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An Engineering Model to Test
for Sensory Reweighting:
Nonhuman Primates Serve as a
Model for Human Postural
Control and Vestibular
Dysfunction
Quantitative animal models are critically needed to provide proof of concept for the
investigation of rehabilitative balance therapies (e.g., invasive vestibular prostheses) and
treatment response prior to, or in conjunction with, human clinical trials. This paper
describes a novel approach to modeling the nonhuman primate postural control system.
Our observation that rhesus macaques and humans have even remotely similar postural
control motivates the further application of the rhesus macaque as a model for studying
the effects of vestibular dysfunction, as well as vestibular prosthesis-assisted states, on
human postural control. Previously, system identification methodologies and models
were only used to describe human posture. However, here we utilized pseudorandom,
roll-tilt balance platform stimuli to perturb the posture of a rhesus monkey in normal and
mild vestibular (equilibrium) loss states. The relationship between rhesus monkey trunk
sway and platform roll-tilt was determined via stimulus–response curves and transfer
function results. A feedback controller model was then used to explore sensory reweight-
ing (i.e., changes in sensory reliance), which prevented the animal from falling off of the
tilting platform. Conclusions involving sensory reweighting in the nonhuman primate for
a normal sensory state and a state of mild vestibular loss led to meaningful insights. This
first-phase effort to model the balance control system in nonhuman primates is essential
for future investigations toward the effects of invasive rehabilitative (balance) technolo-
gies on postural control in primates, and ultimately, humans. [DOI: 10.1115/1.4038157]

Keywords: vestibular loss, pseudorandom stimulus, balance, posture, feedback controller,
sensory reweighting

Introduction

Postural Imbalance Leading to Falls Is a Major Concern.
For vestibular loss sufferers, elderly individuals, and many others,
postural imbalance leading to falls is a major concern. It is estimated
that 90 million Americans (approximately 42% of the current popu-
lation) experience dizziness at least once in their lifetime and,
unfortunately, some of these patients will remain with permanent
balance deficits [1]. For patients over 75 years of age, dizziness is
the number one reason for visiting a physician, and it often leads to
increased fall risk in elderly individuals. Falls are a major concern in
that they account for 50% of accidental deaths in the elderly; some
estimates state that as many of half of all cases of dizziness are due
to vestibular disorders, and that those with symptomatic vestibular
dysfunction have a 12-fold increase in the odds of falling [2]. Fur-
ther, approximately 8 million American adults suffer from chronic
balance disorders specifically derived from severe peripheral vestib-
ular dysfunction [3] and nearly 3.3 million (i.e., 1 in 20) U.S. chil-
dren have dizziness and balance problems [4].

The Effects of Vestibular Dysfunction and the Need for
Rehabilitative Solutions. Unfortunately, severe vestibular loss
sufferers are receiving reduced sensory information necessary to

maintain their balance [5,6]. The seemingly simple task of stand-
ing involves complex interactions of the sensorimotor system
(i.e., the integration of inputs to the visual, somatosensory, and
vestibular systems). When healthy individuals are subjected to
balance perturbations encountered in daily-living situations (e.g.,
getting out of bed at night, standing on a moving bus, remaining
stable on a tilting platform, or even walking on an uneven surface
in the dark), they are able to maintain their balance with little, if
any, conscious thought. However, for these common balance sit-
uations, individuals suffering from severe vestibular dysfunction
have loss of equilibrium that can cause unsteady balance leading
to fall-related, debilitating injuries. Although imbalance is a major
concern, little is known regarding compensation mechanisms and
rehabilitative treatments to aid individuals suffering from vestibu-
lar impairments.

Rehabilitative solutions are critically needed to aid individuals
suffering from moderate to severe vestibular loss. The testing of
rehabilitative solutions, in particular invasive rehabilitative solu-
tions (e.g., vestibular prostheses) which have had limited testing
in humans, must be determined in nonhuman primates as a precur-
sor or in parallel [7]. The development of such knowledge base in
nonhuman primates can potentially decrease the risks of falling
and enhance the benefits associated with future implementation of
invasive prostheses in humans. However, a critical component to
posture research conducted in primates is first bridging its rele-
vance and applicability to humans (e.g., via use of similar, over-
arching system identification techniques).
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Relevant Previous Studies of Human and Animal Postural
Control: Important Findings and Limitations. Changes in
sensory reliance are essential to maintaining balance in that they
prevent humans and animals from falling off of an unstable, tilting
surface. Previously, a white noise approximated signal (e.g., pseu-
dorandom ternary sequence (PRTS) stimulus) has been used as a
platform tilt input perturbation stimulus for normal and severe
vestibular-loss human subjects (e.g., Refs. [8–10]). As the plat-
form surface tilts, proprioceptive cues tend to orient one’s body
toward the tilted surface while graviceptive cues tend to orient
one’s body toward earth vertical. As first shown in Ref. [10],
unimpaired (normal) humans’ root-mean-square (RMS), center-
of-mass (COM) body sway saturated as platform tilt amplitude
increased (sway saturation). This sway saturation prevented
normal humans from falling off of the platform. The sensory
reweighting hypothesis states that the normal human “weights”
(or relies upon) graviceptive cues more heavily (e.g., vestibular
feedback that orients toward earth-vertical) on a tilting support
surface (SS), and less so on proprioceptive cues, as the SS ampli-
tude increases. However, human subjects with severe bilateral
vestibular loss did not exhibit sway saturation in that their
stimulus–response curves remained linear thereby leading to falls
at the higher stimulus amplitudes; even at the larger stimulus
amplitudes, the severe vestibular-loss subjects continued to orient
toward the platform surface and therefore could not maintain their
balance.

A feedback controller model has also been used in conjunction
with empirical human results (as first shown in Ref. [10]) to test
the sensory reweighting hypothesis. Model parameters represent-
ing sensory weights varied across stimulus amplitude in a manner
consistent with sensory reweighting: as the stimulus amplitude
increased, the normal human relied upon (weighted) graviceptive
cues more heavily and oriented more with earth-vertical (and less
so on proprioceptive cues orienting them with the platform
support surface). This change in sensory reliance prevented the
normal human from falling off of the platform as tilt amplitude
increased. However, the same reweighting was not present in
severe bilateral vestibular loss humans, and thus, led to falls at the
larger platform tilts.

Although system identification and feedback control have been
employed to study human balance with the body represented as a
single link inverted pendulum controlled by a proportional-
integral-derivative controller (e.g., Refs. [11–16]), very little (if
any) has been published on applying these models to predict and
characterize postural control nonhuman primate animal subjects.
Quantitative animal models are needed to capture the neurophys-
iological and biomechanical effects of balance disorders, as well
as responses to novel rehabilitative solutions that cannot yet be
conducted in humans.

Previous quadrupedal posture studies allow for limited compar-
ison to human posture and have not included quantitative posture
models. Of the animal, studies which implemented platform tilt
inputs to perturb posture, only ramp and hold rotations [16] and
discrete sinusoidal inputs (e.g., Refs. [17] and [18]) to the balance
platform have been used. Ramp and hold, pitch and roll rotations
(for 6 deg peak) of the support surface have been used to study
normal and bilateral labyrinthectomized (severe vestibular dys-
function) cats [16]. In the normal animals, there was activation of
the extensors of the “uphill” (away from the direction of platform
rotation) limbs and inhibition of extensors in the “downhill” (with
the direction of platform rotation) limbs. However, following lab-
yrinthectomy, there was an opposite postural response: excitation
of the uphill limbs and inhibition of the downhill limbs. This pos-
tural response accelerated the body’s COM with the downhill
rotation, or in the same direction as the platform surface, leading
to imbalance and falls. This finding suggested that muscle activa-
tion patterns were opposite those of the normal subjects (i.e.,
abnormal response magnifies body sway leading to destabiliza-
tion). Although this result showed some consistency with findings
in severe bilateral vestibular-loss humans (larger body sway in

response to larger stimulus amplitudes [10]), the study was limited
in that only static (ramp-hold) platform tilts were used. Further-
more, the methodology previously used did not allow for transfer
function modeling which would: (1) facilitate further interpreta-
tion of the responses and (2) allow for a more direct and relevant
link to human findings (in particular for cutting-edge balance
prosthesis research experiments not yet conducted in humans).
Further, previous studies did not investigate less marked (mild)
vestibular loss cases and implications; changes in sensory reliance
for different levels of vestibular impairment were not addressed in
human nor animal studies.

Rhesus Monkeys as Models of Human Postural Control. In
our study presented here, we hypothesized that the methodology
and modeling techniques previously only applied to human
studies could be applied to primate test subjects and be used to
characterize even more subtle changes in vestibular function (i.e.,
normal function versus mild vestibular hypofunction (mBVH)).
We implemented a white noise approximated platform roll-tilt
input stimulus and a sensory integration feedback controller, pre-
viously only used to study human postural control, to determine if
such techniques and models could be applied to characterize the
bipedal hindtrunk of the animal. Further, because the impairment
was mild as opposed to severe, this allowed us to test the sensitiv-
ity of such a model, which had only been applied to normal and
severe (extreme) vestibular dysfunction humans.

The main goals of this study were: (1) to determine if the rhesus
monkey stimulus–response curves exhibited sway saturation for
normal and/or mBVH sensory states (indicative of a sensory
reweighting similar to humans), (2) to describe the rhesus monkey
postural control system in terms of system transfer functions (a
method previously only used for human posture data), and (3) to
determine if feedback control model parameters could describe
animal (such as monkey) postural responses, in particular, to test
the sensory reweighting hypothesis for the animal in the normal
and mBVH states.

We observed that the normal monkey’s hindtrunk stimulus–
response and transfer results showed characteristics similar to those
seen in humans. Specifically, (hindtrunk) sway saturation for
increasing stimulus amplitude was observed and feedback model
parameters showed that sensory reweighting was present. Our
results form the baseline for future posture studies and motivate fur-
ther application of the rhesus macaque as a model for studying ves-
tibular dysfunction’s effects on human postural control.

Methods

Nonhuman Primate Training and Data Collection. All
experiments were conducted with the approval of the Massachu-
setts Eye and Ear Infirmary Institutional Animal Care and Use
Committee and were in accordance with USDA guidelines. One
adult, female rhesus monkey (5 years, �6.7 kg) was observed in
the normal and mildly vestibular impaired states to collect the
empirical data needed to test our model. While in the normal state,
the animal was trained to stand free of restraint on a balance plat-
form to receive a juice reward. Once the animal was able to stand
on the moving platform, normal (unimpaired) data were collected.
After the experiments in the normal state were conducted, the
monkey underwent a series of ototoxic treatments to target and
kill the vestibular hair cells (described in the Inducing Mild Ves-
tibular Loss section).

A platform-mounted juice reward system with a flexible mouth-
piece was used to motivate the animal to stand on the moving
platform in its natural quadrupedal stance. Because the reward
system was mounted to the platform, its orientation relative to the
moving platform did not provide the animal an earth-vertical sta-
tionary reference. In order to limit the animal’s visual cues, a
black tarp surround and dim lighting were used. In the transverse
(mediolateral) dimension, the stance width was smaller (9 cm)
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than in the longitudinal (anterior–posterior) direction (31 cm).
Thus, maintaining balance in the mediolateral direction was a
more demanding postural task than in the anterior–posterior direc-
tion. As such, the platform was made to move along the roll-axis.
To measure the motion of the foretrunk, and hindtrunk, tri-
directional angular position, and linear position data were sampled
at a rate of 150Hz (miniBIRD, Ascension Technology Corpora-
tion, Milton, VT).

In both the training and testing of the animal, the pseudorandom
stimulus used (described below) was presented at roll-tilt ampli-
tudes of 0.5, 1, 2, 4, 6, 8 deg peak-to-peak (or “pp”). The stimulus
presentation continued until the monkey stopped attending to the
task (e.g., the animal was no longer motivated by the juice
reward). Data were collected over multiple days. Depending on
the animal’s willingness to perform the task, test sessions ranged
from a few minutes to 10–15min. The nature of the pseudoran-
dom, white-noise stimulus is that it is unpredictable to the test
subject. Eight cycles were presented at each of the 6 stimulus
amplitudes in random fashion. Our goal was to obtain close to 20
usable cycles per stimulus amplitude. In human studies, data were
acquired for far fewer cycles per stimulus amplitude, but then
averaged across test subjects. Instead, here we obtained close to
20 usable cycles per stimulus amplitude, but then averaged them
within a single test subject.

Inducing Mild Vestibular Loss. Vestibular ablation of the
animal was accomplished by intratympanic (IT) gentamicin and
systemic intramuscular streptomycin injections. Intratympanic
gentamicin (IT gent) kills vestibular hair cells and has been
used to treat vertigo in Meniere’s patients. The monkey received
six cycles of bilateral IT gentamicin (350mg/kg/day for 21
days) followed by 3 cycles of intramuscular streptomycin using
the same dosage. The degree of vestibular impairment was
quantified in terms of the angular vestibuloocular reflex (VOR)
gain (eye velocity/head velocity). The angular VOR, a simple
eye movement reflex used to measure semicircular canal func-
tion, was tested at discrete frequencies. Final VOR gain (post
ablative procedures) was 15% reduction from normal (for
0.1–0.4 Hz). This level of vestibular dysfunction defined the
mBVH sensory state.

Pseudorandom Ternary Sequence Roll-Tilt Stimulus. A
white noise approximated signal (e.g., PRTS stimulus) has been
used as an input perturbation stimulus for human normal and
vestibular-loss subjects (e.g., Refs. [8–10], and [12]). However,
previous posture studies in animals, other than humans, have not
utilized pseudorandom platform-tilt stimuli. This, perhaps, is
potentially due to the difficulty of having the animal perform the
task while freely standing on the balance platform. Yet it remains
that such stimuli are critically invaluable in characterizing an ani-
mal’s posture in that they are unpredictable to the animal, their
duration can be customized to accommodate attention/behavioral
focus in animals, and also allow for a bandwidth of frequencies
to be tested simultaneously. Further, they allow for the determina-
tion of the impulse response, or the system transfer function,
which completely characterizes the linear approximated system.
Complete details of the PRTS stimulus generation are found
within the Appendix. The animal tolerated a shift time of 200ms,
which yielded a cycle period of 16 s and a frequency bandwidth of
0.0625 to �2.33Hz.

Figure 1 shows a descriptive schematic with the pseudorandom
ternary sequence, or PRTS, (depicted in Fig. 1(a)) generated using
a shift register and consists of three output states: 0, 1, and 2. In
applying a PRTS input stimulus to the balance platform, 0 corre-
sponded to negative platform velocity (or “�v”), 1 corresponded
to zero platform velocity, and two corresponded to positive plat-
form velocity (or “þv”) (Fig. 1(b)). This was integrated to yield
platform stimulus position (Fig. 1(c)), and 1(d) shows an example
of measured (output) trunk position.

Usable Data. In order to identify sections in the normal and
mBVH data with human handling artifact, video screening was
conducted. Measurements made during PRTS cycles with human
handling artifacts and during first cycles of each set of PRTS stim-
uli were discarded. For all the remaining cycles, offset was
removed for each individual cycle. Measurements from remaining
cycles for a given stimulus amplitude were pooled and the sample
minimum, lower quartile (Q1), median (Q2), upper quartile (Q3),
and sample maximum were determined. Outlier sections were
defined as those with foretrunk RMS roll less than or greater than
Q1-1.5� (Q3–Q1) and Q3þ 1.5� (Q3–Q1), respectively [19].
Outlier cycles were identified and discarded from the analysis.
The remaining cycles were marked as “usable.” A large number
of usable cycles were obtained (normal: 18 usable, with roughly 3
unusable cycles per amplitude; mBVH: 23 usable with roughly
four unusable cycles per amplitude). Since there was only one test
subject, there was no data averaging across various test subjects,
as typically done for human studies. Instead, multiple usable
PRTS cycles for each stimulus amplitude from one animal were
averaged. T-tests were used to test for significant differences
between the empirical data for the normal and mBVH states’
hindtrunk responses. For the model-fitted transfer functions, we
used error and normalized-mean-square-error (NMSE) (described
further below) to compare empirical and model data.

Nonhuman Primate Empirical Transfer Function Analysis.
For a system approximated as linear, cross-correlating a random
input signal with the system output response yields an impulse
response function, or in the frequency domain the system transfer
function that fully characterizes the system. From the measured
trunk responses, the frequency response (or system transfer func-
tion), as well as trunk orientation as a function of stimulus ampli-
tude (i.e., foretrunk and hindtrunk stimulus–response curves), was
determined. The system transfer function, the relationship
between output trunk roll to input platform roll, were computed
for the normal and mBVH states.

Power spectra were computed and averaged over the number of
usable cycles. A discrete Fourier transform (DFT) was used to
decompose the PRTS and measured response to their sinusoidal
components. The power spectra computed were the following
from Eqs. (1)–(3). Within these equations: N are the number of
usable cycles, x is angular frequency, Xi(jx) is DFT of the stimu-
lus, Yi(jx) is the discrete Fourier transform of the response,
Gx(jx) is the power spectral density of the input stimulus, Gy(jx)
is the power spectral density of the output response, and Gxy(jx)
is the cross power spectral density

Gx jxð Þ ¼
1

N

X

N

i¼1

Xi jxð Þ� � Xi jxð Þ (1)

Gy jxð Þ ¼
1

N

X

N

i¼1

Yi jxð Þ� � Yi jxð Þ (2)

Gxy jxð Þ ¼
1

N

X

N

i¼1

Xi jxð Þ� � Yi jxð Þ (3)

A property of the PRTS stimulus is that all even frequency com-
ponents have zero amplitude [20]. These even frequency points
were discarded from the analysis leaving 32 odd frequency sam-
ples. Spectra were smoothed by averaging the adjacent frequency
points as frequency increased (as described in Ref. [10]). Thus, the
power spectra were represented by 12 points. The empirical trans-
fer function, H(jx) or tfexp, in Eq. (4) was computed from the
smoothed (denoted by the subscript “s”) odd frequency bands

tf exp ¼ H jxð Þ ¼
Gxys jxð Þ

Gxs jxð Þ
(4)
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Equations (5)–(7) show magnitude and phase of the transfer
function, as well as coherence, respectively

tf exp :gain ¼ jHðxÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

HðjxÞ� � HðjxÞ
q

(5)

tf exp :phase ¼ /H xð Þ ¼
180 deg

p

� �

tan�1 Im H jxð Þð Þ

Re H jxð Þð Þ

� �

(6)

c
2
xð Þ ¼

jGxys jxð Þj
2

Gxs xð Þ � Gys xð Þ
(7)

As described above (in Eqs. (6) and (7)), transfer function gain
and phase were computed from the measured trunk roll-tilt and
PRTS roll-tilt stimulus. All computations were conducted in MAT-

LAB (MathWorks, Natick, MA, version 2008b).

Significance of Gain, Phase, and Coherence. Here, we over-
view the significance of the gain and phase values. Trunk sway
was calculated with respect to earth vertical; a gain¼ 0 indicates
that the trunk orientation is stable relative to earth vertical. Con-
versely, if gain¼ 1 at a particular frequency, this indicates that the
trunk orientation is stable relative to the platform surface (i.e.,
trunk sway equals platform tilt angle) at that particular frequency.
If the gain> 1, then the trunk tilt is larger than the platform tilt. A
phase¼ 0 deg at a particular frequency indicates that the motion
of the trunk is synchronous with the platform tilt stimulus at that
particular frequency. However, a phase <0 deg or phase >0 deg
means that the motion of the trunk is either lagging or leading the
platform stimulus, respectively.

In order to determine system linearity and noise between the
stimulus and response, coherence functions were computed.

Coherence can vary from 0 to 1, with 1 indicating a perfect linear
correlation between stimulus and response when no noise is pres-
ent; and 0 indicating that there is no linear correlation between
stimulus and response or extreme noise.

Feedback Controller Model. Transfer functions derived from
the measured data were used in conjunction with a sensorimotor
integration model. This model, previously used in numerous
human studies (referenced above), was used here to test the sen-
sory reweighting hypothesis for the rhesus monkey hindtrunk. In
particular, the model was implemented to determine if changes in
model parameters (e.g., sensory weights) across stimulus ampli-
tudes and also between normal and mBVH sensory states could
predict the measured hindtrunk results. The model implemented is
shown in Fig. 2 and described by Eq. (8).

For a pseudorandom roll-tilt input, the support surface input is
the roll-tilt waveform itself, and the monkey’s hindtrunk sway
(HS) is the output response. For quiet stance or small platform
motions, some models of bipedal human stance have treated
the human as a single-link inverted pendulum that is inherently
unstable. Because the platform underwent only small perturba-
tions, we modeled the rhesus monkey’s bipedal hindtrunk as an
inverted pendulum. When there is deviation from upright stance, a
corrective torque (Tc) comprised of the summation of an intrinsic/
short-latency torque (Tp), generated by mechanisms without time
delay (or with short time delay) and a torque (Ta) generated by
mechanisms with long-latency neural time delay. The torque (Tp),
is generated by the inherent mechanical characteristics of the
muscles, joints, ligaments, and musculoskeletal system (time
delay¼ 0) and short-latency reflexes. The intrinsic/short-latency
mechanisms consist of stiffness and damping (K and B, respec-
tively). In order to stabilize the pendulum body, a long-latency

Fig. 1 Schematic of PRTS generation and application
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(�200ms [10]) torque (Ta) requires a corrective torque equal to
the angular deviation times the long-latency stiffness represented
by KP, where “P” indicates proportional feedback, and another
component that is the time derivative of the angular deviation
times the long-latency damping represented by KD, where “D”
indicates derivative feedback. This long-latency torque is based
on sensory feedback. The weights of sensory channels, proprio-
ceptive (Gn) and graviceptive (Gv), were assumed to sum to unity.
Since all experiments were conducted in dim lighting with a black
tarp surround to limit visual cues, the visual weight was assumed
to be �0.

In modeling the rhesus hindtrunk, the moment of inertia of
the hindtrunk (J¼ 0.09 kg*m2) and hindtrunk mass� gravity
� hindtrunk COM height (mgh¼ 2.054 kg*m2/s2) were deter-
mined using anthropometric measurements derived from cadav-
eric rhesus monkeys [21]. Transfer functions derived from the
empirical results were used in conjunction with transfer functions
derived from the modified independent channel model (8) to
determine model parameters that minimized the normalized-
mean-square-error (described in Eq. (10)). Within Eq. (8), tfmodel

(or HS/SS) is the transfer function of output hindtrunk roll/input
platform tilt, s is a complex variable, KP is the proportional gain
or “long-latency stiffness,” KD is the derivative gain or “long-
latency damping”, sD is the long-latency time delay, Gn is the pro-
prioceptive gain, and Gv is the vestibular gain (which will sum to
Eq. (1)), K is the intrinsic/short-latency stiffness, and B is the
intrinsic/short-latency damping

tfmodel ¼
HS sð Þ

SS sð Þ
¼

Bsþ Kð Þ þ Gn KDsþ KPð Þe�sDs

Bsþ Kð Þ þ Js2 �mghþ KDsþ KPð Þe�sDs

(8)

Model Parameter Estimation. By estimating model parame-
ters, we determined if changes in empirical posture dynamics
across stimulus amplitude and between normal versus mBVH
states were due to sensory reweighting or changes in other neural
processes such as stiffness, damping, or sensorimotor integration
time delays. To estimate parameters, first, model transfer func-
tions were compared to the empirical (experimental) transfer func-
tions, tfexp, computed from measured roll data and, tfmodel, transfer
function computed by model to estimate the error, E, shown in
Eq. (9). The error, E, is the difference between the model and
empirical transfer functions divided by the magnitude of the
model transfer function. This definition of E was determined heu-
ristically in previous human studies (e.g., Refs. [8–10,12], and

[22]) to obtain quality and meaningful model fits to transfer func-
tions derived from the measured human data. A constrained opti-
mization function (“fmincon,” MATLAB Optimization Toolbox)
was used to adjust the model parameters to minimize the normal-
ized mean square error described in Eq. (10). The NMSE is the
mean of the error times the conjugate of the error

E ¼
tf exp � tfmodel

jtfmodelj
(9)

NMSE ¼ meanðE •E�Þ (10)

Model parameter estimates were determined for the 1, 4, and
8 deg pp normal and mBVH data. For each of the 1, 4, and 8 deg
pp PRTS stimulus amplitudes, a set of optimized model parame-
ters was computed from the measured data, and the NMSE was
computed as shown in Eq. (10) for each individual PRTS
amplitude. However, we also estimated model parameters for all
stimulus amplitudes using simultaneous model parameter estima-
tion involved. This involved the constraint of specific model
parameters to be equal across the 1, 4, and 8 deg pp stimulus
amplitudes and a normalized-mean-square-error was the sum of
the error terms for the 1, 4, and 8 deg pp PRTS stimulus ampli-
tudes. For the simultaneous parameter estimation, we will call the
normalized-mean-square-error term “NMSEsim” to differentiate
from “NMSE.”

Results

Foretrunk and Hindtrunk Stimulus–Response Curves. Fore-
trunk and hindtrunk RMS roll as a function of stimulus amplitude
(stimulus–response curves) are shown in Fig. 3. In Fig. 3, the dot-
ted lines in each represent the foretrunk or hindtrunk RMS roll
for the zero stimulus amplitude (or a stationary platform). For the
normal animal’s foretrunk, the stimulus–response curve was
roughly flat for the three lowest and two highest stimulus ampli-
tudes. For roll-tilts< 4 deg pp, the normal animal’s foretrunk was
not responding to the stimulus in that RMS roll was comparable
to values seen for no platform motion (i.e., quiet-standing).
The types of saturation seen in stimulus–response curves of the
foretrunk and hindtrunk were different, which implied that
there were different mechanisms involved in the control of the
foretrunk or hindtrunk (see Discussion). However, for the normal
animal’s hindtrunk stimulus–response curve, there was a visible

Fig. 2 Modified sensory integration feedback controller model for the rhesus monkey hindtrunk

Journal of Biomechanical Engineering JANUARY 2018, Vol. 140 / 011008-5

Downloaded From: http://biomechanical.asmedigitalcollection.asme.org/ on 11/01/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use



nonproportional increase in RMS roll, or sway saturation, at the
higher amplitudes that was also seen in normal humans [10].

For the animal in the mBVH state, the hindtrunk stimulus–
response curve showed that the RMS roll saturates at the larger
stimulus amplitudes but to a lesser extent than in the normal state.
When compared to the normal response, the hindtrunk stimulus–
response curve for the mBVH state showed a slight decrease or no
significant difference at the lowest stimulus amplitudes but was
elevated at the larger stimulus amplitudes. For both normal and
mBVH states, the hindtrunk was clearly showing sway saturation.

Foretrunk Transfer Functions. For 1–8 deg pp stimulus
amplitudes, normal foretrunk transfer function gain was< 1 and
approximately constant across frequency (Fig. 4(a)). For all stim-
ulus amplitudes, foretrunk phase (Fig. 4(c)) had �0 lag (i.e., fore-
trunk was in phase with the platform) at the lowest frequencies,
then increased in phase lag with increasing stimulus frequency.
Furthermore, foretrunk coherence (Fig. 4(e)) was low (<� 0.6)
for all stimulus amplitudes, except for the 6 and 8 deg pp ampli-
tudes at low frequencies, indicating that, in general, any relation-
ship between the stimulus and the foretrunk roll was weak.

In the mBVH animal, foretrunk transfer function gain was rela-
tively flat across stimulus amplitudes and frequencies (Fig. 4(b))
and in some cases less than normal (e.g., at the lowest frequency
for the 1 and 4 deg pp stimuli). The animal in the mBVH state had
a slight phase lead for the lowest stimulus frequency (i.e., fore-
trunk was leading the platform stimulus) compared to the normal
animal for the 1 and 4 deg pp stimuli. Given that the lowest stimu-
lus frequency for the 1 and 4 deg pp stimuli had a �0 coherence,
it was not surprising that the gain and phase were very different
compared to the other frequencies. As seen in the normal animal,
the mBVH foretrunk response phase lag increased with increases
in frequency (Fig. 4(d)). The mBVH coherence (Fig. 4(f)) was
<� 0.6 for all stimulus amplitudes and was the smallest for the
lowest stimulus frequency in the 1 and 4 deg pp responses (i.e.,
�0 coherence), indicating a weak relationship between the stimu-
lus and foretrunk roll.

Hindtrunk Transfer Functions. In the normal hindtrunk
transfer function gain (Fig. 5(a)), sway saturation was seen in that
the gain tended to decrease away from 1 as stimulus amplitude
increased. However, for the lower amplitudes, normal hindtrunk
gains were �1 indicating that the animal was orienting more with
the platform. Hindtrunk gain for lower stimulus amplitudes (i.e., 1
and 2 deg pp) at frequencies up to 1Hz were slightly >1, which
means that hindtrunk roll was slightly greater than that of the plat-
form. For larger stimulus amplitudes (i.e., 6 and 8 deg pp), the
gain was <1 for all frequencies consistent with hindtrunk roll

saturating at larger amplitudes (shown in Fig. 5(a)). For neither
normal nor mBVH states were resonant peaks observed. For larger
stimulus amplitudes, this shift away from a gain¼ 1 (toward
gain¼ 0) indicated that the hindtrunk was aligning increasingly
more with earth-vertical and less with the platform surface. For all
stimulus amplitudes, hindtrunk phase showed �0 lag at the lowest
frequencies, and increased phase lag for increased frequency (Fig.
5(b)). In general, mBVH hindtrunk coherence (Fig. 5(f)) was
higher than normal foretrunk coherence at the lowest frequencies
(Fig. 5(e)) and decreased in coherence as the stimulus frequency
increased.

For the mBVH hindtrunk transfer function gains (Fig. 5(b)),
most gain functions were elevated relative to the normal gains. For
example, for the lowest frequency (0.0625 Hz) with the highest
coherence, mBVH gain was significantly greater than normal at all
amplitudes greater than 1 deg pp (2 deg pp: df¼ 30, t¼ 6.829,
p< 0.001; 4 deg pp: df¼ 12, t¼ 3.876, p< 0.005; 6 deg pp:
df¼ 18, t¼ 3.239, p< 0.005; 8 deg pp: df¼ 36, t¼ 4.119,
p< 0.001). For all stimulus amplitudes, hindtrunk phase (Fig. 5(d))
showed �0 phase lag at the lowest frequencies, then increasing
phase lag with increasing stimulus frequency. The mBVH hind-
trunk coherence (Fig. 5(f)) was generally higher than normal fore-
trunk coherence for frequencies <0.3Hz indicating a more linear
relationship between the platform tilt stimulus and hindtrunk
response at the lower frequencies. As in the normal hindtrunk
response, coherence decreased substantially at higher frequencies.

Posture Modeling to Describe Sensorimotor Integration

Exploration of Frequency Bands and Intrinsic Parameters. We
investigated the model across three frequency ranges (0.0625–
2.33Hz, 0.0625–1.125Hz, and 0.0625–0.625 Hz) using: (1) a
“basic model” that included long-latency (neural controller) stiff-
ness (KP) and damping (KD), sensory weight (Gn), and long-
latency time delay (sD); and (2) the basic model (consisting of KP,
KD, Gn, and sD) with the addition of model parameters for intrin-
sic/short-latency stiffness (K) and damping (B). Eq. (10) was the
metric used to assess the degree to which the model-derived trans-
fer functions predicted those computed from measured data. We
found that model fits were not possible for the ranges of
0.0625–2.33Hz (the full frequency range) or 0.0625–1.125Hz as
NMSEs were too high (e.g., NMSE> 0.4). This was due to: (1)
intrasubject variance and (2) low coherence at the higher frequen-
cies. We therefore restricted the parameter estimation procedure
to the lower input spectrum of 0.0625–0.625Hz because coher-
ence was relatively high across this range.

In addition, we found that including intrinsic/short-latency
model parameters K and B was not suitable to an interpretable
model. While their inclusion could reduce the NMSE, it led to

Fig. 3 (a) RMS roll of hindtrunk and (b) foretrunk as a function of stimulus amplitude with
standard error bars. Black-dotted lines represent foretrunk or hindtrunk RMS roll value for sta-
tionary platform (i.e., quiet-standing). Normal data: 18 cycles per amplitude; mBVH: 23 cycles
per amplitude.
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unrealistic increases and decreases in parameters with no clear
pattern across stimulus amplitudes; this was most likely due to too
many free parameters. Since relatively large values of intrinsic/
short-latency parameters (e.g., a relatively large value of intrinsic/
short-latency stiffness, K) and proprioceptive weighting, Gn, (e.g.,
�1) results in orientation to the platform surface, these two
parameters were redundant within the model. Furthermore, inclu-
sion of the intrinsic/short-latency parameters, K and B, led to
unrealistically large time delays (sD). For example, for the mBVH
8 deg pp condition, a model-estimated time delay was �646ms,
much longer than the physiologic time delays of 170–200ms
reported for humans [10].

Sensory Reweighting and Parameter Variations. Figure 6
shows overlaid plots of the model and empirical fits for normal

and mBVH states, respectively, and Fig. 7 shows the model
parameter estimates computed from the hindtrunk results meas-
ured at the 1, 4, and 8 deg pp stimulus amplitudes. Figure 7 dis-
plays that the animal in the normal state weighted graviceptive
(e.g., vestibular) cues more heavily than proprioceptive cues as
stimulus amplitude increased. In the mBVH state, the trend
toward increased vestibular weight across stimulus amplitude was
less evident. At the 4 and 8 deg pp amplitudes, the vestibular
weight in the mBVH was lower than the normal state. These
results are consistent with the stimulus–response and hindtrunk
transfer function (Figs. 3 and 5, respectively) results that show
that the normal animal oriented its hindtrunk more with earth-
vertical than the support surface at the larger stimulus amplitudes,
leading to sway saturation, and that the animal in the mBVH state
oriented its hindtrunk more with the platform surface than earth-

Fig. 4 Foretrunk transfer function gain, phase, and coherence for normal ((a), (c), (e)) and
mBVH ((b), (d), (f)) sensory states. Bars shown represent standard error. Normal data: 18
cycles per amplitude; mBVH: 23 cycles per amplitude.
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vertical at the higher stimulus amplitudes, leading to increased
roll compared to normal. In the normal state, long-latency (neural
controller) damping, KD, increased for the largest stimulus ampli-
tude; however, long-latency (neural controller) stiffness, KP,
showed little change across stimulus amplitudes. Increases in KD

may increase the stability of the system, reduce the overshoot, and
improve the transient response [23]. Here, we deduced that the
increase seen in KD in the normal animal for the largest stimulus
amplitude caused reduction in the (output) hindtrunk RMS roll
(Fig. 3) and frequency response gain (Fig. 5). Time delay, sD, also
increased for the largest stimulus amplitude; however, this may
have been due to the correlation (R2¼ .9823) of KD and sD within
the model as opposed to physiologic changes in sD.

In the mBVH state, KP increased with stimulus amplitude,
whereas in the normal state, KP remained relatively constant. It

had been observed previously that severe bilateral vestibular-loss
human subjects had increases in long-latency (neural controller)
stiffness in comparison to normal test subjects and hypothesized
that this could serve as a compensation mechanism [10]. Increases
in KP are known to decrease the rise time but increase the over-
shoot of the response [23]. Therefore, increases in stiffness with-
out increases in damping could yield a more oscillatory response
and increased gains (e.g., in the mBVH animal, KP increased with
stimulus amplitude).

To understand which model parameter had the largest explana-
tory power in accounting for the changes in posture across stimu-
lus amplitude, we performed additional fits where one parameter
was fixed across stimulus amplitude during the fitting. Figure 8
shows NMSEsim on the y-axis as a function of the fixed model
parameters on the x-axis for the normal sensory state.

Fig. 5 Hindtrunk transfer function gain, phase, and coherence for normal ((a), (c), (e)) and
mBVH ((b), (d), (f)) sensory states. Bars shown represent standard error. Normal data: 18
cycles per amplitude; mBVH: 23 cycles per amplitude.
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When the individual model parameters sD, KD, and KP were
constrained across stimulus amplitude, there was little change in
NMSEsim, suggesting that allowing all of these parameters to vary
added redundancy to the model and the monkey. However, when
the sensory weight (Gn) was constrained (held constant) across
stimulus amplitude, there was an increase in NMSEsim, for the
normal sensory state (Fig. 8). Because of the importance of Gn

varying across stimulus amplitude, we also examined if the sen-
sory weight alone could explain all the changes seen in the 1, 4,
and 8 deg pp normal measured transfer functions. We examined
this by allowing only sensory weight, Gn, to vary across stimulus
amplitude and constrained all other model parameters to be equal
across stimulus amplitude. However, this model iteration resulted
in an NMSEsim of 0.42, leading us to the conclusion that other
variation in parameters, in addition to sensory weight, were
needed across stimulus amplitude to fully account for the empiri-
cal results.

Discussion

Here, we describe the interpretation of our results for normal
and mBVH primate responses (the first of their kind) and the
model results from the use of system identification techniques and
a feedback controller model previously only applied for the study
of human postural responses. From our model, we were able to
determine meaningful parameters that describe a neurophysiologi-
cal basis for balance for different levels of vestibular function.

Our observation that rhesus macaques and humans have even
remotely similar postural control motivates further application of
the rhesus macaque as a model for studying vestibular dysfunc-
tion’s effects on human postural control. The normal monkey’s
hindtrunk stimulus–response and transfer results showed charac-
teristics similar to those seen in humans. Specifically, (hindtrunk)
sway saturation for increasing stimulus amplitude was observed.
From the hindtrunk stimulus–response and transfer function
results, it was hypothesized that sway saturation was caused by
the normal rhesus monkey’s increased weighting of its

graviceptive cues for larger stimulus amplitudes (sensory
reweighting) to limit the roll of the trunk. A feedback controller
model, previously only applied to human postural control, was
modified and implemented to test the sensory reweighting hypoth-
esis in a normal and mild vestibular-impaired primate. Our model-
ing observations not only confirmed our hypothesis, but also
confirmed that sensory reweighting could exist in animals other
than humans (rhesus monkeys).

Sensory Reweighting Seen in Hindtrunk but Not Foretrunk.
Empirical characteristics associated with sensory reweighting
(saturation) were apparent in the normal hindtrunk response to the
platform stimulus, but not the foretrunk (Figs. 3–5). One reason
for this may be due to different mechanical functions of the fore-
trunk and hindtrunk. In quadrupeds, it has been proposed that the
foretrunk is used primarily to provide stability as struts that stif-
fen, support, and help steer the animal [24]; however, the hind-
trunk is used to generate propulsive forces [25] and therefore the
postural control mechanisms associated with each are likely to
differ. In normal humans, a previous study characterized sensori-
motor integration in the frontal plane and described the upper
body and lower body utilizing different control mechanisms [22].
The lower body control relied primarily on sensory feedback and
control mechanisms across stimulus amplitude that was consistent
with sensory reweighting (i.e., amplitude-dependent reliance
predominantly on proprioceptive or graviceptive cues). In upper
body control, sensory reweighting was not the dominant mecha-
nism, but instead, intrinsic/short-latency musculoskeletal mecha-
nisms along with a relatively fixed reliance on sensory feedback
across stimulus amplitudes.

Our study was based on a single test subject and therefore we
cannot generalize. However, based on our observed results (i.e.,
stimulus–response curves and transfer functions) shown here, we
proposed that: (1) the foretrunk may be utilizing a different
mechanism for control (i.e., not predominantly utilizing the
sensory-mediated mechanisms, such as sensory reweighting) and
(2) the hindtrunk may be predominantly utilizing sensory

Fig. 6 Model (gray) and measured (black) hindtrunk transfer functions with standard error bars for the normal sensory state
((a)–(c)) mBVH sensory state ((d)–(f))
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feedback, thus leading to a saturating response seen in both the
stimulus–response and transfer function gains of the normal and
mBVH states. In this paper, we focused on sensory reweighting in
the animal’s hindtrunk. We therefore focused our model on the
hindtrunk only, but may explore foretrunk postural control in
future work.

Modeling to Describe Sensory Reweighting. The goal of our
modeling was to adapt and build on models previously only
applied to human posture and to capture the meaningful character-
istics (via physiologic model parameter estimates) of rhesus mon-
key posture.

The modeling results (Figs. 7(a), 7(b), and 8) were consistent
with sensory reweighting being present in the normal state. Spe-
cifically, as stimulus amplitude increased, the monkey increased
reliance on vestibular cues and decreased reliance on propriocep-
tive cue. Moreover, when the individual model parameters sD, KD,
and KP were constrained across stimulus amplitude, there was lit-
tle change in NMSEsim, suggesting that allowing these parameters
to vary added redundancy to the model. However, when the sen-
sory weight (Gn) was constrained (held constant) across stimulus
amplitude, there was an increase in NMSEsim, for the normal sen-
sory state (Fig. 8), suggesting that changes in the sensory weight
are needed for the model to describe the empirical data and that
the nervous system may in fact primarily modulate the sensory
weight across stimulus amplitude. Despite the importance of sen-
sory weights changing across stimulus amplitude and sensory
state, our results do imply that the animal modulated other neural
control parameters, as described in Fig. 7.

Only limited human posture data exist for vision-limited, pseu-
dorandom support surface tilt conditions, and there is no such pre-
viously published posture data from primates. Direct comparisons
between the magnitudes for KP and KD in the rhesus versus human
were challenging. For the rhesus monkey, it was observed that
both KP and KD were much smaller in magnitude than observed in
normal humans, for similar test conditions [10]. These differences
are likely due to the fact that the rhesus macaque is much shorter
in height and has much less mass than humans. It had been previ-
ously shown that there is a positive correlation between mass and

Fig. 7 Nonsimultaneous model parameter estimates ((a)–(e)) and NMSE (f) as a function of
stimulus amplitude for the normal (black squares) and mBVH (gray circles) sensory states

Fig. 8 NMSEsim for the normal state as a function of con-
strained model variation
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center-of-mass height for both KP and KD [10]. However, extrapo-
lation proved difficult, and likely inaccurate, in this case in that
human mass and height are distinctly larger and heavier than
rhesus macaques. An observable and perhaps the most important
consistency for both normal humans and normal rhesus
monkey were that they show observed decreases in proprioceptive
weighting and increases in graviceptive weighting as platform
stimulus amplitude increased. Moreover, in humans, the ratio of
stiffness, KP, to the minimum stiffness required to resist gravity
(mass� g� center of mass height) was on average 1.3. In our
study, we found a very similar ratio of 1.4 to 1.5 across normal
state test conditions. Also, the ratio of damping KD to KP was
fairly similar between humans (�33%) and our monkey study
(9–38%). Furthermore, the time delays were similar between
humans and those observed our study.

Animal Models: Larger Goals. We are aiming for our work
to serve as a basis for a larger empirical framework targeting
the characterization of invasive prototype prostheses aimed
toward restoring balance, and preventing falls, in vestibular-
impaired humans. This was the first-ever attempt at modeling
monkey postural responses and determining physiologic model
parameters to account for the observed empirical behaviors. By
establishing a systems identification approach, it is possible to
quantify sensory contributions and neural adaptations that occur
at various stages of vestibular function and to quantitatively
assess if and how nonhuman primates incorporate a vestibular
prosthesis.

Our long-term goal is to utilize a primate model that accurately
captures underlying neural characteristics of prostheses that
improve balance. The work described here will assist in the quan-
tification of target therapies and treatment response, in particular,
to rehabilitative therapies that cannot yet be applied to humans
and proof of concept (in nonhuman primates) is necessary as a
precursor.

Conclusions

Our analysis of normal monkey postural responses to pseudor-
andom tilts showed similarities to that of human responses. Rhe-
sus monkey hindtrunk RMS roll as a function of pseudorandom
roll-tilt amplitude (i.e., stimulus–response curves) showed striking
similarity to those seen in normal humans [10] in that the hind-
trunk sway generally followed the platform tilt waveform,
remained relatively constant across repeated cycles, contained
power primarily at the stimulated frequencies, and saturated with
increases in stimulus amplitude. Through characterization of
stimulus–response curves, transfer function analysis, and model-
ing techniques, we found results were from a nonhuman primate
were consistent with the sensory reweighting hypothesis in that:
(1) the normal model parameter results were showed evidence of
greater weighting of graviceptive cues (and decreased weighting
of proprioceptive cues) at larger platform tilts and (2) the model
parameter results for the mildly impaired state showed that gravi-
ceptive weighting increased with platform tilt, but not to the
extent seen in the normal state. Consistent with the mild vestibular
impairment, the mBVH model predicted less sensory reweighting
than in the normal state. The model fitting to the mBVH data
exemplifies that the model can detect more subtle changes in sen-
sory reliance (e.g., normal function versus mild vestibular
impairment).

In summary, our results show that a sensory integration model
previously only used to describe human posture can be applied to
the bipedal hindtrunk of a nonhuman primate, and that the sensory
integration model is sensitive enough to capture sensory weight-
ing differences for even mild levels vestibular dysfunction. These
findings are encouraging in that animals, such as rhesus monkeys,
could be used for future posture studies involving the develop-
ment of invasive prostheses and rehabilitative methods that are
not yet ready for human trials.
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Appendix

Pseudorandom noise signals [20] can have a number of output
states (e.g., binary (or two output states), ternary (or three output
states), and pentary (or five output states)) depending on the applica-
tion. A pseudorandom ternary sequence, or PRTS (depicted in the
schematic of Fig. 1, top), can be generated using a shift register and
consists of 3 output states: 0, 1, and 2. In applying a PRTS input
stimulus to the balance platform, 0 corresponded to negative plat-
form velocity (or “�v”), 1 corresponded to zero platform velocity,
and two corresponded to positive platform velocity (or “þv”).

The sequence is initialized with a series of logics states. Within
the shift register, each stage is cross-connected and simultane-
ously triggered by a clock pulse, or the shift time (Dt). For each
clock pulse, the logic contents of the ith stage are transferred to
the (iþ 1)st stage and a new logic state is introduced to the input
of the first stage via the feedback circuit. The sequence obtained
from the shift register depends on where the feedback connection
is inserted. A modulo-three gate produces the sum-digit result the
same as regular addition.

A maximum length sequence, described in Eq. (A1), is one in
which the length of the pseudorandom sequence, N, is maximum
for the given number of stages within the register, n, before the
sequence repeats itself. For a ternary sequence, there are a total of
3n different states; however, occurrence of the state in which the
shift register contains 0 logic in each of its stages (meaning all
zero sequence) must be prevented. Thus, the largest possible
length, N, is the following:

N ¼ 3n � 1 (A1)

The period of the pseudorandom ternary sequence, T, is described
by Eq. (A2), where Dt is the shift time, and n is the number of stages.

T ¼ Dtð3n � 1Þ (A2)

The frequency bandwidth Eq. (A3) of the sequence bounded by f1
(lower frequency bound) and f2 (upper frequency bound).

f1 ¼
1

NDt
to f2 ffi

1

3Dt
(A3)

For this study, a PRTS that operated using a four-stage shift
register was used to generate an 80 length sequence. The selection
of appropriate shift time and period was based on monkey’s atten-
tion span and on the frequency bandwidth of interest. The animal
tolerated a shift time of 200ms, which yielded a cycle period of
16 s and a frequency bandwidth of 0.0625 to �2.33Hz.
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