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Noise-Enhanced Balance Control in Patients
with Diabetes and Patients with Stroke
Attila A. Priplata, PhD,1 Benjamin L. Patritti, PhD,1 James B. Niemi, MS,2 Richard Hughes, PT, NCS,3
Denise C. Gravelle, MS,1 Lewis A. Lipsitz, MD,4 – 6 Aristidis Veves, MD,7 Joel Stein, MD,3
Paolo Bonato, PhD,3,8 and James J. Collins, PhD1

Objective: Somatosensory function declines with diabetic neuropathy and often with stroke, resulting in diminished
motor performance. Recently, it has been shown that input noise can enhance human sensorimotor function. The goal
of this study was to investigate whether subsensory mechanical noise applied to the soles of the feet via vibrating insoles
can be used to improve quiet-standing balance control in 15 patients with diabetic neuropathy and 15 patients with
stroke. Sway data of 12 healthy elderly subjects from a previous study on vibrating insoles were added for comparison.
Methods: Five traditional sway parameters and three sway parameters from random-walk analysis were computed for each
trial (no noise or noise). Results: Application of noise resulted in a statistically significant reduction in each of the eight
sway parameters in the subjects with diabetic neuropathy, the subjects with stroke, and the elderly subjects. We also
found that higher levels of baseline postural sway in sensory-impaired individuals was correlated with greater improvements in balance control with input noise. Interpretation: This work indicates that noise-based devices could ameliorate
diabetic and stroke impairments in balance control.
Ann Neurol 2006;59:4 –12

The human balance control system relies on feedback
from the somatosensory, vestibular, and visual systems.
Diminished somatosensation is associated with increased postural instability during quiet standing with
eyes closed, which is clinically referred to as sensory
ataxia and is assessed via the Romberg test.1 Somatosensory loss is a characteristic of patients with diabetic
neuropathy and is also observed in approximately 50%
of patients with stroke.2 In patients with diabetic neuropathy, somatosensory deficits are associated with increased sensory thresholds of mechanoreceptors and
changes in the characteristics of the afferent fibers.3– 6
In contrast, the sensory deficits of patients with stroke
stem from an inability to interpret afferent traffic from
the periphery.7–9
Postural sway during quiet standing is typically increased in patients with diabetic neuropathy compared
with healthy control subjects,10 –13 and some work suggests that the loss of sensitivity in the soles of the feet
in patients with diabetic neuropathy leads to postural
instability.13 Studies have also shown that patients with

stroke exhibit greater postural sway than healthy control subjects,14 and this increased sway has been associated with the inability to integrate peripheral somatosensory information.7,8,15,16 Although the loss of
balance control can be attributed to many factors including diminished vision, muscle weakness, vestibular
disorders, bone integrity, spinal injury, and somatosensory deficits, the amelioration of any one of these factors (eg, somatosensory deficits) may have a significant
impact on the improvement of balance.17 Somatosensory stimulation may thus prove to be an effective way
to improve balance control in these patients.
It has been shown that noise can enhance the detection and transmission of weak signals in sensory systems, via a mechanism known as stochastic resonance
(SR).18 –20 The phenomenon of SR, which is counterintuitive given that noise has traditionally been viewed
as a detriment to signal detection and system performance, is based on the concept that the flow of information through a system can be maximized by the
presence of a particular nonzero level of noise. SR was
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originally proposed in the context of global climate
modeling.21,22 Since then, SR-type dynamics have been
demonstrated in a variety of neurophysiological and
perceptual systems,23– 48 including human muscle spindles27 and cutaneous receptors.24 –26,28,31,36,38,44,48 We
have shown previously that subsensory mechanical
noise applied to the fingertip or foot, or both, can improve touch sensitivity of patients with diabetic neuropathy36,38 and patients with stroke,38 respectively.
More recently, we have shown that subsensory mechanical noise applied to the soles of the feet via vibrating insoles can enhance balance control in healthy
young and elderly individuals.42
In this study, we assessed the effects of noise input
to the somatosensory system on posture control in patients with diabetic neuropathy and patients with
stroke. We postulated that the postural sway of patients with diabetic neuropathy and patients with
stroke during quiet standing could be significantly reduced by applying mechanical noise to the soles of the
feet via vibrating insoles. We further examined whether
sensory impairments in patients with diabetic neuropathy and patients with stroke lead to an increase in
baseline postural sway. We also tested the hypothesis
that higher levels of baseline postural sway in sensoryimpaired individuals are correlated with greater improvements in balance control with input noise.
Subjects and Methods
Fifteen subjects with diabetic neuropathy (9 female and 6
male subjects; 3 with type 1 diabetes and 12 with type 2
diabetes; age range, 38 – 81 years; mean age, 60 ⫾ 11 years
[mean ⫾ standard deviation]) and 15 subjects at least 10
months after experiencing unilateral stroke (10 female and 5
male subjects; 8 with left hemiparesis and 7 with right hemiparesis; age range, 31–90 years; mean age, 61 ⫾ 17 years)
were tested. The mean time after stroke was 5.5 ⫾ 3.3 years.
Sway data of 12 healthy elderly subjects (8 female and 4
male subjects; age range, 68 –78 years; mean age, 73 ⫾ 3
years) from a previous study on vibrating insoles42 were
added for comparison. This study was approved by the Institutional Review Boards of Boston University, Spaulding
Rehabilitation Hospital, and Beth Israel Deaconess Medical
Center, and informed consent was obtained from each subject before their participation.
Subjects with diabetes (types 1 or 2) participated in a clinical evaluation for the presence of moderate peripheral neuropathy using a vibration perception threshold (VPT) test.
The VPT was tested using a biothesiometer. A VPT score in
the range of 20 to 40V identified subjects with diabetes with
moderate peripheral neuropathy, defined according to the
American Diabetes Association Expert Committee. The level
of 20 to 40V was chosen in an effort to exclude patients with
severe neuropathy who would have functional loss of peripheral nerve function. Previous studies have shown that patients with similar VPT scores have mild histopathological
changes in sural nerve biopsies and moderately reduced nerve
conduction velocities.49 Furthermore, we chose the VPT

score as our main selection criterion because it tests the function of large ␣␤ fibers, the same fibers that are involved in
sensory ataxia.50 The mean VPT score for subjects with diabetes was 28 ⫾ 13V on the left foot and 27 ⫾ 5V on the
right foot. Subjects with diabetes were excluded if they had
foot ulcerations, custom orthotics, stroke, a history of a neuropathic condition other than diabetes mellitus, or a positive
Romberg test, as indicated by an inability to maintain standing with eyes closed for 30 seconds.
Subjects with stroke were interviewed to exclude those
with a history of diabetes or peripheral neuropathy, unexplained falls, and the use of medications known to impair
balance. All subjects reported ambulating independently in
their home environments. Those who demonstrated severe
aphasia or hemispatial neglect, or a history or signs of neurological pathology other than stroke were also excluded. All
subjects scored at least 23 of 30 on the Mini-Mental Status
Examination. Clinical tests of sensation and balance were administered to the subjects in the stroke group. Subjects were
excluded for a positive Romberg test, as indicated by an inability to maintain standing with eyes closed for 30 seconds.
All subjects demonstrated plantar touch-pressure sensitivity
to Semmes–Weinstein monofilaments of at least 5.07. The
mean monofilament score was 3.95 ⫾ 0.62. Proprioceptive
sensitivity of the great toes and ankles, respectively, was assessed by asking subjects to repeatedly discriminate “up or
down” segment positions; the same joints were tested for vibration sensitivity with a 256Hz tuning fork. Five presentations were given for each clinical test and a score between 0
and 5 was then awarded for their ability to detect the stimulus. The mean proprioceptive score for subjects with stroke
at both the great toe and ankle was 4.75 ⫾ 0.50. The mean
score for the vibration test with a tuning fork at both the
great toe and ankle was 4.87 ⫾ 0.57. In addition, all subjects
were able to detect the highest amplitude of vibration produced by the experimental vibrating insoles.
Two insoles42 were molded with a viscoelastic silicone gel.
Three vibrating elements, called “tactors” (C-2; Engineering
Acoustics, Winter Park, FL), were embedded in each insole
(two under the forefoot and one under the heel) to propagate
vibrations to the plantar foot surface. Each insole received
the same noise signal, the amplitude of which was set independently using potentiometers for each foot, from a small
portable control box. The noise generator consisted of a
single-chip record/playback device, in which a digitized white
noise signal, low-pass filtered to 100Hz and distributed uniformly in amplitude, was stored.
During the experiments, subjects were asked to stand quietly on the insoles (position fixed with heels separated by
approximately 8 cm, feet abducted by 40 degrees) with their
hands at their sides (Fig 1). The subjects were also asked to
close their eyes to remove visual cues; this enabled us to focus on the effects of somatosensation on balance control.
Also, tests with eyes closed are known to be more “provocative” than tests performed with eyes open. This observation
is clear when performing a Romberg test: the eyes-closed
condition typically leads to larger sway than the eyes-open
tests. A potentially stronger effect size of the subsensory stimulation is thus expected for eyes-closed tests compared with
eyes-open tests, which could be particularly important for a
small sample size such as that used in this study.
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Fig 1. The experimental setup with sample input noise and sample shoulder-marker stabilograms comparing the control and noise
conditions. AP ⫽ anteroposterior; ML ⫽ mediolateral.

At the beginning of the testing session, investigators used
separate potentiometers on a control box to adjust the amplitude of the noise applied by the insoles to the soles of
the feet until the stimulation could just be felt by the subject. The stimulation level for the experiments was then set
to 90% of this sensory threshold level for each foot. Thus,
the noise signals were subsensory, and subjects were blinded
to the stimulus condition, that is, no noise (control) or
noise.
A reflective marker was attached to the right shoulder of
each subject to assess postural sway. A camera-based motion
analysis system (Vicon 512; Oxford Metrics, Oxford, United
Kingdom) was used to record the displacement of this
marker during each 30-second stance trial. This system and
associated protocol described earlier are well suited for quantifying the small fluctuations observed during quiet standing
and can be viewed as an electronic version of the Romberg
test. In a previous study in our laboratory,51 we found that
displacement data obtained from markers attached to various
single points on the body (including the shoulder) were
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highly correlated with foot center-of-pressure displacement
data (eg, the average cross-correlation coefficient between
shoulder and center-of-pressure data was 0.91) and accurately quantify quiet-standing postural sway. Ten trials were
performed on each subject: five with mechanical noise and
five without noise. The presentation sequence, noise or control, was pairwise randomized. All subjects took a 2-minute
seated break midway through the experiment.
A plot of the anteroposterior (AP) and mediolateral (ML)
shoulder displacement, called a stabilogram, was analyzed for
each trial. To characterize balance during quiet standing, we
used both traditional stabilogram analyses and random-walk
analyses. Five traditional sway parameters were computed:
the mean stabilogram radius (measured in millimeters), the
area swept by the stabilogram over time (mm2), the maximum radius of sway (mm), and the range of the AP and ML
excursions (mm), respectively.42,43 We hypothesized that
with the application of mechanical noise to the feet, there
would be a reduction in postural sway, as indicated by decreases in these traditional measures.

We also considered three random-walk sway parameters52,53: the critical mean square displacement 具⌬r2典c (measured in square millimeters), the effective long-term diffusion
coefficient Drl (mm2/sec), and the long-term scaling exponent Hrl. In earlier studies on healthy young and elderly subjects,52,53 we found that over short-term intervals during undisturbed stance, the body sways as a positively correlated
random walk, that is, it tends to move or drift away from a
relative equilibrium point; conversely, over long-term time
intervals, it resembles a negatively correlated random walk,
that is, it tends to return to a relative equilibrium point. We
interpreted this finding as an indication that during quiet
standing the postural control system uses open-loop and
closed-loop control schemes over short-term and long-term
intervals, respectively. An open-loop control system is one
that operates without sensory feedback, and in the case of
the human postural control system, it may correspond to descending commands that set the steady-state activity levels of
the postural muscles. A closed-loop control system, in contrast, operates with sensory feedback, and in the case of the
human postural control system, it corresponds to the visual,
vestibular, and somatosensory systems.52,53 Within this modeling framework, the critical mean square displacement
具⌬r2典c characterizes the threshold at which feedback mechanisms are called into play by the postural control system,
whereas Drl and Hrl characterize the stochastic activity and
antidrift-like dynamics, respectively, of these feedback mechanisms.52,53 Notably, a reduction in 具⌬r2典c indicates a tendency to switch from open-loop postural control strategies to
closed-loop postural control strategies at smaller excursions.
A reduction in Drl indicates a decreased tendency for random
walking around a relative equilibrium point. Also, a reduction in Hrl indicates an increased tendency to return to a
relative equilibrium point after a perturbation, and thus corresponds to a more stable control system. In this study, we
hypothesized that the addition of mechanical noise to the
feet would lead to a reduction in the feedback threshold (as
indicated by a decrease in 具⌬r2典c) and a more tightly regulated control system (as indicated by decreases in Drl and
Hrl).
Mean radius, maximum radius, range AP, and range ML
for each subject were normalized by dividing by the height
(⫻10⫺3) of the reflective marker for each subject. Swept
area, 具⌬r2典c, and Drl were normalized by dividing by the
height squared (⫻10⫺6) of the reflective marker.
For each parameter, we calculated the mean value for the
control and noise trials, respectively, for each subject. Mean
values of the sway parameters from published data on 12
healthy elderly subjects using the vibrating insoles were
added for comparison.42 Two-way repeated-measures analysis
of variance (ANOVA) was used to assess the main effects of
stimulation (control vs noise) and subject group (subjects
with diabetic neuropathy vs subjects with stroke vs elderly
subjects) on postural sway and whether interactions were
present between stimulation and subject group ( p ⱕ 0.05).
Interactions were also explored using an approach originally
proposed by Zellner54 and further developed by Clogg and
colleagues55; this approach is commonly referred to as “estimation of seemingly unrelated regression models.” It allows
one to consider together subsets of parameters, thus gaining

power over traditional ANOVA tests performed on individual variables.
Finally, to determine the factors across the three populations that contribute to the amount of sway during the control condition (ie, baseline, no noise) and the amount of reduction in sway from baseline when noise is applied, we
developed two linear regression models. The first model was
designed to determine whether age, height, and/or sensory
threshold of each subject had an effect on the amount of the
baseline sway, as described by each sway parameter. We hypothesized that increases in these independent variables
would lead to an increase in the dependent variable, baseline
sway, as indicated by positive coefficient estimates for each
sway parameter ( p ⱕ 0.05). The second model was designed
to determine whether age, height, sensory threshold, and/or
baseline sway of each subject had an effect on the difference
measure for each sway parameter (difference measure ⫽
mean value of control condition ⫺ mean value of noise condition). We hypothesized that increases in these independent
variables would lead to an increase in the dependent variable
(the difference measure of the sway parameter), as indicated
by positive coefficient estimates for each sway parameter
( p ⱕ 0.05).

Results
Figure 2 shows that all of the sway parameters among
the subjects with diabetic neuropathy, subjects with
stroke, and healthy elderly subjects decreased with the
application of noise. Notably, reductions in the sway
parameters range from 2.9% in 具⌬r2典c to 53.8% in Drl.
The main effects of stimulation and subject group
were assessed via two-way repeated-measures ANOVA
tests, as described earlier. Table 1 presents the statistical results for the main effect of stimulation and subject group on traditional and random-walk sway parameters. Table 1 shows that the decreases observed
when comparing control versus noise conditions were
statistically significant in all of the sway parameters.
There was no statistically significant difference for the
main effect of subject group, that is, among individuals
with diabetic neuropathy, subjects with stroke, and
healthy elderly subjects.
Table 1 also shows the results of the tests to assess
significant interactions between stimulation condition
and subject group. Results of the ANOVA show that
no significant interactions were found between stimulation and subject group in any of the sway parameters.
This observation suggests that there were no differential effects of mechanical noise in the subjects with diabetic neuropathy, subjects with stroke, and healthy elderly subjects.
Additional analyses were performed to assess potential interactions between stimulation and subject group
for the set of traditional sway parameters versus the set
of random-walk sway parameters. The analyses via estimation of seemingly unrelated regression models did
not show any significant interactions ( p ⫽ 0.942) for
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Fig 2. Dimensionless values of the traditional and random-walk sway parameters for the control and noise trials for 15 subjects
with diabetic neuropathy, 15 subjects with stroke, and 12 elderly subjects. The group mean and standard error for the control and
noise trials, respectively, are shown. 具⌬r2典c ⫽ critical mean square displacement; AP ⫽ anteroposterior; Drl ⫽ long-term diffusion
coefficient; Hrl ⫽ long-term scaling exponent; ML ⫽ mediolateral.
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Table 1. p Values from a Two-Way Repeated-Measures
Analysis of Variance for the Main Effects of Stimulation
(Control vs Noise) and Subject Group (Subjects with Diabetic
Neuropathy vs Subjects with Stroke vs Healthy Elderly
Subjects) and the Interaction between Stimulation and
Subject Group
Parameters
Mean radius
Swept area
Max radius
Range AP
Range ML
具⌬r2典c
Drl (s⫺1)
Hrl
a

Subject Group
( p)

Stimulation
( p)

Interaction
( p)

0.439
0.886
0.260
0.247
0.535
0.591
0.992
0.784

⬍0.001a
⬍0.001a
0.001a
0.002a
0.005a
0.005a
⬍0.001a
0.001a

0.705
0.707
0.152
0.127
0.691
0.232
0.249
0.203

p ⬍ 0.05 is statistically significant.

AP ⫽ anteroposterior; ML ⫽ mediolateral; 具⌬r2典c ⫽ critical mean
square displacement; Drl ⫽ long-term diffusion coefficient; Hrl ⫽
long-term scaling exponent.

the five traditional stabilogram parameters (ie, the
mean stabilogram radius, the area swept by the stabilogram over time, the maximum radius of sway, and the
range of the AP and ML excursions). In addition, no
significant interactions ( p ⫽ 0.229) were found for the
set of the three random-walk parameters (ie, critical
mean square displacement, long-term diffusion coefficient, and long-term scaling exponent). However, a significant interaction ( p ⬍ 0.001) was found when considering the overall effect of all the parameters
including the five traditional sway parameters and the
three random-walk sway parameters. The differences
observed between the ANOVA tests and the analyses
via estimation of seemingly unrelated regression models
for interactions between stimulation and subject group
are most likely due to the limited sample size and the
higher power of the analyses via estimation of seemingly unrelated regression models. Overall, these results
suggest differences in the response observed for stimulation conditions (control vs noise) across the subject
groups, but marked by limited effect size.
Differences were observed in sensory thresholds (identified using the input noise signal) across the three
groups considered in the study. The mean sensory
threshold of subjects with diabetic neuropathy (16.2 ⫾
9.9gm) and subjects with stroke (15.4 ⫾ 10.2gm) was
significantly greater ( p ⫽ 0.030) than that of the elderly
subjects (8.73 ⫾ 3.16gm). These results are consistent
with the somatosensory impairment observed in the subjects with diabetic neuropathy via clinical examination
and suggest that similar levels of sensory impairment
may have been present in the subjects with stroke.
The regression model designed to determine whether
age, height, and/or sensory threshold of each subject
had an effect on the amount of the baseline sway dem-

onstrated no relations among age, height, and sensory
threshold versus the mean baseline value of all the sway
parameters except the critical mean square displacement 具⌬r2典c. The coefficient estimate for sensory
threshold versus the mean baseline value of 具⌬r2典c was
statistically significant (1.9 ⫾ 0.8; p ⫽ 0.029). The
critical mean square displacement 具⌬r2典c did not show
any statistically significant relations with age or height.
In the second regression model, all coefficient estimates for the mean baseline value of each sway parameter versus the difference measure of each sway parameter, respectively, were statistically significant (Table 2).
Note, six of the eight parameters are significant at p
less than 0.001. Coefficient estimates for age, height,
and sensory threshold for each subject versus the difference measure for each sway parameter, respectively,
were not statistically significant; therefore, these independent variables were removed from the model.
Discussion
This study shows that subsensory mechanical noise applied via vibrating insoles to the feet of subjects with
diabetic neuropathy and subjects with stroke leads to
reduced postural sway. These results are consistent with
our earlier findings in healthy young and elderly subjects.42 This work also shows that noise-based devices
can provide benefit to patients with sensorimotor deficits that are of a peripheral origin (diabetic neuropathy), as well as patients with deficits that are of a central origin (stroke).
One possible explanation for our findings is that
subsensory noise can enhance the detection of pressure
changes on the soles of the feet, leading to improved
balance control. A possible neuronal mechanism underlying such an effect involves mechanical noise producing small changes in strain on the receptor membrane
that translate to small fluctuations in receptor transmembrane potentials through changes in ion permeability. As the membrane partially depolarizes, the poTable 2. Coefficient Estimates ⫾ Standard Errors of the
Traditional and Random-Walk Sway Parameters from the
Linear Regression Model of Baseline Postural Sway versus the
Difference Measure for Each Sway Parameter
Parameters
Mean radius
Swept area
Max radius
Range AP
Range ML
具⌬r2典c
Drl (s⫺1)
Hrl

Coefficient Estimates

p

0.2 ⫾ 0.1
0.2 ⫾ 0.1
0.3 ⫾ 0.1
0.3 ⫾ 0.1
0.4 ⫾ 0.1
0.1 ⫾ 0.1
0.6 ⫾ 0.1
0.4 ⫾ 0.1

⬍0.001
0.004
⬍0.001
⬍0.001
⬍0.001
0.034
⬍0.001
⬍0.001

AP ⫽ anteroposterior; ML ⫽ mediolateral; 具⌬r2典c ⫽ critical mean
square displacement; Drl ⫽ long-term diffusion coefficient; Hrl ⫽
long-term scaling exponent.
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tential of the neuron is brought closer to the threshold
for firing an action potential in the presence of a weak
signal. It effectively becomes predisposed to fire or sensitized to additional mechanical stimulation or input.
Therefore, a mechanism is provided by which normally
subthreshold mechanical stimuli (eg, slight pressure
changes on the soles of the feet) become detectable in
the presence of mechanical noise. Along these lines, it
is interesting that in vitro studies24,31,56 have shown
that the sensitivity of cutaneous afferents to weak stimuli can be enhanced by the introduction of mechanical
noise.
Alternate explanations are also plausible and deserve
further study. For example, it is possible that the reported effects are of a central origin. Studies have
shown that noisy stimulation of peripheral receptors
can lead to stochastic-resonance–type effects in the central nervous system.34,39 Identifying and studying patients with precisely localized lesions in the nervous
system who do not benefit from the vibrating insoles
could help to identify the mechanisms and sites of action of the noise-mediated improvements in balance
control. This study justifies such further work with
more detailed screening procedures.
Previous studies have linked sensory impairment in
the soles of the feet to an increase in baseline postural
sway and poor balance control.57– 60 We demonstrate
that reduction of postural sway during the application
of noise to the soles of the feet is greater in individuals
with larger baseline postural sway. As a result, it may
be possible to predict the magnitude of the stimulation
effect by measuring the baseline performance of the individual. We also found that the sensory threshold of
the feet is significantly correlated with the critical mean
square displacement 具⌬r2典c. This provides support for
our open-loop/closed-loop posture control model,52,53
and also suggests that sensory impairments of the feet
may lead to increased feedback thresholds in the balance control system.
There are limitations that exist in the design of this
pilot study. For example, results for the amount of reduction of postural sway during the application of
noise to the soles of the feet in quiet-standing individuals may not indicate that vibrating insoles will have a
clinical impact on everyday balance activities (eg, walking and ascending/descending stairs). Moreover, because this study focused on eyes-closed conditions,
work is needed to explore whether the vibrating insoles
are effective in improving balance control under eyesopen conditions. In addition, the small number of subjects tested may limit the observation of differences in
performance of vibrating insoles among the patients
with diabetic neuropathy, patients with stroke, and the
comparison group of older adults, as we discuss in
more detail later.
The analyses presented in this article identified sta-

10

Annals of Neurology

Vol 59

No 1

January 2006

tistically significant differences in balance parameters
observed in the control versus noise conditions. No statistically significant differences were observed via twoway repeated-measures ANOVA for the three groups
for which balance data were considered in the study.
Also, no significant interactions were found; that is,
when individual balance parameters were analyzed, the
response across the considered subject groups was assessed to be identical. To explore whether this result
was caused by the limited power of the analysis likely
due to the small sample size, we performed additional
analyses via estimation of seemingly unrelated regression models. We obtained results indicating a statistically significant interaction, that is, differences across
the three groups, when considering all of the balance
parameters. We hypothesize that this result is an indication that differences exist in the responses to subsensory stimulation of the soles of the feet in elderly individuals, patients with stroke, and patients with
diabetic neuropathy. Further work involving a larger
sample of subjects is needed to test this hypothesis.
There is also a need for more extensive clinical assessment and classification of patients to determine the
extent to which different patient populations can benefit from this technology. For example, stroke patients
have a variety of characteristic lesions that could alter
the effects of input noise in this population. It would
be interesting, for example, to study whether input
noise has differential effects on balance control in patients with right versus left hemisphere lesions due to
reported differences in balance control between these
two groups.14,61 In addition, because the parietoinsular
vestibular cortex has been hypothesized to be involved
in the processing and integration of sensory information for balance control,62 it would be interesting to
study the effect of input noise on patients with stroke
lesions in this area. Moreover, patients with cerebellar
strokes would be interesting to study because the cerebellum is implicated in the control of movement and
recently has been suggested to be involved in the planning of movements.63 Future studies considering lesions affecting pathways involved in sensory gating
mechanisms may also be worthwhile. For instance, evidence indicates that thalamic stroke disrupts sensory
gating, which affects cortical sensory input, leading to
potential effects on balance control.64
This study constitutes the first steps toward assessing
the clinical significance of using vibrating insoles to
improve balance control in patients with sensory deficits. It will be interesting to examine whether such devices are applicable to other patient populations, such
as patients with multiple sclerosis65 or Parkinson’s disease,66 that exhibit disease-related sensory loss. Future
studies are also needed to determine whether noisebased devices,67 such as randomly vibrating shoe insoles, are effective in enhancing performance of dy-

namic balance activities (eg, walking) and reducing
incidence of falls. The former could benefit from fieldbased monitoring involving wearable technologies,68,69
whereas the latter will require extensive prospective
studies. The current insoles were not designed for inshoe use (subjects simply stood on them; see Fig 1),
and thus we were limited in the types of studies that
could be conducted. We have now designed and constructed insoles for in-shoe use and are currently planning to use these in studies investigating locomotion
and other activities.
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