postural Stabilization of Visually Guided
Eye Movements

The results from Experiment 1 confirmed most of our predictions. Postural sway
variability in the ML axis was reduced when looking at a moving target, relative to
sway when looking at a stationary target. Experiment 1 provides support for the
claim that the control of posture can be influenced by suprapostural visual tasks.
The purpose of this experiment was to investigate relations between eye move-
ments and body sway under conditions in which other factors, such as target dis-
tance and the cognitive content of tasks were held constant. Together with the
findings of Oblak et al. (1985), Experiment 1 makes it clear that visually guided eye
movements alone are sufficient to influence the organization of body sway.

Head Rotation

There was no effect of condition on rotation of the head around its vertical axis.
That is, participants did not use head rotation differentially across conditions. This
means that the most likely cause of the postural effects of target motion is eye
movement per se. It may be important that the lack of head rotation effects corre-
sponded with the presence of head and torso effects in the ML axis, indicating that
the level of fine-tuning of postural changes with respect to the suprapostural task.
These results suggest the possibility that body sway (in the ML axis) might be used
to stabilize eye movements that are less than 11° in amplitude, with head rotation
(perhaps augmented by sway) being used when eye movements exceed 11°.

Eye Movements When the Eyes Were Closed:
Torso Motion

The main purpose of asking participants to move their eyes while they were closed
was to determine whether postural control would be influenced by eye movements
that were not visually guided. In assessing this possibility, the central comparison
was between torso motion with the eyes closed and stationary, and torso motion
with the eyes closed and moving. When the eyes were closed, there was not a sig-
nificant difference in the variability of torso motion in the eyes-stationary and
eyes-moving conditions in either the AP or ML axes. This contrasts with the influ-
ence of eye movements on torso motion when the eyes were open: Visually guided
eye movements produced a reduction in torso motion, but eye movements that did
not rely on visual guidance had no effect on torso motion. This contrast supports
our argument that the relation between postural sway and eye movements is func-
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tional, that is, that posture is used to facilitate the control of eye movements that
are visually guided.

The variability of torso position was reduced when eye movements were visually
guided (the moving target condition), relative to when they were not (the closed
moving condition). This confirms that the differences in torso motion between the
moving target and stationary target conditions were related to the control of the vi-
sual system relative to the visible environment (i.e., to visual performance), and
not to the presence of eye movement, per se.

Eye Movements When the Eyes Were Closed:
Head Motion

When the eyes were closed eye movements did not influence motion of the torso,
but they did influence motion of the head. In the ML axis there was a significant
decrease in head motion during the closed moving condition, relative to sway in
the closed stationary condition. This effect confirms that participants actually
modified their behavior in response to our instruction to move the eyes while they
were closed.

The fact that there was an effect on ML head motion of eye movements when
the eyes were closed was contrary to our prediction. However, the direction of the
effect was contrary to predictions that could be motivated by the idea that postural
and ocular control compete for a limited pool of central processing resources. The
resource competition view can predict reduction in performance of one or both of
two simultaneous tasks and, if the two tasks do not exhaust the available resources,
it can predict that performance of the combined tasks will be equivalent to the per-
formance of each task alone. But the resource competition view does not appear to
offer any basis for predicting that performance of either task will improve when
they are combined.

The reduction in variability of ML head motion during eyes-closed eye move-
ments may suggest some relation between head motion and the mechanics of the
oculomotor system. However, other interpretations are possible. One interpreta-
tion arises from the fact that in the closed moving condition eye movements were
paced to the sound of a metronome. In this condition, participants were obliged to
pay attention to the sound of the metronome, independent of their need to move
the eyes. Listening to the metronome may have constituted a suprapostural task. It
is possible that the reduced variability of ML head motion facilitated the task of lis-
tening to the metronome; such an effect would be functional. That is, participants
may have engaged in postural stabilization of listening. Additional research will be
required to determine whether changes in ML head motion are related to listening,
to the mechanics of nonvisual eye movements, or to some other cause.

Another interpretation of the condition effect on ML head motion in the ab-
sence of an effect on torso motion relates to the information needed to control eye
movements. To produce eye movement in phase with the metronome, participants
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needed information about how their eyes were moving. With the eyes closed, such
information was not available visually, and so it seems likely that the required in-
formation would have been obtained proprioceptively, for example, in feedback
from ocular muscles moving the eyes in the medio-lateral direction. The pickup of
such information might be complicated by simultaneous motion of the head in the
same direction: Proprioceptive information about head movement would be irrele-
vant to the eye movement task. For this reason, a reduction in head motion (espe-
cially in the ML axis) may have made it easier for participants to detect the
proprioceptive information needed to execute the novel task of moving their eyes
laterally during eye closure. It may be that participants reduced head movement to
better perceive (and control) the motion of their eyes with respect to the metro-
nome, similar to the reduction in head rotation that has been observed during vari-
ous locomotor tasks (e.g., Berthoz, 1990).

EXPERIMENT 2

In Experiment 2, we measured eye movements, using electro-oculography (EOG).
EOG is the only technology that permits measurement of movements when the
eyes are closed as well as when they are open. Our main purpose in Experiment 2
was to confirm that participants moved their eyes when instructed to do so and to
determine the amplitude of eye movements. The conditions and manipulations
were the same as in Experiment 1 and, accordingly, we made the same predictions
about relations between body sway and visually guided eye movements.

Method

Participants. Fourteen undergraduates from the University of Minnesota
participated as volunteers; none had participated in Experiment 1. Participants re-
ported no history of disease or malfunction of the vestibular apparatus, or of pos-
tural instability, recurrent dizziness, or falls. We did not restrict participation on the
basis of height. Rather, the height of the display monitor was adjusted individually
for participants. Participants’ height ranged between 152.4 cm and 195 cm (M =
173.1 cm). Age ranged from 19 to 25 years (M = 21 years). Three participants had
corrected vision (glasses or contacts).

Apparatus. Displays were created using PsyScope, as in Experiment 1, and
were presented on a color flat screen monitor measuring 50.8 cm diagonally. Eye
position and movement were measured using a standard EOG system (Biopac Sys-
tems, Inc., Goleta, California). The EOG system was positioned immediately to the
participant’s right. This was done because the cables connecting the electrodes to
the EOG electronics unit were 114 cm long (this fact is important to our interpre-
tation of some of the results). The EOG electronics unit was connected to a PC
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that sat on a desk on the participant’s left. The cable connecting the electronic unit
to the computer passed in front of the participant. Eye position was sampled at 62.5
Hz. Postural data (head and torso motion) were measured using the Flock of Birds,
with each receiver sampled at 47 Hz.

Procedure. The experiment was conducted at the University of Minnesota.
The conditions and procedure were the same as in Experiment 1, except for the use
of the EOG system. Participants were asked to stand with their toes on a line on the
floor, so that their eyes were approximately 100 cm from the center of the monitor.
The EOG system was calibrated before each trial, using the method recommended
by the manufacturer.

In conformity with University of Minnesota institutional review board require-
ments, participants were required to sit and take a break after the first six experi-
mental trials. This was done to minimize the possibility of fatigue or other adverse
side effects of prolonged stance (Smart et al., 1998).

Results

Postural motion. The data are summarized in Figures 4 and 5. We con-
ducted separate repeated measure ANOVAs on data for the AP and ML axes, and
for the head and torso. For each significant effect in the ANOVAs, planned t tests
were conducted. These t tests were not independent, and for this reason, we ap-
plied the Bonferroni inequality to adjust the criterion alpha. For each ANOVA,
four t tests were planned, yielding a criterion alpha for each test of 0.0167, as ex-
plained earlier.

Torso ML. The main effect of condition was significant, F(3, 39) = 4.27, p <
.05, partial η2 = 0.25. The main effect of trial was significant (Figure 5), F(2, 26) =
8.20, p < .05), partial η2 = 0.39; but the Condition × Trial interaction was not sig-
nificant, F(6, 78) < 1, ns. We did not predict significant main effects of trial on pos-
tural motion in Experiment 2. The meaning of these effects is considered in the
Discussion section.

Planned t tests revealed that there was less variability in the moving target con-
dition, M = 0.122 cm, than in the stationary target condition, M = 0.160 cm, t(13)
= 3.489, p < .0167, as predicted. The moving target and closed moving conditions
did not differ (closed moving M = 0.138 cm); t(13) = 1.166, p > .0167. The sta-
tionary target and closed stationary conditions also did not differ (closed stationary
M = 0.150 cm), t(13) = .897, p > .0167, not replicating classical effects (e.g., Ed-
wards, 1946; Riley et al., 1997). Finally, variability in the closed stationary condi-
tion did not differ from that in the closed moving condition, t(13) = 1.254, p >
.0167. Thus, the influence of eye movements on torso motion occurred only when
the eyes were open.
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Torso AP. The main effect of condition was significant, F(3, 39) = 4.33, p <
.05, partial η2 = 0.25. The main effect of trial was significant (Figure 5), F(2, 26) =
7.26, p < .05, partial η2 = 0.36, but the Condition × Trial interaction was not sig-
nificant, F(6, 78) < 1, ns.

Planned comparisons on the main effect of condition revealed that motion in
the moving target condition, M = 0.178, differed from the stationary target condi-
tion, M = 0.238 cm, t(13) = 3.526, p < .0167. Sway in the moving target condi-
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FIGURE 4 Means of the positional variability of the head and torso in the AP and ML axes,
Experiment 2. ST = stationary visual target; MT = apparent motion of the visual target at
0.583 Hz; CM = eyes closed with instructions to move the eyes in time with the metronome at
0.583 Hz; CS = eyes closed with instructions to hold the eyes stationary. Error bars represent
the standard error of the mean.



tion did not differ from the closed moving condition, M = 0.201 cm, t(13) = 1.142,
p > .0167. Similarly, sway did not differ in the stationary target and closed station-
ary conditions, not replicating classical effects, t(13) = 1.083, p > .0167 (closed
stationary M = 0.219 cm). Finally, as predicted, sway in the closed stationary con-
dition did not differ from the closed moving condition t(13) = 1.171, p > .0167.

Head ML. The main effect of condition was significant, F(3, 39) = 3.61, p <
.05, partial η2 = 0.22. The main effect of trial was significant (Figure 5), F(2, 26) =
5.55, p < .05, partial η2 = 0.30; but the Condition × Trial interaction was not sig-
nificant, F(6, 78) < 1, ns.
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FIGURE 5 The significant main effects of trials, Experiment 2. A: Torso. B: Head. T1, T2, T3:
Trials 1, 2, and 3, respectively. Error bars represent the standard error of the mean.



Planned t tests revealed that, as predicted, variability of head motion during the
moving target condition, M = 0.131 cm, was significantly less than during the sta-
tionary target condition, M = 0.170 cm, t(13) = 3.552, p < .0167. As previously,
variability of head motion during the moving target condition did not differ com-
pared to variability of head motion during the closed moving condition, M = 0.149
cm, t(13) = 1.289, p > .0167. In addition, variability of head motion during the
stationary target condition was not significantly different from that of the closed
stationary condition, M = 0.161 cm, t(13) = .756, p > .0167, again not replicating
classical effects. Finally, ML head motion during the closed moving condition did
not differ from that in the closed stationary condition, t(13) = 1.002, p > .0167.

Head AP. The main effect of condition was significant, F(3, 39) = 3.70, p <
.05, partial η2 = 0.22. The main effect of trial was significant (Figure 5), F(2, 26) =
5.23, p < .05, partial η2 = 0.29, but the Trial × Condition interaction was not sig-
nificant, F(6, 78) < 1, ns.

Planned comparisons on the main effect of condition revealed that AP motion of
the head differed in the moving target and stationary target conditions, M = 0.207
and0.271, respectively; t(13)=3.524,p<.0167.However, in themoving targetand
closed moving conditions, M = 0.233 cm, AP head motion did not differ, t(13) =
–1.212, p > .0167. Similarly, in the stationary target and closed stationary condi-
tions, M = 0.255 cm, AP head motion did not differ, t(13) = .729, p > .0167, nor did
the closed stationary and closed moving conditions, t(13) = 1.123, p > .0167.

Comparison of Experiments 1 and 2. Our purposes in Experiment 2 were
to show that participants moved their eyes when they were instructed to do so, that
eye movements were similar in amplitude and frequency to the apparent motion of
the visual targets, and to confirm that these effects corresponded to reductions in
the variability of postural sway when participants were shifting their gaze (i.e., in
the moving target condition), relative to sway when gaze was stationary (the sta-
tionary target condition) or when the eyes were closed (the closed stationary and
closed moving conditions). With respect to each of these goals, Experiment 2 was
successful.

In Experiment 2, sway did not differ when the eyes were closed (the closed sta-
tionary condition) relative to when they were open (the stationary target condi-
tion). This deviates from Experiment 1, and from classical findings that sway tends
to increase when the eyes are closed. The absence of this effect in Experiment 2 is
not directly relevant to the purposes of the experiment, as described here. How-
ever, the failure to replicate this classical effect is puzzling. In an attempt to under-
stand this unusual result, we compared the data from the two experiments, in the
same conditions. For each condition we conducted independent t tests for each
body segment (head and torso) in each axis (AP and ML). In the closed stationary
condition, each of the four t tests was significant: head AP, t(13) = –5.07, p <
.0167; head ML, t(13) = –7.512, p < .0167; torso AP, t(13) = –5.131, p < .0167;
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and torso ML, t(13) = –6.917, p < .0167. In each case, sway in Experiment 2 was
less than in Experiment 1 (compare Figures 1 and 4). This was true also in the
closed moving condition: head AP, t(13) = –5.279, p < .0167; head ML, t(13) =
–8.01, p < .0167; torso AP, t(13) = –5.084, p < .0167; torso ML, t(13) = –6.832, p
< .0167. These results indicate that in Experiment 2, sway with the eyes closed was
reduced relative to typical situations (and relative to sway in Experiment 1).

Similar results were obtained in the eyes-open conditions. For the stationary
target condition, there were significant reductions in sway in Experiment 2, rela-
tive to the same condition in Experiment 1, but only in the ML axis: head AP, t(13)
= –1.907, p > .0167; head ML, t(13) = –4.017, p < .0167; torso AP, t(13) =
–2.124, p > .0167; torso ML, t(13) = –3.583, p < .0167. For the moving target
condition, sway in Experiment 2 was reduced relative to Experiment 1, for both the
head and torso, but again only in the ML axis: head AP, t(13) = –1.852, p > .0167;
head ML, t(13) = –4.866, p < .0167; torso AP, t(13) = –1.719, p > .0167; torso
ML, t(13) = –4.763, p < .0167. Overall, our post hoc tests revealed that sway in
Experiment 2 was reduced relative to sway in Experiment 1. We offer an interpreta-
tion of this effect in the Discussion section.

Head rotation. We computed head rotation about the vertical axis. This al-
lowed us to evaluate the possibility that participants used head movements, rather
than (or in addition to) eye movements, to maintain gaze on the moving target.
Means and standard deviations for the conditions were as follows: stationary tar-
get, M = 0.60°, SD = 0.21°; moving target, M = 0.63°, SD = 0.29°; closed moving,
M = 0.59°, SD = 0.20°; closed stationary M = 0.73°, SD = 0.39°. An ANOVA re-
vealed that there was not a significant effect of condition on head rotation around
the vertical axis, F(3, 123) = 1.04, p > .05.

Eye movements. Due to technical problems, eye movement data were
dropped from three trials in the closed stationary condition, and from seven trials
in the stationary target condition. In the stationary target and closed stationary
conditions participants were instructed not to move their eyes. For these condi-
tions, we calculated the standard deviation of horizontal eye position. For the sta-
tionary target condition, the mean standard deviation of eye position was 4.2°,
whereas for the closed stationary condition it was 7.0°. In the moving target and
closed moving conditions participants were asked to move their eyes. For these
conditions, we first computed the mean eye position during each fixation (i.e., the
period between successive eye movements), separately for fixation on the right and
left sides. The difference in position between the mean left and right positions was
considered to be the amplitude of each individual eye movement. Using these data,
we calculated the mean and standard deviation of eye movement amplitudes for
each trial. In the moving target condition, the mean amplitude of eye movements
was 11.2°, and the standard deviation of this mean was 1.5°. In the closed moving
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condition, the mean amplitude of eye movements was 73.6°, and the standard de-
viation of this mean was 9.0°.

We analyzed the frequency of eye movements. We did this by counting the total
number of eye movements in each trial, and dividing by the duration of the trial.
Across trials and participants, the mean and standard deviation of eye movement
frequency were as follows: moving target condition, M = 0.54 Hz, SD = 0.02 Hz;
closed movement condition, M = 0.54 Hz, SD = 0.02 Hz. On the basis of these
data, we concluded that participants moved their eyes when requested to do so,
and that in the moving target condition they moved them at the same amplitude
and frequency as the visual targets.

Discussion

The eye movement data were supportive of our hypotheses. Participants moved
their eyes when requested, and held them still when requested. Eye movements
closely matched the frequency of stimulus motion, both with visual target motion
(when the eyes were open), and with metronome pace (when they were closed).
When the eyes were open, the angular amplitude of eye movements closely
matched the angular amplitude of stimulus motion. When the eyes were closed,
the angular amplitude of eye movements was greater than the instructed ampli-
tude; this result is consistent with findings from previous studies (e.g., Kikukawa &
Taguchi, 1985; Oblak et al., 1985), and suggests that a person’s knowledge of eye
movement amplitude is strongly dependent on visible referents, rather than being
related to nonvisual referents (e.g., internal coordinate systems).

As in Experiment 1, head rotation was not used with moving visible targets. In
addition, head rotation was not used when participants were instructed to move
their eyes in time with the metronome. This is especially interesting given that eye
movements were very large when the eyes were closed, M = 73.59°, as opposed to
those in the open movement condition, M = 11.16°. Thus, we can conclude with
some confidence that the differences in sway between moving target and stationary
target conditions were not caused by differential rotation of the head around the
vertical axis (i.e., in the plane of target motion).

With respect to the hypotheses that motivated our study, the postural data gen-
erally replicated the findings of Experiment 1. In some cases, the results of Experi-
ment 2 can be seen as having been stronger than in Experiment 1. In Experiment 1,
reductions in sway in the moving target condition were limited to head and torso
motion in the ML axis. By contrast, in Experiment 2 such reductions were observed
for both the ML and AP axes, for both the head and torso. In other cases, effects in
Experiment 2 can be seen as having been weaker than in Experiment 1. In Experi-
ment 1, sway was reduced during visually guided eye movements (the moving tar-
get condition) relative to sway during eye movements that were not visually guided
(the closed moving condition) for both the head and torso in both the ML and AP
axes. By contrast, in Experiment 2 no such reductions were observed.
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One difference not related to our hypotheses was that overall sway did not in-
crease when the eyes were closed. This most likely reflects caution on the part of
participants, related to the proximity of the EOG apparatus (electronics unit)
and/or the cable connecting the EOG unit to the PC. That is, we believe that par-
ticipants reduced their overall sway so as to ensure that they did not bump into the
experimental apparatus. A similar effect was reported by Stoffregen et al. (1999),
who compared sway in a large room with sway when participants stood in a small
booth (1 m by 0.8 m). In three experiments, they found that sway variability was re-
duced during stance in the booth relative to stance when the booth was absent. By
varying the transparency of the booth walls, they manipulated the motion parallax
and optical velocities created by body sway. Their results showed that the reduc-
tion in sway during stance in the booth was related to the physical size of the booth
rather than to parameters of sway-generated optic flow, and they suggested that
the reduction in sway might have arisen from participants’ desire to avoid bumping
into the walls.

A second notable difference was that in Experiment 2 the main effect of trial
was significant for each of our dependent variables. These trial effects accounted
for large portions of the variance; in some cases, larger than the portion accounted
for by the condition effects. In each of the dependent variables, postural motion in-
creased over trials. We did not predict the trial effects in either experiment. Trial ef-
fects on postural sway in the context of suprapostural tasks have been reported by
Pagulayan et al. (2001), who also did not predict them. These trial effects may be
related to an effect observed by Stoffregen et al. (2000), who asked participants to
shift their attention from a nearby target to a more distant target (or vice versa) in
the middle of a trial. They found that sway changed during trials as a function of
fixation distance; sway variability was reduced during fixation of nearby targets,
relative to sway during fixation of more distant targets. The postural change ap-
peared to be functional in that the impact on gaze of a given motion of the body
scales negatively with the distance of fixated targets (for detailed discussion, see
Stoffregen et al., 2000; Stoffregen et al., 1999). We do not claim that the trial ef-
fects observed in this study have a functional relation to visual performance. How-
ever, the robust trial effects observed in this study suggest that it may be useful, in
future research, to analyze for possible trial effects.

GENERAL DISCUSSION

In two experiments we found that postural motion of the body was reduced when
participants were instructed to shift their gaze to follow a moving target, relative to
body sway during fixation of stationary targets. Eye movements made when the
eyes were closed had no effect on motion of the torso; thus, the influence of eye
movements on torso motion appeared to be functionally related to visual perfor-
mance. These are the major findings of this study and they provide support for the
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general hypothesis that body sway can be controlled, in part, so as to facilitate the
achievement of suprapostural task goals. In addition, the angular displacement of
visual targets was small enough so that required shifts in gaze could be accom-
plished without supporting head movements, and analysis of data on head motion
confirmed that the head did not rotate differentially during viewing of moving and
stationary targets. We discuss these results following.

Reduced Sway During Eye Movements

In this study, postural motion of the torso (and, in several cases, of the head) was
reduced during visually guided eye movements relative to sway during fixation of a
stationary target. Across two experiments and several manipulations, we never
found an increase in sway during eye movements. Woollacott and Shumway-Cook
(2002) argued that posture is not controlled in an automatic or reflexive manner.
Our findings are compatible with their position. However, our findings do not fit
comfortably with the most widely accepted interpretation of relations between the
control of posture and suprapostural tasks. Many researchers have assumed that
the control of posture relies on central cognitive processing resources (Dault et al.,
2001; Lajoie et al., 1993; Maylor & Wing, 1996; White et al., 1980; Woollacott &
Shumway-Cook, 2002; Yardley et al., 1999). An implication of this view is that the
combination of postural control with simultaneous suprapostural tasks should pro-
duce competition for these central resources. Presumably, such a view leads to an
interpretation of our experiments as combining a postural control task with an eye
movement task, so that the two tasks would compete for central processing re-
sources. Precisely this interpretation has been offered for a very similar situation
studied by Hunter and Hoffman (2001). The competitive, dual-task view makes
clear predictions about such situations. If the combined central processing demand
of the two tasks exceeds the central processing resources that are available, then
there should be a performance decrement in one or both of the combined tasks. If
the combined central processing demand of the two tasks does not require more
central processing resources than are available, then performance of the two tasks
should be unaffected by the combination. This view has no apparent basis for pre-
dicting the result obtained in each of our experiments, in which postural sway was
reduced when participants looked at a moving target, relative to sway during sta-
tionary fixation.

Our results also directly oppose predictions made by the saccadic suppression
hypothesis (Oblak et al., 1985; White et al., 1980). Saccades may entail the sup-
pression of visual information pickup, but any resulting loss of information about
body sway clearly does not lead to an increase in postural motion.

The reduction in body sway while viewing a moving target is compatible with a
different view of relations between postural control and suprapostural activity
(Riccio & Stoffregen, 1988). In general, we do not view postural control as being in
competition for central processing resources with concurrent suprapostural activi-
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ties. This is because, for many activities, performance of suprapostural tasks may be
influenced by postural motion. Because postural motion can influence the perfor-
mance of suprapostural tasks, functional integration of postural control with
suprapostural activity would be adaptive. In such circumstances, postural control
would serve a dual function; on one hand, to avoid falling, and on the other hand,
to optimize performance of suprapostural tasks (e.g., Massion, 1992). When the
risk of falling is slight, as is generally the case for healthy adults and was certainly
the case in our experiments, facilitation of suprapostural performance may play a
stronger role in the organization of postural control. This view leads to the predic-
tion that body sway may be reduced when such reductions can facilitate supra-
postural performance (or, conversely, sway may be increased when such increases
can facilitate suprapostural performance). When we view targets that are in mo-
tion, the success of eye movements (i.e., the maintenance of visual targets within
the fovea) may be compromised by excessive body sway (among other things).
Thus, one way to facilitate the viewing of moving targets might be to reduce sway.
On this basis, we can predict that sway should be reduced when we look at moving
targets, relative to sway during fixation of stationary targets. The results of each of
our experiments are compatible with this hypothesis.6

Interpretations similar to ours have been offered by previous researchers, but on
an ad hoc basis to explain unexpected findings. Oblak et al. (1985) found a reduc-
tion in mean radius of sway during visually guided eye movements, which contra-
dicted their prediction of an increase in body sway during eye movements. In inter-
preting their results they suggested “the most logical conclusion is that the
oculomotor system requires stabilization of posture to be able to hit the target light”
(Oblak et al., 1985, p. 125). Similarly, Hunter and Hoffman (2001, p. 46) based
their study on the a priori hypothesis of dual task competition for central process-
ing resources but in light of their findings suggested a very different post hoc expla-
nation: “A secondary task may, in effect, constrain the amount of acceptable pos-
tural sway.” These post hoc explanations were made on an ad hoc basic (that is,
without any motivation beyond the data at hand). The effects observed in this
study were predicted a priori, and the predictions were derived from an established
body of theory and research (Oullier, Bardy, Stoffregen, & Bootsma, 2002; Riccio
& Stoffregen, 1988; Stoffregen et al., 2000; Stoffregen et al., 1999).
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6Newell, van Emmerik, Lee, and Sprague (1993) reported an experiment demonstrating that vari-
ability may not be an appropriate dependent variable to use in operationalizing the concept of postural
stability. We agree with their argument that variability is a poor measure of postural stability, and we
have not used it in this way. We have used positional variability as a metric for the amplitude of body
sway without interpreting any particular sway amplitude as being more or less stable. In part, this study
(together with that of Stoffregen et al., 1999, and Stoffregen et al., 2000) can be interpreted as support-
ing the conclusions of Newell et al. Consistent with the position of Newell et al., we have not used posi-
tional variability as a measure of postural stability. Indeed, our position is that no measure of postural
behavior, by itself, can be used to measure postural stability. In our view, the stability of postural control
can be assessed only in the context of constraints imposed by suprapostural tasks.



The results of this study, and those of Hunter and Hoffman, Kikukawa and
Taguchi (1985), and Oblak et al., are consistent with the idea that eye movement
control is not limited to the muscles that act on the eyes (e.g., Steinman et al.,
1990), but can extend to muscles acting on the head and torso. The results are also
consistent with J. J. Gibson’s (1966) broader assertion that the entire body is part of
the visual system. These results underline the fact that looking is an act; it is some-
thing that people do, rather than being merely a response to external stimulation.
The act of looking (i.e., the stable control of the eyes relative to targets of interest)
can be influenced by movements of a variety of body parts and, as indicated by our
experiments, by movements of the entire body (see also Anderson et al., 2001).

Postural Stabilization of Visually Guided
Eye Movements

The second major finding of our study is that eye movements did not lead to
changes in body sway when the eyes were closed. This finding indicates that body
sway was modulated to support visual performance, and not to support ocular con-
trol, per se. Presumably, eye movements require some level of effort whether the
eyes are open or closed. Whether the same amount of effort would be needed for
these two tasks is unclear. On one hand, it might be argued that visually guided eye
movements require greater effort because the viewer must search out, pick up, and
use information about the orientation of the eyes relative to the external environ-
ment, and because even minor errors in eye movements can lead to substantial
degradation in visual performance. On the other hand, it might be argued that
greater effort would be needed to move the eyes during eye closure because of the
novelty of this task. Theories of automatic processing generally argue that tasks re-
quire more cognitive resources when they are novel than when they are well prac-
ticed (e.g., Kahneman, 1973). It is not clear how to determine, a priori, whether
such theories would predict that more resources would be required to move the
eyes when they were open or when they were closed. However, we might evaluate
part of the argument by giving participants extensive training at eyes-closed eye
movements. Practice should reduce the effort required for this type of eye move-
ment. If the dual-task competition view were correct, there should be a decrease in
body sway as participants became more practiced at eyes-closed eye movements.
We would predict that this change would not occur. On the contrary, with long
practice we would expect to see the effect of eyes-closed eye movements on head
motion (the reduction in head movements during eyes-closed eye movements rela-
tive to head movements during stationary eye closure; Experiment 1) disappear as
participants became more skilled at moving the eyes independent of body sway.

We have suggested that reductions in sway variability may have facilitated shifts
in gaze in our experiments. We do not claim, however, that gaze stabilization would
always imply reductions in sway. In some cases visual performance might be facili-
tated by increasing the overall magnitude of sway, provided that the increased mo-
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tion served to facilitate gaze. One recent study is consistent with this idea.
Glasauer, Schneider, Jahn, Strupp, and Brandt (2005) measured sway and eye
movements while standing participants looked at moving and stationary targets.
Target motion consisted of sinusoidal horizontal oscillations at 0.33 Hz, 12° ampli-
tude. Stance was heel to toe. The results revealed an increase in RMS sway in the
ML axis when moving targets were presented. This might be interpreted as con-
flicting with our finding that sway variability tended to be reduced when partici-
pants looked at moving targets, but such an interpretation can be questioned.
Glasauer et al. did not evaluate the hypothesis that ML postural oscillations may
have become coupled with the horizontal smooth pursuit movements used to track
the visual targets. However, they presented median data for eye movements and for
ML sway that strongly suggest that coupling occurred. Coupling of ML sway with
horizontal eye movements may have been functional, that is, the coupling may
have facilitated performance in the visual tracking task. Such an effect would be
consistent with our general hypotheses. It would be interesting to examine links
between gaze and postural control while varying stance (e.g., feet side by side vs.
heel to toe) and while varying the type of eye movements required (saccades vs.
smooth pursuit).

The Role of Cognition

In our experiments, was posture influenced by task-related constraints on the visual
system, or by variations in the cognitive difficulty of tasks? The latter possibility
might seem credible for tasks that require an obvious cognitive component, such as
mental arithmetic (e.g., Yardley et al., 1999), or searching a text for target letters
(e.g., Stoffregen et al., 2000), but it is less credible for the simple eye movements re-
quired in our experiments. With such simple eye movements it seems to us more rea-
sonable to conclude that posture was influenced by constraints related to the visual
tasks. The issue could be tested by varying the mental workload of visual tasks inde-
pendently of their “ocular workload,” that is, by independently varying levels of cog-
nitive effort and ocular stability required for the performance of visual tasks.

Shifting Gaze Without Head Rotation

Our measurements of eye position confirm that participants moved their eyes, and
that the amplitude of eye movements matched the amplitude of target displace-
ment. The match between eye movement amplitude and target displacement fits
well with our analysis of head rotation around the vertical axis, which showed that
head rotation was not influenced by movement or stasis of the targets. Thus, we
conclude not only that the postural effects observed in this study were related to
movements of the eyes, but that they were not related to rotation of the head. We
do not suggest that head movements are irrelevant to the influence of postural
control of dynamic gaze. We eliminated head rotation solely because it would tend
to alter motion of the torso, which would complicate our effort to understand rela-

218 STOFFREGEN, BARDY, BONNET, PAGULAYAN



tions between eye movements and stance. When gaze shifts are large enough to
elicit head rotation, we would expect that motion of the torso, head, and eyes are
integrated to optimize visual performance.

CONCLUSION

Woollacott and Shumway-Cook (2002), defined postural control as “the control of
the body’s position in space for the purposes of balance and orientation” ( p. 1).
Presumably, by orientation Woollacott and Shumway-Cook referred to the orienta-
tion of the body. Our research suggests that this definition may not fully capture
the functional value of postural control. Our results suggest that one function of
postural control is to stabilize the visual system so as to facilitate the accuracy of
small changes in the direction of gaze. Beyond this our results, together with those
of Stoffregen et al. (2000) and Stoffregen et al. (1999), suggest that there may be
movement signatures of the difficulty of different suprapostural tasks.

We asked participants to move their eyes at constant amplitude and frequency.
It would be interesting to vary the amplitude and/or frequency of eye movements in
the context of postural sway. The integration of eye movements and body sway ob-
served in this study might be influenced by the amplitude of eye movements (e.g., a
negative relation between the amplitude of eye movements and the amplitude of
sway), or by eye movement frequency (e.g., a negative relation between the fre-
quency of eye movements and the amplitude of sway). Another area for future re-
search concerns the dynamics of body sway and eye movements. Body sway is peri-
odic motion and in our experiments eye movements were also periodic. Body sway
is known to have characteristics of dynamical systems, such as stable coordination
modes, sudden transitions between modes, critical slowing down, and hysteresis
(e.g., Bardy, Marin, Stoffregen, & Bootsma, 1999; Bardy, Oullier, Bootsma, &
Stoffregen, 2002; Oullier et al., 2002). When following the motion of oscillating
targets, ocular control may also function as a dynamical system, in which case we
might expect to observe coupling of the dynamics of the postural and ocular sys-
tems (e.g., phase locking). This study suggests that any dynamical coupling of these
systems should be functional, that is, it should facilitate visual performance.
Finally, our experiments were concerned exclusively with shifts in gaze achieved
using saccadic eye movements. Future research should evaluate the hypothesis
that body sway can be modulated to facilitate the performance of continuous
changes in the direction of gaze (i.e., tracking eye movements).
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