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Abstract One of the signatures of balance deWcits
observed in vestibular loss subjects is the greater instability
in the roll compared to pitch planes. Directional diVerences
in the timing and strengths of vestibular and proprioceptive
sensory signals between roll and pitch may lead to a greater
miscalculation of roll than pitch motion of the body in
space when vestibular input is absent. For this reason, we
compared the timing and amplitude of vestibular informa-
tion, (observable in stimulus-induced head accelerations
when subjects are tilted in diVerent directions), with that of
proprioceptive information caused by stimulus induced
rotations of ankle and hip joints [observable as short
latency (SL) stretch responses in leg and trunk muscle
EMG activity]. We attempted to link the possible mode of
sensory interaction with the deWcits in balance control. Six
subjects with bilaterally absent vestibular function and 12
age-matched controls were perturbed, while standing, in 8
directions of pitch and roll support surface rotation in ran-
dom order. Body segment movements were recorded with a

motion analysis system, head accelerations with accelerom-
eters, and muscle activity with surface EMG. Information
on stimulus pitch motion was available sequentially. Pitch
movements of the support surface were best coded in
amplitude by ankle rotation velocity, and by head vertical
linear acceleration, which started at 13 ms after the onset of
ankle rotation. EMG SL reXex responses in soleus with
onsets at 46 ms provided a distal proprioceptive correlate to
the pitch motion. Roll information on the stimulus was
available simultaneously. Hip adduction and lumbo-sacral
angular velocity were represented neurally as directionally
speciWc short latency stretch and unloading reXexes in the
bilateral gluteus medius muscles and paraspinal muscles
with onsets at 28 ms. Roll angular accelerations of the head
coded roll amplitude and direction at the same time
(31 ms). SigniWcant diVerences in amplitude coding
between vestibular loss subjects and controls were only
observed as a weaker coding between stimulus motion and
head roll and head lateral linear accelerations. The absence
of vestibular inputs in vestibular loss subjects led to charac-
teristic larger trunk in motion in roll in the direction of tilt
compared to pitch with respect to controls. This was pre-
ceded by less uphill Xexion and no downhill extension of
the legs in vestibular loss subjects. Downhill arm abduction
responses were also greater. These results suggest that in
man vestibular inputs provide critical information neces-
sary for the appropriate modulation of roll balance-correct-
ing responses in the form of stabilising knee and arm
movements. The simultaneous arrival of roll sensory infor-
mation in controls may indicate that proprioceptive and
vestibular signals can only be interpreted correctly when
both are present. Thus, roll proprioceptive information may
be interpreted inaccurately in vestibular loss subjects, lead-
ing to an incorrect perception of body tilt and insuYcient
uphill knee Xexion, especially as cervico-collic signals
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appear less reliable in these subjects as an alternative
sensory input.

Keywords Human balance control · Vestibular loss · 
Proprioception · Muscle activity · Leg Xexion responses · 
Stretch reXex

Introduction

When human stance is perturbed, muscle responses are
generally strong enough to correct for the eVects of the per-
turbation. Upright stance is regained without the need of a
stepping reaction. These responses are elicited simulta-
neously in many body segments with delays of 90–120 ms
(Diener et al. 1988; Henry et al. 1998; Allum et al. 1995,
2002). Such “balance correcting responses” are preceded
by stretch and unloading reXex responses at the ankle and
hip joints with onsets ranging from 25 to 80 ms (Bloem
et al. 2000, 2002; Allum et al. 2003). Even earlier, forces
on the sole of the foot (MacPherson 1988; Ting and Mac-
Pherson 2004; Perry et al. 2000) and accelerations of the
head (Allum and Pfaltz 1985; Runge et al. 1998; Carpenter
et al. 1999) provide some information on the amplitude and
direction of the perturbation. In order to generate appropri-
ate responses, two processes are required. First the response
appropriate for the direction of the perturbation must be
triggered, and second the response must be scaled in ampli-
tude according to the perturbation size taking into account
that each muscle response has a directional tuning usually
aligned along its line of action (MacPherson 1988; Henry
et al. 1998; Carpenter et al. 1999). Although considerable
research exists on the contributions of proprioceptive and
vestibular sensory inputs to the aforementioned response
generation processes for the anterior–posterior (AP) direc-
tion, (Diener et al. 1988; Allum and Honegger 1998; Bloem
et al. 2000; Runge et al. 1998) only timing of propriocep-
tive inputs but not amplitude relationships have been
described for lateral directions (Carpenter et al. 2001;
Bloem et al. 2002). The question arises whether both tim-
ing or amplitude relationship of sensory inputs are diVerent
between roll and pitch especially as the spatio-temporal
coupling of balance corrections is diVerent between the roll
and pitch directions (Grüneberg et al. 2004, 2005).

Although it is quite well known in both animals and
humans how proprioceptive inputs recruit muscle responses
(Katz and Pierrot-Deseilligny 1999), very little is known
about the corresponding process for vestibular inputs. The
two diVerent pathways, the vestibulospinal and reticulospi-
nal tracts, excite motoneurons directly, but more exten-
sively via indirect pathways (Wilson and Yoshida 1969;
Grillner and Hongo 1972; Peterson et al. 1980). However,
the relationship of how inputs from various semicircular

canals are distributed to these pathways is currently
unknown (Wilson and Schor 1999). The information avail-
able is based on slow and rapid tilts of animals in roll and
pitch planes (Pompeino 1984; Anderson et al. 1977), verti-
cal accelerations (Lacour et al. 1979), and translations
(Inglis and Macpherson 1995). The information that is
available in humans suggests that the central control of
responses to roll and pitch perturbations is separately
organised (Carpenter et al. 2001; Grüneberg et al. 2005).
Most of what is known about the eVect of vestibular loss on
this response organisation concerns pitch perturbations
(Allum and Pfaltz 1985; Allum and Honegger 1998; Runge
et al. 1998; Peterka et al. 2004), even though roll instability
is greater in vestibular loss subjects (Carpenter et al. 2001).
Remarkably translation responses in the pitch plane appear
to be little inXuenced by vestibular loss (Horak et al. 1990;
Allum et al. 1993).

In the current paper we investigated the timing and
amplitude relation of initial ankle, knee, hip and lumbo-sac-
ral joint motion in pitch and roll planes to both directional
and amplitude aspects of the stimulus in order to focus on
those signals that most likely to contribute sensory inputs to
balance corrections. Our goal was to provide new insights
into triggering and modulating aspects of proprioceptive
and vestibular signals required for generating balance cor-
rections in the roll and pitch planes. We assumed, as others
have done (Diener et al. 1988; Bloem et al. 2000), that a
signiWcantly robust correlation between rotation velocity of
a joint and short latency (SL) stretch reXex activity in a
muscle spanning the joint would imply that central balance
control centres (BCC) would receive similar proprioceptive
information speciWcally at times dependent on transmission
times of the fastest (Ia) aVerents involved. During stimulus
presentation, head accelerations were measured with sets of
biaxial accelerometers thereby providing information on
signals sensed by vestibular sensory systems. One of our
two working hypotheses was that diVerences in the timing
of proprioceptive and vestibular sensory signals for the roll
and pitch directions, and therefore diVerences in processing
required (parallel versus sequential), is one underlying
cause of greater roll than pitch instability in vestibular loss
subjects (Carpenter et al. 2001). That is we assumed that in
the case of parallel processing both signals must be present
for a body-in-space signal to be computed correctly (Merg-
ner et al. 1997). By comparing the onsets and amplitude
coding of biomechanical and SL EMG responses of sub-
jects with and without functioning vestibular inputs we
hoped to provide supporting evidence for this hypothesis
and for the eVect of absent vestibular information on roll
directed balance corrections. Our second hypothesis was
that initial head roll motion is poorly correlated with stimu-
lus motion in vestibular loss subjects preventing the use of
cervico-collic signals as a replacement head on trunk signal.
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A more simpliWed version of this hypothesis would be that
the weighting given to proprioceptive inputs from the trunk
would not be suYciently increased to account for the absent
vestibular inputs. Thus in the case of vestibular loss, this
hypothesis would imply that subjects would respond as if
the support surface rolled less.

The insights this approach provided on how roll sensory
signals may be combined may explain the distinct roll
instability of vestibular loss subjects we observed. We now
provide biomechanical data supporting inadequate uphill
knee Xexion and downhill knee extension in vestibular loss
subjects as cause for their roll instability, possibly as a
result of the incorrect hypometric perception of body tilt in
space. We also show that the trunk and head roll in the
opposite direction that of support-surface tilt in humans. In
quadripeds the trunk and pelvis rolls in the direction of tilt
(MacPherson et al. 2007). Thus the action of vestibulo-spi-
nal inXuences on ipsi-tilt leg Xexion and contra-tilt leg
extension would appear to be opposite in polarity in
humans to that assumed for quadripeds based on classical
animal work (Lindsay et al. 1976; Wilson et al. 1986;
Wilson and Melvill Jones 1979; Roberts 1995).

Methods

Subjects

We examined 6 subjects (5 males and 1 female) with bilat-
erally absent vestibular function (VL) and 12 control sub-
jects of the same mean age (42 years) and sex (2 female).
The VL subjects had acquired their sensory loss idiopathi-
cally as adults at least 10 years prior to this experiment. VL
was characterized by no response (slow phase eye velocity
less than 2°/s) to bi-thermal caloric irrigation (100 cc water
for 30 s) of each ear and by horizontal and vertical vestib-
ulo-ocular reXex responses to whole body rotations of 80°/s
which were smaller than the lower 1% bound of normal ref-
erence values (Allum and Ledin 1999). These subjects were
free from any neurological or previous orthopaedic abnor-
malities as veriWed by extensive questioning and a physical
evaluation.

All subjects were asked for witnessed, written consent
according to the Declaration of Helsinki before participat-
ing in the experiments. The Institutional Review Board of
the University Hospital in Basel approved the study.

Protocol

Balance control was examined in a similar way as in previ-
ous studies (Carpenter et al. 2004; Allum et al. 2003).
BrieXy, subjects stood barefoot with their feet lightly
strapped into heel guides Wxed to the surface of a dual-axis

rotating platform. Foot straps were used to ensure that the
ankle joints of the subjects remained in the same alignment
with the axes of the platform throughout the experiments.
Thus the subjects used in-place balance correcting strategy
and not stepping reactions to correct for the support-surface
tilt. Stance width was the same for all subjects (14 cm).
Subjects were requested to stand with their arms hanging
by their sides. Two handrails (adjusted to the height of the
wrist of each subject) were located 40 cm from the sides of
the platform centre. Two assistants (one behind and one to
the side of the subjects) were present to lend support in case
of a fall.

Perturbations to upright stance were delivered by rotat-
ing the platform randomly in one of eight diVerent direc-
tions with a constant velocity of 60°/s and constant
amplitude of 7.5°. The perturbation directions were forward
(toes-down or 0°), backward (toes-up or 180°), right (90°),
left (270°) and four combinations of pitch and roll includ-
ing forward right (45°), backward right (135°), backward
left (225°) and forward left (315°). The Wrst trial was back-
ward (as this direction was the most startling) and excluded
from further analysis to reduce habituation eVects (Keshner
et al. 1987). Then each of the eight perturbation directions
was presented randomly eight times under eyes open condi-
tions. Under a subsequent eyes closed series, each of the
eight directions was presented randomly Wve times. Both
eyes closed and eyes open tests were employed as not all
characteristics of balance corrections recorded to date (see
Carpenter et al. 2001) in VL subjects are diVerent from
controls when recorded with eyes open. To minimize
fatigue, all participants were given a 2–3 min seated rest
after the 20th, 40th, and 65th trial of the series. Each pertur-
bation was preceded by a random 5–20 s delay. During this
delay, visual feedback of the subject’s own low-pass
Wltered anterior–posterior (AP) and medio-lateral (ML)
ankle torques was presented to the subject on a cross with
light emitting diodes at 4 m from the subject. This visual
feedback was used by the subjects to standardise prestimu-
lus position across trials for each individual, being pre-set
to values obtained at a comfortable stance prior to each
series. This feedback was switched oV for 5 s at stimulus
onset. For eyes closed trials, auditory feedback was pro-
vided as well.

Data collection

Recordings of all biomechanical and electromyographical
(EMG) data commenced 100 ms prior to perturbation onset
and were collected for 1s.

Full body kinematic data was collected using a 3D opti-
cal tracking system with 21 infrared emitting diodes
(IREDs) (Optotrak, Northern Digital). The Optotrak cam-
eras sampled the signals from the IREDs at 64 Hz and were
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placed approximately 4 m in front of the subjects. The
infrared emitting diodes were placed bilaterally on the fol-
lowing anatomical landmarks: frontally at the level of the
lateral malleolus (ankle); at the centre of the patella (knee);
frontally at the level of the greater trochanter (hip); at the
anterior superior iliac spine (pelvis); elbow axis; acromion
(shoulder); processus styloideus (wrist); and on a tight head
band (see accelerations below) placed just above the level
of the ears. In addition, a diode was placed on the chin (also
head) and one on the angulus sterni (upper trunk). Three
IREDs were placed at the front corners and on the left side
centre of the platform to deWne pitch and roll movements of
the platform, which were also measured directly with
potentiometers sampled at 1.024 kHz. All subjects wore
tight Wtting shorts and vests to prevent marker movements.

Head linear and angular accelerations were computed
using analog signal processing from the outputs of four
dual axis linear accelerometers, (Entran) with ranges of
§5 g, each mounted at 90° separation on a lightweight,
adjustable, tight head-band. Head vertical linear accelera-
tion was computed, for example, from the sum of all four
accelerometer signals with a vertical component, whereas
head roll acceleration was computed from the diVerence in
vertical linear accelerations at the ears. Accelerometers
were adjusted to be in the gravity plane at the start of the
experiment, but not corrected thereafter. All analog com-
puted signals were sampled at 1 kHz. Only one accelera-
tion, lateral linear acceleration was computed based on
three head markers using our motion analysis system.

EMG recordings were obtained using previously
described techniques. (Carpenter et al. 1999; Grüneberg
et al. 2005). In order to record EMG signals, pairs of silver–
silver chloride electrodes were placed approximately three
cm apart along the muscle bellies of; left tibialis anterior,
left soleus, left and right gluteus medius, left and right
paraspinals at the L1–L2 level of the spine, left biceps and
left medial deltoid muscles. EMG ampliWer gains were kept
constant and pairs of electrodes and lead lengths assigned
to individual muscles were not changed between subjects.
EMG signals were recorded using a pre-ampliWer with a
band-pass 0.7 Hz to 2.5 kHz, then ampliWed before stages
of band-pass analog Wltering between 60 and 600 Hz, full
wave rectiWcation, and low pass Wltering at 100 Hz with a
3rd-order Paynter Wlter prior to sampling at 1 kHz.

Data analysis

Following analog to digital conversion of the data, all bio-
mechanical and EMG signals were averaged oVline across
each perturbation direction. Subject averages were pooled
to produce population averages for a single direction. Zero
latency was deWned as the onset of platform rotation mea-
sured with the potentiometer system. By comparing the

Optotrak and potentiometer recordings of support-surface
displacement the appropriate time shift could be applied to
the Optotrak data to align it with EMG and head accelera-
tion records (see Fig. 1).

Kinematic analysis

Position data from the Optotrak recordings was digitally
Wltered at 16 Hz using a zero phase shift fourth order
Butterworth low-pass Wlter. Knee and elbow angles were cal-
culated as the angle spanned by the upper and lower segments
of the legs and arms, respectively. Absolute rotation angles
of the planes deWned by trunk and pelvis body segments
and the platform surface were deWned using 3 or 4 markers
on these segments. A rotation matrix was used to calculate
the rotation of these segments in the pitch (sagittal) plane
and roll (frontal) plane. Rotations of the upper arm with
respect to the trunk and the upper leg with respect to pelvis
were calculated as ball joint angles deWned by two angles,
for example, for the leg by hip Xexion and abduction. Stim-
ulus induced changes were calculated with respect to aver-
aged angles over a pre-trigger time interval of 90 ms ending
10 ms prior to the stimulus onset. For each segment, angle
changes were calculated at both 300 and 800 ms. The mea-
surement at 300 ms was chosen to quantify the impact of
the balance correcting responses on the kinematics. At
800 ms controls had reached more or less their stable end
position. Angular velocity at each joint was calculated after
diVerentiation of the angles with respect to the time and
then resampling the data at 512 Hz after Wtting four true
samples with a cubic spline. Head lateral linear acceleration
was obtained on repeating the diVerentiation process on
head position data. Although the sampling rate was lower
for the Optotrak compared to analog recorded data from
accelerometers and potentiometers the accuracy measured
using the SD of the measurements was higher (see Fig. 1).
DiVerences in joint velocities of VL and control subjects
were investigated at time points when these signals
diverged most between the two sample populations.

In order to calculate Pearson correlations between joint
angular velocity and stimulus amplitudes we systematically
measured joint velocity over a 10 ms window that com-
menced 40 ms from the time point when velocity traces
across directions Wrst diverged from one another for more
than 20 ms. The time of trace separation generally
increased for links located further from stimulus i.e. proxi-
mal joints. For velocity traces these times set at 5 ms after
stimulus onset for the ankle joint, 23 ms for the knee, 28 ms
for the hip Xexion, 20 ms for hip adduction, and 40 ms for
arm adduction. For head acceleration traces the separation
times were set at 10 ms for head vertical acceleration,
26 ms for head pitch acceleration and 40 ms for head roll
acceleration. For analog sampled head accelerations (and
123
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Fig. 1 Population responses of control and bilateral vestibular loss
(VL) subjects under eyes open conditions for a combined pitch and roll
directed (135° direction, backward right) tilt of the support surface.
Each of the sets of responses shows the mean and standard deviation
for 12 control subjects and the mean of 6 VL subjects. Each subject re-
sponse was repeated 8 times. Data 60 ms prior to and 80 ms after stim-
ulus onset is shown. The vertical dotted line at 0 ms marks the onset of

the stimulus (Wrst deXection of platform velocity). The sample times
are shown on the mean plus standard deviation of the control traces by
open circles. The upper 4-set of traces were sampled directly as analog
signals at 1,024 Hz. The ankle angle Xexion velocity and hip adduction
velocity were based on samples at 64 Hz from the digitally based mo-
tion analysis system. The mean onsets (determined visually) of each
trace from pre-stimulus values are marked on the traces
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digitally computed head lateral linear acceleration) we used
the same 10 ms window but set it 20 ms not 40 ms after the
divergence of traces. The windows used for these purpose
are marked in Figs. 2, 3 and 5.

EMG analysis

EMG responses were Wrst corrected for background activity
by subtracting from the responses the average level of
activity measured over a 90 ms period ending 10 ms prior

to perturbation onset. Then EMG areas (integrals) were cal-
culated using trapezoid integration.

For the purposes of calculating EMG areas (integrals)
of balance correcting responses, the procedure described
in Grüneberg et al. (2005) was employed. First, onset
latencies of these responses were calculated for the pertur-
bation direction that generated the largest balance correct-
ing EMG response. This direction was determined for
each muscle separately by identifying the maximum peak
amplitude for the population response of the muscle

Fig. 2 Pitch-directed leg re-
sponses of control subjects. 
Average platform ankle, knee 
and hip Xexion pitch angular 
velocity and soleus EMG (short 
latency) SL stretch reXex re-
sponses of controls under eyes 
open conditions are shown. Each 
of the traces is an average for the 
12 subjects, each stimulus was 
repeated 8 times to yield a total 
of 96 responses. The Wrst 140 ms 
of the responses are shown for 5 
directions (0°, 45°, 90°, 135°, 
180°) of support-surface tilt with 
diVerent pitch amplitude (6 devi-
ations for soleus EMG) as indi-
cated by the inserted legend. The 
vertical dotted line marks the 
onset of the stimulus tilt (Wrst 
deXection of platform velocity). 
The pitch and roll stimulus pro-
Wles are shown in the lower sets 
of traces in Fig. 3. The biome-
chanical data was recorded with 
the motion analysis system and 
then diVerentiated to yield 
velocity. The intervals used for 
the regression analysis of the 
plotted variables in the Wgure 
with pitch stimulus amplitude 
are marked by rectangular 
boxes. The response for the 
direction 225 has been added to 
the soleus response in order to 
show its response asymmetry
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within pre-deWned intervals (leg muscles: 100–250 ms;
gluteus 60–300 ms; paraspinals: 100–200 ms; arm mus-
cles: 20–240 ms). For the direction with the maximal

response, onset latencies were deWned as the Wrst sample
prior to when the EMG activity was less 10% of the peak
amplitude after correction for mean background muscle

Fig. 3 Population head acceleration responses of control subjects
(eyes open condition). The head vertical linear and pitch angular and
head roll acceleration were recorded with accelerometers at a sampling
rate of 1 kHz. Lateral linear acceleration was computed from a double
diVerentiation of head marker position recorded with the motion anal-
ysis system at 64 Hz. The intervals used for the regressions of Fig. 4

are shown by rectangular boxes. Note the early peak in head vertical
acceleration and more gradual increase in head roll and lateral linear
accelerations. The stimulus proWles of the support surface movement
recorded with potentiometers are shown in the bottom two sets of trac-
es. The deviations of support surface tilt are indicated by diVerent line
types as indicated in the inserted legend
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activity. This onset was set as the beginning of the inte-
gration interval across all directions for that muscle. The
end of the integration interval for each muscle was deter-
mined by examining when activity after the peak response
Wrst decreased to 15% of the peak amplitude. This proce-
dure yielded in controls an integration interval of 87 ms
commencing at 171 ms on average for soleus, an interval
of 119 ms commencing on average at 122 ms for paraspi-
nals and an interval of 51 ms commencing at 122 ms for
deltoid. These average onset times and integration inter-
vals in controls were then used as Wxed intervals to com-
pare EMG responses between controls and VL subjects.
Fixed integration intervals were used for short latency
(SL) stretch (and unloading) reXexes without prior deter-
mination of average onset times as these responses were
considerably smaller. For the SL stretch reXexes the inter-
vals were; 40–80 ms for soleus, and 25–65 ms for gluteus
and paraspinals (as shown in Figs. 2, 5).

Statistics

Our primary analyses concentrated on between-groups
comparison of VL patients and controls using a repeated
measures ANOVA model (group £ direction £ vision) for
both EMG and kinematic data. The 8 directions were
reduced to 5 by pooling data for the directions of 45 and
315, 90 and 270, and 135 and 225 together for biomechani-
cal data based on the well-tested assumption of left-right
asymmetry in control data (Carpenter et al. 1999, 2001,
2004). Kinematic amplitudes for roll responses to the left
were inverted prior to pooling. EMG response areas were
analysed statistically using the three perturbation directions
of greatest activity for each muscle (forward and forward
roll directions for soleus, backward and backward roll
directions for paraspinals, gluteus medius and deltoid). Sig-
niWcant main and interaction eVects were further explored
using post hoc Bonferroni t test. SigniWcance levels were
set at 0.05.

Results

Proprioceptive and vestibular information coding 
support-surface pitch and roll tilt

A combined pitch and roll tilt, such as that shown in Fig. 1,
revealed response characteristics, some of which were more
related to the pitch component, others more to the roll com-
ponent of the stimulus. We therefore analysed early timing
and amplitude relationships of biomechanical and EMG
responses separately for roll and pitch in controls and ves-
tibular loss subjects. This analysis in roll and pitch direc-
tions was performed to gain insights into possible

directionally based sensory integration deWcits culminating
in balance instability of vestibular loss (VL) subjects.

Correlations to pitch components in initial joint movements

Backward pitch (and combined backward pitch and roll)
perturbations initiated a dorsi-Xexion of the ankle joint, fol-
lowed by extension of the knees and Xexion at the hip
(Figs. 1, 2), and then lumbo-sacral joint motion. Forward
pitch perturbations also initiated a distal to proximal pattern
of joint movement, however the ankles were initially plan-
tar-Xexed, followed by knee Xexion, a small amount of hip
extension (Fig. 2) and then a negligible lumbo-sacral exten-
sion. As Fig. 2 indicates ankle pitch angular velocity was
highly correlated (r = 0.99) with platform pitch rotation in
controls. The correlation was equally high for VL subjects
(r = 0.99). Knee Xexion velocity provided a more variable
response with platform pitch rotation [r = 0.39 in controls,
r = 0.2 in VL subjects (not signiWcant)], as did Xexion at the
hip (upper leg with respect to the pelvis, r = 0.39 in con-
trols, r = 0.58 in VL subjects). Lumbo-sacral joint correla-
tions with pitch were not signiWcant for either group.

Head accelerations were also speciWc to perturbation
direction, with initial head accelerations observed in for-
ward rotation and upward direction for backward perturba-
tions, and backward rotation and downward direction for
forward perturbations (Figs. 1, 3 left traces). Vertical linear
acceleration of the head had an onset at 13 ms (value for
135° direction, 12.9 § 4.5 ms, see Fig. 1) in both controls
and VL-subjects and had a peak between 30 and 40 ms that
was well correlated with the pitch stimulus amplitude (see
Figs. 1, 3 and 4) in controls (r = 0.9) and VL subjects
(r = 0.96). A trend for larger vertical head linear accelera-
tions was noted in VL subjects (Figs. 1, 4). Pitch angular
accelerations of the head had an onset latency at ca. 25 ms,
peaked at 50 ms and had an amplitude that was less well
correlated with pitch stimulus amplitude (r = 0.60 in con-
trols, 0.76 in VL subjects) than vertical linear acceleration
(Figs. 3, 4). Prior to 100 ms, yaw angular accelerations of
the head were negligible for the combined roll and pitch
stimuli, as were anterior-posterior linear accelerations.

Correlation to roll components in initial joint movements

Initially the roll stimulus created by support surface lateral
tilt, drove the uphill leg upwards, causing a roll of the pel-
vis in the same direction of the platform movement, while
the trunk rotated in the opposite direction (to both the pelvis
and platform movements) due to joint coupling (Figs. 5, 8).

The greatest correlations for roll perturbations were
observed in the proximal joints (Figs. 5, 6). The roll
rotation of the hip joint, commencing just prior to 20 ms
(value for 135°, 17 § 3 ms, see Fig. 1) in controls and VL
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subjects, followed by the lumbo-sacral joint were both
clearly related to the roll stimulus (Fig. 6) with very high
correlation co-eYcients observed between support-surface
roll angle and roll angular velocity in the hip (r = 0.98 in
controls and 0.93 in VL subjects) and lumbo-sacral joint
(r = 0.98 in controls and 0.91 in VL subjects). DiVerences
in knee velocities yielded a weak, non-signiWcant correla-

tion (r = 0.09) in both groups. Arm abduction velocities
with onsets at 40 ms were related (r = 0.98 in controls, 0.94
in VL subjects) to the roll stimulus (see Fig. 5).

In contrast to the early onset of the pitch-related head
accelerations, both roll angular acceleration and lateral lin-
ear acceleration, as shown in Fig. 1, had later onsets after
25–30 ms (roll acceleration onset for 135°, 31 § 9 ms in

Fig. 4 Regressions between head angular or linear accelerations and
stimulus amplitudes for control and VL subjects. The measurement
intervals were 10 ms in duration starting 20 ms after acceleration onset
and are indicated in each panel. The measurements for each subject’s
eyes closed and eyes open responses have been pooled as no eVect of
vision was noted for these variables. Data from 12 normal subjects and

6 VL subjects are shown. Positive pitch is toe-up, negative toe-down.
Each left and right forward pitch amplitude yielded two pooled mea-
surement values per subject as did backward left and right pitch. Like-
wise forward and backward pitch yielded two pooled roll values.
Correlation coeYcients of the regressions for normal and VL subjects
are provided
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controls) and then began to be clearly stimulus related to
the roll amplitude at ca. 60 ms (Fig. 3). Correlations
between head accelerations and roll stimulus amplitude
yielded r values of 0.77 for angular roll acceleration and
0.92 for lateral linear acceleration (Fig. 4) in controls, with
lower correlations r = 0.43, respectively r = 0.48 in VL
subjects. Furthermore there was a trend for lower amplitude
of roll acceleration in VL subjects compared to controls for
head roll acceleration (Fig. 4).

Short latency stretch reXex responses

DorsiXexion of the ankle joint produced a short latency (SL)
stretch reXex response in soleus that commenced some 45 ms
(46 ms § 6.5 ms for 135° see Fig. 1) after onset of the stimu-
lus (Figs. 1, 2) and was not diVerent between controls and
VL subjects (Fig. 1). Plantar Xexion rotation caused a small
unloading response in the same muscle. Left and right back-
wards rotations (225 and 135°) did not produce equal stretch

Fig. 5 Roll-directed upper body 
responses of controls. Average 
hip abduction, lumbo-sacral roll 
abduction and arm biomechani-
cal and muscle EMG responses 
of controls tested under eyes 
open conditions are shown. The 
Wrst 160 ms of the responses for 
the 6 directions of support-sur-
face roll tilt (45, 90, 135, 225, 
270 and 315) with diVerent roll 
amplitudes are shown. The pel-
vis, trunk and arm movements 
were recorded with the motion 
analysis system. For other de-
tails refer to the legends of 
Figs. 1 and 2. The measurement 
intervals used for the regressions 
of Fig. 6 are marked by rectan-
gular boxes on the sets of traces
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response amplitudes over the Wrst 40 ms of the response even
though the pitch stimulus was identical (Fig. 2). This is pre-
sumably due to the anatomical orientation of the soleus mus-
cle’s line of maximum stretch responsiveness being aligned
medially with respect to a pure pitch rotation. Assuming the
CNS would average out this eVect for the left and right
soleus muscles, we calculated a regression of the area under
Wrst 40 ms of the response against all pitch amplitudes. The
regression indicated high correlations between soleus stretch
reXexes responses and platform pitch amplitude in both con-
trols (r = 0.81) and VL subjects (r = 0.87)—see also Fig. 2.
The correlation with platform roll was weak in both control
and VL subjects (r < 0.2).

When the support-surface tipped right, the pelvis also
rotated right, causing a relative adduction of the left leg (as
shown in Fig. 5), which stretched the left gluteus medius.
The trunk rotated to the left, thus shortening the left paraspi-
nals (Fig. 5). The ensuing SL reXexes in gluteus medius (for
135°, 27.5 § 4.5 ms in controls, see Fig. 1) and paraspinal
muscles had onset latencies that preceded earliest responses
in the soleus muscles (compare responses in Figs. 1, 2 and 4).
Therefore, even though hip adduction was delayed with
respect to the ankle joint Xexion (compare joint angular
velocity responses in Figs. 1, 2 and 4), roll proprioceptive
directional and amplitude information was available for
transmission to the CNS, from aVerents transmitting early SL

Fig. 6 Regressions of the left 
hip and lumbo-sacral joint roll 
rotation velocities and EMG SL 
stretch and unloading responses 
in left gluteus medius and pa-
raspinals muscles against stimu-
lus roll amplitude. Positive roll 
is to the right. The muscle 
regression used the response 
area between 25 and 65 ms after 
stimulus onset. This interval is 
depicted in Fig. 5. Data from the 
gluteus medius muscle of one 
control (marked asterisk) was 
excluded from the regression as 
it was an outlier. For other de-
tails refer to the legend of Fig. 4
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stretch and unloading responses elicited in gluteus medius
and paraspinal muscles (Fig. 5) prior to the information from
the ankle joint. Correlations of regressions of the Wrst 40 ms
of the early reXex responses in gluteus medius with roll
was 0.8 in controls and 0.94 in VL subjects and thus simi-
lar in value to those of soleus for pitch (0.81). SL responses
in paraspinals had a lower regression value with roll (r = 0.50
in controls, r = 0.60 in VL subjects).

DiVerences in trunk displacements post 150 ms

Our observations on trunk motion between controls and VL
subjects conWrmed those of Carpenter et al. (2001). For
example, the stick Wgures of Fig. 7 conWrm the instability of
the VL subjects even though initial positions were not diVer-
ent between VL subjects and controls. Findings on trunk
motion here are described brieXy in order to provide back-
ground information supporting our new Wndings concerning
the eVect of vestibular loss on leg and arm movements.
There was a group by direction interaction for peak trunk
angular pitch velocity (F(4,60) = 3.5, P = 0.01) and trunk
pitch angle at 300 ms (F(4,60) = 2.787, P < 0.05). Thus sig-
niWcantly larger trunk Xexion observed in BVL subjects
compared to controls for backward pitch (180°) rotation
(P < 0.05) with no eVect of vision. Therefore, eyes open and
closed responses have been pooled in Fig. 8. After 400 ms,
BVL subjects were observed to have a larger and more rapid
extension of the trunk, compared to controls who main-
tained forward trunk Xexion for backwards pitch (Fig. 8).

Trunk roll motion was not inXuenced by vestibular loss
prior to 400 ms (see Figs. 7, 8). Thereafter, the trunk devi-
ated to the side of platform tilt. Trunk roll angular displace-
ments at 800 ms were signiWcantly inXuenced by vestibular
loss. At 800 ms, a signiWcant group by direction interaction
was observed for trunk roll angle (F(4,60) = 6.526,
P = 0.001), but no interaction for vision. As shown in
Fig. 8, BVL subjects had signiWcantly larger and oppositely
directed trunk roll angular displacements compared to con-
trols for all three roll directed perturbation directions
(P < 0.05).

Leg displacements post 150 ms

The uphill knee Xexion and downhill knee extension move-
ments were diVerent in VL subjects and controls. The stick
Wgures of the leg movements provided in Fig. 9 illustrate the
diVerences for typical subjects from each population. The
left, uphill knee of the VL subject is Xexed less than the con-
trol subject. Furthermore the right, downhill knee is Xexed
rather than extended in the VL subject compared to the con-
trol subject. Our analysis conWrmed these observations and
revealed diVerences in both peak knee Xexion velocities at
approximately 250 ms and knee angles at 800 ms.

Roll tilt of the support surface resulted in a peak Xexion
velocity of the uphill knee at ca. 270 ms post-perturbation
onset. Knee peak velocity was found to be signiWcantly
inXuenced by a group (VL vs. control) by direction interac-
tion (F(4,60) = 4.2, P < 0.001). As shown in Fig. 10, peak

Fig. 7 Stick Wgure representatives of body segment movements to
right tilt of the support-surface in a typical VL and control subject un-
der eyes closed conditions. The stick Wgures were drawn based on the
18 infrared Optotrak markers on the body. The 64 timeframes, record-
ed over 1 s, are indicated by the colour code, with blue colours mark-

ing the early frames and red colours the late frames. The support-
surface rotation started at frame 6. The marker positions were averaged
for 8 identical stimuli. The views are from in front of the subjects. Note
the similar arm and leg positions for the two subjects prior to tilt and
tendency of the VL subject to fall right
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Fig. 8 Trunk pitch and roll responses of control and VL subjects. The
mean population traces of trunk pitch and roll are shown for a pure
pitch, backwards (180°) and a roll (to the left, 270°) tilt of the support-
surface under eyes closed conditions are shown. The column plots
show pooled eyes closed and eyes open means and standard error of

mean (SEM) of trunk pitch angle at 300 ms and trunk roll angle at
800 ms after stimulus onset for the VL subjects and controls (no eVect
of vision was noted therefore the data was pooled). Roll data with
equivalent pitch amplitudes has been pooled. SigniWcant diVerences
are marked by a horizontal bar and the P value
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Fig. 9 Stick Wgure representa-
tions of knee movements to a 
right tilt of the support-surface in 
a typical VL and control subject. 
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uphill knee-Xexion velocity was inXuenced by perturbation
direction in controls, ranging from 60°/s for pure roll (90°/
270°), 40°/s for forward roll (45°/315°) and as little as 15°/s

for backward roll (135°/225°) perturbations. VL subjects
had signiWcantly less uphill knee angular velocity com-
pared to controls (Fig. 10), with largest diVerences in peak

Fig. 10 Knee motion of VL and control subjects. On the left, the pop-
ulation average knee Xexion angle and angular velocity under eyes
closed conditions is shown by two sets of traces for the uphill (right)
knee following a left-down tilt of the support-surface (270°) and for the
downhill (right) knee for a 135 deg directed tilt. On the right bar dia-
grams illustrate the diVerence in uphill and downhill knee angular
velocity and angles between the mean values of VL and control subjects

for roll perturbation directions pooled according to the pitch direction
(for example, results for 45 and 315 perturbation directions are pooled)
and visual condition (eyes open and closed) as no eVect of vision was
found. The velocity measurements were taken at the times of maximum
diVerences (at ca. 250 ms) and the angles at 800 ms. SigniWcant diVer-
ences are marked by a horizontal bar and the P value. Vertical bars on
the columns indicated the size of the standard error of the mean (SEM)
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velocities observed in forward roll (45/315), and roll (90/
270) directions (P < 0.05). This diVerence in peak velocity
measures was also reXected in diVerences in knee angle
(Fig. 10). Flexion of the uphill knee (relative to platform
tilt) was inXuenced by a signiWcant main group eVect at
300 ms (F(1,15) = 6.9, P < 0.02), with VL subjects having
signiWcantly less knee Xexion compared to controls across
all perturbation directions. At 800 ms, uphill knee Xexion
was found to be inXuenced by a signiWcant group by direc-
tion interaction (F(4,60) = 5.0, P < 0.01). As shown in
Fig. 10, VL subjects had signiWcantly less Xexion in the
uphill knee at 800 ms for pure roll (90°/270°) and forward
roll (45°/315°) directions (P < 0.05). There was no signiW-
cant eVect of group at 300 or 800 ms post-stimulus onset
for Xexion of the uphill hip joint.

Backwards and roll tilt requires an extension of the
downhill leg for body stability. The peak angular velocity
associated with extension of the downhill knee was signiW-
cantly inXuenced by a group by direction interaction
(F(4,60) = 4.8, P < 0.01), with VL subjects having signiW-
cantly lower downhill knee velocity than controls for pure
roll (90°/270°) directions (P < 0.05, Fig. 10). Downhill
knee movements were also signiWcantly inXuenced by a
signiWcant group by direction interaction at 800 ms
(F(4,60) = 4.414, P < 0.01) post-stimulus onset. As shown in
Fig. 10, VL subjects compared to controls had a signiW-
cantly more Xexion instead of extension of the downhill
knee during backward roll perturbations (135°/225°) at
800 ms (P < 0.05). At 800 ms downhill hip angle was sig-
niWcantly inXuenced by a group by direction interaction
(F(4,60) = 3.3, P < 0.02), with VL subjects using signiW-
cantly less downhill hip extension compared to controls for
forward roll (45°/315°) perturbations (P < 0.05).

Arm displacements post 150 ms

As reported previously (Allum et al. 2002), both arms ini-
tially move toward the uphill side of the platform movement,
resulting in abduction of the uphill arm and adduction of the
downhill arm relative to the trunk (see also the stick of the
control subject in Fig. 7). After 300 ms the arms returned to
their initial position in controls but abducted more away from
the body in VL subjects (see, for example, stick Wgures in
Fig. 7 and downhill arm traces in Fig. 11). SigniWcant inter-
actions between group and direction were observed for arm
displacements at 300 ms in both the uphill (F(4,60) = 2.666,
P = 0.041) and downhill (F(4,60) = 2.721, P = 0.038) arm.
Post hoc comparisons revealed signiWcant diVerences
between VL subjects and controls in backward perturbations
for the uphill arm (P < 0.05), and backward, backward roll
and roll directions for the downhill arm (P < 0.05).

In summary, these biomechanical observations indicate
that insuYcient uphill leg Xexion and downhill leg exten-

sion occurred in VL subjects for all forward pitch and roll
perturbations (45°, 90°, 270°, 315°) as well as the two
backward roll directions (135° and 225°). These diVer-
ences, as well as those for arm abduction, were present at
300 ms well before instabilities were observed in trunk roll
movements. No correlate in the knee movements was noted
for the earlier instability in trunk pitch motion for the 180°
backward tilt direction.

Balance correcting muscle responses post 120 ms

As reported previously (Carpenter et al. 2001) reduced
amplitudes of EMG responses were observed in the soleus
muscles of VL subjects compared to controls for forward
directions, and increased amplitudes in paraspinal muscles
for backward and ipsi-roll directions. New in this study is
the observation that VL subjects had signiWcantly lower
amplitude balance correcting responses in deltoids com-
pared to controls, with greater diVerences observed in EO
than EC conditions. In contrast, no signiWcant main eVects

Fig. 11 DiVerences in arm abduction in VL and control subjects. The
mean population traces for left arm abduction traces for a backward left
(225°) tilt of the support surface under eyes closed conditions are
shown. The column plots below show eyes closed means (and SEM)
for VL and control subject
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of VL or interactions between group and direction were
observed in the gluteus medius muscles.

Discussion

Vestibular loss aVects roll tilt-induced leg Xexion

This study examined the responses to support-surface tilt in
diVerent directions in vestibular loss subjects and controls.
We demonstrated for the Wrst time that the leg responses to
roll tilt in humans mimic, to a large extent, the vestibularly
driven responses of animals, that is with a leg Xexion in the
uphill leg and extension in the downhill leg. However, as
shown in the schematic of Fig. 12, the polarity of vestibular
inputs driving these responses must be diVerent in humans
compared to quadripeds because of the hinging of the trunk
at the pelvis in humans in the direction opposite to tilt sup-
port-surface. We have demonstrated here that tilt of the
head in humans follows that of the trunk. In cats, due to the
biomechanics of quadripedal stance, both trunk and pelvis
rotate in the direction of support-surface tilt (MacPherson
et al. 2007). Assuming in the lack of evidence to the con-
trary, that head tilt also follows that of pelvis and trunk roll
in quadripeds, then the direction of roll acceleration per-
ceived by cats and humans for the same direction of tilt
must be of diVerent polarity (see Fig. 12). The uphill leg

Xexion response and downhill leg extension responses are,
however, functionally similar. We will also argue below
that because roll proprioception and vestibular information
arrives simultaneously in humans the CNS probably pro-
cesses this information simultaneously too with conse-
quence that, if the vestibular component is lacking,
vestibular loss (VL) subjects presumably assume less roll
tilt has occurred, Xex the uphill knee and extend the down-
hill knee inadequately and tend to fall in the direction of
tilt.

Traditionally balance responses have received a diVerent
focus in two-legged humans and four-legged animals. Stud-
ies on the eVect of vestibular loss in humans, have concen-
trated primarily on balance corrections that maintain pitch
plane stability. Thus several authors have identiWed vestib-
ular loss as cause for pitch plane instability in humans
(Nashner et al. 1982; Keshner et al. 1987; Horak et al.
1990; Runge et al. 1998). Vestibular loss has been shown to
lead to insuYcient amplitudes of ankle muscle activity and
excessive paraspinal muscle activity in VL subjects (Allum
and Pfaltz 1985; Keshner et al. 1987; Allum and Honegger
1998; Carpenter et al. 2001), when the support surface is
tilted backwards (180° direction in our nomenclature). Bal-
ance control is then quite diYcult for VL subjects and it is
not easy for them to avoid falling over backwards, espe-
cially with eyes closed. We therefore were surprised to Wnd
in this study and in a previous study (Carpenter et al. 2001)
even greater diVerences in trunk amplitudes between ves-
tibular loss and normal subjects for roll tilts of the support
surface. These tilts required the uphill knee to be Xexed and
the downhill knee extended as part of the compensatory
response.

Numerous studies have examined the responses to roll
tilts of the support surface in both normal and vestibular
loss cats (Lindsay et al. 1976; Andersen et al. 1977; Peter-
son et al. 1980; Pompeiano 1984; Wilson and Schor 1999;
MacPherson et al. 2007). It is generally accepted that ves-
tibular-spinal inputs contribute signiWcantly to muscle
responses Xexing the uphill hind- and fore-limbs and
extending the downhill limbs (Krutki et al. 2003; Anderson
et al. 1977; Pompeiano 1984). In these animal experiments,
insuYcient muscle activity following chronic loss of ves-
tibular function was demonstrated (Wilson and Schor 1999;
Pompeiano 1984). More recently MacPherson et al. (2007)
have demonstrated that uphill leg muscle responses to tilt
can be characterised by an overreaction not just a weaker
response. Rather than executing less Xexion of the uphill
leg and extension of downhill leg as we have argued here
for humans, these authors have argued that the responses to
tilt are dominated by an active extension of the uphill leg
pushing the animal downhill.

In VL subjects we observed the failure to Xex the uphill
knee adequately as early as 200 ms after stimulus onset in

Fig. 12 Schematic illustrating the proposed misinterpretation of trunk
position in space after vestibular loss in humans and cats. In human
subjects a combination of vestibular signals due to head roll and pro-
prioceptive signals from trunk roll in the opposite direction to support
surface tilt provide information on the tilt of the body. In cats, the head
is assumed to roll with the pelvis and trunk in the same direction as the
support-surface tilt. It is assumed that the vestibular and proprioceptive
signals are only correctly interpreted when both are present. With ves-
tibular loss, the remaining proprioceptive signal is misinterpreted as
less trunk roll and the compensating reaction of knee Xexion is inade-
quate

Θ vest/2 + Θprop/2 = Θtotal

Θvest

Θprop

?

HumanHuman

CatCat
Θvest

Θprop
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terms of knee Xexion velocity (see Fig. 8) and later at
300 ms as inadequate knee Xexion. This was well before
instabilities were observed in trunk roll. Because the insuY-
cient knee Xexion was observed for all directions of tilt that
lead to later trunk roll instabilities (forward roll and roll
directions), we conclude that the insuYcient knee Xexion is
the primary cause of the trunk instability. Instability in trunk
roll was less for backward and roll tilts, but these directions
required less knee Xexion. However, the hip Xexion of the
uphill leg and extension of the downhill knee was also less
in VL subjects for these directions. Our current results indi-
cate that the VL subjects respond to the tilt with an uphill
knee Xexion and downhill knee extension (or even a failure
to extend the downhill knee) only appropriate for a smaller
amplitude of support surface roll tilt. The cause of the inade-
quate knee movements needs to be investigated. We assume
that inadequate vestibular modulation of the knee Xexion
and extension muscles in both the uphill and downhill legs
during balance corrections is the root cause of the roll insta-
bility in VL subjects. As only less Xexion in the uphill leg is
observed in humans, rather than extension, there is no evi-
dence to suggest in humans a reversal of responses leading
to an overreaction as has been suggested for cats (MacPher-
son et al. 2007). Furthermore our recordings to date in VL
subjects have only revealed increased or decreased response
amplitudes following vestibular loss (Allum and Pfaltz
1985; Allum and Honegger 1998; Carpenter et al. 2001) and
not response reversals. Response reversals in quadriceps
might, however, be consistent with diVerent “wiring” of ves-
tibulo-spinal reXexes, which takes into account the diVerent
direction of head roll movement following platform tilt.

In quadripeds, the lack of vestibular input has a similar
eVect on muscle responses in both fore limbs and hind
limbs (Grillner and Hongo 1971; Wilson and Yoshida
1969). For this reason, biomechanically, a similar insuY-
cient uphill-Xexion and downhill forelimb extension would
be expected in the arm muscles of humans. Due to the free
arm movement, human arm responses have an entirely
diVerent function than those of the forelimbs of quadripeds.
Firstly the arms are swung by the stimulus in the same
direction as the initial trunk movement, uphill in young and
middle aged (as the subjects in this study) adults (Allum
et al. 2002). Therefore, the abducted uphill arm and
adducted downhill arm immediately act, in the middle-aged
adults we tested, as counterweight to the tendency for the
COM to tip downhill. The downhill arm simply returns in
normal subjects to its pre-stimulus positions (Fig. 9) and
the uphill arm is slightly abducted after 300 ms as the trunk
is stabilised with a constant lean uphill. In VL subjects the
downhill arm was abducted more. We would propose that
the downhill arm abduction due to changed amplitudes of
responses in arm muscles is a secondary cause of trunk roll
instability in vestibular loss subjects.

Timing of roll and pitch balance corrections

Previously we had noted that an earlier stimulus induced
trunk roll compared to pitch was part of the biomechanical
response of the body to the tilt perturbation on the support
surface (Carpenter et al. 1999; Allum et al. 2003; Grüne-
berg et al. 2005). As the stimulus induced trunk roll motion
occurs earlier than that of pitch, even when the stimulus is a
combined roll and pitch tilt, we assumed that the balance
control centres (BCC) presumably located in the CNS
would require separate processing loops to generate balance
corrections arresting unstable body motion in the roll and
pitch planes (Carpenter et al. 2001). Furthermore, that roll
balance corrections would be generated Wrst as roll motion
occurred Wrst. In fact, balance corrections of body motion in
the pitch and roll planes begin simultaneously with onsets
of 90–120 ms across many body segments (Carpenter et al.
2001; Grüneberg et al. 2005). By shifting the onset of roll
tilt with respect to the pitch tilt, it could be shown that roll
tilt corrections do not begin earlier than those of pitch and
that both roll and pitch commands appeared to be separately
programmed (Grüneberg et al. 2005). Therefore it appears
that BCC permit the roll instability of the trunk to continue
well after the onset of roll movement in favour of generat-
ing roll and pitch balance correcting commands simulta-
neously across many segments. We argue that this may be
another factor underlying the greater roll than pitch plane
instability in VL subjects, in addition to how VL subjects
may continue to incorrectly weight proprioceptive roll sig-
nals when vestibular signals are absent.

Simultaneous sensory processing times may account 
for greater roll instability with vestibular loss

Given the distributed nature of the proprioceptive inputs
best related to the pitch and roll stimuli (pitch at the ankle,
roll at the hip and lumbo-sacral joints) and the timing of
vestibular responses to pitch and roll head accelerations, one
possible explanation for the later and larger roll instability
than pitch plane instability could be based on the diVerent
times when these sensory signals interact for perturbations
in the roll and pitch directions. That is the types of process-
ing BCC in the CNS use to form a perception of trunk roll
and pitch may diVer. If the head acceleration measurements
we recorded represent the information transduced by the
vestibular system to BCC, than it would appear from our
results that stimulus related pitch directional and amplitude
information is received by BCC in the CNS via vestibular
aVerents within 13 ms of stimulus onset whereas roll infor-
mation is received some 20 ms later (see Figs. 1, 3).

Presumably the pitch rotation of the support-surface is
transmitted as a vertical acceleration to the head with little
delay because, along its longitudinal axis, the body is fairly
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rigid. In contrast, ankle proprioceptive inputs will reach the
CNS much later. Taking the onset of the stretch reXex in
ankle muscles as the time to reach the CNS (assuming the
time taken for the reXex response to travel back to the mus-
cle from the spinal cord is the same as that up to the CNS)
this proprioceptive information will be present in the CNS
at 46 ms. The trunk will Wrst start to pitch forward or back-
ward some 50 ms later, leaving suYcient time to plan an
appropriate balance-correcting response. The relative long
delay, between the normally present vestibular input and
proprioceptive input, suggests that alternative sources of
vertical body acceleration signals could easily be integrated
into the triggering and modulating proprioceptive signals
from the ankle joint, if vestibular signals were absent. One
such alternative signal might originate from load receptors
in the spinal column registering the upward or downward
thrust of the support-surface with pitch (Dietz et al. 1998).

Thus, we would argue that, in the pitch direction, pro-
prioceptive and vestibular information is processed inde-
pendently. This would allow VL subjects to use other
proprioceptive information instead of vestibular informa-
tion to successfully maintain balance in pitch. Nonetheless,
the use of alternative proprioceptive inputs, in the event of
vestibular loss is, as we have demonstrated, still deWcient.
Poor pitch balance control remains, possibly because VL
subjects tend to weight ankle proprioceptive inputs more
heavily (Peterka and Loughlin 2004). The result would be a
greater orientation of the body to the support surface tilt
rather than to the vertical.

Roll proprioceptive information arrives at the CNS
almost simultaneously with vestibular roll information.
This is because roll plane perturbations elicit head move-
ments later than pitch perturbations (Figs. 1, 3). Roll accel-
erations of the head, according to our measurements,
commence around 31 ms. At the same time roll tilt is trans-
mitted to the pelvis, with the legs acting as a parallelogram.
Thereby, rotation of the pelvis with respect to the legs and
trunk occurs leading to stretch and unloading responses in
bilateral gluteus medius and paraspinal muscles at 28 ms.
Thus the time diVerence between the arrival vestibular and
proprioceptive roll sensory inputs is much shorter than that
for pitch inputs. The small diVerence in the case of roll may
lead to a restricted choice of alternative sensory signals for
roll motion, especially if the CNS programs roll directed
balance corrections based on a sensory transformation, sim-
ilar to that proposed by Mergner (1997). Based on this pro-
posal, the sensory information can only be interpreted when
the sensory signals are combined. Furthermore, the larger
variance in roll and lateral linear head accelerations and the
changed relationship to stimulus roll (Fig. 4) in BVL sub-
jects may preclude the use of cervical collic proprioceptive
inputs as an alternative to the absent vestibular signal. As
illustrated in Fig. 12 less of the vestibular information (and

the failure to use a replacement signal with a similar timing
and amplitude relationship) will lead to an inadequate esti-
mate of counter-tilt trunk lean in humans and pelvis and
trunk tilt in quadripeds labelled � total in Fig. 12. The trunk
lean in humans, as we have previously shown, is related to
the amount of support surface roll tilt (Carpenter et al.
1999). The result will be a misinterpretation of the pertur-
bation amplitude (as is shown in Fig. 12, for the simple
case in which each input is weighted by 0.5). This will lead
to insuYcient knee Xexion to correct the response and
movement of the trunk to the side of tilt. It has been sug-
gested that a similar misinterpretation process occurred in
VL cats during voluntary horizontal head turns Stapley
et al. (2006) or following support-surface tilt (MacPherson
et al. 2007). Furthermore, spinal-cerebellar ataxia patients
with normal vestibulo-ocular reXexes also provide insuY-
cient knee Xexion on roll tilt (Bakker et al. 2006). This lat-
ter Wnding would support the viewpoint that a sensory
integration deWcit rather than loss of a sensory signal alone
is the cause of balance instability in roll.

It should be noted that our conclusions on the perception
of head accelerations by vestibular sensory systems are
based on direct measurements of head accelerations
recorded with high sample rates (1 kHz). Interpretations of
head accelerations based on double diVerentiation of hand
position signals with low sampling rates (ca. 100 Hz) of
position signals will be limited by both the low sampling
rate and inherent noise following diVerentiation of position
signals (see for example Forssberg and Hirschfeld 1994 or
MacPherson et al. 2007). For this reason, early work on
postural control in the pitch plane focussed more on propri-
oceptive rather than on vestibular sensory inputs contribut-
ing to balance corrections (Nashner et al. 1982; Diener
et al. 1988). Direct measurements of head accelerations in
the pitch plane provided a correction to this focus (Allum
and Pfaltz 1985; Runge et al. 1998).

It is possible that our use of foot straps and heel stops to
keep subjects in the same position on the platform with
respect to its axes of rotation throughout the experiments
has the advantage of leading to consistent head acceleration
responses with small variance. This disadvantage is that, by
adding additional somatosensory inputs at the feet, balance
correcting responses may be changed. Based on the similar-
ity pitch plane responses for rotation and translation of the
support-surface recorded in our work (Allum and Pfaltz
1985; Allum and Honegger 1998; Bloem et al. 2000) and
that of others who did not use foot straps (Runge et al.
1998; Horak et al. 1990; Diener et al. 1988) we conclude
that responses in the pitch plane are not altered by presence
of the foot straps. For the roll plane, comparisons with the
work of other authors are not available. Thus we cannot
currently exclude an alteration of roll plane responses due
to the foot straps and heel stops.
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In summary we have observed greater roll than pitch
instability following vestibular loss and attempted to link
this directional deWcit to diVerences in the processing of
proprioceptive and vestibular signals based on the time
when signals might be processed in the CNS in order to
form balance corrections. We have developed a concept of
sensory interaction based on vestibular and proprioceptive
signals being processed separately in time for pitch pertur-
bation directions but in a combined manner for roll. Pre-
sumably a greater adaptation by balance control centres is
required for roll perturbations as a reprogramming takes
place with alternative sensory signals, a task the CNS
appears not to cope with as adequately in the roll as in the
pitch direction, because the combined processing mode in
roll leads to misinterpretation of roll stimulus amplitude.
The net result is a change in the vestibular modulation of
the amplitudes of uphill knee Xexion and downhill knee
extension required to correct centre of mass tilt induced by
the support-surface roll tilt. We assume the amplitudes of
knee Xexor and extensor muscle activity during early bal-
ance corrections are inadequate in VL subjects.
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