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Ting, Lena H. and Jane M. Macpherson. Ratio of shear to load
ground-reaction force may underlie the directional tuning of the
automatic postural response to rotation and translation. J Neuro-
physiol 92: 808—823, 2004. First published April 14, 2004; 10.1152/
jn.00773.2003. This study sought to identify the sensory signals that
encode perturbation direction rapidly enough to shape the directional
tuning of the automatic postural response. We compared reactions to
16 directions of pitch and roll rotation and 16 directions of linear
trandation in the horizontal plane in freely standing cats. Rotations
and translations that displaced the center of massin the same direction
relative to the feet evoked similar patterns of muscle activity and
active ground-reaction force, suggesting the presence of a single,
robust postural strategy for stabilizing the center of mass in both
rotation and translation. Therefore we postulated there should be a
common sensory input that encodes the direction of the perturbation
and leads to the directiona tuning of the early electromyographic
burst in the postura response. We compared the mechanical changes
induced by rotations and trandlations prior to the active, postura
response. The only consistent feature common to the full range of
rotation and translation directions was the initial change in ground-
reaction force angle. Other variables including joint angles, ground-
reaction force magnitudes, center of pressure, and center of mass in
space showed opposite or nonsignificant changes for rotation and
trandation. Change in force angle at the paw reflects the ratio of
loading force to dlip force, analogous to slips during finger grip tasks.
We propose that cutaneous sensors in the foot soles detect change in
ground-reaction force angle and provide the critical input underlying
the directional tuning of the automatic postural response for balance.

INTRODUCTION

When standing balance is perturbed, an automatic postura
response is evoked that counteracts the destabilizing effects of the
perturbation and restores balance. The pattern of muscle activa
tion in the postura response is tuned to the direction of the
disturbance. Directiond tuning is important for generating the
appropriate direction of force against the support surface to arrest
the motion of the center of mass and restore balance. It is not
known which sensory inputs encode the directional features of this
triggered response. We address this question using a novel ap-
proach of comparing two quite different postural perturbations of
the support surface, rotation, and trandation to tease out the
significant sensory events that encode direction of the disturbance
and give rise to the automatic postura response.

Directional tuning of theinitial electromyographic (EMG) burst
of the automatic postura response has been described for multi-
directional trandation in both cats (Macpherson 1988b) and hu-
mans (Carpenter et a. 1999; Henry et al. 1998) and in multidi-
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rectional rotations in humans (Carpenter et a. 1999). The rapidity
of these responses (40—60 msin cats and 80—120 msin humans)
suggests that the nervous system must determine the direction of
the perturbation and activate the appropriate muscles before the
perturbation causes appreciable destabilization of the body. Al-
though vestibular, visual, proprioceptive, and cutaneous inputs are
all thought to play arole in postura equilibrium and orientation
(Horak and Macpherson 1996), only proprioceptive or cutaneous
channels are likely candidates for encoding the direction of dis-
turbance and shaping the directional tuning of the automatic
postural responses to support surface disturbances.

Muscle-stretch receptors cannot provide unambiguous direc-
tional information about support surface motion because there is
no apparent relationship between those muscles that are stretched
by a perturbation and those that participate in the initial postural
response. An example is the response of human subjects to
rotation and trandation perturbations in the sagittal plane in
various postures. During stance (Nashner 1976), ankle extensors
are activated in the automatic postura response to backward
trandation and toes-down rotation (Fig. 1A) but stretched by the
perturbation in the former case and shortened in the latter. Con-
versaly, these same muscles are stretched during both backward
trandation and toes-up rotation, but the postural response is
evoked in opposite muscles: ankle extensors for backward trans-
lation and flexors for toes-up rotation. Similarly, in a seated
position (Forssherg and Hirschfeld 1994), rotation and trandation
of the support surface evoke opposite stretch responses in the hip
musculature for directions that show similar postural responses.
Therefore some sensory input other than the pattern of muscle
stretch must provide the directional cue for the automatic postural
response.

Neither is vestibular input a likely candidate for triggering the
automatic postural response. Despite the postural instability asso-
ciated with vestibular impairment, the timing and directional
tuning of postura responses to trandation in cats (Inglis and
Macpherson 1995) and in the sagittal plane in humans (Horak et
al. 1990; Runge et al. 1998) are not dtered after vestibular loss.
Similarly, normal directional tuning for rotation is maintained in
vestibular-loss subjects (Carpenter et al. 2001). However, delayed
postural responses are observed after large-fiber peripheral sen-
sory neuropathy in cats (Stapley et a. 2002) and in humans with
somatosensory loss (Bloem et a. 2000, 2002; Inglis et al. 1994).
The cats with somatosensory loss and postura delays exhibited
instability and difficulty maintaining balance after perturbations
(Stapley et d. 2002); this suggests that somatosensory receptors of
some kind are important for initiating postural responses. It has
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translation perturbations. B: coordinate sys-
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been suggested that trunk and proximal leg proprioceptors provide
the adequate trigger for balance reactions (Bloem et a. 2002), but
this has not been rigoroudy tested.

The question remains as to the source of the directional
encoding in the automatic postural response. We propose that
a full comparison of the effects of rotation and trandation
across many directions provides a means to determine the
identity of sensory signals that underlie directional tuning of
the rapid postural response. Examination of published data
from human subjects reveals that the directional tuning of
postural EMG activity is similar for rotation and transation
when toes-up/toes-down and left-up/right-up rotations are
compared with anterior/posterior and left/right tranglations,
respectively (cf. Carpenter et al. 1999 Figs. 7-10; Henry et a.
1998 Fig. 3). The rotations and tranglations that evoked similar
postural responses induced opposite changes in such variables
as ankle angle, muscle length, and center of pressure excursion,
suggesting that proprioceptive inputs from limb muscles and
joints cannot yield asimple signal encoding the direction of the
perturbation and therefore are not likely to shape the direc-
tional component of the postural response.

200 400
Time (ms)

600

A study comparing the response to forward translation and
legs-up rotation in subjects seated with their legs extended
revealed similar muscle responses even though most kinematic
changes were opposite for the two perturbation types, includ-
ing motion of the head, which precluded a role for vestibular
receptors (Forssberg and Hirschfeld 1994). Pelvis rotation was
similar in both disturbances leading the authors to suggest that
the trigger for the postural response could arise from either
proprioceptors in the pelvis/lumbar region and/or cutaneous
receptors in the buttocks and thighs. This study provides
further corroboration that somatosensory inputs are the likely
source for directional information but does not identify the type
of input, proprioceptive versus cutaneous.

When varying amounts of tranglation and rotation were
combined in the perturbing stimulus during stance in human
subjects, the only variable that appeared to correspond to the
evoked postural response was the direction of the center of
mass (CoM) destabilization (Gollhofer et al. 1989). It is not
likely that CoM displacement is sensed directly asits location
depends on the configuration of the body. However, there are
some sensory signals that may vary in conjunction with CoM
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position. For example, it has been proposed that load receptors
such as Golgi tendon organs may play a critical role in
producing the proper muscle activity for weight support in
bipedal stance (Dietz 1998; Dietz et al. 1992).

Using the model of standing balance in the cat, we address
two key questions regarding the automatic postural response:
how similar is the neural strategy for balance control in the
same subject for two very different perturbations, rotation, and
tranglation and what channels of sensory information might
provide the directional information for shaping the rapid pos-
tural response? We addressed these questions by comparing
postural responses within subjects for multidirectional pertur-
bations of the support surface. Because postural responses are
elicited in cats within 40—-60 ms of perturbation onset, the
directionally specific information that shapes the postural re-
sponse must activate sensory receptors within the first 30—-50
ms of postural destabilization. We compared the active pos-
tural response to rotations and translations within the same
subjects as well as the initial, passive effects induced by each
type of perturbation prior to the active response.

METHODS

Apparatus

Perturbations were dedlivered to standing cats using two different
platforms, a trandating one (Macpherson et a. 1987) and a rotating one,
both instrumented with force plates (Fig. 1B). The latter platform could
rotate in any combination of pitch and roll using hydraulic actuators. The
force plates were centered on the platform, and rotations occurred about
the midpoint of the platform at the level of the force plate surfaces. Three
vertically oriented linear actuators at the front, back, and one side of the
platform controlled pitch and roll angles. The three actuators were
controlled from a PC using a real-time control syssem (AMLAB Tech-
nologies, Lewisham, Australia). Linear displacement transducers on each
actuator, and rotary potentiometers measuring platform pitch and roll,
allowed the position and orientation of the platform to be monitored and
adjusted. The dynamic characteristics of pitch-and-roll constant-velocity
ramps were matched such that al of the perturbations had similar rise
time and maximum velocity.

Training procedures

Four adult cats (3 femae, 1 male; 3.2—-3.8 kg) were trained using food
reinforcement to stand quietly with each paw on a separate force plate.
The distance between the force plates was set to the “preferred” stance
distance (26—28 cm length, 8 cm width, center-to-center) determined by
the natural paw separation assumed by each cat on the floor. Each animal
was required to distribute its weight equally between the legs of each
girdle (within 10% of body weight for left and right sides) and to stand
quietly for severa seconds to recelve a food reward. The training
methods have been previoudy described in detail (Macpherson et dl.
1987).

EMG recordings

After training was completed, each cat was implanted with indwell-
ing EMG electrodes in 16 muscles under general anesthesia using
aseptic technique (see Macpherson 1988b). Electrode wires were
accessed through two connectors mounted on the head. A variety of
muscles were recorded in hindlimb and forelimb. Cats were alowed
to fully recover from the surgery before participating in experiments.

Data collection

Three sessions each of rotations and translations were collected
with five trials at each of 16 evenly spaced directions per session (Fig.
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1B). Rotation perturbations consisted of a ramp-and-hold tilt of 6°
amplitude and 40°/s mean maximum velocity. Data in each trial were
collected for 3 s—a 300-ms background period of quiet stance, a
200-ms constant-vel ocity tilt, and a 2,500-ms hold period in which the
inclination of the platform was maintained. The platform was returned
to its original, level position after each trial. The translation pertur-
bations were linear ramp-and-hold displacements in the horizontal
plane of 5-cm amplitude, 370-ms duration, and 15-cm/s mean maxi-
mum velocity (Macpherson 1988a). The perturbation amplitudes in
rotation and translation were chosen to produce similar amplitude and
rate of rotation about the toe joints—metacarpophalangeal (M CP) and
metatarsophalangeal (MTP).

Ground-reaction forces at each paw, raw EMGs, and platform
kinematics were collected at 1,200 samples/s using the AMLAB system.
Kinematic data from body segments were collected at 120 samples/s
using a Vicon (Oxford Metrics) system for three cats (Kn, An, Wo) and
an Optotrak (Northern Digital, Waterloo, Ontario, Canada) system for
one cat (Ve). For the Vicon system, 4-mm-diam reflective spheres were
cut at 2/3 diam, and the flat surface of the marker was glued to the skin
overlying bony landmarks of the fore- and hindlimb joints bilaterally
(MCP, wrist, elbow, shoulder, scapular tip, MTP, ankle, knee, hip, and
iliac crest). For the Optotrak system, infrared LED’s were glued on the
landmarks of one side of the cat using Stomahesive paste (Convarec,
Princeton, NJ). Head position and orientation in space was recorded at
120 samples/s using either a Minibird (Ascension Technologies) or
Fastrak (Polhemus) affixed to the EMG connector.

Data analysis

Data were filtered and processed off-line using a set of custom
MATLAB (MathWorks, Natick, MA) routines: force data were low
passfiltered at 100 Hz and kinematic dataat 7 Hz, and EM G datawere
high-pass filtered at 35 Hz, demeaned, and rectified. For some anal-
yses, EMG signals were then low-pass filtered at 30 Hz. The trias
from each session were averaged by perturbation direction.

Forces from the rotating platform were analyzed in both platform-
and Earth-based coordinate systems (Fig. 1C) and included vertical
(F,), longitudinal (F,), and lateral (F,) components. The force plates
recorded normal and tangential (shear) force components with respect
to the platform surface (platform-based coordinates). These data were
rotated according to the measured pitch and roll angles of the platform
to obtain forces in Earth-based coordinates. This alowed the force
associated with weight bearing to be quantified by Fz aone. In a
platform-based coordinate system (Lacquaniti and Maioli 1994), the
antigravity support force has components in both tangentia and
normal directions when the platform tilts and forces required for
weight support are confounded with those required for lateral and
longitudinal stabilization. For the translating platform, the Earth- and
platform-based coordinate systems were aways aligned.

The horizontal CoM displacement was obtained by calculating the
net horizontal plane forces (F, and F, in Earth-based coordinates),
dividing by the body mass, and integrating twice (Macpherson 1994).
The x and y coordinates of the center of pressure (CoP) were
calculated by summing the vertical forces under the right paws and the
forepaws, respectively, and dividing by the summed vertical forces
under all of the paws, then scaling to left-right and fore-hind paw
distance, respectively. During static conditions, the CoP and projec-
tion of the CoM in the horizontal plane are assumed to be equivalent.

The coordinate systems used to describe rotation and translation
directions (Fig. 1B) were aligned such that the horizontal displace-
ment of the CoM relative to the feet at the end of the perturbation was
in the same direction for matching rotation and translation perturba-
tions (Fig. 6A). For example, a 270° rotation that tilted the right side
of the cat up and the left side down, induced a leftward movement of
the CoM relative to the feet. In a 270° trand ation, the platform moved
rightward, and therefore the CoM moved |eftward with respect to the
feet (Fig. 6C, bottom).
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The locations of the fore- and hindlimb joint centers were estimated
from marker positions by subtracting joint radii, skin widths, and marker
widths. Joint positions were used to compute joint angles as well as trunk
and limb axis angles in both Earth- and platform-based coordinate
systems. The forelimb axis was defined as the segment connecting the
MCP joint and the shoulder joint; the hindlimb axis, by the MTP and hip
joints. The trunk axis was determined by ipsilateral shoulder and hip
joints in the sagitta plane and left-right pelvis markers in the fronta
plane.

Force, kinematic, and EMG responses were compared within each cat
during the passive and active periods after onset of rotations and trans-
lations. Passive responses refer to changes induced immediately after
onset of the perturbation, during the latent period prior to any active
postural response; active responses refer to the automatic postural re-
sponse evoked by the perturbation. The passive changes in kinetic and
kinematic variables were quantified for the period 0—30 ms after platform
onset (Fig. 2, gray bars), which represents approximately one-hadf the
latency of the postura EMG response. In some cases, this period was
extended to 45 ms because changes =30 ms were too small to establish
a trend. Active responses in EMG and force were quantified for the
periods of 60-135 and 120-195 ms, respectively, after the onset of
platform movement. These time windows were similar to the ones used
in a previous study (Jacobs and Macpherson 1996).

The early change from background levels of the kinematic and
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kinetic variables were regressed against platform displacement for the
sagittal and frontal planes independently. That is, platform displace-
ment was resolved into two components along the cardinal planes for
each direction of rotation and tranglation: pitch angle and anteropos-
terior (AP) displacement in the sagittal plane; roll angle and medio-
lateral (ML) displacement in the frontal plane (Fig. 8A). We assumed
that, for a variable to act as a directional trigger for the automatic
postural response, it must evoke a sensory signal within the early time
period, and the signal should show directional tuning in terms of a
significant relationship to amplitude of platform displacement in both
sagittal and frontal planes. We reasoned that if any stimulus effects
showed similar directional tuning for the two perturbation types such
variables could function as adirectional cue for the automatic postural
response.

RESULTS
Overview

Rotations and trandations of the support surface that were
paired according to the direction of CoM destabilization elicited
similar automatic postural responses in terms of EMG directional
tuning, and active force and kinematic responses. In contrast, the
two perturbation types differed in the initial, passive kinematic

Headward Translation

FIG. 2. Example of kinetic and kinematic variable
changes during 180° rotations and translations, which evoke
similar postural responses. Gray bar, the 1st 30 ms after
perturbation onset, during which time the directionaly
tuned automatic postural response is generated. Note that
the overall change in hindtoe [metatarsophalangeal (MTP)]
and foretoe [metacarpophalangeal (MCP)] joint angles are
of similar rate and magnitude but opposite direction for
rotation and translation. Dotted vertical lines, the time at
which active ground-reaction forces are generated by the
postural response. Force changes before this time are con-
sidered the “ passive” response to the perturbation. Note that
the passive changes in amost al of the variables are
initially opposite.
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and kinetic effects (Fig. 2). Theonly consistently similar featurein
the initial effects caused by paired rotations and trandations was
the change in the angle of the ground-reaction force vector in the
sagittal and frontal planes (Table 1). Rotation and trandation
evoked opposite initial effects in most other variables, including
changein vertica forces, horizonta forces, CoP, limb axis angles,
and joint angles. We shdll first present the data demonstrating that
the active postural responses are similar. Then, we will describe
the initial passive changes in al variables that were induced by
rotation and trandation.

Automatic postural responses are similar in rotations
and trandlations

Rotation and translation perturbations evoked similar pat-
terns of EMG activity in the automatic postural response. For
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example, maximal activity in the left hindlimb extensors oc-
curred during both types of perturbation at 225° (head up/right
up rotations, and forward/rightward translations), as shown for
cat Kn (Fig. 3A). Postural responses occurred at ~60 ms after
the onset of rotations and slightly earlier in trandlations, and the
magnitude of the response was smaller in rotations than in
tranglations. To compare directional tuning, the EMG ampli-
tude values were normalized to the maximum mean change in
activity within each perturbation type and plotted against
perturbation direction (Fig. 4). Directional tuning was remark-
ably similar in all of the extensor muscles (Fig. 4). Some flexor
muscles, such as tibialis anterior (TIBA) or posterior semi-
membranosus (SEMP) were activated during translations ~45°
but not during the corresponding rotations (Fig. 3B). However,
the forelimb flexor, biceps brachii (BICB), was activated for
both perturbation types (Fig. 3B). Decreased activity in toni-

TABLE 1. Sope relationships between early variable changes and platform displacement

An Kn Ve Wo
Plane of
Dependent Variable Displacement  Rotation Trandation Rotation Trandation Rotation Translation Rotation  Translation
Sagittal force angle, forelimb S — - — — — - - -
Frontal force angle, forelimb F - - - - - - - -
Sagittal force angle, hindlimb S ns - — — — — ns —
Frontal force angle, hindlimb F - - - - - - - -
Sagittal force amplitude, forelimb S — + - + - + - +
Frontal force amplitude, forelimb F + - ns + - ns + -
Sagittal force amplitude, hindlimb S + - + - + — + —
Frontal force amplitude, hindlimb F ns ns ns + - + + -
F, amplitude, forelimb F + + + + ns + ns +
F, amplitude, forelimb S - + - + - + - +
F, amplitude, forelimb S - + - + - + - +
F, amplitude, forelimb F + ns ns + - ns + ns
F, amplitude, hindlimb F + + + + ns + ns +
F, amplitude, hindlimb S - + - + - ns - +
F, amplitude, hindlimb S + - + - + - + -
F, amplitude, hindlimb F ns + ns + - ns + -
Summed F, amp F + + + + ns + + +
Summed F,, amp S - + - + - + - —
Summed F, amp S - + - + - + - ns
Summed F, amp F ns + ns ns ns ns ns ns
Sagittal CoP displ S - + - + - - - +
Frontal CoP displ F - + - + - — - +
Sagittal CoM displ S + + + + + ns - +
Frontal CoM displ F ns + ns + - + - +
Sagittal MCP angle S + - — - ns — ns —
Sagittal wrist angle S + + + + + ns + +
Sagittal wrist angle F ns ns + - + — + —
Sagittal elbow angle S - - - - ns - - ns
Sagittal elbow angle F ns ns ns + ns ns + ns
Sagittal shoulder angle S - + - + - + - +
Frontal shoulder angle F ns ns ns + ns ns - ns
Sagittal MTP angle S + - + - + — - +
Sagittal ankle angle S — + - + - + - +
Sagittal knee angle S - - - - ns - - -
Sagittal knee angle F ns - ns ns ns ns ns ns
Sagittal hip angle S ns + ns + + ns + -
Frontal hip angle F ns ns ns + ns ns ns ns
Head x displ F + ns ns ns ns ns
Head y displ S ns ns ns ns ns ns
Head z displ S ns ns ns ns ns ns
Head z displ F ns ns ns ns ns ns
Head pitch S ns ns ns ns ns ns
Head rall F ns ns ns ns ns +

Bolded variables signify that the same dope relation was found in rotations and trandationsin at least 2 cats. S, sagittal plane platform displacement: pitch rotation/AP
trandation. F, fronta plane platform displacement: rall rotation/ML trandation. +, positive sope relation, significant to P < 0.05; —, negative dope relation, significant
to P < 0.05 ns, no significant relationship. CoP, center of pressure; CoM, center of mass, MCP and M TP, metacarpo- and metatarsophalangedl.
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cally active extensors was often observed for similar directions
of rotation and tranglation (Figs. 3B and 4) although occasion-
ally absent for rotations (see SOLr in Fig. 4D).

Not only were the postural EMGs similar for rotation and
tranglation, but the active force change resulting from the EMG
response was also similar in the Earth-based coordinate system
(Fig. 5A). During extensor responses of the left hindlimb, for
example, the vertical forces began to increase and the horizon-
tal forces to decrease ~50 ms after EMG onset (i.e., 100 ms
after perturbation onset) in both translation and rotation (see
Fig. 3A, vertical dotted lines). Similarly, the active vertical
forces decreased and the horizontal forces increased after
flexor responsesin trandation aswell asfor the same directions
of rotation; although few flexor EMGs were evoked for rota-
tion, the activity in tonic extensors decreased. For both pertur-

bation types, the horizontal plane forces also exhibited the
force-constraint strategy previoudy identified during transla-
tions, whereby changesin the force vector tended to be aligned
along the diagonal regardless of perturbation direction (Fig.
5B). Earlier periods of force changes that are assumed to be
dueto passive characteristics of the musculoskeletal system did
not demonstrate this directional constraint for either perturba-
tion type as the passive forces tend to oppose the direction of
perturbation.

During both rotations and translations, the CoM was pro-
pelled toward the limbs that exhibited extensor postural re-
sponses. Thus displacement of the CoM with respect to the feet
showed similar directional tuning for rotations and translations
although the amplitude of displacement at the end of the
perturbation was smaller for rotations (Fig. 6, A and B). After
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FIG. 4. EMG tuning curves of the automatic postural re-
sponses to rotations (@) and trandations (0) in each of the 4 cats
(A-D). The mean change in integrated EMG activity for the
period 60-135 ms after onset of platform movement was

normalized to the maximum response within each perturbation

type and plotted against direction of perturbation (EMG tuning
curve). Note the remarkable similarity in directional tuning for
the two perturbation types. The coordinate system for rotations
and trandlations is shown at the top. LGAS, lateral gastrocne-

mius; MGAS, medial gastrocnemius;, REFM, rectus femoris;

VLAT, vastus lateralis; TERM, teres magor; ACRD, acromi-
odeltoid; TRLA, triceps brachii, lateral head; TRLO, triceps

brachii, long head; STEN, semitendinosus; SUSP, supraspina-
tus. For cat Ve (D), | or r appended to the muscle name indicates

recorded side (left or right); for all other cats, muscles were on
the left side.
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tranglations, the CoM returned to the origin with respect to the
paws, whereas after rotations, it continued to be displaced
toward the downhill limbs (Fig. 6B, gray lines). Therefore a
reversal in CoM motion with respect to the feet that was
observed during translations was absent in rotations (Fig. 6C).
Nevertheless, balance was maintained in all conditions.
Given the similarities between rotation and translation in the
characteristics of the automatic postura response (EMG and
force tuning), we examined the initial effects of the two
perturbation types to identify common features that may pro-
vide the directional component of the postural response. The
regression of each variable onto platform motion was exam-
ined first for significance and then the sign of the slope was
compared for rotation and translation (Table 1). Only those
variables with similar sign for the two perturbation types (i.e.,
similar directional tuning) were considered as candidates for
the directional signal (Table 1, variables in bold) and their

Perturbation direction (deg)

slopes and coefficients of determination (r?) are reported in
Table 2 for al four cats.

Initial, passive effects of rotations and translations

The ground-reaction force angle in the sagittal and frontal
planes (platform-based coordinates) was the only variable that
changed in the same direction for both sagittal and frontal
plane rotation and translation perturbations during the initial,
passive period (20 ms after platform onset in translations and
30 ms after platform onset in rotations). Ground-reaction
forces in platform coordinates were filtered at 20 Hz, and the
vertical and horizontal components were combined to compute
force vector angle in each of the sagittal and frontal planes.
After the onset of perturbation, the ground-reaction force angle
rotated in the same direction under each of the four limbs
during any given set of paired rotation and trandation (Fig.
7A). The amplitude of force-angle change was smaller for
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FIG. 5. Active force response. A: mean change in the 3 force components
under the left hindlimb (cat Ve) for the period 120-195 ms after onset of
platform movement, plotted against direction of perturbation. This period
reflects forces generated as a result of the EMG postural response. Note the
similar tuning profiles for rotations (@) and trandations (0). B: peak active
change in horizontal plane force under each of the 4 limbs, during rotations
(left) and tranglations (right) for cat Ve. Each vector takes origin at the same
point for a given limb and the responses to all 16 directions of perturbation are
superimposed. Note the clustering of the vectors along the diagona s—termed
the force constraint. The force changes reached a peak earlier in time for
rotation versus transl ation because the perturbation duration was shorter, hence
the time for which the plots were generated is earlier (180 msfor rotations, 225
ms for trandations).

Translation

R fore

rotation than for trang ation as evident in the raster plots of Fig.
7B, which show forelimb force angles for al directions of
rotation and trandation. All four cats showed a strong linear
relationship of force angle with platform displacement in
sagittal and frontal planes, and the slopes of the regressions
were in the same direction for rotation and translation (Fig. 8,
A, B, and C; Tables 1 and 2). Two exceptions were observed:
for cats An and Wo, the regression for force angle was signif-
icant for the hindlimb during rotationsin the frontal and not the
sagittal plane, but was significant for the forelimb in both
planes.

Interestingly, the rate of change in force angle was sower for
rotation as it took 5-10 ms longer for the net force angle to reach
the same magnitude as that observed for trandation at 20 ms after
onset of the perturbation. This is consistent with the smaller
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amplitude and longer latency of EMG response observed for
rotation. Overal, the change in ground-reaction force angle is a
robust indicator of the direction of impending CoM destabilization
relative to the feet, regardless of the type of perturbation.

No other variables showed similar directional tuning (slope
of the same sign) for rotation and translation in both sagittal
and frontal planes. Some variables like CoP (Fig. 9) showed a
significant regression with platform displacement but the
slopes were of opposite sign for rotation and translation and,
therefore opposite directional tuning. Most kinematic variables
showed opposite directional tuning for rotation and translation
for the most part, as illustrated for MTP, MCP, and hip
joint-angle changes (Fig. 10). Sagittal wrist, elbow, and knee
joint angles exhibited the same directional tuning in the sagittal
plane but not in the frontal plane (Fig. 10, Tables 1 and 2).
Therefore these joint-angle changes cannot encode direction of
perturbation for the full range of platform motion. Even joints
that have full range of motion in the frontal plane (shoulder and
hip) did not show a significant relationship to frontal plane
platform displacement for either rotation or translation primar-
ily because the trunk tends to roll after frontal plane perturba-
tions as previously described for trandation (Macpherson and
Fung 1999). These results suggest there is no apparent combi-
nation of kinematic variables that could encode direction for
the complete set of paired rotations and translations.

Short-latency EMG bursts, probably due to muscle stretch,
were usually evoked during rotation and less often for trans-
lation, but when present, the directions that evoked stretch in a
particular muscle were opposite for the two perturbation types.
Figure 3B illustrates a stretch response in plantaris (PLAN) for
arotation at 67° when the platform pushed up against the left
hindlimb, causing it to flex and increasing the loading on the
limb; a similar stretch response might also be observed in
PLAN for a translation in the opposite direction, 247° (not
illustrated). Such short-latency stretch responses were unre-
lated to the later automatic postural response. The relative
infrequency of short-latency EM G responses during translation
precluded a regression analysis of directional tuning.

Rotations and translations were matched according to direc-
tion of CoM displacement with respect to the feet, so we asked
whether the directional tuning appeared early enough to encode
direction for the postural response. The regression for initial
change in CoM position with respect to the feet was significant
and in the same direction for rotation and translation for only
two cats and only in the sagittal plane, making CoM an
unreliable variable for directional coding. One source of vari-
ability in the initidl CoM displacement may be due to the
normal, continual sway of the cat during quiet stance. At the
time the perturbation began, the anima could have been
swaying in any direction, assisting, opposing, or orthogonal to
the direction of CoM displacement induced by the disturbance.
The relationship between the initial velocity of the CoM and
the velocity imparted by the perturbation influenced the time at
which the body began to sway in the expected direction due to
the perturbation. Therefore the amplitude and direction of CoM
displacement during the initial phase after the perturbation
onset was quite variable for any given direction of disturbance
and could not provide a reliable indicator of perturbation
direction within the initial 30—45 ms.

Even though early CoM motion was not reliable, could head
acceleration in space and, therefore vestibular inputs provide
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FIG. 6. A: average displacement with re-
spect to the feet of the x and y components of
the center of mass (CoM) at 150 ms after the
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trated in C. Note that the trgjectories continue
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The trajectory amplitudes are asymmetrical,
being longer along the longitudinal axis for
rotations and along the lateral axis for trans-
lations. C: example ramp-and-hold perturba-
tion profiles showing CoM displacement for
a matching direction of rotation and transla-
tion, 270°. Dashed lines, CoM trajectories
that would occur with the kinematic profile
schematized to the right of each trace. During
rotation, the CoM initially paralleled the bot-
tom dashed-line trajectory in which the limbs
rotated only slightly to the left and the CoM
displacement was small and to the left with
respect to the feet. After the platform stopped
rotating, the CoM continued moving down-
hill (toward the top dashed-line trgjectory) as
the limbs oriented to the platform-normal and
the body moved downhill—the postural re-
sponse. During translation, the CoM initially
followed the top dashed-line trajectory as the
feet moved to the right and the body and
CoM remained behind. In effect, the CoM
moved to the left with respect to the feet.
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directionally tuned information about platform motion? Al-
though the CoM moved in the same direction with respect to
the feet for rotation and trandation, the body and head moved
in the opposite direction in space, negating arole for vestibular
inputs in the directional tuning of the postural response. Head
linear and angular displacement showed no significant relation-
ship to platform displacement in either sagittal or frontal planes
during theinitial, passive period (Table 1). Figure 11 illustrates
schematically that a right-up rotation of the platform resultsin
a small leftward movement of the head in space, whereas a
rightward tranglation carries the body and head to the right, in
space, even though the CoM moves to the left with respect to
the feet in both these disturbances. Therefore vestibular inputs
cannot provide the directional trigger for the postural response
to rotation and translation.

In summary, the automatic postural response to multiple
directions of rotation and translation of the support surface was

similar when the two perturbation types were paired appropri-
ately. During the early part of the disturbance, prior to the
EMG response, only ground-reaction force angle showed a
consistently similar directional tuning for the two perturbation
types. All other variables exhibited opposite directional tuning
or no significant directional changes.

DISCUSSION

The results of this study suggest that the key variable for
shaping the directional tuning of the automatic postural re-
sponse to sudden movement of the support is the change in
ground-reaction force angle, which is equivalent to the ratio of
shear and loading forces. The most likely inputs for detecting
change in force angle are the directionally specific cutaneous
receptors in the paw pads, suggesting that cutaneous sensors
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TABLE 2. Early variable changes with the same slope relationships to rotation and translation perturbations
An Kn Ve Wo
Perturb
Variable Plane Rotation ~ Translation  Rotation Translation Rotation Trandation Rotation  Trandation
Sagittal force angle, forelimb S Slope  —0.07 -0.17 —0.06 —0.16 —0.09 —0.20 —0.08 -0.16
r2 0.85 0.93 0.89 0.94 0.92 0.93 0.88 0.91
Frontal force angle, hindlimb F Slope  —0.06 -0.19 -0.03 -0.22 -0.03 -0.23 -0.05 -0.28
r2 0.58 0.95 0.51 0.95 0.71 0.96 0.61 0.93
Sagittal force angle, forelimb S Slope NS —0.20 —0.05 -0.18 —0.02 -0.25 NS -0.27
r2 NS 0.91 0.74 0.95 0.46 0.91 NS 0.94
Frontal force angle, hindlimb F Slope  —0.05 -0.21 -0.02 -0.19 -0.03 -0.28 -0.05 -0.36
r2 0.58 0.94 0.57 0.93 0.56 0.97 0.63 0.97
F, amplitude, Forelimb F Slope 0.004 0.03 0.003 0.03 NS 0.03 NS 0.04
r2 0.20 0.96 0.18 0.95 NS 0.97 NS 0.94
F, Hindlimb F Slope 0.01 0.03 0.003 0.03 NS 0.04 NS 0.05
r2 0.21 0.95 0.17 0.94 NS 0.98 NS 0.95
Summed F, amplitude S Slope 0.02 0.12 0.01 0.13 NS 0.15 0.01 0.17
r2 0.56 0.97 0.67 0.97 NS 0.99 0.16 0.96
Sagittal CoM displ S Slope 0.004 0.02 0.01 0.02 0.01 NS —0.004 0.02
r2 0.28 0.67 0.448 0.88 0.26 NS 0.10 0.72
Sagittal wrist angle S Slope 0.02 0.02 0.06 0.02 0.03 NS 0.06 0.03
r2 0.28 0.09 0.62 0.33 0.14 NS 0.28 0.20
Sagittal elbow angle S Slope  —0.02 —0.02 —0.01* —0.02 NS —0.01 —0.03 NS
r2 0.12 0.23 0.05* 0.64 NS 0.04 0.37 NS
Sagittal knee angle S Slope  —0.07 —0.02 —0.04 —0.03 NS —0.01 -0.07 —0.02
r2 0.75 0.56 0.61 0.90 NS 0.32 0.63 0.68

S, sagittal plane platform displacement: pitch rotation/AP trandation. F, frontal plane platform displacement: roll rotation/ML translation. NS, no significant

relationship. *, significant to P < 0.05, all other values significant to P < 0.01.

play a more important role in rapid balance corrections than
was previously thought.

A long-standing question in the field of postural control is
the identity of the sensory inputs that shape the directional
tuning and amplitude of the initial phase of the automatic
postural response to disruptions of balance. Various receptor
types have been suggested, including muscle stretch and force
Sensors, joint receptors, cutaneous receptors, and vestibular
and visual sensors. When a subject sways on a solid surface,
either naturally during quiet stance or voluntarily, al the
sensory signals are generaly in agreement regarding the ex-
cursion of the CoM. In contrast, when the support surface is
moved under the subject, the signals conveyed by various
receptors depend on the nature of the surface motion, as
demonstrated in the current study. There is generaly not a
simple mapping between a single sensory signal and the
direction of CoM displacement relative to the moving support
base. A support surface can move in many different ways such
as tranglating, rotating, dropping, or elevating al disrupting
balance. Because the postural response to a disturbance must
occur within a short time window for balance to be maintained
(Stapley et a. 2002), it is vital that the nervous system be able
to rapidly estimate the direction of the impending displacement
of the center of body mass, well before the mass has undergone
any significant motion. We propose that change in angle of the
ground-reaction force provides an unambiguous estimate of the
direction of impending motion of the CoM that is induced by
a disturbance of the support surface and that cutaneous recep-
tors in the body segment that contacts the support surface may
be the receptors that encode this variable. The evidence for this
assertion comes from the comparison of the response to rota-
tion and trandlation of the support surface and depends on the
finding that both perturbation types evoke the same postural
strategy.

Robust strategy for balance control

Our data suggest that the nervous system uses a single,
robust strategy for stabilizing the body that is effective after
both rotation and trandation perturbations. Because EMG
activity reflects the neural output signal, the similarity across
many muscles in EMG tuning for rotations and tranglations
suggests that the same neural strategy was used for both
perturbation types even though many of the initial kinetic and
kinematic effects induced by the perturbations differed sub-
stantially. That the same neural strategy is common to rotation
and tranglation corresponds with the directional similarity of
imposed displacement of the CoM. The mechanical outcome of
the neural strategy was the same for rotations and translations
in terms of the pattern of forces at the ground under each limb,
i.e, the tuning of force amplitude changes and the force
constraint in the horizontal plane (Macpherson 1988a). This
robust solution for balance control parallels the notion that
similar neuronal circuits can be used to coordinate muscles for
multiple tasks as, for example, the spinal circuits that evoke
various locomotor modes, scratching, and paw shake (Baev et
al. 1991; Buford and Smith 1993; Carter and Smith 19863a,b).

The absence of some flexor muscle activity during rotations
is the main deviation from the neura strategy observed in
tranglations, but this may reflect an adaptation of the original
strategy to a change in biomechanical task conditions rather
than a new, different strategy. In rotations, the postural re-
sponse consists of a displacement of the body toward the
downhill limbs and an increase in extensor activity to accom-
modate the increased weight support. Because gravity assists
the motion of the body, flexor activation in the uphill limbsis
not required. The nervous system, therefore, incorporates the
contribution of the force of gravity and modifies the postural
strategy by reducing the drive to the flexor muscles. In contrast,
during trandations, the limbs exhibiting flexor responses ac-
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tively pull the body back toward the original position relative  biomechanical conditions is supported by the fact that the
to the feet in adirection that is orthogonal to the gravity vector  active force response was so similar in rotations and transla-
and so the force of gravity does not contribute to the response.  tions in spite of the lack of some flexor EMG responses.
The idea that the postural response is slightly modified by the Postural adaptation to differing environmental conditionsis not
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uncommon; for example, during translations in seated versus
standing posture, activity in trunk muscles is similar, but
activity in lower leg muscles is absent in seated postures
(Forssherg and Hirschfeld 1994; Horak et al. 1992). In standing
humans, flexor muscles are recruited in the postural responseto
both rotations and translations, probably reflecting the different
biomechanics of bipedal versus quadrupedal stance (Carpenter
et a. 1999; Henry et al. 1998).

Force angle may trigger postural responses

We propose that the initial change in frontal and sagittal
ground-reaction force angle provides a robust local signal for

specifying direction of the automatic postural response. Given
that the postural responses to rotation and translation originate
from the same neural strategy, a parsimonious inference is that
there is a common input signal for shaping and initiating the
balance response. Our results show that the only initial events
common to the two perturbation types across al directions are
change in ground-reaction force angle and CoM displacement
with respect to the feet.

Force angle is the more likely input for signaling direction,
which was surprising because the postural response was not
predicted by amplitude changes in the individua ground-
reaction force components either globally (net force) or locally
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FiG. 9. Initial CoM displacement (A) and center of pressure (CoP) displace-

ment (B) with respect to the feet regressed against perturbation amplitude in
the sagittal and frontal planes (cat An). Displacements were taken at 25 ms
after onset of tranglations, and 40 ms after onset of rotations. The slopes and
coefficients of determination (r%) are shown for each plot with statistically
significant relationships indicated (*). Note that the initial CoM displacement
during rotation is quite small and does not have a significant relationship to
perturbation amplitude. In contrast, CoP displacement shows a strong relation-
ship to perturbation amplitude that is opposite in rotations compared with
tranglations.

(under any 1 limb). Force angle is related to the ratio of
horizontal (shear) and vertical (load) force components, and
even though each individual force component changed differ-
ently for rotation and trandlation, the resultant force vector
rotated in the same direction immediately after the onset of
perturbation for all four paws. Therefore the same change in
force angle could occur under conditions of either limb loading
or unloading. During stance, the initial change in force angle
under the paws is related to the net torque generated about the
CoM because the magnitude of the ground-reaction force is

L.H. TING AND JM. MACPHERSON

dominated by weight support. Therefore change in force angle
may provide the nervous system with an accurate estimate of
the direction of the forthcoming destabilization induced by a
perturbation. When the support surface moves as a unit, the
local angle change under each paw is in the same direction as
the change in net force vector. When the limbs are differen-
tially perturbed (Dietz et a. 1989; Rushmer et al. 1987), the
postural response in any one limb is likely determined by the
local force angle change under that limb. Alternatively, the
postural responsein all limbs could be shaped by the changein
ground-reaction force angle averaged across the limbs, aglobal
variable that would require integration of the local inputs from
all the limbs.

The initial displacement of the CoM with respect to the feet
may not be areliable directional signal because the amplitude
is quite small and the onset time of motion in the direction
related to the perturbation is variable, depending on the direc-
tion and velocity of postural sway at the time of the perturba-
tion. Furthermore, the CoM is not a fixed point within the
body, and it is not clear what sensory inputs might contribute
to the computation of CoM displacement. Vestibular and visual
sensory signals provide information about the relative motion
of the head in space and likely contribute to computation of
trunk in space, which provides a rough estimate of CoM in
space (Mergner and Rosemeier 1998). However, in translations
and rotations evoking similar postural responses, the motion of
the head and body in space is opposite, and therefore the
vestibular and visual signals during those perturbations would
also be opposite. Moreover, vestibular and visual signals are
not necessary for the appropriate timing and directional tuning
of the automatic postural response to support surface tranda
tion in either humans or cats (See INTRODUCTION).

What sensory inputs might encode change in ground-reac-
tion force angle? The most likely answer is cutaneous receptors
in the paw pads. Directiona coding of shear force has been
demonstrated in the afferents of both slowly and rapidly
adapting cutaneous receptors in the fingertips (Birznieks et a.
2001). Cutaneous receptors with similar properties to those in
the fingers are found in the glabrous skin of the paw pads in
cats (Ferrington 1985; Janig 1971) and the foot sole in humans
with observations of directional sensitivity in the latter
(Kennedy and Inglis 2002). Slowly adapting cutaneous recep-
tors are particularly sensitive to skin stretch rather than com-
pression and show directional tuning (Leem et al. 1993; Vierck
1979). Thus cutaneous afferents could be instrumental in
sensing the rapid initial change in ground-reaction force angle
during postural perturbations, and this is consistent with the
finding that somatosensory loss causes significant delaysin the
timing of postural responsesin cats (Stapley et al. 2002) and in
humans with peripheral somatosensory loss (Bloem et al. 2000,
2002; Inglis et al. 1994).

Cutaneous receptors contribute to the ability to regulate the
ratio of dlip-to-grip forcesin finger-pinch tasks that is essential
to avoid slipping of a grasped object (Johansson et al. 1992b).
Such receptors appear to subserve the rapid response in finger
muscles to sudden dlips of a grasped object (Johansson and
Westling 1987). An entirely analogous mechanism may under-
lie the rapid postural response to sudden slips of the support
surface (Winstein et al. 2000). Johansson and colleagues have
suggested that grip responses are triggered by changes in load
(shear) force and that there is a minimum threshold of 0.19 N
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Fic. 11. Schematic illustration of the CoM motion with respect to the feet
and with respect to an Earth-fixed reference (vertical dashed line). These 2
coordinate reference systems are the same for rotation but not for trandation.
In this example of rotation, the CoM moves left with respect to both the feet
and to the Earth reference. In trandation, however, the CoM moves leftward
with respect to the feet but rightward with respect to an Earth-fixed reference
as the platform translates to the right.

at which the dip is detected (Johansson et al. 1992a). During
translationsin the current study, the net horizontal (shear) force
under each paw reached the value of 0.19 N at ~15-20 ms
after the onset of platform acceleration; thisis early enough to
have elicited the postural response. However, our results
showed that the change in shear force cannot be the trigger
signal for the postural response as the vector direction is
opposite for tranglations and rotations having the same postural
response, at least in the anteroposterior direction. Furthermore,
during rotations, the shear force amplitude often did not reach
the threshold value of 0.19 N prior to the active postura
response. Instead, the key variable for the postural response
seemed to be change in shear to load force ratio.

It is interesting that a simple shear-force threshold mecha-
nism fails to explain the difference in onset time of active grip
responses that are evoked for different directions of dlip in the
finger-pinch task. For example, when the dlip force is in the
same direction as the force of gravity, the grip response is
elicited earlier than when the same dlip force acts opposite to
the gravity vector (HagerRoss et al. 1996). Perhapsit is change
in force-vector angle rather than slip-force amplitude that is the
key trigger for the slip-grip response in grip tasks. In support of
this idea, the ratio of normal to tangential forces, or resultant
force angle, appears to be tightly regulated during grip re-
sponses (Birznieks et a. 1998; Burstedt et al. 1999). The net
force is the vector sum of the applied dip force and the
component of force due to gravity acting on the object. When
the dlip disturbance is applied in the same direction as gravity,
it is possible that the change in net force angle could reach the
critical threshold sooner than when the dlip disturbance is
applied in the opposite direction. In the case of postural

FIG. 10. Initia changes in joint angle regressed against perturbation am-
plitude for cat An. Note that the MTP angle shows the opposite sign in the
relationship to perturbation amplitude but similar slope magnitude for rotation
compared with trandation. The only variable that demonstrates slope of the
same sign for rotation and transdlation isthe sagittal plane knee angle. However,
the regression is significant only for the sagittal plane platform displacement
(P < 0.01) and not frontal plane displacement. Neither sagittal nor frontal hip
angle was significantly correlated to perturbations in either the sagittal or
frontal planes.

J Neurophysiol « VOL 92 « AUGUST 2004 « WWW.jn.org



822

responses, we observed a longer latency of evoked EMG after
rotation compared with translation, which corresponds to the
dower rate of change in force angle in the initial phase of
rotation compared with tranglation.

Postural studies in humans and animals have shown that
modifying cutaneousinput from the feet can affect balance, but
the exact role of these inputs has not been clear (Horak and
Macpherson 1996). For example, anesthesia or cooling of the
foot soles decreased postural stability during quiet stance
(Magnusson et al. 1990; Mori et a. 1970; Perry et a. 2000;
Thoumie and Do 1996), but the effects seemed rather small
perhaps because other sensory signals provide information
about body sway that is congruent with foot sole inputs.
Cutting cutaneous nerves in the cat hindpaw resulted in small
but lasting effects on locomotion, especially under challenging
conditions such as ladder-waking (Bouyer and Rossignol
2003), but specific effects on balance control were not ana-
lyzed. To test the effects of cutaneous loss on postural reac-
tionsin our paradigm is technically challenging—all four paws
would have to be denervated because of the redundant nature
of the ground-reaction force angle inputs. Furthermore, such
denervation is not restricted to the cutaneous inputs from the
paw pads.

In studies of human subjects, direct cutaneous stimulation of
the foot sole during quiet stance, which mimics motion of the
CoP, caused postural sway congruent with an illusion of CoM
motion (Kavounoudias et al. 1998; Roall et al. 2002). However,
pin-cushion stimulation of a region of the foot sole while the
support surface was being rotated did not affect the excursion
of CoP or CoM, leading the authors to question the role of
cutaneous inputs in standing balance (Maurer et al. 2001).
However, this finding supports our assertion that change in
CoP is not the critical input for detecting disturbances to
balance because the movement of the CoP is not aways
correlated with the disturbance to CoM, for example, in the
case of rotation versus translation of the support surface. The
particular stimulus used in the latter study likely produced only
orthogonal forces relative to the foot sole, and so there was not
likely any illusion of change in ground-reaction force angle.
Finally, anesthesia of the feet by use of compression cuffs at
the ankle was reported to induce a change in postural strategy
in standing subjects, from the ankle sway response to the hip
strategy, which is typically used when the support surface is
unstable and cutaneous inputs from the foot sole unreliable
(Diener et a. 1984; Horak et al. 1990). Indeed it has been
suggested that weighting among the various sensory channels
changes when inputs from the feet are no longer reliable or the
support surface is no longer stable (Peterka 2002). Cutaneous
afferents other than from the foot sole along with propriocep-
tive afferents throughout the body must also provide informa-
tion regarding postural equilibrium because subjects with
lower limb proprioceptive loss are still able to stabilize posture
by activating distal muscles, despite abnormally long latencies
of evoked postura response (Bloem et a. 2000, 2002). How-
ever, these findings speak only to the adaptability of the
postural-control system under atered conditions, and they do
not negate the importance of cutaneous afferents from the foot
sole for shaping the automatic postural response under condi-
tions of normal stance on a firm surface.

Finally, we propose that cutaneous inputs responding to
change in ground-reaction force angle are responsible for the

L.H. TING AND JM. MACPHERSON

directional tuning of the automatic postural response. Other
receptors such as muscle spindles or Golgi tendon organs may
provide additional information about the dynamics of a distur-
bance and may contribute to the timing and amplitude of the
initial burst of the postural response. Thus several types of
inputs could contribute to the triggering of the automatic
postural response, but only cutaneous inputs could encode the
directional component within the conditions of our experiment.

In conclusion, a single neural strategy for postural control
appears to stabilize balance under two widely varying pertur-
bation conditions. The trigger that specifies direction of this
automatic postural response may be the change in angle of the
ground-reaction force that directly reflects the direction of
impending destabilization of the CoM with respect to the feet.
The input that encodes force angle likely arises from a popu-
lation of cutaneous receptors in the foot sole or glabrous skin
of the paw.
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