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Abstract Flexible and stable postural control requires

adaptation to changing environmental conditions, a process

which requires re-weighting of multisensory stimuli.

Recent studies, as well as predictions from a computational

model, have indicated a reciprocal re-weighting relation-

ship between modalities when a sensory stimulus changes

amplitude. As one modality is down-weighted, another is

up-weighted to compensate (and vice versa). The purpose

of this study was to investigate the dynamics of intra- and

inter-modality re-weighting process by examining postural

responses to manipulation of proprioception and visual

modalities simultaneously. Twenty-two young adults were

placed in a visual cave and stood on a variable-pitch

platform for thirteen trials of 250 s apiece. The platform

was rotated at constant frequency of 0.4 Hz and amplitudes

of 0.3 (low) or 1.5 (high) degrees. Platform amplitude was

manipulated in two conditions: low-to-high or high-to-low.

The visual stimulus was displayed at constant frequency of

0.35 Hz and amplitude of 0.08 degrees. The results showed

both fast and slow changes in center of mass (CoM)

response to the switch in platform amplitude. On both

timescales, CoM response changed in a reciprocal manner

relative to platform amplitude. When the platform ampli-

tude increased (low-to-high condition), CoM response

decreased relative to the platform and increased relative to

the visual stimulus, indicating both intra-modality and

inter-modality sensory re-weighting. In the high-to-low

condition, however, there was no change in CoM response

relative to visual stimulus, indicating that re-weighting

may also be dependent on the absolute level of gain. Sway

variability at frequencies other than the stimulus frequency

also showed a reciprocal relationship with CoM gain rel-

ative to platform. Overall, these results indicate that

dynamics of multisensory re-weighting is clearly more

complicated than the schemes proposed by current adaptive

models of human postural control.

Keywords Postural control � Inter-modality re-weighting �
Vision and proprioception

Introduction

Adaptation is a signature feature of flexible and stable

postural control (Forssberg and Nashner 1982). Cues from
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visual, vestibular and somatosensory systems must be

integrated to properly provide information in order for the

postural system to adapt to any perturbation (Horak and

Macpherson 1996). One example of such adaptation is the

modification of postural responses as environmental con-

ditions change (e.g., stepping onto a slippery surface).

Many studies have established that such changes are par-

tially driven by adaptively re-weighting sensory informa-

tion (Horak and Macpherson 1996; Oie et al. 2002; Peterka

2002; Oie et al. 2005; Maurer et al. 2006; Rinaldi et al.

2009). For example, a common experimental technique is

for subjects to stand within a visual ‘‘moving room,’’ in

which the walls of the laboratory move sinusoidally but the

floor remains motionless, creating conflicts between vision

and the other senses (e.g., proprioception and vestibular).

The visual motion of the walls is initially small, making it

difficult to distinguish self-motion from the motion of the

room, resulting in a strong postural response. However, if

the amplitude of the sinusoidal visual input is doubled, a

linear system would double the amplitude of the postural

response at the frequency of the input so that gain (sway

amplitude/visual input amplitude) remains constant. What

in fact happens is that the postural control system responds

by ‘‘down-weighting’’ vision, meaning that the system

relies less on vision, indicated by a reduction in gain, due to

a postural response that increases less than that of the

visual amplitude, indicating a nonlinear process (e.g., Oie

et al. 2002; Peterka 2002; Rinaldi et al. 2009).

During standing posture, however, multiple modalities

provide information about self-motion, begging the question

of how these inputs are re-weighted continuously. By

manipulating the amplitude of one sensory modality while

the amplitude of a second modality remains constant, recent

studies have demonstrated a reciprocal trade-off: As one

modality is down-weighted, an alternative sensory input is

up-weighted to compensate, indicating an inter-modal rela-

tionship (Oie et al. 2002; Allison et al. 2006; Bonfim et al.

2006; Cenciarini and Peterka 2006). Such reciprocity sug-

gests that re-weighting of different sensory modalities is

necessarily linked, providing an important constraint for

adaptive models of multisensory fusion and human postural

control (van der Kooij et al. 2001; Carver et al. 2006).

This reciprocal inter-modal relationship was observed in a

model by Carver et al. (2005, 2006). The model has an

adaptive Kalman filter with a single adaptive parameter h that

simultaneously controls the weights of a visual input and a

lumped non-visual input. The adaptive scheme consists of

adjusting h to minimize mean squared ankle torque. The

model was originally developed to account for changes in

steady-state gain as visual motion amplitude changed, but

was found to also account for changes in gain when subjects

are exposed to abrupt changes in visual motion amplitude

(Barela et al. unpublished data; Jeka et al. 2008).

Here, we test whether adaptive behavior of the Carver

et al.’s model is consistent with the inter-modal re-weighting

relationship between two sensory stimuli. Two sensory

stimuli (vision and proprioception) were manipulated in a

continuous fashion to determine how inter- and intra-

modality re-weighting evolves in time. Intra-modality

re-weighting refers to change in gain of a sensory modality

(e.g. vision) when amplitude of motion of this sensory

modality is changed. Inter-modality re-weighting refers to

change in gain of a sensory modality (e.g., vision) when

amplitude of motion of a different sensory input (e.g.,

proprioception) is changed.

The primary question addressed by this study is whether

there is a fixed reciprocal relationship between the gains of

two modalities, as predicted by the model of Carver et al.

(2005, 2006) in which adaptation is described by a single

parameter. Specifically, when platform amplitude is

increased, CoM gain relative to platform amplitude is

predicted to decrease and CoM gain relative to visual

amplitude is predicted to increase. When platform ampli-

tude is decreased, CoM gain relative to platform is pre-

dicted to increase and CoM gain relative to vision is

predicted to decrease. Our interest was to determine whe-

ther the reciprocal gain relationship was consistently

observed when stimulus amplitude increased or decreased.

Additionally, it is important to recognize that gain

reflects the postural response only at the frequency of the

sensory input. There are many other frequencies in the

postural response, and a change in environmental (e.g.,

vision) motion is also known to change sway variability at

non-stimulus frequencies. This effect has been shown for

subjects viewing a moving visual scene or lightly touching

a moving surface with the fingertip (Allison et al. 2006;

Jeka et al. 2006). The Carver et al.’s (2005, 2006) adaptive

model predicts that any increase in gain at the stimulus

frequency should be matched by a decrease in sway vari-

ability at non-stimulus frequencies (and vice versa). This

provides a second prediction (along with the reciprocal

gain relationship stated above) to test whether the sensory

re-weighting process can be explained with a single

adaptive parameter from the Carver et al.’s model. The

results did not support a fixed reciprocal relationship

between the CoM gain relative to vision and platform, in

contradiction to the model of Carver et al. (2005, 2006).

Materials and methods

Participants

Twenty-two young, healthy adults (mean age, 21.9 (±2.84

SD) years of age, 11 females and 11 males), students at the

University of Maryland, participated in this study. All
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students reported no known musculoskeletal or neurological

disorders that might affect their ability to maintain balance

and had normal and corrected-to-normal vision during all

test. They were informed about the experimental procedures

and asked to sign the written consent form approved by the

Institutional Review Board at University of Maryland.

Experimental setup

The participants stood upright quietly on a moveable

platform inside a visual cave. The cave consists of three

translucent screens (2.5 m 9 2.0 m) (Mechdyne, Inc,

Marshalltown, Iowa, USA) positioned one in front and two

on either side of the participants. Subjects faced the front

screen in the middle of the cave, approximately 1 m from

frontal screen and 1.5 m from either side screen. Three

JVC projectors (Model: DLA-M15U, Victor Company,

Japan) were used to display a random pattern of 500 white

triangles (3.4 9 3.4 9 3 cm) on a black background, with

a resolution of 1,024 9 768 pixels and a frame rate of

60 Hz. In order to avoid aliasing effect in the foveal region

(Dijkstra et al. 1994), no triangles were displayed in the

frontal ‘‘wall’’ within a horizontal band of ±5 degree

around the subject’s eye height. Subjects were asked to

maintain their gaze on the blank area during all trials. The

apparatus was controlled by a PC workstation using spe-

cific software (CaveLib, Mechdyne, Inc) to generate the

visual display (triangles) written in Visual C??.

A variable-pitch platform (40 9 60 cm) was also used to

provide sensory mechanical stimulation through rotation

about the ankle joint. Participants were placed barefoot in the

middle of the platform, feet 6.5 cm apart, with their medial

malleolus ankle coincident with the rotational axis of the

platform. The platform has a controller (Compumotor—

GV6K-U12E G) and a servomotor (Compumotor—BE343

LJ-K10NBE). Custom software (Compumotor—Motion

Architect) generated platform rotations in different ampli-

tudes. Data collection used custom LabVIEW programs

(National Instruments, Inc).

Data acquisition

Kinematic data and platform motion were recorded using a

motion analysis system (Optotrak 3020, Northern Digital,

Inc) at a sampling rate of 120 Hz. Four wireless IRED

markers were placed on the ankle (right lateral malleolus),

knee (right lateral epicondyle), hip (right greater trochan-

ter) and shoulder (right acromion process). Three markers

were attached on a small triangle board (6 9 6 9 6 cm)

with each marker fixed in one corner of this board and

placed on the participant’s head (inion). Another three

markers were placed on the moveable platform in order to

measure its displacement.

Muscle activity was also recorded from the right lateral

gastrocnemius, soleus, tibialis anterior, biceps femoris,

rectus femoris, rectus abdominus, erector spinae muscles of

the lumbar spine and neck extensors using a telemetric

EMG system (Noraxon Telemyo 900). Electrodes were

placed parallel to muscle fibers 2.5 cm apart and bandage

with elastic bands in order to avoid the cable movement.

EMG signals were recorded at a sampling rate of 1,080 Hz

and bandwidth of 16–500 Hz. EMG data were collected for

future analysis and will be presented in a subsequent

manuscript.

The participants wore a safety harness and stood upright

on the variable-pitch platform inside the virtual room for

thirteen trials of 250 s apiece. The surrounding visual

environment and the platform were stationary in the first

trial (no motion). In the following randomized trials, both

visual display and platform were rotated simultaneously at

different amplitudes and frequencies. The platform was

rotated at a constant frequency of 0.4 Hz and amplitude of

0.3 or 1.5 degrees (mean-to-peak), which was switched

after 80 s from low-to-high or high-to-low amplitudes of

platform motion, making a total of 12 trials, six in each

condition (six low-to-high and six high-to-low). The visual

stimulus was displayed at a constant frequency of 0.35 Hz

and amplitude of 0.08 degrees (mean-to-peak). In half of

the trials (three trials of each condition), the visual scene

and platform rotated in the same direction at the beginning

of the trial; in the other half of the trials, they rotated in

opposite directions. This procedure was employed so that

after averaging across trials, the cross-correlation function

between the visual-scene and platform rotations would be

zero, which insured that sway responses to platform and

visual-scene motion could be measured independently (see

‘‘Data analysis’’ below). Four-minute rests were taken after

every two trials to minimize fatigue effects during the test.

Data analysis

The displacement trajectories of the ankle, knee, hip and

shoulder markers were used to estimate the center of mass

(CoM) trajectories in the AP, medial–lateral and vertical

directions based upon a three-segment model (Winter et al.

1990). The CoM angle with respect to vertical was then

determined using the AP and vertical displacements of

the CoM and the ankle marker. Therefore, CoM refers

to the angle of the body in the sagittal plane with respect to

the ankle position.

To verify the postural response amplitude to the visual

scene and to the platform motion, a frequency response

function (FRF) was obtained. FRF was calculated dividing

the Fourier transform of the estimated CoM trajectory by

the Fourier transform of each stimulus (visual and platform

motion) trajectory, separately. This analysis was calculated
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in 2.5-s intervals with platform motion and 2.857-s inter-

vals with visual motion for each trial (cycle-by-cycle FRF).

The FRF was averaged across trials for each subject and

then across subjects. After averaging across trials, the FRF

for platform rotation was not artificially biased by the FRF

for visual-scene rotation and vice versa, because the mean

cross-correlation function between the visual-scene and

platform rotations was zero (see ‘‘Data acquisition’’

above).

Four variables were calculated: gain, phase, position

variability and velocity variability. Gain was computed as

the absolute value of the mean FRF, indicating 1 when

CoM angular displacement matched the stimulus ampli-

tude. CoM angular displacement relative to the visual

(platform) stimulus was referred to as ‘‘CoM gain relative

to visual (platform) amplitude.’’ Phase was computed as

the argument of the FRF indicating the temporal relation-

ship between CoM displacement and the sensory stimuli,

calculated in radians and converted to degrees. Positive and

negative phase values indicate that the postural response

led or lagged behind the sensory stimulus, respectively. For

each cycle, 95 % confidence intervals for gain and phase

were computed by constructing a 95 % confidence region

for the FRF in the complex plane (Kiemel et al. 2006).

To calculate position and velocity variability, power was

removed by subtracting sinusoids corresponding to the

CoM Fourier transform at the visual and platform stimuli

frequencies (Jeka et al. 2000). CoM trajectories were

computed over six 40-s segments, with a time step of 0.1 s.

CoM position and velocity variability were then defined as

the standard deviation of the residual CoM trajectories,

namely, at frequencies other than visual and platform

stimulus. CoM position and velocity variability provide

information about postural sway at frequencies other than

the visual and platform stimuli frequencies, which provides

a more complete description of the effect of sensory

re-weighting (see ‘‘Discussion’’).

Analysis of gain and phase

Analysis of gain and phase was performed through separate

analyses of FRFs for the visual and platform perturbations.

Each analysis consisted of two steps: (1) linear least-

squares fits of changes in FRFs over time in which the

dependent variables were the real and imaginary parts of

the FRFs, and (2) a nonlinear analysis in which the

dependent variables were the gains and phases at the

endpoints of the least-squares fits from the first step. We

used this two-step approach because: (1) a linear analysis is

appropriate for the real and imaginary parts of the FRFs but

not for gain and phase, as explained below, and (2) it is

easier to interpret results in terms of gain and phase than in

terms of the real and imaginary parts of the FRF, but there

is a nonlinear relationship between the two sets of

variables.

Except at the beginning of the trial and immediately

after the switch in platform amplitude, changes in FRFs

were slow and approximately linear across time. To

describe these changes, we computed least-squares fits of

the real and imaginary parts of the FRF as a linear function

of the perturbation cycle index. For each subject and

condition, we fit the FRF over two time intervals: one from

the third cycle of the trial (denoted as b1) to the last cycle

before the amplitude switch (b2), and one from the third

cycle after the switch (a1) to the last cycle of the trial (a2).

Linear fits were not applied to the first two cycles of the

trial and the first two cycles after the switch in order to

avoid fast nonlinear changes in the FRF. Linear fits were

evaluated at the endpoints b1, b2, a1 and a2, resulting in

fitted FRF values Hcps, where c [ {1, 2} denotes condition,

p [ {b1, b2, a1, a2} denotes endpoint, and s [ {1, 2,…,22}

denotes subject.

We used a nonlinear multivariate statistical model to

analyze gain and phase based on the fitted endpoint FRF

values Hcps (Jeka et al. 2008, 2010):

ReðHcpsÞ ¼ ccp cosð/cpÞ þ dcps;

ImðHcpsÞ ¼ ccp sinð/cpÞ þ ecps;
ð1Þ

where ccp is group gain and /cp is group phase. Variation

across subjects was described by the random variables dcps

and ecps, which were assumed to have a zero-mean multi-

variate normal distribution. Because of our statistical

model is based on the distribution of FRF values, not gains,

it avoids biases in gain due to side-lobe leakage (Jeka et al.,

2008). The gains ccp and phases /cp were estimated by

maximizing the model’s log-likelihood (Seber and Wild

2003). The maximum-likelihood estimates of ccp and /cp

are the absolute value and argument, respectively, of the

mean of Hcps across subjects.

To test a null hypothesis H about gains ccp or phases /cp,

we maximized the model’s log-likelihood with parameters

constrained by the null hypothesis. We then compared the

constrained maximum log-likelihood, LH, to the uncon-

strained maximum log-likelihood, L, using a F test applied

to Wilks’ K = exp (2(LH-L)/n) (Seber 1984; Polit 1996),

using the same degrees of freedom m1 and m2 as in the

corresponding linear case.

For both conditions, we tested for slow changes in gain

and phase both before the switch (cycles b1 vs. b2) and after

the switch (cycles a1 vs. a2). We refer to these changes as

‘‘slow,’’ because the changes were between cycles sepa-

rated by more than 70 s. In addition, we tested for fast

changes in gain and phase after the change in the platform

amplitude, the gain and phase values immediately before

the switch (cycle b2) was compared to the first fitted gain
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and phase values after the switch (cycle a1). We refer to

these changes as ‘‘fast,’’ because the changes were between

cycles separated by only 7.5 s for platform motion and

8.6 s for visual-scene motion. For gain, we tested whether

these changes in FRF values summed to zero for the two

conditions (c1;b2
� c1;a1

� c2;b2
þ c2;a1

¼ 0), which indi-

cates whether the rate of these changes is similar at the two

amplitude switches (low-to-high and high-to-low condi-

tions). The a-level for all analyses was 0.05.

Analysis of variability

Two repeated measures MANOVAs were performed to

verify the differences in the position and velocity variability

in each condition. Post hoc analyses with a Bonferroni

adjustment were used. The a-level for all analyses was 0.05.

Results

Figure 1 shows exemplars of CoM motion from one par-

ticipant and the concurrent visual and platform motion at

low-to-high (Fig. 1a) and high-to-low (Fig. 1b) platform

amplitude conditions. CoM sway was induced by the

visual-scene and platform motion in both low-to-high and

high-to-low platform amplitude conditions. Furthermore,

changes in CoM amplitude are evident when platform

amplitude switched from low-to-high or high-to-low.

Table 1 summarizes gain and phase values between visual

and CoM sway and platform and CoM sway used to

compare postural responses before, during, and after plat-

form switch.

Low-to-high platform amplitude condition

Figure 2 depicts the mean gain and phase across subjects and

trials relative to the visual stimulus and platform motion in the

low-to-high platform amplitude condition. The third and last

values labeled in Table 1 refer to first (actual 3rd value) and

last fitted values used to compare the CoM responses before

(pre) and after (post) platform amplitude change. Also, the

last fitted value before and the first fitted value (actual 3rd

value) after the platform amplitude change was used to verify

the CoM response during the transition.

During the first 80 s of the trial when the platform was at

low amplitude (slow change), CoM gain relative to platform

increased, F (1, 21) = 27.76, p = 0.0001, and CoM gain

relative to vision decreased F (1, 21) = 26.83, p = 0.0001.

However, these gains quickly changed with an abrupt

increase in platform amplitude (fast change). Comparisons of

gains before and after the amplitude transition revealed that

CoM gain relative to platform decreased, F (1, 21) = 73.81,

p = 0.0001, and CoM gain relative to vision increased,

F (1, 21) = 15.25, p = 0.0005. After the transition (follow-

ing 160 s), these gain values were maintained (slow change).

CoM phase relative to platform was higher than CoM

phase relative to vision, F (1, 21) = 5.04, p = 0.03. CoM

phase relative to platform increased just after the transition

(fast change) and decreased during the last 160 s (slow

change), F (1, 21) = 6.47, p = 0.02. Phase was constant

for visual stimulus (p [ 0.05).

High-to-low platform amplitude condition

Figure 3 depicts the mean gain and phase across subjects

and trials to the visual stimulus and platform motion in the

Fig. 1 Time series of CoM

angular displacement from one

participant (middle dark line)

and time series of visual display

motion (upper line), and

platform motion (lower line) at

low-to-high (a) and high-to-low

(b) conditions
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high-to-low platform condition. The first (actual third

value) and last fitted values before and after platform

transition are also depicted as seen in Fig. 2.

In the first 80 s when platform amplitude was high, CoM

gain relative to platform increased, F (1, 21) = 10.249,

p = 0.004, and CoM gain relative to vision decreased,

F (1, 21) = 5.92, p = 0.02. The slow change in gain to the

constant visual stimulus when platform amplitude changed

suggests inter-modality re-weighting of the sensory stimuli

(see ‘‘Discussion’’).

After the amplitude switch from high-to-low, CoM gain

relative to platform increased (fast change), F (1, 21) = 91.7,

p = 0.0001, which was maintained during the last 160 s of the

trial (slow change), F (1, 21) = 0.51, p = 0.82. CoM gain

relative to vision did not change when the CoM gain relative to

platform increased abruptly (fast change), F (1, 21) = 0.62,

p = 0.43, but then slowly decreased until the end of the trial

(slow change). The last CoM gain relative to vision fitted value

after the platform switch was significantly lower than the first

fitted value (slow change), F (1, 21) = 8.60, p = 0.008.

Table 1 Mean CoM gain and phase relative to vision and to platform of the third and last fitted values before and after platform switch at low-

to-high and high-to-low amplitude conditions

Low-to-high High-to-low

Before After Before After

3rd Last 3rd Last 3rd Last 3rd Last

Visual gain 2.39 1.77 2.28 2.26 2.51 2.23 2.15 1.90

Plat gain 0.27 0.65 0.20 0.21 0.17 0.20 0.55 0.55

Visual phase -68.13 -73.25 -70.09 -72.36 -63.87 -72.23 -72.29 -75.09

Plat phase -37.85 -44.26 -33.42 -40.43 -28.96 -41.64 -46.84 -47.5

Fig. 2 Mean cycle-to-cycle gain and phase of CoM angular dis-

placement relative to the visual stimulus (circles) and platform

motion (squares) at low-to-high condition across subjects and trials.

Error bars denote 95 % confidence intervals. The third and last

values (gray circles and squares) refer to first (actual third value) and

last fitted values used to compare the CoM responses before (pre),

during and after (post) platform amplitude change
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Negative phase values indicated that the CoM response

was temporally lagging the visual and platform motion. In

addition, phase was slightly more positive in the first 80 s of

the trial for both visual, F (1, 21) = 12.63, p = 0.001, and

platform motion (slow change), F (1, 21) = 16.86,

p = 0.0005. The temporal relationship between postural

sway and the visual stimulus, F (1, 21) = 1.54, p = 0.22, and

platform motion, F (1, 21) = 0.02, p = 0.87, did not change

after the platform amplitude switch (fast change), remaining

constant for the last 160 s of the trial (slow change).

The summation of changes in FRFs at the amplitude

platform switch in both conditions was tested whether they

differed from zero. Significant differences from zero for

CoM gain relative to vision (p = 0.0085) and CoM gain

relative to platform (p = 0.0027) were found. Changes in

CoM gain relative to vision were larger when the platform

motion increased rather than decreased after the amplitude

transition. Changes in CoM gain relative to platform were

larger when platform motion decreased.

Position and velocity variability

Figure 4a–d depicts mean position and velocity variability

across subjects and trials at both conditions. In general,

sway variability increased when the platform amplitude

was high and decreased when platform amplitude was low.

A MANOVA revealed differences between the six 40-s

segments, Wilks’ Lambda = 0.057, F (2, 10) = 19.93,

p \ 0.001 in both the high-to-low and the low-to-high

(Wilks’ Lambda = 0.093, F (2, 10) = 11.74, p \ 0.001)

conditions. Univariate analyses showed that these effects

were found in both conditions for position and velocity

variability, ps \ 0.001. Consistent with predictions, post

hoc tests indicated a decrease in position and velocity

variability after the amplitude transition in the high-to-low

condition and an increase in position and velocity vari-

ability after the amplitude transition in the low-to-high

condition.

Discussion

The purpose of this study was to investigate the dynamics

of intra- and inter-modality re-weighting process by

examining postural responses to manipulation of two sen-

sory modalities simultaneously. Our present results clearly

showed both intra- and inter-modality re-weighting, but in

addition, the dynamics of re-weighting is characterized by

Fig. 3 Mean cycle-to-cycle gain and phase of CoM angular dis-

placement relative to the visual stimulus (circles) and platform

motion (squares) at high-to-low condition across subjects and trials.

Error bars denote 95 % confidence intervals. The third and last

values (gray circles and squares) refer to first (actual third value) and

last fitted values used to compare the CoM responses before (pre),

during and after (post) platform amplitude change
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both fast and slow changes, consistent with the previous

results (Jeka et al. 2008). Our results argue for an adaptive

scheme that is driven by more than a single adaptive

parameter.

Inter- and intra-modality re-weighting

Multisensory re-weighting was demonstrated by changes in

CoM response relative to platform and visual manipulation.

Intra-modality re-weighting is reflected by the change in

CoM gain relative to platform in response to a change

in the amplitude of platform motion. Inter-modality

re-weighting is reflected by the change in CoM gain rela-

tive to vision whose amplitude remained constant as the

platform amplitude was changed. Our results showed both

intra- and inter-modality re-weighting.

Intra-modality re-weighting was observed on both a fast

and slow time scale. CoM gain relative to platform chan-

ged quickly when the amplitude of the platform changed

from low-to-high and high-to-low. However, intra-modal-

ity re-weighting was also observed over a longer time

scale, in the first 80 s of each condition, as CoM gain

relative to platform slowly increased, most dramatically in

the low-to-high condition. The slow increase is due to the

onset of platform motion from a stationary position. Body

sway couples most strongly to a stationary sensory stimu-

lus, which provides the best reference to estimate self-

motion. As soon as the sensory stimulus begins to move,

rapid down-weighting occurs. Close inspection of Figs. 2

and 3 shows that the first measurement of CoM gain rel-

ative to platform at the beginning of the trial is higher than

the first fitted value, indicating down-weighting. Pairwise

comparisons indicated significant differences between

these two measurements for both conditions (p \ 0.0001).

This was followed by a slow increase in gain, indicating

up-weighting. The initial rapid down-weighting suggests

that the nervous system interprets any movement of the

environment as a large movement, an over-reaction to the

initial movement of the platform, and then slowly up-

weights the platform stimulus to readjust it to appropriate

levels. This rapid drop in CoM gain relative to platform

(down-weighting) is observed again as the platform chan-

ges from low-to-high amplitude. However, slow up-

weighting is not observed after the amplitude switch,

suggesting that the slow changes observed earlier in the

trial may be a function of the absolute level of gain in

addition to the change in stimulus amplitude.

Inter-modality re-weighting is also observed in the low-

to-high condition in Fig. 2, as changes in CoM gain rela-

tive to vision were observed when platform amplitude

changed. The slow up-weighting of CoM gain relative to

platform is matched by slow down-weighting of CoM gain

relative to vision in the first 80 s of the low-to-high con-

dition, even though the visual stimulus oscillated at con-

stant amplitude. The slow visual down-weighting could

also be due to the onset of the platform movement at the

beginning of the trial, as discussed above. Just as the

platform stimulus seems to be down-weighted too much at

the trial onset, the visual stimulus seems up-weighted too

much, followed by a period of adjustment to bring both

weights to appropriate levels. Equally striking is that after

the platform switches to high amplitude, vision is again up-

weighted rapidly with no further down-weighting over the

longer time scale to the end of the trial, similar to the

Fig. 4 Mean position and

velocity variability of COM

angular displacement of young

adults in both high-to-low

(asterisks) and low-to-high

conditions (circles)
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behavior of CoM gain relative to platform. Thus, both

intra- and inter-modality processes are intertwined to adjust

the coupling strength to each stimulus to achieve the most

precise estimate of self-motion.

In the high-to-low condition, intra-modality effects were

qualitatively similar to the low-to-high condition, as CoM

gain relative to platform displayed an abrupt increase after

the platform amplitude switch. Slow changes in gain were

also evident. However, inter-modality effects were not as

striking for the visual stimulus gain. CoM gain relative to

vision did not display a change in gain after the platform

amplitude decreased. Instead, a slow decrease in CoM gain

relative to vision was observed across the entire trial.

Modeling

The gain changes observed here are only partially consis-

tent with a model proposed by Carver et al. (2005, 2006).

Because the model has a single adaptive parameter, it

cannot account for a change in CoM gain relative to plat-

form that is not accompanied by a change in CoM gain

relative to vision, such as we observed when the platform

amplitude was decreased during the trial (Fig. 3). This

suggests that the model should be modified to have a

separate adaptive parameter for each sensory modality.

Such a modified model would not have a fixed inverse

relationship between CoM gain relative to vision and CoM

gain relative to platform, although there would still be a

tendency for the gains to move in opposite directions in

response to a change in platform amplitude in order to

minimize ankle torque (or some other critical parameter).

Position and velocity variability

The preceding discussion has focused on the effects of

sensory re-weighting on gains, which describe postural

sway at the frequencies of the visual and platform stimuli.

As described in the introduction, sensory re-weighting is

also thought to effect sway at non-stimulus frequencies.

For example, when subjects view a moving visual scene or

lightly touch a moving surface with the fingertip, increas-

ing environmental motion not only decreases the gain to

environmental motion but also increases sway variability at

non-stimulus frequencies (Allison et al. 2006; Jeka et al.

2006). In this study, we found the analogous result for

platform motion. Sway variability was higher when the

platform motion was high than when it was low.

In Jeka et al. (2006) we showed that the link between

environmental motion and sway variability occurs in the

Carver et al.’s (2005, 2006) adaptive model and is the

result of a trade-off between reducing sway at stimulus

frequencies and reducing sway at non-stimulus frequen-

cies. The essential idea is the hypothesis that the nervous

system adjusts the sensory weights of different modalities

to (approximately) minimize overall sway variability, that

is, the total variability at both stimulus and non-stimulus

frequencies. When environmental motion is small, postural

responses to the motion are small and sensory weights

primarily reflect the goal of minimizing sway variability.

However, as environmental motion increases, postural

responses to environmental motion become a substantial

contribution to overall sway variability and the nervous

system down-weights those modalities most affected by the

environmental motion to reduce sway at the stimulus fre-

quency. However, sensory weights are no longer optimal to

reduce sway at non-stimulus frequencies as well, so sway

variability at non-stimulus frequencies increases. Thus,

down-weighting a sensory modality has both positive and

negative effects (i.e., a trade-off). The positive effect is to

diminish the effect of environmental motion that is biasing

the nervous system’s estimate of self-motion. The negative

effect is that the nervous system has lost information it

needs to precisely estimate body dynamics. Thus, the

greater the down-weighting, the greater the reduction in

sway at stimulus frequencies, but also the greater the

increase in sway at non-stimulus frequencies. In the Carver

et al.’s (2005, 2006) model, and presumably in humans, the

sensory weights chosen by the nervous system are a trade-

off between these two factors.

Limitations

Under normal conditions, flexible control of stance is

achieved by continuous re-weighting of visual, somato-

sensory and vestibular inputs to provide convergent infor-

mation about body dynamics (e.g., Peterka 2002; Jeka et al.

2000; Maurer et al. 2006). Here, we manipulated and

quantitatively observed responses of visual and somato-

sensory inputs without reference to vestibular contribu-

tions. Considering the challenges of controlling and

measuring transient changes of gain with two sensory

inputs, a novelty of this study, adding a third input in form

of galvanic stimulation, was not considered feasible, but

clearly needs to be addressed in future studies. Even though

the contribution of the vestibular system during quiet or

mildly perturbed stance is considered noisy and weak

(Mergner et al. 1993), recent advances in the understanding

of galvanic input clearly suggest that it may be manipu-

lated effectively (Day et al. 2011). In addition, the choice

of amplitude and frequency of stimulus manipulation may

also constitute a critical issue. Our choices on amplitudes

and frequencies of the stimuli (vision and platform) were

based on the previous studies which observed strong

responses to the chosen parameters and on practical limi-

tations of our equipment. Although our results provide

important knowledge about the re-weighting process,
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further investigations will determine the generality of these

results to other experimental conditions.

Conclusion

The current results indicate that the dynamics of multi-

sensory re-weighting, especially inter-modality, is clearly

more complicated than the schemes proposed by current

adaptive models of human postural control (van der Kooij

et al. 2001; Carver et al. 2006). The signature feature of

current schemes is for modalities to be re-weighted in a

reciprocal fashion to compensate for changing environ-

mental conditions. This reciprocity was certainly observed

here, but in a manner that suggested more than a single

parameter to guide the re-weighting process.
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