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Some visual influences on human postural

equilibrium: Binocular versus monocular fixation

CHARLES R. FOX
Washington University School of Medicine, St. Louis, Missouri

The importance of vision for postural equilibrium has long been known; traditionally, this visual
contribution to the control of posture has been analyzed primarily in terms of optical and retinal
phenomena. Recently, however, there has been some suggestion that binocular and monocular
fixation of identical stimuli have differential effects. Three experiments were conducted in order
to measure self-generated movement (sway during quiet standing) of the body's center of gravity
while field structure, ankle proprioception, and binocular/monocular fixation were varied. Field
structure was varied from total darkness, to the presence of single and multiple LEDs in the
dark, to full field structure (i.e., the richness of the feedback information was varied). Ankle proprio
ception was varied by changing foot position from side-by-side to heel-to-toe positions. Results
indicate that (1) ankle-joint input is a significant factor in reducing sway, (2) binocular fixation
attenuates sway relative to monocular fixation, under otherwise identical visual conditions, and
(3) this difference persists in total darkness. Taken together, the data indicate that the visual
influence on postural equilibrium results from a complex synergy that receives multimodal in
puts. A simple optical/retinal explanation is not sufficient.

Many sources of information could, in principle, be

used for postural control; however, clinical and empirical

evidence has demonstrated that vision plays a major role.

Visual motion cues are an important source of infor

mation for visual stabilization of posture. Observers ex

posed to large, moving visual fields show disturbances

of posture, equilibrium, and self-motion perception; these

disturbances seem related to parameters of the visual mo

tion (Dichgans & Brandt, 1978; Dichgans, Held, Young,

& Brandt, 1978; Dichgans, Mauritz, Allum, & Brandt,

1975; Lee & Lishman, 1975, 1977; Lestienne, Soechting,

& Berthoz, 1977; Lishman & Lee, 1973). The relation

between posture and visual motion is further supported

by studies in which motion velocity cues have been

minimized through the use of stroboscopic illumination

or visual "stabilization." This minimization resulted in

postural disequilibrium when touch-pressure-kinesthetic

(TPK) inputs generated by the reaction forces of the

feet against the support surface were altered (Amblard,
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This "visual driving" of sway may be related to the

phenomena of visually perceived self-motion perception

(vection). Studies in which seated subjects have estimated

the magnitude of horizontal and vertical vection have

yielded results similar to results that suggest a relation

of body pitch to a linearly moving visual surround (see

Figure 1 in Berthoz, Lacour, Soechting, & Vidal, 1979).

The quantitative similarity between estimates of the gain

and phase of visually driven postural sway and vection

suggests that visual influences on postural sway can be

profitably explored through the use of more general

models of visual spatial orientation.

All such models must deal with the same problem. Since

the optic flow at the eye is influenced by object motions,

eye movements, and body movements, the visual in

fluence on postural equilibrium is similar to the general

problem of perception of a stable world. That is, how do

observers dissociate and respond appropriately to each

source of motion information represented in the optical

transformation? Postural equilibrium requires the main

tenance of the appropriate relation between the body's

center of gravity and the base of support; therefore, only

movements of the body are relevant. To maintain equi

librium, the observer must beable to dissociate the causes

of the visual transform and respond to the appropriate

aspect. The problem of factoring retinal motion into its

components is not new; two general classes of theory ad

dress this issue: comparator theory and visual flow theory.

Comparator theory (see Figure 1) suggests that retinal

change is evaluated against independent kinesthetic infor-
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Figure 1. Diagrammatic representation of a standard comparator mechanism as tradi
tionally conceived.

mation. An extraretinal signal encoding the magnitude of

the eye movement is said to "cancel" a retinal signal en

coding the magnitude of retinal image motion (Helmholtz,

1866/1962; Holst & Mittelstaedt, 1950; Matin, 1982;

Wertheim & Bles, 1984; White, Post, & Leibowitz, 1980).

Visual flow theory has been primarily concerned with the

optic flow as a source of independent information that

would allow factoring of the retinal pattern (Gibson, 1950,

1966, 1979; Johansonn, 1976; Lee & Lishman, 1977).

In brief, flow theory suggests that different physical situ

ations give rise to different types of retinal pattern trans

formations. Figure 2 illustrates these relations.

Neither theory as it currently exists is sufficient to ex

plain the data on visual control of postural equilibrium;

the sources of information implicated by both theories are

present and useful in a normal environment (Matin & Fox,

1989). To date, however, comparator theory has not per-

mitted specific predictions, and so, this class of theory,

although it should not be rejected, cannot be directly

tested. Visual flow theory, on the other hand, does allow

specific predictions regarding self-motion perception.

Given the relation between vection and postural

equilibrium, it is reasonable to include predictions about

postural equilibrium by expanding flow theory as follows:

Visual flow theory is based on decomposition of the op

tical pattern at the eye. Given a rigid environment, this

pattern is a vector field that contains a "propriospecific"

component (Gibson, 1966), which is determined through

the observer's position, orientation, and movement, rela

tive to the environment. One example of a propriospecific

pattern is motion parallax, in which the registered differ

ential movement of targets in depth provides information

indicating self-motion and body sway. In principle, the

visual information available in these propriospecific pat-
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Figure 2. Diagrammatic representation of the motion vector fields resulting from differ

ent physical situations. Large circles represent the visual fields, small circles represent
objects in the field, and arrows represent the motion vector.



VISION AND POSTURE 411

terns is available to both binocular and monocular vision.

However, our pilot observations suggested that there are

binocular-monocular differences in the ability of identi

cal stimulus conditions to stabilize sway. Such differences

have never been reported, and so they are systematically

investigated here for the first time.

EXPERIMENT 1

Method
Data collection and analysis were in accord with standards recom

mended by the International Society of Posturography (see Kapteyn

et al., 1983).

Subjects. Ten subjects between the ages of 18 and 40 received

payment for their voluntary participation. The subjects were

screened for self-reported abnormalities relevant to postural

equilibrium and vision. All subjects had normal or corrected-to

normal vision and reported general good health.

Stimulus display. A movable table had three upright bars, each

with a crossbar; the bars were painted flat black. The structure,

though rigid, could be moved relative to the subject. It had six light-

emitting diodes arranged as in Figure 3. Bar I (closest to the ob

server) was 145 em from the observer's eye; each light's intensity

was set at 0.5log fL.

Six stimulus conditions were used (see Figure 4); in all the con

ditions exceptJull, the experimental room was in total darkness,

the only illumination being the specified target lights: )

1. Eyes closed (EC): No target lights were illuminated, and the

subjects closed their eyes. This was the baseline.

2. Full illumination (full): The experimental room was illumi

nated by two 100-W incandescent bulbs (ambient illumination of

1.610g fc); all six target lights were on, and the normal laboratory

environment provided full field structure.

3. Single target (1'): A single target light provided a fixation point

but no configural information about body sway.

4. Motion parallax (MP): Three target lights aligned in depth made

available potential information maximally relevant to left-right (UR)

body sway.

5. Expansion-contraction (Exp/Con): Three target lights aligned

in the frontoparallel plane made available potential information max
imally relevant to fore-aft (FI A) body sway.

6. Expansion-contraction and motion parallax (Exp/Con-MP):

Three target lights aligned as a diagonal in depth made available
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Figure 3. Diagrammatic representation of the LED array used in the experi

ments, viewed from above,
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Figure 4. Diagrammatic representation of the four intermediate stimuli conditions usedin the ex

periment, viewed from above.

potential information maximally relevant to both UR and FIA sway

simultaneously.

Body-sway measure. A piezoelectric force plate (Kistler,

Type 928All), on which the subjects stood, measured the body's

center of gravity. This was connected to a multichannel amplifier

assembly (Kistler, Type 9805), which output signals specifying the

center of force on the surface of the force plate. In the present ex

perimental setting, this point can be considered an analogue of the

center of gravity. 2 The amplifier outputs were low-pass filtered at

10 Hz and digitized at 20 Hz.

Procedure. The experiment was introduced to each subject as

an investigation of visual control of quiet standing. The function

of the apparatus was briefly explained and demonstrated. The sub

ject's dominant eye was determined, using a sighting test.? The sub

ject stood on the force platform in stockinged feet; the stimulus array

was adjusted so that the center light of the front bar was reported

as being at eye level in the midsagittal plane.

The subjects stood in the standard Romberg posture for all trials,

and they were told to maintain this posture during the trial but to

rest and move their legs during the intertrial periods. 4

The subjects were instructed to fixate the center light of each array.

They were told that their only task was to maintain the Romberg

posture, remain relaxed, and fixate the target. They were also in

structed not to speak during the trial.

Each array was viewed once monocularly with the nondominant

eye closed and patched, and once binocularly. Each condition was

viewed in a random order for a block, which consisted of 12 trials

(six conditions, each run binocularly and monocularly) of 30 sec

each; two blocks were run, separated by a l5-min rest period.

Data analysis. All coordinates were specified in standard Cartesian

coordinates and transformed so that the mean of all the data points

for a trial was zero. Fluctuations in the center-of-force displace

ment were expressed as the root mean square (RMS) of the Fourier

transform of the data." The effects of the experimental manipula-



tions were examined with the Wilcoxon matched-pairs signed-ranked

test. Nonparametrics were used, due both to the non-normal distribu

tion of equilibrium scores and to other concerns about the appropriate

ness of standard parametrics; nonparametrics are common in postur

ography, as is indicated by the International Society of Posturography

standards (Kapteyn et aI., 1983).6 The Wilcoxon t was converted

to standard z scores for ease of statistical evaluation. 7

Results and Discussion
There was no significant difference between the blocks

of trials, and the data were pooled for subsequent anal

ysis. Figure 5 presents the means and standard errors of

the individual conditions.
There was no systematic difference between L/R sway

in binocular and in monocular fixation. F/A sway, how-
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ever, showed some effect in favor of binocular fixation's

being more stable than monocular fixation; the effect was

significant overall (z = 1.99, p < .05; see Table 1). The
greater openness of FI A sway to visual influence may be

due to a basement effect resulting from the biomechanics

of the Romberg posture. L/R sway is restricted by the

fairly rigid bone and muscle structure of the ankle,

whereas the structures that control FIA sway are designed

to allow movement. Therefore, the lack of binocular

monocular difference in the L/R sway may be due to

mechanisms that constrain L/R but not F/A sway.

The presence of a fully structured visual field resulted

in less sway for both binocular and monocular fixation

in both the L/R and FIA dimensions of sway (z = 3.88,
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Figure 5. Means and standard errors for the L/R data (top) and F/A data (bottom) of Experiment 1.

The ordinate is power as root mean square in millimeters of displacement.
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3.40,3.92, and 3.02, respectively, allps < .01). Com

parison of the intermediate visual conditions (T, MP,

Exp/Con, and Exp/Con-MP) to the EC baseline shows

attenuation of sway, but not to a significant extent
(Table 2).

Taken together, these results suggest that under the con

ditions of Experiment 1 the primary inputs to postural

equilibrium were nonvisual. Reasonable alternatives in

clude stabilization of equilibrium by vestibular inputs and

by TPK inputs around the ankle joint, as well as passive

stiffness of the ankle-joint muscles. It is quite possible

that sway during quiet standing is not above threshold for

the vestibular system. The absolute threshold for the ves

tibular system is unclear, and it is further complicated by

the frequency dependence of measured threshold values

(Benson, 1982). Because of these concerns Experiment 2

concentrated on TPK inputs.

ment 1, but this time the subjects stood in a tandem (or

sharpened) Romberg posture. The tandem Romberg is the

same as the standard Romberg, except that the feet are

placed heel to toe rather than side by side. This posture,

which attenuates the usefulness of ankle TPK and reflexes,

may allow visual information to have a larger influence

on postural equilibrium.f It has been successfully used

in the past to examine equilibrium (e.g., Black, Wall,

Rockette, & Kitch, 1982; Fregly, 1974).

Method
Ten subjects with the same general characteristics as those of the

subjects in Experiment I participated.

The stimulus display, conditions, body-sway measures, and data

analysis were identical to those in Experiment I. The procedure

was as in Experiment 1, except that the subjects stood in a tandem

Romberg posture.

EXPERIMENT 2

LlR Data F/A Data

Stimulus Condition Binocular Monocular Binocular Monocular

Note-LiR = left-right bodysway. F/A = fore-aft bodysway. *Total
indicates this comparison for all conditions combined.

Table 2
Wilcoxon t (Expressed as z Scores) for Experiment 1:

Experimental Conditions versus Eyes Closed

Results and Discussion

There was no significant difference between the blocks

of trials, and the data were pooled for subsequent anal
ysis. Figure 6 presents the means and standard errors of

the individual conditions.

Comparison of Figures 5 and 6 shows that changing

from a standard to a tandem Romberg more than doubled
the average sway in the EC condition (the ratios of L/R

and FIA in Experiment 2 to L/R and FIA in Experiment 1

were, respectively, 2.1 and 2.5). However, the tandem
Romberg had little effect in the full-binocular condition

(the ratios of L/R and F/A in Experiment 2 to L/R and

F/A in Experiment 1 were, respectively, 1.0 and 1.6).
This suggests that visual information acts by corroborat

ing ankle-joint information, for the following reasons: In

Experiment 1 (Figure 5), the local reflexes were adequate

to stabilize the low-frequency sway, and the information
from the long-loop visual mechanism was not involved.

This can be seen in the relatively low level ofoverall sway;

mean sway in the L/R and FIA dimensions for binocular
and monocular fixation was 24.5, 26.5, 23.5, and 29.5,

respectively. In Experiment 2 (Figure 6), the local pos

tural reflexes at the ankle were inadequate to maintain
equilibrium, as is evidenced by the overall greater sway;

mean sway in the L/R and FIA dimensions for binocular
and monocular fixation was 45.2, 55.2, 51.0, and 59.0,

respectively. The increased overall sway suggests that

using the tandem Romberg posture allowed the contribu
tion of the visual information to become more evident.

The stabilizing effects of binocular as opposed to

monocular fixation, which can be seen in Table 3, are

largely due to the increased sway in the full-monocular

condition (z = 3.88 and 3.55 for L/R and F/A sway,

respectively, bothps < .01). This can have several pos
sible visual causes. One source of visual information is

stereopsis, which specifies, for a given object, a single

3-D spatial coordinate relative to the point of binocular

fixation. This specification is based on the evaluation of
(1) images projected on each retina, and (2) information

about the absolute distance between the observer and ob

ject; under the present experimental conditions, binocu-

3.02

0.15
1.49
0.26

3.92

1.19
1.83
1.49

3.40
1.42
2.05

-0.22

3.88

0.60
1.27
1.19

Table 1
Wilcoxon t (Expressed as z Scores) for Experiment 1:

Binocular versus Monocular Fixation of the Same Visual Field

Stimulus Condition LlR Data F/A Data

Full illumination 0.00 1.31
Single target -2.22 0.71

Motion parallax 0.15 0.60
Expansion-contraction 2.24 2.39
Expansion-contraction

and motion parallax 0.15 0.04
Total* 0.97 1.99

The results of Experiment 1 suggested that, during quiet

standing in the Romberg posture, TPK (primarily from

around the ankle joint) is a major source of information

for the control of sway. This agrees with previous studies

in which researchers have used nonrigid support surfaces

(Bles, Kapteyn, Brandt, & Arnold, 1980; Nashner, 1970,

1976, 1977; Nashner, Woollacott, & Tuma, 1979) and
reversible ischemic blocks (Diener, Dichgans, Guschl

bauer, & Mau, 1984; EIner, 1973, 1979; EIner, Gurfinkel,

Lipshits, Mamasakhlisov, & Popov, 1976; Mauritz &

Dietz, 1980). In Experiment 2, we examined postural

sway under the same visual conditions as those in Experi-

Full illumination

Single target
Motion parallax
Expansion-contraction
Expansion-contraction

and motion parallax 1.38 0.56 0.45 0.82

Note-LiR = left-right body sway. F/A = fore-aft body sway.
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Figure 6. Means and standard errors for the L/R data (top) and F/A data (bottom) of Experiment 2.
The ordinate is power as root mean square in millimeters of displacement.

lar convergence could provide such distance information.

A second, yet related, source of visual information is

primarily oculomotor. Work with strabismics (Mann,
Hein, & Diamond, 1979) and with normal observers

whose extraocular muscles have been made less efficient

through administration of systemic curare (Matin, 1982)

has shown oculomotor information to be a major input

for spatial localization, especially for target lights in an

otherwise dark field. To the extent that visual control of

postural sway is a spatial orientation task, stereopsis and

oculomotor inputs may be critical sources of information
for the postural control mechanism.

EXPERIMENT 3

The main findings in Experiments 1 and 2 are the

differential effects of binocular and monocular fixation

in favor of the former. In principle, the motion parallax

information present in the target arrays should provide

information equally useful to both binocular and monocu

lar vision; however, the data show that this is not the case.

This difference may be due to retinal and nonretinal fac
tors, as described above.

To maximize the visual information available, Experi

ment 3 used only fully structured visual fields. This
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Table 3
Wilcoxon t (Expressed as z Scores) for Experiment 2:

Binocular versus Monocular Fixation of the Same Visual Fields

Stimulus Condition LlR Data FIA Data

Full illumination 3.88 3.55
Single target -0.97 -1.08
Motion parallax 0.07 -0.56
Expansion-contraction 2.01 1.06
Expansion-contraction

and motion parallax 0.30 0.11
Total* 2.36 1.19

Note-LiR = left-rightbodysway. FIA = fore-aft bodysway. *Total
indicates this comparison for all conditions combined.

provided maximum retinal image structure, additional in
formation for the evaluation of oculomotor signals (Matin
& Fox, 1989), and the most stable posture. The field
contained a target that was fixated both binocularly and
monocularly, in separate conditions; the data from this

comparison were open to influence by both retinal and
nonretinal factors. The fields used in the previous two
experiments were systematically impoverished to allow
systematic manipulation of the information potentially
available. This level of manipulation was not needed for
Experiment 3, and so, to maximize the stabilizing effects

of visual fields, numerous objects were placed randomly
about the room to ensure rich, full field structure, in depth
as' well as in the frontoparallel plane.

In Experiment 3, the retinal and nonretinal factors in
volved in binocular and monocular fixation were sepa
rated as follows: The observers attempted to hold either
the dominant eye or both eyes steady in total darkness.

It was thought that this binocular-monocular comparison
would be influenced primarily by nonretinal factors, be
cause the only retinal activity would be spontaneous, ran
dom activity, which is not meaningful in terms of body
sway. Comparison of a structured field with a dark field
would provide further information about the influence of

retinal image structure.
The final set of conditions involved closing both eyes

either in total darkness or in room illumination. This
manipulation permitted a measure of the effects of un
structured retinal stimulation on sway.

Method
Subjects. Eight subjects with the same general characteristics as

those of the subjects in the earlier experiments participated in Ex

periment 3.

Stimulus display. A fixation target, consisting of a 23-cm cross
with a 9-cm diameter circle (l0 of visual angle) superimposed on

it, was positioned approximately 5.2 m from the subject's eye. The

visual array consisted of a standard laboratory environment, which
provided a highly structured visual field. Dlumination was identi

cal to that in the previous experiments.
Stimulus conditions. Six stimulus conditions were used:
I. Binocular-light (BL): The subject fixated the target with both

eyes open while the room was illuminated.

2. Binocular-dark (BO): The room was in complete darkness and

the subject kept both eyes open.
3. Monocular-light (ML): The subject fixated the target with the

dominant eye while the room was illuminated. The nondominant

eye was closed and patched.

4. Monocular-dark (MO): The room was in complete darkness

and the subject kept the dominant eye open. The nondominant eye

was closed and patched.

5. Eyes-closed-light (ECL): The room was fully illuminated and
the subject closed both eyes.

6. Eyes-closed-dark (ECO): The room was in complete dark

ness and the subject closed both eyes. This was used as the baseline.
Body-sway measure and data analysis. Body-sway measures

and data analysis were identical to those in previous experiments.

Procedure. The procedure was similar to that used in Experi
ments 1 and 2, with the following changes:

The subjects stood in either the standard or the tandem Romberg

posture for all trials. They were told to maintain this posture during
the trial, but to rest and move their legs during the intertrial periods.

The subjects were instructed to fixate the target whenever the
room lights were on, and to fixate the remembered position of the

target when the room lights were off or when both eyes were closed.
The subjects viewed each stimulus condition once while they were

in the standard Romberg posture, and once while they were in the
tandem Romberg posture. Each condition was viewed in a random

order for a block, which consisted of 12 trials of 30 sec each; two
blocks were run,separated by a 15-min rest period.

Results and Discussion
There was no significant difference between the blocks

of trials, and the data were pooled for subsequent anal
ysis. Figure 7 presents the means and standard errors.

Standard versus tandem. The standard Romberg
posture is overall more stable than the tandem Romberg;

this is true for most of the visual conditions (Table 4) and
for all conditions combined (z = 5.31 and 6.46 for LlR
and F/A sway, respectively, both ps < .01).

The comparison of the individual conditions with the
ECD baseline (see Table 7) suggests that the tandem
Romberg posture had the desired effect of amplifying the

visual influence. However, the results are not clear, and
more systematic research using different technologies will
be required to separate the influence of vision, TPK, bio
mechanics, kinematics, and "control strategy" in the
tandem Romberg posture. Some of the difficulty in in
terpretation may stem from differences between the visual

field in the first two experiments and in the current ex
periment. There is clearly an effect of foot position, as
has been described above, which seems to interact with
visual conditions. Figure 8 indicates that, for the standard
Romberg posture, changing from the motion parallax
stimuli array to the full field with target in the fronto

parallel plane (Experiment 1 vs. Experiment 3) primar
ily affected sway with monocular fixation. Conversely,
sway during monocular fixation of the motion parallax
array in the tandem Romberg posture is already relatively
large (Experiment 2), and the change from this array to
the target in the frontoparallel plane primarily affected

sway with binocular fixation (Experiment 2 vs. Experi
ment 3). Other comparisons were nonsignificant, and there
fore, for the sake of simplicity, they are not shown. There
were several differences in the stimulus conditions, as has
already been described (specifically, the propriospecific
information and the eye-target distance). In principle, if

optical/retinal explanations are adequate descriptions of
the visual inputs to postural equilibrium, such differences
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Figure 7. Means and standard errors for the LlR data (top) and F/A data (bottom) of Experi
ment 3. The ordinate is power as root mean square in millimeters of displacement.

in the stimuli should not result in the observed differences

in sway. The observed complex interaction of foot posi

tion, eye-target distance, and binocularity again suggests

that simple optical/retinal explanations are insufficient to

explain visual control of postural equilibrium.

Binocular versus monocular. Binocular as opposed to

monocular fixation in the standard Romberg posture re

sulted in increased equilibrium for bothF/A and L1Rsway,

even when the observer was in complete darkness (see

Table 5, in light, z = 2.90 and 2.95, and in dark, z =

2.43 and 2.53, for L1R and F/A sway, respectively, all

ps < .01). This suggests that the stabilizing effect of

binocular fixation is not mediated primarily by stereopsis

or other retinal activity; if it were, there would be no

difference between binocular and monocular fixation in

the dark, where there appears to be no meaningful reti

nal stimulation (in terms of retinal displacement). Sway

in the tandem Romberg posture shows no significant pat

tern of binocular-monocular difference (Table 5).

Room illumination. The effects of room illumination

(Table 6) and related retinal stimulation indicate that field

structure is an important influence. All visual field con

ditions showed a significant effect (p < .05), except for

L1R sway in the standard Romberg posture under monocu

lar viewing, which showed the same pattern (p < .08).

Conditions versus ECD. The comparison of individual

conditions to the ECD baseline (Table 7) shows that

binocular fixation of a target in a structured visual field

significantly stabilized sway in both the F/A and the L1R

dimensions in the standard Romberg posture (z = 3.46,

both ps < .01). Monocular fixation of the same target

under the same conditions did not stabilize sway (z = 0.88,

p < .72, and z = .24, P < .19, respectively). This result

is complicated because the exact same pattern of results
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Table 4
Wilcoxon t (Expressed as Z Scores) for Experiment 3:

Standard versus Tandem Romberg Posture
during Fixation of the Same Visual Fields

Stimulus Condition LlR Data F/A Data

Eyes-closed-dark 1.40 2.24

Eyes-closed-light 1.08 1.76

Binocular-dark 3.36 3.46
Binocular-light 3.46 3.46

Monocular-dark 2.17 2.48
Monocular-light 1.40 1.81

Total * 5.31 6.46

Note-LIR = left-right body sway. F/A = fore-aft body sway. *Total
indicates this comparison for all conditions combined.

occurred in the dark; binocular fixation of a remembered

target stabilized sway (z = 2.02 and 1.86, for LlR and

F/A sway, respectively, bothps < .05), whereas mon

ocular fixation did not (z = 0.00, p = .50, and z = -0.83,
p < .20, for LlR and F/ A sway, respectively). From ex

amination of the means of BD and BL (Figure 7), it is

clear that the target and/or the field structure contributed

to the stabilization. However, nonretinal factors also

exerted a major influence.

The results for the tandem Romberg posture show no

significant differences, but a very interesting pattern of

results is present. Binocular and monocular fixation in the

light, as compared with the ECD baseline, stabilizes sway;

however, having the eyes open in the dark (BD and MD),

compared with the ECD baseline, consistently destabi

lizes sway for the tandem Romberg posture. This is shown

by negative z scores with probabilities of approximately

0.1 for all four z comparisons. This pattern raises the ques

tion of why total darkness should be evaluated at all.

Eye closure versus darkness. The difference between

eye closure and darkness has not been reported previ

ously.? However, comparison of visual stabilization and

100

eye closure during postural perturbation suggests that eye

closure is not equivalent to the minimization of visual mo

tion cues (Nashner & Berthoz, 1978;Soechting & Berthoz,

1979; Vidal, Berthoz, & Millanovoye, 1982). "Stabiliz

ing" the visual field relative to body sway alters the feed

back relation between body motion and transformation or

displacement of the retinal image; postural sway increases

with a stabilized field, due to an inappropriate dependence

upon this altered "reafference" (to use traditional termi

nology). When the eyes are closed, there is no "expected"

relation between body sway and change in the visual field,

and so the same dependency or influence is not present

as when the eyes are open. In brief, there is the possibil

ity that eye closure results in visual information's being

evaluated in a manner different from how it is evaluated

when the eyes are open. The difference cannot be pre

cisely specified at this point. 10 The same logic applies to

the present experiment, in that it also altered the normal

relation between body sway and visual field transform.

Work on height vertigo (Bles et al., 1980)demonstrates

that the unstructured or "empty" visual field associated

with conditions inducing physiological height vertigo also

induces postural disequilibrium. 11 This effect is most

likely due to a mechanism that modulates vestibular and/or

vestibulospinal mechanisms relative to visual inputs. Such

a mechanism has been demonstrated for the linear

vestibulo-ocular reflex, where the state of vergence has

been found to be the most important single variable under

lying the phenomenon (Paige, 1989).

SUMMARY OF MAIN RESULTS

1. A fully illuminated and structured visual field results

in maximal postural equilibrium.

2. With normal ankle-joint information, as in the stan

dard Romberg posture, minimal visual field structure (the
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Figure 8. Means from Experiments 1 and 3 and Experiments 2 and 3, illustrating the
effects of the different visual stimuli. The ordinate is power as root mean square in milli
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Note-LIR = left-right body sway. F/A = fore-aft body sway.

GENERAL DISCUSSION

Postural equilibrium during quiet standing is a complex

sensorimotor task. In human beings, it involves maintaining

Table 7

Wilcoxon t (Expressed as z Scores) for Experiment 3:
Experimental Conditions versus Eyes Closed

the body's COG within the area of a fixed base of support.

Traditionally, this visual input has been analyzed in terms

of optical and retinal phenomena, but the data presented

here cannot be explained adequately in these terms, and

they suggest that nonretinal factors are also involved.

As a first approximation, postural equilibrium can be

considered an egocentric spatial orientation task, which

involves ongoing monitoring of the position of an object

(the body) relative to some spatial coordinate system. For

this visual task, the locus of retinal stimulation acquires

significance only if it is defined in relation to an indepen

dent frame of reference that specifies location and orien

tation of the retinal surface. Recently, an expanded com

parator mechanism that allows information about eye

position from both extraretinal and retinal sources has

been proposed (Fox, 1986; Matin & Fox, 1989; Petito,

Greenwald, & Fox, 1988). This mechanism suggests that

in the presence of a highly structured visual field, spatial

localization is primarily influenced by the main lines of

organization of the visual field (visual-field-referenced

eye-position information); when such a field is not present

(e.g., in darkness), spatial localization is primarily in

fluenced by a body-referenced mechanism involving a reti

nal signal and an independent reference signal that specify

head position and eye position relative to the head (body

referenced eye-position information). This mechanism

suggests that in the presence of a highly structured field,

postural sway is primarily influenced by the moving con

tours of the field; however, the importance of nonretinal

factors (specifically, oculomotor information) is implied

in many experiments, including the present ones (Edwards,

1942,1946; Gantchev, 1980; Iwaseet al., 1979; Miyoshi,

1979; Miyoshi, Shirato, & Hiwatashi, 1979; Oblack,

Mihelin, & Gregoric, 1976; Paulus et al., 1984; Taguchi,

1979; Tokumasu, Tashiro, & Yoneda, 1979; White et al.,

1980).

The major findings in the present experiments comprise

(1) the effects of highly structured, whole visual fields,

(2) the effects of the target arrays, (3) the difference be

tween binocular and monocular fixation, and (4) the ef

fects of involuntary elimination of visual field structure

(eyes open in the dark). Each can be explained within the

framework offered here.

It has been suggested (Dichgans & Brandt, 1978) that

the central 30° is related to control of eye movement, but

that the peripheral field is related to the sense of body

motion and equilibrium. In the present experiments, full

field structure provided both central and peripheral struc

ture and attenuated sway. The field was stationary and

provided maximal feedback resulting in minimal postural

sway. However, the central/peripheral distinction is not

absolute (Andersen & Braunstein, 1985). The target ar

rays in Experiments 1 and 2 were limited to the central

30° of an otherwise dark field; there was no peripheral

field structure. These arrays, compared with the eyes

closed condition, attenuated sway, but not to the extent

that full visual fields did. This suggests that the visual in

fluence occurred through an alternate mode of control

-0.36
1.96
2.53

-0.67
1.96
2.02

-0.36
2.ll
1.86

-0.36
2.07
1.40

L/R Data F/A Data

Standard Tandem Standard Tandem
Stimulus

Condition

Eyes closed
Binocular
Monocular

LlR Data FIA Data

Stimulus Condition Standard Tandem Standard Tandem

Binocular-light 3.46 0.93 3.46 1.14
Binocular-dark 2.02 -1.40 1.86 -1.45

Monocular-light 0.88 0.36 0.72 1.24
Monocular-dark 0.00 -1.24 -0.83 -1.29

Note-L/R = left-right body sway. F/A = fore-aft body sway.

Table 6
Wilcoxon t (Expressed as z Scores) for Experiment 3:

Full llIumination versus Complete Darkness
during Fixation of the Same Visual Fields

Table 5
Wilcoxon t (Expressed as z Scores) for Experiment 3:

Binocular versus Monocular Fixation of the Same Visual Fields

Stimulus L/R Data F/A Data

Condition Standard Tandem Standard Tandem

Light 2.90 0.16 2.95 -0.47
Dark 2.43 -1.45 2.53 -0.46

Note-LIR = left-right body sway. F/A = fore-aft body sway.

four LED conditions) results in no significant stabiliza

tion of postural sway. This suggests a strong ankle-joint

input to equilibrium.

3. Altering ankle-joint information by using a tandem

Romberg posture leads to minimal field structure (the four

LED conditions) stabilizing postural sway. This suggests

a long loop mechanism involving visual modulation of

postural reflexes.

4. Binocular fixation stabilizes sway more than does

monocular fixation of the same visual field, even though

the field contains information that is equally useful to both.

This suggests that the visual influence involves more than

just optical information.

5. The binocular-monocular difference remains, even

when the visual field is totally dark. This suggests that

the underlying mechanism is not stereopsis.

6. Altering ankle-joint information by using the tandem

Romberg posture and keeping one or both eyes open in

the dark (rather than eyes closed) destabilizes sway. This

indicates a complex mechanism that selectively evaluates

sensory input on the basis of expected patterns of sensation.
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such as body-referenced eye-position information. This

mode adds information from the visual system to vestibu

lar and TPK inputs. The addition of information from the

visual system will, because of the visual system's high

precision, attenuate sway relative to eyes-closed condi

tions, but not to the extent that a full, structured, stable
field would.

A consistent finding in the present experiments is that

binocular fixation, as compared with monocular fixation

of the same visual array, attenuated sway; this is a problem

for both the visual flow and the comparator theories. In

formation in the visual flow field is, potentially, equally

useful to both monocular and binocular vision. Traditional
comparator theory cannot explain this difference, unless

independent reference signals for each eye are postulated.

That there are independent reference signals for each

eye is suggested by experiments done on uniocular prism
adaptation (Mann et al., 1979) in strabismics, spatial

localization after uniocular strabismic surgery (Marin,

1982), and noninvasive therapy for strabismics (Petito

et al., 1988). The data from these experiments suggest

that each of the two eyes has separate reference signals

for its position in space. The independence of these sig

nals is not evident in normal observers, but this does not

rule out independent reference signals for each eye. In
normals, the noise in the two signals would be minimized

b)l their high correlation, perhaps through a statistical

"common mode noise rejection" type of filtering; and

a single reference signal is a reasonable, although not

necessarily complete, description.

The last finding to be considered here consists of the

data from keeping the eye open in the dark (Experi

ment 3). Both eyes closed and eyes open in the dark
decouple visual feedback from body sway, but they have

different effects on sway control. In the standard Romberg
posture, the pattern of results is unclear. Binocular fixa

tion in the dark of a remembered target attenuated sway

relative to eye closure, whereas monocular fixation did

not. Caution must be used in interpreting this result, be
cause the data (Experiment 1 vs. Experiment 2) suggest

that sway in the standard Romberg posture was less in
fluenced by vision than sway in the tandem Romberg

posture was. The results from observers in the tandem

Romberg posture show a clearer difference for eyes open

in the dark, where sway is less stable than it is when the
eyes are closed. This difference, though it is not statisti

cally significant, is very clear.

The eyes-closed condition can be considered an elimi
nation of the visual influence on postural sway. Eyes open

in the dark maintains the visual control loop, but no use

ful information is available. In essence, the visual sys
tem compensates for its own actions, but external actions

are not compensated for in the same manner. We can con
sider this within the framework of the ••effort of the will, ' ,

which was proposed by Helmholtz (1866/1962) to account

for the stability of the visual world. When the eyes are

open, there is an "expectation" of a pattern of visual

stimulation, and the absence of such a pattern results in

incongruence; with the eyes closed, there is no expecta

tion. This may also account for the results of experiments

on individuals with clinical or experimentally produced

visual acuity defects. Such observers show no measur

able visual stabilization of postural sway (in fact, theyex

hibit increased sway in some cases) relative to sway with

eyes closed (Brandt, Esser, Buchele, & Krafczyk, 1982;

Edwards, 1942, 1946; Paulus et aI., 1984). Similar

reasoning has been used to explain posturographic results

during visual conditions that induce physiological height
vertigo (Bles et al., 1980).

An analogous situation in which visual information is

evaluated uniquely is saccadic suppression. During a sac

cade, vision is severely impaired, but this impairment is
not perceived by the subject. This suppression occurs

30-40 msec before the saccade starts and lasts for

100-120 msec; comparable interruptions (100 msec) of

sight by a shutter are readily perceived. This suggests that

the visual system compensates for its own actions, but that

interruptions by external means are not compensated for

in the same manner. Saccadic suppression and suppres

sion during eye blinks can be considered a "shutting off"

of the normal mode of processing visual information. The
relevance is that in Experiment 3, the eyes were open and

information was potentially available from the visual sys
tem; however, retinal stimulation was interrupted by ex

ternal means and this was not compensated for by the

visual system. That eyes open in the dark can change

the processing of visual information can be seen by the
response of cells in the lateral geniculate nuclei (LGN).

The LGN has been suggested as the site of a comparator

that distinguishes object motion from eye movement. This
visual comparator is based on the response of Sand T

cells in the LGN: S cells have a sustained firing pattern,

which is related to instantaneous eye position; T cells have

transient firing patterns, which are related to saccades and

other eye movements. Neither response has been observed

to occur readily in the dark, which suggests that this
mechanism functions differently when the observer's eyes

are open in the dark (Carpenter, 1977). Similar mecha

nisms may be involved in the postural control system when
the eyes are open in the dark; the visual system is linked

into the postural control system, but the feedback infor
mation that should be available is interrupted by external

means or is not available.

These results indicate that the visual influence on pos

tural equilibrium results from a complex synergy that
modulates postural reflexes. A simple optical/retinal ex

planation is not sufficient. Visual control of posture might
be profitably explored in the more general framework

of visual spatial localization, along with other areas of
visually guided, spatially oriented behavior.
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NOTES

I. It is likely that each of the stimulus displays provided more infor

mation than that which is listed. The list specifies which dimension of

sway the potential information is maximally relevant to.

2. Several researchers treat the center of force as a direct projection

of the COG. If the movement is slow and certain other conditions are

met, this is reasonable. However, the distinction between the centers

of fQrceapplied to the measuring system and the COG of the body should

be maintained until the appropriate proofs and standards are developed.

3. Holding it at arm's length, the subject aligned a pencil with a line

approximately 4 m away. Each eye was alternately covered, and the

subject reported relative movement of the pencil and line.

4. In the Romberg posture, the subject stands with feet together, knees

straight, and torso and head erect, arms folded over chest. This posture

was chosen because of its use as a standard in neurological examinations,

so that the present data would be consistent with other published data.

5. To obtain zero mean data, the DC offset was calculated as the mean

value of the time history. This mean value was subtracted from each

data point. RMS was obtained by summing the square roots of the dis

crete power spectral estimates (obtained from the Fourier transform of

the data), which were scaled such that a sinusoidal waveform of peak

A would have a corresponding spectral peak magnitude A'. A full dis

cussion of the logic and the mathematics used for this data transform

can be found in Bendat and Piersol (l97\).

6. The classic parametric methods are derived with explicit assump

tions about population distributions and parameters. Order techniques

depend directly on elementary probability theory, and they are com

paratively free from assumptions about population distributions and

parameters. However, both can be considered equivalent, in the fol

lowing sense: Analysis of variance is based on the assumption of equal

means, which imply, and are implied by, the identical population

hypothesis. The Wilcoxon is based on the equal likelihood hypothesis,

which is implied by the identical population hypothesis. If the equal likeli

hood hypothesis is rejected, the identical population hypothesis can also

be rejected.

In the context of the present experiments, the Wilcoxon is preferred;

little is known about the underlying distributions, but what is known

suggests that they are skewed rather than normal. Independent concerns

about the appropriate measurement scale also suggest that parametric

statistics may not be appropriate for posturography.

7. The appropriate probability level to be used is a matter of custom

for single-hypothesis testing, a matter of controversy for multiple

hypothesis testing. So, while acknowledging the concerns arising from

multiple hypothesis testing, the customary p < .05 and p < .01 levels

are used for semantic simplicity. The z score is also reported to allow

the reader to apply more conservative statistical standards if desired.

8. It should be acknowledged that normal postural reflexes may be

less efficient in the tandem Romberg posture, and that the kinesiology

of postural corrections may be different. Furthermore, because the base

of support for F/A sway is doubled and the LlR base of support is halved,

the relation between the two may be altered.

9. Two recent conference abstracts (White, Woods, & Post, 1989;

Woods & White, 1989) have reported replication of a difference be

tween eyes open and closed in the dark. Specifically, when subjects stood

on one leg in the dark with their eyes closed, their head movement was

greater than it was when their eyes were open. These differences are

opposite in direction to the ones reported here; this may be due to

methodological differences. The key point is that an independent labora

tory, using radically different techniques, has confirmed the finding that

eye closure is not merely the equivalent of zero retinal image.

10. In linear systems theory, this can be expressed in the following

manner: Closing the eyes eliminates the possibility of a retinal pattern,

indicating zero error in a negative feedback loop; the error signal will

be determined by the random activity of the retina. It is unclear whether

or not linear systems analysis is an appropriate level of analysis for the

postural control system (Droulez, Berthoz, & Vidal, 1985). Until this

issue is resolved, the conceptual analysis presented in the present paper

is to be preferred.

II. That the visual system treats bothempty and dark fields in a similar

manner is indicated by work on "dark focus" and "dark vergence"

(Leibowitz & Owens, 1975; Owens & Leibowitz, 1983). These

phenomena indicate that without adequate visual stimuli, the eyes as

sume a posture that is intermediate in the functional ranges of accom

modation and binocular vergence. This posture, which is assumed when

the field is dark or minimally structured, may be involved in the data

presented here.
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