
Abstract The present study examined the influence of
bilateral peripheral vestibular loss (BVL) in humans on
postural responses to multidirectional surface rotations
in the pitch and roll planes. Specifically, we examined
the effects of vestibular loss on the directional sensitivi-
ty, timing, and amplitude of early stretch, balance cor-
recting, and stabilizing reactions in postural leg and
trunk muscles as well as changes in ankle torque and
trunk angular velocity following multidirectional rota-
tional perturbations of the support surface. Fourteen nor-
mal healthy adults and five BVL patients stood on a dual
axis rotating platform which rotated 7.5° at 50°/s through
eight different directions of pitch and roll combinations
separated by 45°. Directions were randomized within a
series of 44 perturbation trials which were presented first
with eyes open, followed by a second series of trials with
eyes closed. Vestibular loss did not influence the range
of activation or direction of maximum sensitivity for bal-
ance correcting responses (120–220 ms). Response on-
sets at approximately 120 ms were normal in tibialis an-
terior (TA), soleus (SOL), paraspinals (PARAS), or
quadriceps muscles. Only SOL muscle activity demon-
strated a 38- to 45-ms delay for combinations of forward
(toe-down) and roll perturbations in BVL patients. The
amplitude of balance correcting responses in leg muscles
between 120 and 220 ms was, with one exception, se-
verely reduced in BVL patients for eyes open and eyes
closed conditions. SOL responses were decreased bilat-
erally for toe-up and toe-down perturbations, but more
significantly reduced in the downhill (load-bearing) leg
for combined roll and pitch perturbations. TA was signif-

icantly reduced bilaterally for toe-up perturbations, and
in the downhill leg for backward roll perturbations. For-
ward perturbations, however, elicited significantly larger
TA activity in BVL between 120 and 220 ms compared
to normals, which would act to further destabilize the
body. As a result of these changes in response ampli-
tudes, BVL patients had reduced balance correcting an-
kle torque between 160 and 260 ms and increased torque
between 280 and 380 ms compared to normals. There
were no differences in the orientation of the resultant an-
kle torque vectors between BVL and normals, both of
which were oriented primarily along the pitch plane. For
combinations of backward (toe-up) and roll perturbations
BVL patients had larger balance correcting and stabiliz-
ing reactions (between 350 and 700 ms) in PARAS than
normals and these corresponded to excessive trunk pitch
and roll velocities. During roll perturbations, trunk ve-
locities in BVL subjects after 200 ms were directed
along directions different from those of normals. Fur-
thermore, roll instabilities appeared later than those of
pitch particularly for backward roll perturbations. The
results of the study show that combinations of roll and
pitch surface rotations yield important spatiotemporal in-
formation, especially with respect to trunk response
strategies changed by BVL which are not revealed by
pitch plane perturbations alone. Our results indicate that
vestibular influences are earlier for the pitch plane and
are directed to leg muscles, whereas roll control is later
and focused on trunk muscles.
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Introduction

Pitch plane perturbations of the support surface (or dy-
namic posturography) have provided clinicians and sci-
entists with an experimental paradigm to study normal
and pathological characteristics of the CNS response to
unexpected falling due to external perturbations. The
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most common form of this dynamic posturography in-
volves tipping or translating the support surface forward
or backward beneath the standing subject, while record-
ing the ensuing muscular and biomechanical responses
required to maintain upright equilibrium. Undeniably, a
great amount of knowledge has been developed from this
paradigm. For example, these uniplanar posturography
studies have shown that movements of the support sur-
face elicit automatically triggered patterns of balance
correcting muscle activity across many body segments
(Cordo and Nashner 1982; Allum et al. 1993; Horak 
et al. 1997), which are dependent upon the amplitude
(Diener et al. 1984, 1991), velocity (Allum and Pfaltz
1985; Allum et al. 1993), and the direction (forward or
backward) of perturbation (Rushmer et al. 1983; Allum
et al. 1993). Pitch-plane dynamic posturography has also
been used extensively to examine differences between
healthy individuals and patients with selective sensory
deficits. Based on these results, valuable information has
been acquired to help understand the relative contribu-
tion and individual influences of different sources of sen-
sory information on postural control including proprio-
ception (Inglis et al. 1994; Horak et al. 1996; Bloem et
al. 2000), vision (Nashner and Berthoz 1978; Timmann
et al. 1994; DiFabio et al. 1998), and vestibular informa-
tion (Allum and Pfaltz 1985; Keshner et al. 1987; Horak
et al. 1990; Allum et al. 1994; Allum and Honegger
1998; Runge et al. 1998)

One major limitation inherent to all of the studies
mentioned above is their reliance on recordings from
perturbations within the pitch plane. This has several
major drawbacks when concepts of normal and patho-
logical balance control need to be generalized to multi-
ple directions including the roll plane. First, falls in 
everyday life and particularly in older adults occur fre-
quently in lateral directions (Maki and McIlroy 1998).
Real-life situations, for which surface perturbations are
intended to mimic, such as an accelerating bus, pitching
boat, or rolling train, impose destabilizing forces which
rarely act along a purely sagittal plane. Second, proprio-
ceptive and vestibulo-sensory systems underlying bal-
ance control have sensitivities in other than the pitch
plane. Stretch receptors, for example, have preferred di-
rections of activity along muscles. Furthermore, some
central vestibular neurons show responses after transfor-
mation of afferent signals characteristic of canal plane
responsiveness (Schor et al. 1984; Wilson et al. 1986)
whereas others have different response properties for roll
and pitch (Angelaki and Dickman 2000). Thus both sen-
sory systems may contribute to a balance correction dif-
ferently depending upon the direction of perturbation.
Third, clinical observations of patients with balance dis-
orders (Allum et al. 2001a) and aging individuals (Gill 
et al. 2001) reveal significant instability in both pitch
and roll planes. The limited success that pitch-plane dy-
namic posturography has had in diagnosing and discrim-
inating balance disorders (Di Fabio 1995; Bronstein and
Guerraz 1999) clearly illustrates the limitation of pitch
plane perturbations to capture the essential components

of normal and pathological balance. Although more re-
cent success to discriminate between patient populations
has been achieved using upper rather than lower body re-
sponses to pitch plane rotations (Allum et al. 2001b), its
fundamental utility to screen for more subtle balance 
disorders or to recognize disease-specific information,
such as the side of a lesion, is questionable (Lipp and
Longridge 1994; Furman 1995).

A shift to the use of multidirectional perturbations for
understanding human postural control has provided new
evidence that challenges the foundation of long-standing
postural control theories. Normal responses to multidi-
rectional perturbations have been examined using sur-
face translations and rotations in sagittal and frontal
planes in quadrupedal animals (Macpherson 1988a, b,
1994; Rushmer et al. 1988) and humans (Moore et al.
1988; Maki et al. 1994; Henry et al. 1998a, b; Carpenter
et al. 1999), as well as perturbations delivered to the
trunk and pelvis (Gilles et al. 1999; Rietdyk et al. 1999).
Throughout this literature, two main themes emerge.
First, postural responses are directionally sensitive and
involve combinations of ankle, knee, and hip responses
which are different for roll and pitch directions. Second,
directionally sensitive trigger information is available at
the level of the hip and pelvis prior to, or simultaneously
with more pitch plane sensitive information received
from the lower leg and ankles. These findings contend
with previously developed concepts of human balance
control based on unidirectional studies and highlight the
need to investigate balance control under more rigorous
parameters which challenge the multidirectional nature
of the postural control system.

With a more comprehensive understanding of normal
healthy responses to multidirectional perturbations, it is
important to extend our research to investigate how dif-
ferent sources of sensory information may contribute to
the triggering and modulation of directionally sensitive
postural responses. The role of vestibular information on
postural control has been studied extensively using uni-
directional perturbations, with new studies beginning to
shed new light (Allum and Honegger 1998; Runge et al.
1998) on previously conflicting results (Nashner et al.
1982; Horak et al. 1990; Allum et al. 1994). Only one
study to date has examined the effects of vestibular loss
on multidirectional perturbations. In this case, Inglis and
Macpherson (1995) observed significant differences in
amplitude, but not in timing or pattern of postural mus-
cle responses in labyrinthectomized cats during sudden
unexpected multidirectional translations. Since the bio-
mechanical constraints imposed by surface perturbations
are different for quadrupeds and bipeds (Macpherson 
et al. 1989), it is important to also examine the specific
effects of vestibular loss in humans on triggering and
modulation of postural responses to multidirectional per-
turbations.

Inherent to balance control comparisons between nor-
mal and vestibular loss subjects is the assumption that a
vestibular deficit will lead to a permanent sensory deficit
that cannot be ameliorated by switching to another sen-
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sory input for adequate directional information underly-
ing balance commands (Allum and Honegger 1998). Al-
though such a switching mechanism has been proposed
(Nashner et al. 1982; Horak et al. 1994), it would appear
that switching to other inputs only occurs for later stabi-
lizing action, once the primary motor command to cor-
rect the imbalance has been issued (Allum and Shepard
1999). Another operating assumption of such a compari-
son must be that spinal stretch reflex mechanisms can be
separately observed and are not altered by the absence of
tonic or dynamic vestibular input, or that the alteration is
not significant enough to change the pattern of subse-
quent balance corrections. For some perturbation para-
digms, notably with translations of the support surface,
an interaction between initial stretch reflex and subse-
quent balance corrections is difficult to avoid and this in-
teraction is altered after vestibular and proprioceptive
sensory loss (Allum and Honegger 1998; Bloem et al.
2000). For rotational support-surface paradigms a clearer
distinction between early stretch reflex and balance cor-
rections can be obtained (Diener et al. 1983; Allum et al.
1993; Carpenter et al. 1999). Furthermore, it is known
for pitch plane rotations, that influences of vestibular
loss on stretch reflexes are small (Keshner et al. 1987;
Allum and Honegger 1998). Under these assumptions
the present study was dedicated to addressing two main
goals using multidirectional rotations of the support sur-
face. The first goal of the present study was to determine
whether the current understanding of the effects of bilat-
eral peripheral vestibular loss (BVL) on postural reac-
tions, established with pitch plane perturbations, can be
extended to perturbations which contain both pitch and
roll components. The second goal of the experiment was
to determine what new information is available from
multidirectional (pitch and roll planes) perturbations,
which might provide a framework for understanding 
the role of central transformations of vestibular inputs in
generating motor programs that arrest falls in different
directions.

Materials and methods

This study examined the effect of multidirectional rotations of the
support surface on muscular and biomechanical responses in nor-
mal healthy young adults and subjects with BVL acquired idio-
pathically as adults at least 2 years prior to these experiments.
Fourteen normal controls (seven male, seven female; mean
age=22.71 years, SD 2.40 years; height=1.73 m, SD 0.08 m;
weight=69.5 kg, SD 11.7 kg) and five BVL patients (four male,
one female; mean age=39.4 years, SD 6.18 years; height=1.72 m,
SD 0.07 m; weight=74.2 kg, SD 7.76 kg) volunteered for the study
and gave witnessed prior informed consent to participate in the ex-
periment after observing movements of the support surface. Nor-
mal subjects were free from any neurological or previous orthope-
dic injuries as verified by extensive questioning. Normal vestibu-
lar function was further verified using Romberg and Unterberger
stance tests. BVL was characterized by no response (slow phase
velocity less than 2°/s) to bithermal caloric irrigation (100 cc wa-
ter for 30 s) of each ear and by horizontal vestibulo-ocular reflex
responses to whole body rotations of 80°/s2 which were smaller
than the lower 1% bound of normal reference values (Allum and
Ledin 1999).

Subjects were positioned on the force-measuring platform with
their feet lightly strapped to the support surface and the lateral
malleoli aligned with the platform’s pitch axis of rotation. The roll
axis had the same height as the pitch axis and passed between the
feet. The subjects were asked to assume their normal standing pos-
ture, with knees locked and arms hanging comfortably at their
sides. Offsets were added to force-plate readings so these readings
were without a d.c. bias. These were then treated as the reference
values for each individual’s ‘preferred-stance’ position.

Stimulus parameters

The dual axis rotating force-platform delivered unexpected rota-
tions through eight different directions in the pitch and roll planes.
A clockwise increasing notation, as viewed from above, was used
to specify rotation direction. The 0° rotation direction represented
a pure ‘toes-down’ tilt of the platform, conversely, 180° direction
represented a pure ‘toes-up’ rotation. Pure roll movements were
assigned angles of 90° to the right and 270° to the left. Combina-
tions of pitch and roll rotations were used to provide four other di-
rections, each separated by 45°. Platform rotations had a constant
amplitude of 7.5° and angular velocity of 50°/s. One series of 44
randomly presented directional stimuli was always performed first
with eyes open. Following a 5- to 10-min rest period to minimize
any confounding effects due to order and/or fatigue, a second se-
ries of 44 random stimuli was performed with eyes closed. Al-
though it is acknowledged that the non-random presentation of vi-
sual conditions may have invited confounding effects due to order
(Keshner et al. 1987), it was deemed necessary to maintain a con-
stant presentation order of increasing difficulty to minimize 
anxiety and reduce the fear of falling of the vestibular-loss sub-
jects. For each series of 44 stimuli, the very first stimulus was 
ignored in the data analysis to reduce the effects of adaptation
(Nashner et al. 1982; Keshner et al. 1987) entering the data. Of the
remaining 43 stimuli included in each data series, each of the eight
perturbation directions were presented randomly five or six times.

Each perturbation was preceded by a random 5- to 20-s delay.
During this delay period subjects were required to maintain anteri-
or/posterior (A-P) ankle torque within a range of ±1 Nm from the
‘preferred-stance’ reference value using online visual feedback
from an oscilloscope placed at eye level (approximately 1 m away
from the subject). During the eyes closed condition two distinct
auditory tones were substituted for visual feedback to monitor
variations in A-P ankle torques prior to the stimulus onset. The 
5- to 20-s interstimulus delay was initiated automatically once the
platform had returned to its original prestimulus position and the
subject regained and maintained his preferred vertical position as
monitored by the A-P ankle torque reading. In response to each
rotational perturbation, the subject was instructed to recover their
balance as quickly as possible. Handrails were located on the 
lateral borders of the platform apparatus in case of loss of balance.
Patients were instructed to grasp the handrails in the case of a fall.
Two spotters were always arranged with one behind and one to the
side of the vestibular-loss subjects to lend support in case of a fall.

Biomechanical and electromyographic (EMG) recordings

All biomechanical and EMG recordings were initiated 100 ms 
prior to the onset of the perturbation and had a sampling duration
of 1 s. Support surface reaction forces were measured from two
independent force plates, one for each foot, embedded within the
rotating support surface of the moveable platform. Vertical forces
were measured by strain gauges located under the corners of each
plate. From these forces A-P and medial/lateral (M-L) ankle
torques were calculated (Allum and Honegger 1998). Trunk angu-
lar velocity in the pitch and roll planes were collected using Wat-
son Industries transducers (±300°/s range) mounted to a metal
plate at a level of the sternum. The plate was strapped to the chest
firmly with straps across the shoulders, back, and waist. All bio-
mechanical data was sampled at 500 Hz after second-order low-
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pass filtering around 30 Hz. To avoid variations in analog low 
pass filtering occurring across different signals, all signals were
digitally low-pass filtered offline at 25 Hz using a zero phase-shift
tenth-order Butterworth filter.

Surface EMG electrodes were placed bilaterally, approxima-
tely 3 cm apart, along the muscle bellies of tibialis anterior (TA),
soleus (SOL), vastus lateralis (QUADS), and paraspinal (PARAS)
muscles. Electrodes were mounted on the PARAS at the L1–2 re-
gion of the spine. EMG amplifier gains were kept constant and
pairs of electrodes and lead lengths assigned to individual muscles
were not changed between subjects. EMG recordings were band-
pass analog filtered between 60 and 600 Hz, full-wave rectified,
and low-pass filtered at 100 Hz as recommended by Gottlieb and
Agarwal (1979) prior to sampling at 1 kHz.

Data analysis

Offline analysis was initiated by averaging subject EMG and bio-
mechanical signals for each perturbation direction (five or six
stimuli per direction). For this purpose zero latency was defined
as the first inflexion of ankle rotation velocity. We had previously
determined that this did not vary with direction or subject 
(Carpenter et al. 1999). The average level of single subject back-
ground EMG activity for each muscle response recorded 100 ms
prior to stimulus onset was subtracted from the remaining EMG
signal from the same response. EMG areas were then calculated
using trapezoid integration within predetermined time intervals
associated with previously identified stretch (40–100, 80–120 ms
from stimulus onset), balance correcting (120–220 ms), second-
ary balance correcting (240–340 ms), and stabilizing reaction
(350–700 ms) responses (Carpenter et al. 1999). Response laten-
cies for balance correcting responses were determined semiauto-
matically based on the following criterion: later than 90 ms, burst
longer than 40 ms, and a continuous amplitude of at least 2 SD
above the mean activity level prior to the stimulus onset. All bio-
mechanical and muscular profiles were averaged across each 
direction and subject averages were pooled to produce popula-
tion averages for a single direction (as shown in Figs. 2, 3, 8, 9).
Average trunk angular velocity was calculated over 60 ms during
time intervals between 160 and 220, 240 and 300, and 470 and
530 ms. Torque changes were calculated between 160 and 260,
and 280 and 380 ms. All EMG areas, average trunk velocities,
and ankle torque changes were analyzed in a 2×8 (group by direc-
tion) repeated measures ANOVA. Significant main effects were
explored using paired t-tests with a level of significance set max-
imally at 0.05.

Results

Our description of normal responses compared to BVL
patients has been separated into three sections. First, we
present the effect of BVL on the timing and pattern of
the muscle responses for differently directed perturba-
tions. This comparison provides information concerning
the onset of activation of stretch and subsequent balance
correcting activity as well as differences in intramuscular
coordination with respect to normal responses. Second,
we report on the influence of perturbation direction, ves-
tibular loss, and their interaction on the amplitude of
triggered balance correcting responses and subsequent
stabilizing reactions. Finally we describe the biomechan-
ical consequences in the form of ankle torques and trunk
motion to alterations in muscle activation patterns and
amplitude modulation associated with BVL as a function
of perturbation direction.

Timing and muscle coordination

Platform rotations induced a cascade of muscle activation
patterns that were highly dependent on the direction of
perturbation. Varying the direction of perturbation selec-
tively stretched or unloaded particular muscle groups as
well as bilateral pairs of muscles differently, depending
on their relative orientation with respect to the axis of ro-
tation. In general, muscles that were stretched by the per-
turbation generated relatively small balance correcting re-
sponses following the stretch reflex in the same muscle.
Such action has functional significance as activation of
stretched muscles would act to further destabilize the
body in the direction of the initial fall. In contrast, mus-
cles which were unloaded or released by the initial stimu-
lus movement displayed the most prominent balance cor-
recting responses. For specific comparisons between nor-
mal and BVL subjects on the effects of timing and pattern
of response we describe, in more detail, the muscle acti-
vation profiles associated with platform rotations in two
directions, backward to the right (135°) and forward to
the right (45°). A more detailed and comprehensive de-
scription of normal responses through 16 different direc-
tions can be found in Carpenter et al. (1999).

Backward to the right

When the platform tips backward and to the right, the
body moves in a multilink fashion (Fig. 1 left). The up-
hill leg (left) is driven upward by the elevated side of the
platform while the lower leg falls simultaneously back-
ward to the right. Consequently, the coupling action at
the hip causes the trunk to roll first to the left starting at
approximately 30 ms, then pitch forward at 50 ms. The
initial roll is rapid, but the pitch is only rapid after
100 ms (see Fig. 7). The uphill leg buckles during the
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Fig. 1 Graphical schematic representation of stimulus-induced
movements of the head, trunk, and leg segments in response to un-
expected support surface rotations directed backward to the right
(135°) and forwards to the right (45°)



rapid trunk roll, flexing at the knee and ankle joint (see
Fig. 1 left). As illustrated in Fig. 2, the initial dorsiflex-
ion of the ankles causes a prominent stretch reflex in
SOL muscles of normal subjects at a latency of 54 ms.
Shortly thereafter, small amplitude stretch reflexes in the
right PARAS occurred at a normal latency of 63 ms. The
stretch reflexes in PARAS and SOL were followed by
relatively small levels of automatic balance correcting
activity (120–220 ms) in the same muscles. In contrast,
muscles unloaded by the perturbation, including right
and left TA, right QUADS, and left PARAS demonstrat-
ed dominant balance correcting responses to counter ro-

tation of the ankle, knee, and hip, respectively (Fig. 2).
During the stabilizing period elevated levels of muscle
activity in right TA, SOL, and QUADS and left PARAS
were employed to stabilize the trunk and the ankle and
knee joints of the downhill leg to compensate for the
new tilted orientation of the support surface. 

BVL patients did not differ in the timing or pattern of
muscle activity for perturbations backward to the right.
As observed in Fig. 2, BVL patients demonstrated simi-
lar latencies to that of normals for stretch reflexes in
SOL and PARAS muscles. In muscles unloaded by the
perturbation (left TA, right QUADS, and left PARAS),
the normal pattern of an initial inhibition followed by a
prominent balance correcting response was replicated in
pattern and timing by BVL subjects (Fig. 2). However,
differences in the magnitude of the balance correcting re-
sponse were observed with BVL subjects. For example,
BVL subjects generated only negligible balance correct-
ing activity in SOL after the initial stretch reflex com-
pared to normals (Fig. 2). Distinct differences in ampli-
tude modulation were also observed in the stretched 
PARAS muscles. In the right PARAS muscle, large
bursts of activity were recorded following the initial
stretch response in BVL subjects but not in the normals.

Forward to the right

Platform rotations forward to the right were associated
with stimulus-induced body movements and correspond-
ing muscle activation patterns which were distinctly dif-
ferent from those for backward right perturbations. Both
knee joints were flexed by the forward rotation of the
platform, while the trunk was rotated backward to the
left (see Fig. 1 right). The forward rotation of the plat-
form also pulled the ankles into plantarflexion while
platform roll movements caused eversion of the left and
inversion of the right ankle simultaneously. Stretch re-
flexes in left TA and right QUADS were elicited in nor-
mals with latencies of approximately 80 ms (Fig. 3). A
small stretch reflex in the right PARAS of normal sub-
jects could also be observed. Stretch reflexes in TA and
right PARAS muscles were followed by minimal balance
correcting activity in normals as this activity would act
to further destabilize the body. In contrast, stretch reflex-
es in the QUADS were followed by a significant balance
correcting response to resist further flexion of the knee.
Left PARAS demonstrated an unloading response, char-
acterized by decreased activity below background levels,
with a latency of approximately 40 ms (preceding any
other stretch responses we had observed in response to
support surface movements). As noted for backward
right perturbations, muscles released by the perturbation,
including left PARAS and right SOL muscles, demon-
strated the primary balance correcting responses in nor-
mals (Fig. 3).

Vestibular loss subjects did not differ from normals in
the onset of stretch reflexes or unloading reflexes
(Fig. 3). BVL subjects exhibited distinct pattern differ-
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Fig. 2 Average electromyographic (EMG) traces from 14 normal
subjects (thin lines) and five bilateral vestibular loss patients
(thick lines), measured during eyes closed trials in response to un-
expected surface rotations directed backward to the right (135°).
The black vertical line at 0 ms represents the onset of ankle rota-
tion. Grey arrows represent predetermined time intervals selected
for calculation of stretch reflex (40–100 ms or 80–120 ms depend-
ing on the occurrence in the muscle), balance correcting
(120–220 ms), and stabilizing (350–700 ms, only the first 150 ms
is shown) responses. Note: for vestibular loss patients: (1) normal
onset of stretch, unloading, and balance correcting (120–220 ms)
responses, (2) decreased amplitude of balance correcting responses
in left tibialis anterior, right soleus, and left paraspinal, (3) in-
creased amplitude of right paraspinal balance correcting activity,
and (4) excessive stabilizing activity (350–700 ms) in right para-
spinal muscle



ences during balance correcting periods in both stretched
and unloaded muscles. The balance correcting activity in
the unloaded SOL muscles was not only reduced in am-
plitude, but was also delayed in onset for vestibular loss
patients. Statistical comparisons using t-tests for onset
latencies in right SOL between normals and BVL sub-
jects revealed significant delays in BVL subjects for all
forward directions. Onsets latencies of normal balance
correcting responses in right SOL were 136.2±15.8 ms
for 0°, 140.6±23.7 ms for 45°, and 140.9±27.2 ms for
315° perturbations. Compared to normals, BVL subjects

had significantly delayed balance correcting onsets in
right SOL with average latencies of 181.2±19.4 ms for
0° (P<0.001), 183.6±25.1 ms for 45° (P<0.013), and
179.1±18.5 ms for 315° (P<0.022). Similar differences
were observed in the left SOL. In the stretched left and
right TA and right PARAS muscles, BVL subjects had
strong bursts of activity during the balance correcting
period (120–220 ms) which was absent in normals. Such
TA responses are clearly destabilizing by continuing the
forward rotation of the lower leg (Fig. 3). BVL subjects
had a normal pattern and magnitude of balance correct-
ing response following stretch of the right QUADS.
BVL subjects also demonstrated normal balance correct-
ing activity in the unloaded left PARAS muscles.

Amplitude modulation

Stretch reflexes (responses occurring between 40 
and 120 ms)

There were no significant effects of BVL on the ampli-
tude of stretch reflexes over the period we analyzed
(40–120 ms) in any of the postural muscles. There was a
significant main effect for direction on stretch reflex am-
plitude for all muscles. As observed in the polar plots of
the stretch reflex amplitude in Fig. 4 and the responses 
in Figs. 2 and 3, different muscles were selectively
stretched by perturbations of different directions. Stretch
reflexes for right TA [F(7,119)=37.7, P<0.0001] were
activated by directions ranging between 225° and 135°
(clockwise notation) with a maximum activity vector at
338° for both normals and BVL patients. Right SOL
[F(7,119)=23.5, P<0.0001] was stretched by toe-up rota-
tions, ranging between 135° and 225° with maximum ac-
tivity vectors oriented close to 180° for normals and ves-
tibular loss patients. PARAS were stretched by perturba-
tions that caused pitch of the trunk forward and roll of
the trunk away from the side of the PARAS muscle.
Therefore, for the right PARAS [F(7,119)=7.3, P<0.0001]
perturbations between 45° and 180° caused stretch re-
flexes with maximum stretch vectors calculated at ca 135°
for normal and BVL subjects. Right QUADS [F(7,119)=
12.4, P<0.0001] were stretched by toes-down perturba-
tions causing flexion of the knee, with maximum activity
at approximately 0° for both groups. Similar significant
effects were found for left-sided muscles, with activa-
tion ranges and directions of maximum activity vectors
which mirrored those reported above for right muscles
(Fig. 4).

Balance correcting activity (responses occurring 
between 120 and 220 ms)

The amplitude of balance correcting activity measured
between 120 and 200 ms was also significantly influ-
enced by the direction of the perturbation with each mus-
cle having clearly defined ranges of activation. Balance
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Fig. 3 Average EMG traces from 14 normal subjects (thin line)
and five bilateral vestibular loss patients (thick line) measured dur-
ing eyes closed trials in response to unexpected surface rotations
directed forward to the right (45°). The black vertical line at 0 ms
represents the onset of ankle rotation. Mean onset of normal and
vestibular loss soleus responses are marked with arrows. The
mean and standard deviation are also listed next to the arrows.
Grey arrows represent predetermined time intervals selected for
calculation of stretch reflex (40–100 ms or 80–120 ms depending
on the occurrence in the muscle), balance correcting (120–
220 ms), and stabilizing (350–700 ms) responses. Note: for vestib-
ular loss patients: (1) delayed onset and decreased amplitude of
balance correcting response in right soleus, (2) increased ampli-
tude of balance correcting activity in left tibialis anterior and right
paraspinals, and (3) increased stabilizing activity in left and right
paraspinals. Note that the scales of muscle activity are not the
same as those in Fig. 2



correcting activity in SOL, TA, and QUADS muscles
was oriented 180° from directions that elicited stretch re-
flexes in both normal and BVL subjects (Fig. 4).

In addition to the significant main effect of direction,
balance correcting activity in TA [right F(7,119)=7.44,
P<0.0001; left F(7,119)=7.85, P<0.0001] and SOL [right
F(7,119)=4.22, P<0.0003; left F(7,119)=2.65, P<0.0138]
muscles were significantly influenced by the interaction
between perturbation direction and vestibular loss, inde-
pendent of vision. That is, the effect of BVL on the am-
plitude of the balance correcting response in both SOL
and TA muscles was dependent upon the direction of the
perturbation (Figs. 4, 5). The amplitudes for five direc-
tions and their standard deviations have been plotted on
horizontal bar representations in the upper and lower
parts of Fig. 5 for TA and SOL, respectively, to highlight

the significant interaction between BVL and perturbation
direction for these muscles. As observed in Fig. 5, for
pure toe-up rotation (180°), balance correcting activity in
TA was significantly lower for BVL patients compared
to normals for both left and right muscles (P<0.05), and
significantly lower in right TA when the perturbation
was backward to the right (135°). Likewise, the same
trend of reduced amplitude response in BVL subjects
was observed for left TA when the perturbation was
backward to the left (Fig. 4). In contrast, when perturba-
tions are composed of pure rotations to the right (90°)
and forward roll right (45°), normal and BVL patients
have similar amplitudes of balance correcting activity in
TA. One unexpected finding was the significant differ-
ences between the responses of normal and BVL patients
during the balance correcting period for 0° toes-down
perturbations. BVL patients showed significantly larger
responses between 120 and 220 ms compared to nor-
mals, in both left and right TA (P<0.05) for the 0° direc-
tion (Fig. 5). It is of note that TA activity is minimal over
the balance correcting period in normals during forward
perturbations. Therefore, the increased activity in BVL
subjects would act, in addition to stretch reflex activity,
to further destabilize the body in the direction of the per-
turbation. SOL balance correcting activity was also in-
fluenced by a significant interaction between vestibular
loss and perturbation direction. As observed in Fig. 5,
the magnitude of this interaction was different for right
and left muscles for rightward perturbations. For the
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Fig. 4 Polar plots for tibialis anterior (right panel) and soleus (left
panel) muscles under eyes closed conditions averaged over three
distinct time intervals representative of stretch (40–100 ms and
80–120 ms) and balance correcting (120–220 ms) responses. Each
radial line or spoke represents one of eight platform directions.
For each direction, mean muscle activity for normals (diagonal
hatch filled), normal mean plus one standard error (cross-hatched
border), and bilateral vestibular loss (unfilled, thick line as border)
for right and left muscles separately. The response amplitude rep-
resented by each of the concentric circles in the plot is scaled ac-
cording to the vertical scale between each set of plots for left and
right recording sites. White and black arrows represent the direc-
tion of calculated maximum activity vector for each averaging in-
terval for normals and vestibular loss patients, respectively



right SOL (downhill leg), vestibular loss patients had
significantly lower balance correcting activity for all 
directions (P<0.05). Less significant differences were
observed in the left SOL muscle on the uphill leg
(Figs. 4, 5). The largest differences between normals and
vestibular loss patients were for toes-down and forward
roll conditions, when the muscle has been initially un-
loaded by the perturbation (P<0.01). It must be noted
that the decreased amplitude seen in SOL for forward
perturbations may be partially explained by the delayed
onset of this muscle. However, despite the delay, the
peak response for both normals and BVL patients has
been captured within the predetermined time window
(120–220 ms) used for calculating the balance correcting
response. Furthermore, comparisons between the peak
amplitudes of the balance correcting responses in Fig. 3,
confirms the reduced amplitude response in BVL pa-
tients which is independent of alterations in timing. For
perturbations which initially stretch the SOL muscle
(135° and 180°), vestibular loss patients also had signifi-
cantly less activity in the right SOL compared to normals
(P<0.05). Notably, in normals this activity is much

smaller than for toe-down perturbations. For the 0° di-
rection, the left SOL, just as the right, was significantly
reduced in vestibular loss patients compared to normals
(P<0.05). Overall SOL responses were the most reduced
of all balance correcting responses we measured. The
maximum activity direction vector was associated with
considerable variance in BVL subjects because of the ef-
fect of the reduced response amplitudes. Therefore the
differences observed in Fig. 4 with respect to the direc-
tions of normal subjects were not significant.

Stabilizing reactions (responses occurring between 
350 and 700 ms)

Consistent with both stretch and balance correcting re-
sponses, stabilizing reactions were significantly influ-
enced by the direction of the perturbation. As observed
in Fig. 6, stabilizing reactions in TA [right F(7,119)=
45.8, P<0.0001; left F(7,119)=28.22, P<0.0001] had ac-
tivation ranges and maximum activity vectors that corre-
spond to earlier balance correcting responses. SOL re-
sponses were similar in this respect [right F(7,119)=30.3,
P<0.0001; left F(7,119)=27.46, P<0.0001]. However,
stabilizing reactions were also influenced by a three-way
interaction between perturbation direction, BVL, and vi-
sion, for TA [right F(7,119)=6.03, P<0.0001; left
F(7,119)=3.80, P<0.0009], QUADS [right F(7,119)=5.06,
P<0.0001; left F(7,119)=3.89, P<0.0008], and PARAS
[right F(7,119)=2.93, P<0.0072] (Fig. 6 upper part). For
normals, there is no difference between stabilizing reac-
tion amplitudes for eyes open and eyes closed as pertur-
bation direction changes for any of the muscles. Howev-
er, vision does significantly affect stabilizing reactions in
BVL subjects differently for different directions. For ex-
ample, in both right TA (Fig. 6) and QUADS, as pertur-
bation direction moved from forward right to backward
right directions, BVL subjects had greater stabilizing
amplitudes compared to normals (Fig. 6) and these re-
sponses were larger for eyes closed compared to eyes
open conditions. However, for the pure toes-up (180°)
perturbation, there was a change in the BVL pattern, in
which larger stabilizing reactions were observed during
the eyes open compared to the eyes closed condition.
For the right PARAS, BVL patients standing with eyes
open demonstrated the largest stabilizing responses
compared to eyes closed and normal responses. This ef-
fect remained for all perturbation directions contralater-
al to the right PARAS muscle (Fig. 6 upper right). The
net result of the changed amplitudes of stabilizing reac-
tions and foregoing balance corrections in BVL subjects
is shown in the lower half of Fig. 6. Trunk sway at
500 ms in BVL subjects was an order of magnitude
larger than for normals and roll perturbations yielded a
backward rather than forward instability compared to
normals as shown by the differently directed resultant
velocity vectors.
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Fig. 5 Mean amplitudes and standard error bars (eyes open 
and eyes closed combined) for balance correcting response
(120–220 ms) in upper half left and right tibialis anterior muscles
and lower half left and right soleus muscles. Normal amplitudes
are shown as white bars and bilateral vestibular loss patients as
black bars for pure pitch, and roll right combinations of platform
rotations. The maximum activity direction in normals is 35° in
right soleus and 177° in left tibialis anterior and mirror-imaged for
the opposite-sided muscles



Biomechanical consequences

Ankle torques

Differences in ankle torque profiles between normals
and BVL patients were primarily related to timing and
rate of change for active torque responses. For backward
perturbations, A-P ankle torque in normals initially dor-
siflexes, then begins to plantarflex, beginning at 150 ms
and reaching peak plantarflexion at 350 ms. BVL pa-
tients have a similar onset of plantarflexion compared to

normals, however the rate of change is decreased. In ad-
dition, BVL patients do not reach peak plantarflexion
torque until after 500 ms (Fig. 7). In forward perturba-
tions, normal ankle torque is initially plantarflexing, fol-
lowed by rapid dorsiflexion beginning at 120 ms and
peaking at ca 375 ms (Fig. 8). For identical perturba-
tions, BVL patients have a slightly extended period of
dorsiflexion, followed by a decreased rate of plantarflex-
ion which does not reach a peak before 500 ms. These
differences can be easily observed in Fig. 9, where the
ankle torque change between two different time periods
is plotted for each perturbation direction. During the 
early period between 160 and 260 ms, significant inter-
action effects were found between group and direction
for A-P [F(7,119)=3.59, P<0.0015] and M-L [F(7,119)=
2.30, P<0.0313] ankle torque change. During this period,
BVL patients had reduced A-P torque for perturbations
with a pitch component, and reduced M-L torque for 
perturbations with a roll component (Fig. 9 upper right).
A significant interaction between group and direction
was also observed between 280 and 380 ms for A-P
[F(7,119)=4.25, P<0.0003] and M-L [F(7,119)=2.13,
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Fig. 6 Upper half shows polar plots of average EMG activity dur-
ing the period between 350 and 700 ms for normals with eyes
open (filled, black) and eyes closed (filled with diagonal hatch
lines), and bilateral vestibular loss patients with eyes open (filled
white) and eyes closed (filled gray, black border) measured in
right tibialis anterior and right paraspinals muscles. The response
amplitude represented by each of the concentric circles in the plot
is scaled according to the vertical scale beside each set of plots.
Lower half shows mean absolute values for average trunk angular
velocity calculated between 470 and 530 ms. The larger polar
plots to the left and right of each panel represent pitch velocity
and roll velocity, respectively. The lower centered polar plot rep-
resents the calculated direction of the resultant trunk angular ve-
locity vector for each perturbation direction for normals (thick
hatched arrow) and bilateral vestibular loss patients (thin black
arrow). The response amplitude represented by each of the con-
centric circles in the plot is scaled according to the vertical scale
between each set of plots for left and right recording sites

Fig. 7 Average biomechanical traces for normals (thin lines) and
bilateral vestibular loss patients (thick lines), measured during
eyes closed trials in response to unexpected surface rotations di-
rected backward to the right (135°). Refer to Fig. 3 for details. a-p
Anterior/posterior



P<0.0457] ankle torque change. During this latter period
of time, normal torques have reached a plateau, whereas
BVL torques continue to change. This results in relative-
ly larger A-P torque changes in pitch directions and 
larger M-L torque changes in roll directions for BVL
compared to normals (Fig. 9 upper left). Although the
magnitude of torque change was altered in BVL patients
compared to normals, the directional sensitivity of the
torque response was maintained (see resultant vector plot
in Fig. 9), with no differences in direction of the resul-
tant torque vectors. The resultant torques remained ori-
ented mainly in the pitch plane. 

Trunk velocity

A common element of the trunk response, regardless of
perturbation direction was an initial movement in a di-
rection opposite to that of the support surface (Figs. 1, 9
lower left). However, in response to perturbations with a
roll component, initial trunk roll movements were ob-
served 30 ms prior to any detected movements in the

pitch direction (Figs. 7, 8). Platform rotation to the right
caused trunk roll to the left with peak velocities reaching
10°/s by 120 ms in normals. After this time, trunk roll
slowed and the angular velocity changed direction after
crossing zero velocity at 200 ms (Figs. 7, 8). Initial roll
velocities in BVL patients were slightly smaller in mag-
nitude compared to normals, but took longer to bring un-
der control, crossing zero around 300 ms. After 300 ms,
BVL patients experienced large roll velocities in the op-
posite direction to initial platform-induced trunk move-
ments instead of near zero velocities of normal subjects
(Figs. 6, 7, 8). That is, the BVL patients tended to fall in
the direction of platform movement.

All perturbations, including pure roll perturbations in-
duced pitch movements of the trunk but pure pitch per-
turbations did not induce noticeable roll movements. 
For backward perturbations, initial forward pitch veloci-
ties were similar in magnitude for BVL and normals,
however, BVL patients peaked earlier and changed di-
rection earlier than normals (Fig. 7). BVL patients also
had very large residual pitch velocities after 350 ms,
which were opposite in direction to the initial pitch ve-
locity, but in the same direction as platform movement
(see Figs. 6, 9). For forward perturbations, both the mag-
nitude and timing of the trunk pitch velocity profile was
different for BVL patients. For these perturbations, BVL
patients experienced backward trunk velocities almost
two times greater and peaked 80 ms later than normals.
Once the backward rotation of the trunk was arrested it
was followed by a large overcorrecting ‘stabilizing’ re-
sponse in BVL patients (Fig. 6) also in the direction of
the initial platform motion, however without a falling
tendency. As shown in Fig. 9, differences between BVL
and normals extended to all perturbation directions. Dur-
ing the period between 160 and 220 ms, which primarily
measures the stimulus-induced rotation of the trunk,
BVL patients had only slightly larger average trunk pitch
velocities for perturbations with pitch and roll combina-
tions (Fig. 9 lower left). During the later period between
240 and 300 ms, BVL patients had significantly larger
[F(1,17)=8.82, P<0.0086] pitch velocities across all per-
turbation directions (Fig. 9 lower right). Significant
group by direction interaction effects were observed dur-
ing the later period between 470 and 530 ms for both
pitch trunk velocity [F(7,119)=3.45, P<0.0021] and
trunk roll velocity [F(7,119)=4.69, P<0.0001]. During
this later period, BVL subjects had larger trunk pitch ve-
locities for pitch-oriented perturbations, and larger trunk
roll velocities for roll oriented perturbations (Fig. 6
lower half).

Unlike the resultant direction of the ankle torque vec-
tors which were oriented primarily along the pitch plane,
the resultant trunk velocity vectors during the early peri-
od between 160 and 220 ms were oriented opposite to
the direction of platform movement for both normal and
BVL subjects (Fig. 9 lower left). The resultant trunk ve-
locity vectors took on a slightly greater pitch orientation
later during the measurement period 240–300 ms as indi-
cated in Fig. 9. However, during this latter period, the
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Fig. 8 Average biomechanical traces for normals (thin line) and
bilateral vestibular loss patients (thick line), measured during eyes
closed trials in response to unexpected surface rotations directed
forward to the right (135°). Refer to Fig. 3 for details



orientation of the BVL vectors deviated from normal for
pure roll and forward roll perturbations. Finally, over the
stabilizing period when a steady state combined roll and
pitch hip torque must be imposed to keep the trunk up-
right; pelvic torque was clearly insufficient for BVL sub-
jects as they had continued motion in the perturbation di-
rection (Fig. 6). Furthermore, for roll directions the ori-
entation of trunk motion was still different from normal.

Discussion

From its fastest (skiing) to most elegant (dancing) forms,
human motion is constantly disturbed in multiple direc-
tions either by changes in surface orientation or external
forces acting on the body. In all cases, the ability to roll

the trunk and counter roll the legs by flexing the knees
provides a crucial element of stability for motion. Previ-
ous research on human balance control has largely ig-
nored this element by limiting analysis to a single planar
model moving only in the pitch plane. Although impor-
tant information has been discovered using single plane
perturbation models, the results represent only a flat
snapshot of the balance phenomenon without important
three-dimensional detail, thereby preventing application
to real-life situations. Therefore, previous findings which
have proven highly consistent in the pitch plane, may not
represent normal responses to perturbations which occur
in off-pitch planes. The first goal of the present study
was to determine whether the current understanding of
the effects of BVL on postural reactions, established
with uniplanar perturbations, can be applied to perturba-
tions which contain both pitch and roll components.

The second goal of the experiment was to determine
what new information, if any, is available with multidi-
rectional perturbations, which would provide insights on
how the CNS develops motor programs based on vestib-
ular inputs when arresting falls in different directions.
Due to the directional sensitivity of vestibular receptors,
particularly the off-pitch orientation of the vertical semi-
circular canals, it was hypothesized that a multidirection-
al posturographic paradigm would provide new insights
about the focus of vestibular and proprioceptive contri-
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Fig. 9 Upper half shows mean absolute values of right ankle
torque change calculated on the left between 160 and 260 ms and
on the right between 280 and 380 ms. The larger polar plots to the
left and right of each panel represent A-P torque and medial/lateral
torque, respectively. The lower centered plot in each panel repre-
sents the calculated direction of the resultant reaction torque vec-
tor for each perturbation direction for normals (thick hatched 
arrow) and bilateral vestibular loss patients (thin black arrow).
Lower half shows mean absolute values for average trunk angular
velocity calculated on the left between 160 and 220 ms and on the
right between 240 and 300 ms. Refer to Fig. 6 for details



butions to balance control using the patient model of
BVL. Furthermore, the different dynamics of some cen-
tral vestibular neurons for roll and pitch perturbations
(Angelaki and Dickman 2000) might be matched to 
the different dynamics of the trunk in these directions 
(Carpenter et al. 1999). With onsets as early as
15–20 ms, Carpenter et al. (1999) observed vertical 
linear and angular roll accelerations of the head, with
magnitudes exceeding known vestibular thresholds
(Benson et al. 1989; Gianna et al. 1996). In addition, the
magnitude of the vertical and angular accelerations were
dependent upon the direction of platform rotation and/or
trunk motion. Information from otolith afferents (Tomko
et al. 1981) and semicircular receptors (Graf et al. 1993;
Wilson et al. 1995) is integrated into a single directional
signal which acts to drive ocular and cervical motor re-
sponses. Directional integration of information for bal-
ance control may also occur in higher neural centers
such as the vestibular nuclei (Schor et al. 1984) and the
cerebellum (Pompeiano et al. 1997). When directionally
specific head acceleration information is not available,
as is the case for BVL, the behavioral deficits observed
in dynamic postural control may be used to hypothesize
the specific role of the vestibular system in triggering
and/or modulating appropriately scaled, directionally
sensitive balance responses. If central vestibular neurons
play a major role in coordinating roll and pitch move-
ments of the trunk, the loss or reduced effect of the neu-
ral control exercised by these neurons can be expected to
lead to uncoordinated trunk control.

Previous posturography experiments using only pitch
plane perturbations have uncovered consistent differ-
ences in balance control between patients with BVL and
normals. BVL patients have normal onset latencies of
both stretch reflexes and automatic balance correcting
responses to pitch directed translation (Horak et al. 1990;
Allum et al. 1994; Runge et al. 1998), rotation (Allum
and Pfaltz 1985; Allum et al. 1994), and combined trans-
lation/rotation (Allum and Honegger 1998) of the sup-
port surface. Despite normal onset, the amplitude of au-
tomatic balance corrections between 120 and 220 ms in
TA, SOL, and QUADS muscles was found to be signifi-
cantly decreased in BVL (Allum and Pfaltz 1985; 
Keshner et al. 1987; Allum et al. 1994; Allum and
Honegger 1998; Runge et al. 1998). Slower rate of
change in A-P ankle torque generation in BVL patients
(Allum and Pfaltz 1985; Keshner et al. 1987) has been
shown to be correlated with the decreased amplitude 
of lower leg automatic responses in BVL patients. De-
creased balance correcting responses in postural leg
muscles are typically followed by excessive activity in
PARAS muscles after 200 ms (Allum et al. 1994; Runge
et al. 1998). The increased trunk activity during this later
period corresponds to a significantly larger trunk pitch
velocity in BVL which persists longer than that of nor-
mals.

We have determined that the findings uncovered by
pitch plane perturbations do in fact apply to perturba-
tions which include both pitch and roll components. Spe-

cifically this applies to leg muscle responses whose di-
rection of maximum activation lies primarily along the
pitch plane. We have observed similar effects in BVL to
that of previous unidirectional studies for perturbations
in both pure pitch, as well as pitch and roll directions.
The timing and amplitude of early stretch reflexes are
normal in BVL across all directions (Figs. 2, 3, 5). As
observed in Figs. 2 and 3, there were no observable dif-
ferences in the timing or pattern of the balance correct-
ing responses between BVL patients and normals, with
the exception of SOL. For SOL, muscle activity was sig-
nificantly delayed by 38–45 ms for all toe-down pertur-
bations. The amplitude of balance correcting activity in
TA and SOL was significantly reduced in BVL patients
for both pitch and pitch/roll directions (Figs. 4, 5). This
attenuation of lower leg balance correcting activity was
followed by a decreased rate of A-P ankle torque pro-
duction, and longer time to peak in BVL compared to
normals for both pitch and off-pitch perturbations. Also
similar to unidirectional perturbations, BVL patients
demonstrated excessive muscular activity during the sta-
bilizing period between 350 and 700 ms in TA, QUADS,
and PARAS, for pitch and off-pitch perturbations
(Figs. 2, 3, 6). Finally, BVL patients experienced signifi-
cantly larger average trunk pitch velocities compared to
normals as early as 240–340 ms following perturbation
onset, which persisted between 470 and 530 ms, when
normal subjects experience small residual trunk motion
(Fig. 7). Inglis and Macpherson (1995) also observed
normal timing and pattern of muscle activation. Their re-
sponses, however, were accompanied by increased re-
sponse amplitudes of postural muscles in labyrinthec-
tomized cats following multidirectional translations. At
first this observation seems contradictory to our observa-
tions of decreased amplitude balance correcting activity
in lower leg muscles with BVL. However, considering
that translational perturbations stretch the same muscle
responsible for the balance correction, these findings do
in fact coincide with our observations of increased desta-
bilizing activity over the balance correcting measure-
ment period in TA muscles that were initially stretched
by the perturbation (Figs. 3, 5).

There are a number of other similarities and differ-
ences in findings between the present and other multidi-
rectional studies for normals which should be highlight-
ed as they may influence the interpretation of results per-
taining to the effects of BVL. The range of activation of
erector spinae and vastus medialis reported by Henry et
al. (1998a) is similar to the ranges we observed in left
PARAS and left vastus lateralis (QUADS) responding to
rotational directions that would elicit comparable body
sway as that induced by a translational perturbation. A
preponderance of pitch-oriented lower leg muscle activi-
ty, specifically noted in SOL and TA (see Fig. 4), was
also observed by Henry et al. (1998a) and Moore et al.
(1988). However, there are differences between the pres-
ent and previous findings concerning the direction of
maximum activity vectors. Henry et al. (1998a) report
maximal activity in TA and medial gastrocnemius mus-
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cles to be oriented at approximately 60° and 300°, re-
spectively, whereas in the present study, maximal bal-
ance correcting activity in right TA and SOL was more
pitch oriented at 186° and 35°, respectively (see Fig. 4),
very similar to the direction of balance correcting torque
for the same foot (Fig. 9). Since the use of translational
perturbations induces stretch and balance correcting 
activity in the same muscle (Diener et al. 1983; Allum 
et al. 1993), the constant long time-frame (70–270 ms af-
ter platform onset) which was used to observe integrated
EMG areas by Henry et al. (1998a) must have captured
components of both early stretch and later triggered bal-
ance correcting responses. In contrast, rotational studies
such as the present study, elicit stretch and triggered bal-
ance correcting responses in antagonistic muscles for a
single perturbation (Diener et al. 1983; Allum et al.
1993). This approach, coupled with the use of consecu-
tive time intervals to measure stretch (40–100 ms) and
balance correcting responses (120–220 ms) permits
stretch reflexes to be observed in TA and SOL muscles
which were oriented approximately 180° to balance cor-
recting activity in the same muscle (compare upper and
lower plots in left side of Fig. 4). In contrast, PARAS
balance correcting activity is oriented 90° to the most
sensitive directions for stretch reflexes and the ampli-
tude of the PARAS stretch reflex compared to balance
correcting activity is smaller than in lower muscles 
(Carpenter et al. 1999).

A non-vestibular and non-lower leg proprioceptive
origin of a postural trigger for balance corrections was
originally proposed by Forssberg and Hirschfeld (1994).
This finding has recently been verified by observation of
unaltered balance correcting response latencies to ‘nulled
ankle input’ responses of healthy normals to combined
backward translation and downward rotation, and pa-
tients with either selective lower leg proprioceptive loss
(Bloem et al. 2000) or BVL (Allum and Honegger
1998). The absence of a vestibular-based postural trigger
was extended to all pitch and roll directions of rotation
in the present study with the important exception of the
SOL response to forward pitch and roll rotations. It is in-
teresting to note that SOL, the only muscle to date for
which a change in latency and the largest change in am-
plitude has been observed following vestibular loss, is
also a muscle which plays a major role in arresting a ver-
tical fall (Melvill Jones and Watt 1971; Greenwood and
Hopkins 1976; Wicke and Oman 1982). Vertical falling,
while either sitting or standing, is associated with an ini-
tial early startle response in all muscles, followed by a
second burst of activity between 70 and 120 ms, which is
confined to lower limb extensors in triceps surae muscles
in falling humans (Greenwood and Hopkins 1976), ba-
boons (Lacour et al. 1978, 1983), and cats (Watt 1976).
The amplitude of the second burst has been shown to be
modified by BVL (Lacour et al. 1978) as well as experi-
ence. The response amplitude decreases with multiple
exposure (Lacour et al. 1978). Similar modulating char-
acteristics with respect to vestibular loss (Allum and
Pfaltz 1984; Allum et al. 1994) and experience (Horak 

et al. 1989; Beckley et al. 1991) have been shown in leg
muscles to unexpected movements of the support sur-
face, providing a common ground from which shared
neural mechanisms may be inferred. According to Watt
(1981), the vestibulo-spinal reflexes, observed in falling
studies, would be suitable to contribute to ankle extensor
muscles during locomotion, and presumably during pos-
tural reactions. However, it must be acknowledged that
unlike the selective activation of vertically oriented oto-
liths affected in falling studies, our rotational perturba-
tions involve very early (15–20 ms onset), vertical linear
and roll angular accelerations of the head which are sen-
sitive to both direction of perturbation (Carpenter et al.
1999) and reduced stimulus velocity (Carpenter et al. un-
published observations) that will simultaneously activate
a variety of receptors at the head including semicircular
canals, otoliths, and proprioceptive receptors in the neck.
As off-pitch components are added to the perturbation
direction, head vertical accelerations are decreased and
roll angular accelerations are increased. For example,
when the platform rotates forward to the left, head verti-
cal acceleration is directed downward and head roll ac-
celeration is directed to the right both in normals and
BVL subjects (Carpenter et al. 1999; Bloem et al. sub-
mitted for publication). Other authors have also reported
early, and directionally discriminating, head accelera-
tions measured during pitch plane rotations (Allum and
Pfaltz 1985; Forssberg and Hirschfeld 1994) and transla-
tions (Allum et al. 1993; Runge et al. 1998) of the sup-
port surface. However, none of these previous experi-
ments have measured head linear and angular accelera-
tions along several axes as we have done (Carpenter et
al. 1999; Bloem et al. submitted for publication) in order
to parse out those accelerations showing the greatest sen-
sitivity to perturbation direction. In searching for possi-
ble control mechanisms by which vestibular-based mod-
ulation of muscles may be achieved especially by head
roll accelerations, important clues may be drawn from
studies examining postural reactions in subjects with
unilateral vestibular loss (Carpenter et al. unpublished
observations).

Our observations of combined pitch and roll surface
rotation in BVL subjects support the notion that auto-
matic balance correcting movements characterized by
flexion of the contralateral “uphill” leg (generated by
several muscles including TA) and extension of the ipsi-
lateral “downhill” stance-bearing leg to platform rota-
tion (assisted by SOL activity) are driven by vestibulo-
spinal inputs induced by head roll and linear accelera-
tions. This movement pattern is not quite consistent with
that associated with vestibulo-spinal reflexes in the cat
elicited when the head is rolled to the side (Wilson et al.
1986). In the cat vestibulo-spinal reflexes involve exten-
sion of the ipsilateral limbs to head roll, and flexion of
the contralateral limbs (Wilson and Melvill Jones 1979),
such that when the head is rolled to the left, with right
ear up in relation to the body, the left limbs are extended
while the right limbs are flexed. Extension of the ipsilat-
eral limbs is achieved by facilitatory input from the later-
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al vestibular nucleus to ipsilateral extensor muscles with
simultaneous inhibition of ipsilateral flexors via the me-
dial reticulo-spinal neurons (Lund and Pompeiano 1968).
Cervico-collic reflexes act in opposition to vestibulo-
spinal reflexes, so that, when the head is rolled to the
left, with right ear up in relation to the body, the right
limbs are extended and the left limbs are flexed. In both
these cases, it may be hypothesized that a loss of vestib-
ular input would have the most pronounced effects on
the amplitude modulation of ipsilateral extensor muscles
in response to unexpected rotation of the platform. The
results of the present study seem to be correlated with
expected behavior predicted from neurophysiological cat
experiments as long as one takes into account a major
hinging at the pelvis that occurs in man when the body is
rolled via a support surface. As observed in Fig. 5, the
most dramatic effects of decreased balance correcting
activity in SOL due to BVL occurs for muscles that are
contralateral to the side of head rotation, but ipsilateral
to pelvis rotation.

Our results have succeeded in demonstrating that the
effects of BVL on postural control in leg muscles ob-
served with pitch plane perturbations comprise elements
of postural control required in each leg when support
surface tilts contain both pitch and roll directions. These
results are directed toward our second goal which was to
determine what additional information, if any, might be
yielded from a multidirectional paradigm which can be
used to expand our present understanding of the effects
of BVL on postural reactions. Similar to differences ob-
served for A-P ankle torque in pitch-directed perturba-
tions, significant differences in lateral ankle torque
change for BVL were observed for perturbations which
contained a roll component. As observed in Fig 9, lateral
torque was significantly smaller in BVL for roll direc-
tions between 160 and 260 ms, and significantly larger in
roll directions between 280 and 380 ms. Although
changes in the magnitude of ankle torque change was al-
tered by BVL, the relative contribution of A-P and later-
al torque to a given perturbation was maintained, as ob-
served by the normally oriented resultant ankle torque
vectors (Fig. 9). Based on the assumption that the CNS
controls pitch and roll torques separately (Winter et al.
1996; Matjacic et al. 2001), our observations would indi-
cate that the coordination between these separate control
systems is maintained in BVL for ankle torques but not
for hip torques for reasons described below.

Significant differences in trunk roll velocities be-
tween normals and BVL were also revealed exclusively
by roll-directed perturbations (Figs. 6, 9). When roll
components were added to the perturbation, BVL pa-
tients experienced smaller (although statistically insig-
nificant) initial trunk roll velocities compared to normal
between 160 and 220 ms, followed by significantly larg-
er trunk roll velocities during the periods between 240
and 300 ms, and 470 and 530 ms. We would hypothesize
that this may be due to insufficient amplitudes in early
hip muscular activity (from which we have yet to record;
it is readily acknowledged by the authors that other hip

muscles, from which we have not recorded, may also be
influenced by BVL) but more prominently due to exces-
sive trunk muscle activity during the later stabilizing 
period, as we have shown in the present study (Figs. 2, 
3, 6) and in previous pitch plane experiments (Allum et
al. 1994). These findings suggest that, while patients are
able to achieve directionally modulated, although de-
layed, trunk corrections in the pitch plane with respect to
normal, there is a diminished capacity to maintain appro-
priate control of direction, timing, and magnitude of
trunk movements and corresponding hip torques in the
roll plane. These findings in roll perturbations collabo-
rate with well-known clinical findings of lateral instabili-
ty in BVL patients performing clinical balance tasks
which require lateral control of the center of mass with
lateral hip torques such as tandem walking, standing on
one leg, or walking while rotating the head (Allum et al.
2001a).

Roll instability of the trunk bears directly on the issue
that has been unresolved by previous pitch plane studies
concerning the relationship between vestibular loss and
control of postural hip movements. Horak et al. (1990)
postulated an inability of vestibular loss patients to gen-
erate hip movement strategies while standing on a nar-
row support surface, possibly related to alterations in the
timing metrics associated with hip torque generation
(Allum and Honegger 1992; Allum et al. 1997). In 
contrast, both Allum et al. (Allum and Honegger 1992;
Allum et al. 1997) and Runge et al. (1998) have demon-
strated that in the pitch plane, vestibular loss subjects are
able to generate appropriately sized hip torque ampli-
tudes even for high perturbation velocities. It is the tim-
ing metrics of the pitch plane torques, being progressive-
ly delayed throughout the responses in vestibular loss
subjects (Allum and Honegger 1992; Allum et al. 1997),
which cause these subjects to have excessive velocities
and to fall. The results of the present study suggest that
trunk roll movements associated with BVL are delayed
and excessive too but with different metrics than the
pitch delays. This and previous studies (Allum et al.
1994; Allum and Honegger 1998) have provided evi-
dence that vestibular modulation of trunk responses is
predominantly later than modulation in the leg muscles
(Figs. 2, 3) and trunk roll modulation is even later than
that of pitch. One reason for this could well be linked to
the early biomechanical response of the trunk in roll
compared to pitch (Carpenter et al. 1999) and possibly
the marked response differences of central vestibular
neurons to different directions of head tilt (Angelaki and
Dickman 2000). Balance corrections probably can influ-
ence those in the pitch direction as these are occurring,
but only partially brake those in roll. Another reason for
this may be due to the inhibitory nature of trunk roll con-
trol via PARAS muscles. We assume that in BVL sub-
jects, the excessive activity in PARAS muscles ipsilater-
al to platform tilt direction is the result of an absence of
inhibitory control by vestibulo-spinal pathways. This ex-
cessive activity causes the body to be “pulled” downhill
following the tilt of the support surface. During the sta-
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bilizing period, between 470 and 530 ms, normal sub-
jects experience small residual trunk motion following
backward support-surface rotations with a roll compo-
nent. BVL patients, however, exhibit excessive back-
ward pitch and roll velocities (Fig. 7) related to hip roll
torque generation as a result of further excessive PARAS
activity needed in uphill muscle during later stabilizing
periods (Figs. 2, 6) to avoid falling. Noticeably this ac-
tivity is larger when visual inputs are present (Fig. 6).
Thus when roll components are added to the perturba-
tion, BVL patients experience initially similar roll 
velocities to those of normals followed by significantly
larger average roll velocities between the periods of
240–300 ms and 470–530 ms because PARAS muscle
responses with backward roll directions of maximum ac-
tivity are enhanced due to a lack of inhibitory vestibulo-
spinal control.

By recording responses under both eyes open and
eyes closed conditions we were in a position to investi-
gate whether BVL subjects can better utilize visual 
information to compensate for lack of balance-related
vestibular information. Normals did not demonstrate any
significant differences between eyes open and eyes
closed conditions in any direction for either onset or am-
plitude of stretch, balance correcting, or later stabilizing
reactions for any of the postural muscles recorded. These
findings are consistent with previous research that has
shown similar responses to unexpected perturbations in
normals when standing with eyes open and closed (Vidal
et al. 1982). Vestibular loss patients also demonstrated,
with the exception of SOL, similar onset and amplitude
of stretch and balance correcting activity in all muscles
and directions for eyes open compared to eyes closed
conditions. However, during the stabilizing period be-
tween 350 and 700 ms, vision significantly interacted
with direction in BVL patients. For pure roll and back-
ward roll perturbations, BVL patients had stabilizing re-
actions in TA and QUADS which were reduced in eyes
open compared to eyes closed conditions. In contrast,
during pure toe-up perturbations, BVL patients demon-
strated larger stabilizing activity in TA and QUADS for
eyes open compared to eyes closed conditions (Fig. 6).
The modulatory effect of vision on vestibular-induced
postural responses has been previously demonstrated in
studies on falls (Vidal et al. 1979), and the present re-
sults suggest that BVL patients attempt to use vision to
compensate for earlier consequences of absent vestibular
input. However, the direction-dependence for use of 
vision in BVL has not been previously demonstrated and
may pose interesting questions on the differential use of
visual inputs for pitch and roll control which require fur-
ther investigation. It might be hypothesized that roll and
backward roll perturbations, which are associated with
significant angular roll and lateral head accelerations
(Carpenter et al. 1999), would require an intact and mul-
tidirectional acting vestibulo-ocular reflex to maintain
multidimensional gaze on a fixation point and provide
useful information to make a visually based compensa-
tion to postural response. In this regard, BVL patients

would not be able to accurately maintain gaze on a visual
target and make appropriate postural adjustments based
on visual input. Thus, lower stabilizing responses may
be expected in the eyes open compared to eyes closed
conditions. In contrast, pure toe-up perturbations do not
induce significant head roll or lateral head accelerations
(Carpenter et al. 1999) that would complicate estimation
of head movement in BVL patients using visual and
neck proprioceptive inputs. Interestingly, right PARAS
demonstrated increased activity for eyes open compared
to eyes closed conditions for all directions except pure
roll to the right (Fig. 6). Such an observation may sug-
gest a greater role of trunk muscle proprioceptors in 
establishing appropriate head-trunk coordination in the
roll plane. These possibilities are only speculative at best
and definitely require further investigation.

In conclusion, roll-directed disturbances to equilib-
rium, provided by multidirectional perturbations, are nec-
essary to fully comprehend the extent to which BVL in-
fluences normal postural reactions. Multidirectional per-
turbations were used to identify observable differences in
muscle activation profiles, and particularly differences in
trunk and ankle torque control with BVL that were not
previously observed using only pitch plane perturbations.
Part of the reason for this may be due to fundamentally
earlier hinging of the trunk around the pelvis which oc-
curs with roll compared to pitch. Not only does this have
consequences with respect to sensing of center of mass
motion by vestibular sensors, but also with respect to the
need for different response dynamics of trunk roll and
pitch motion in order to regain upright stance. It is per-
haps for these reasons that leg muscle control by the ves-
tibulo-spinal system in man appears to be different from
that of the trunk where inhibitory vestibulo-spinal effects
seem to dominate. Future neurophysiological research
should be dedicated to extending the implications of these
observations on balance control of the trunk in the roll
plane and examining the contribution of central and pe-
ripheral mechanisms to the different dynamics of balance
control in the roll and pitch planes.
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