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uditory  white  noise  reduces  age-related  fluctuations  in  balance
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Auditory  white  noise  reduces  postural  sway  variability  in  young  adults  and  adults  over  65,  even  in the  absence  of vision.
Auditory  white  noise  reduces  both  feedback-based  and  exploratory  sway  variability.
Older  adults’  sway  patterns  more  closely  reflect  those  of young  adults  in  the  presence  of  auditory  white  noise.
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a  b  s  t  r  a  c  t

Fall  prevention  technologies  have  the  potential  to  improve  the lives  of older  adults.  Because  of  the  multi-
sensory  nature  of  human  balance  control,  sensory  therapies,  including  some  involving  tactile  and  auditory
noise,  are  being  explored  that  might  reduce  increased  balance  variability  due  to  typical  age-related  sen-
sory declines.  Auditory  white  noise  has  previously  been  shown  to reduce  postural  sway  variability  in
healthy young  adults.  In  the  present  experiment,  we  examined  this  treatment  in young  adults  and  typ-
ically  aging  older  adults.  We  measured  postural  sway  of  healthy  young  adults  and  adults  over  the  age
of 65  years  during  silence  and  auditory  white  noise,  with  and  without  vision.  Our  results  show  reduced
postural  sway  variability  in young  and  older  adults  with  auditory  noise,  even  in the  absence  of  vision.  We
ging
alls
tochastic resonance
uditory white noise

show  that  vision  and  noise  can reduce  sway  variability  for both  feedback-based  and  exploratory  balance
processes.  In  addition,  we show  changes  with  auditory  noise  in  nonlinear  patterns  of  sway  in  older  adults
that reflect  what  is  more  typical  of  young  adults,  and  these  changes  did  not  interfere  with  the  typical
random  walk  behavior  of  sway.  Our  results  suggest  that  auditory  noise  might  be valuable  for  therapeutic
and  rehabilitative  purposes  in  older  adults  with typical  age-related  balance  variability.

© 2016 Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

With aging comes an increased risk of falling. Falls lead to
eclines in health and reduced independence and mobility, espe-
ially in adults over 65 years of age [1,2]. It has long been posited
hat postural variability is greater in older adults, although the rea-
ons for that are varied [3]. In recent years, researchers have looked
nto ways of reducing this variability using a variety of means
4–9]. Balance control relies on continuous streams of multisensory
nformation from visual, vestibular, somatosensory and auditory
odalities [8–10], and is sensitive to changes in feedback in any
f these modalities [3,8–14]. It has been observed that tactile and
uditory noise can both lead to reductions in sway variability [4–7].

∗ Corresponding author at: Sensorimotor Neuroscience Laboratory, Cognitive &
nformation Sciences, University of California, Merced, 5200 N Lake Road, Merced,
A 95343, United States.

E-mail address: jross8@ucmerced.edu (R. Balasubramaniam).
1 http://www.rameshlab.com.
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304-3940/© 2016 Elsevier Ireland Ltd. All rights reserved.
A seminal study looked at the potential of stochastic resonance
for incorporation into fall prevention technologies [4–7]. Stochastic
resonance is when uncorrelated noise boosts transmission of weak
signals in threshold-based systems [15,16], and is known to play
a role in enhancing weak signals in the peripheral nervous system
[17–21]. Priplata and colleagues used vibrating insoles to reduce
sway variability in healthy elderly adults and adults with senso-
rimotor deficits due to peripheral and central causes [4–6]. The
mechanical noise produced by these insoles is at 90% of sensory
threshold, but these insoles are designed to use stochastic reso-
nance to increase sensory feedback from the feet. The increased
feedback from the feet gets incorporated into complex balance
control processes, leading to less variability in standing balance.

In a manner similar to somatosensory noise, auditory noise has
also been shown to reduce sway variability in cochlear implant
users [22] and healthy young adults [7], possibly due to a mech-

anism similar to stochastic resonance. Auditory noise has not been
used previously to reduce sway variability in older adults, but has
the potential to compensate for reduced sensory feedback due to
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isual, vestibular, somatosensory or auditory deficits [8,9,23,24]
hat lead to postural instability in this age group [25].

In the current experiment, we examined sway variability dur-
ng silence and while listening to auditory noise, with and without
ision, in young adults and adults over 65. We  hypothesized that
uditory noise would lead to reduced sway variability, even in the
bsence of vision in both age groups. In addition, we expected the
eduction to be greater in adults over 65 because of more variable
way [25] in all four conditions.

. Methods

.1. Participants

Fifteen healthy young adults (mean age 19.87 ± 2.10 years) and
fteen adults over the age of 65 (mean age 78.67 ± 7.73) of similar
eight (t(28) = 2.92, p = 1.44) and weight (t(28) = 2.43, p = 0.13) were
ecruited from the University of California, Merced student popula-
ion and the Merced local population, respectively. The older adult
articipants had a range of typical age-related impairments includ-

ng mild hearing loss (that did not interfere with conversational
peech), mild vision impairment (with corrective lenses), arthritis,
rthopedic conditions, nerve pain and history of heart attack. Young
dult participants had no hearing impairments, arthritis, ortho-
edic conditions, or neurological disorder. No subjects reported
ecent injuries or skeletomuscular disorders and all could stand
nassisted during the experiment. The experimental protocol was
arried out in accordance with the Declaration of Helsinki, reviewed
y the UC Merced IRB, and all participants gave informed consent
rior to testing.

All participants were screened for vision impairment using the
osenbaum Pocket Vision Screener, and were asked to complete a
tanding balance test (balancing on one leg at a time, three times
er leg) to screen for major balance problems that would put partic-

pants at increased risk for injury during the experimental protocol.
xperimenters and all participants were comfortable participat-

ng and did not feel unsafe completing the protocol. However,
here were group differences in ability to stand on one leg at a
ime, which we believe is representative of real-world differences
etween young and older adults. Young adults and older adults
iffered in the average amount of time they could balance on the

eft leg (t(28) = 9.84, p = 0.004) and on the right leg (t(28) = 8.62,
 = 0.007). The older adult participants completed the Falls Efficacy
cale- International (FES-I), a standard questionnaire designed to
uantify daily fear of falling in older adults [26,27]. Scores averaged
5.28 ± 9.18, indicating a range of fear spanning low concern, mod-
rate concern, and high concern. The protocol was  approved by the
nstitutional Review Board.

.2. Experimental protocol

Participants were asked to stand on a force platform in a
elaxed, comfortable standing position with their arms at their
ides while wearing headphones designed to reduce noise from
xternal sources. Participants were instructed to keep their eyes
n a black crosshair stimulus posted on the wall 229.0 cm in front
f them at approximately eye level for the eyes-open trials and to
eep their head facing forward and their eyes closed for the eyes-
losed trials. Conditions were presented in a randomized order.
rials lasted 30 s and were either accompanied by auditory white
oise (10 trials) or silence (10 trials). Postural sway data were col-
ected in a single session with 20 30-s trials of the four conditions
five trials each with eyes closed during silence, eyes open dur-
ng silence, eyes closed during noise, eyes open during noise). The
oise stimulus was generated using MATLAB to be a random sig-
tters 630 (2016) 216–221 217

nal with a constant spectral density, presented at 75 dB through
the headphones. Participants were exposed to the noise stimulus
prior to the experiment to verify that the noise stimulus was  not
uncomfortable for them.

2.3. Analyses

Center of pressure (CoP) was  sampled at 2000 Hz with an AMTI
Force and Motion platform (Optima BP400600-2000). The first 4 s of
each trial were removed to eliminate any potential startle response
the participants might have had to the stimulus onset. Raw data was
down sampled to FS = 50 Hz and normalized. Standard deviation
from mean CoP of anterior-posterior (A-P) and medial-lateral (M-
L) sway was  calculated for each time step, and radial sway (r) of the
CoP was calculated for each time step (i) using A-P (x) and M-L  (y)
components of sway following

ri =
√
x2
i

+ y2
i

Average A-P, M-L, and radial sway were calculated for each trial
and were used to assess variability in postural sway during the
trials [28]. Trial outliers outside ±2 standard deviations from each
subject’s mean were removed.

Radial sway in low- and high-frequency ranges was examined
separately to assess changes in slower and faster timescales of
postural control [11,25,29]. Filtering was performed using a dual-
pass, second-order Butterworth filter with a cutoff frequency of
0.3 Hz. The filter cutoff was  chosen based on van den Heuvel et al.
[29]. We  used low- and high-pass Butterworth filtering routines,
as in Yeh et al. [11,25], to decompose sway into low (<0.3 Hz)-
and high (>0.3 Hz)-frequency sway. Detrended fluctuation analy-
sis (DFA) was used to quantify the sway patterns over time. The
data were down sampled for this analysis to 25 Hz.

3. Results

3.1. Analysis of postural variability

A-P, M-L, and radial sway variability were reduced with the
addition of auditory noise (Fig. 1). Standard deviation in the A-P
and M-L  sway and radial sway was  compared across condition and
between groups using two-way analyses of variance (eyes closed
vs. open and silence vs. noise) with repeated measures, with age
group as the between subjects factor. We  found main effects of
vision (F(1,28) = 9.36, p = 0.005) and noise (F(1,28) = 5.93, p = 0.022)
on A-P sway, a main effect of noise (F(1,28) = 8.86, p = 0.006) on
M-L  sway, and main effects of vision (F(1,28) = 10.47, p = 0.003)
and noise (F(1,28) = 9.01, p = 0.006) on radial sway. We  did not
find any vision × noise interactions. We  found greater A-P sway
(F(1,28) = 21.27, p < 0.001) and radial sway (F(1,28) = 9.03, p = 0.006)
in the older adults than in the young adults. See Fig. 2 for radial sway
of young and older adults.

When variability in low (<0.3 Hz) and high-frequency (>0.3 Hz)
sway was  analyzed separately, we found reductions in sway vari-
ability in both frequency bands, indicating that vision and noise
can influence both feedback based and exploratory balance pro-
cesses. We  found a main effect of vision on low frequency A-P
sway (F(1,28) = 5.91, p = 0.022) and on high frequency A-P sway
(F(1,28) = 20.11, p < 0.001), a marginal effect of noise on low fre-
quency A-P sway (F(1,28) = 2.19, p = 0.073), and a strong effect
of noise on high frequency A-P sway (F(1,28) = 11.03, p = 0.003).
There was  a vision × noise interaction in high frequency A-P

sway, a between subjects effect in low frequency A-P sway
(F(1,28) = 13.69, p = 0.001) and marginally in high frequency A-P
sway (F(1,28) = 3.72, p = 0.064), with more A-P sway in older adults
than young adults.
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Fig. 1. Center of pressure displacement exhibited by representative young and olde
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(F(1,28) = 4.71, p = 0.039), and marginal effects of noise on A-P �
ig. 2. Radial sway variability in eyes closed/eyes open and silent/noise conditions
or young and older adults. Error bars represent ±1 standard error from the mean.

We  found a main effect of noise on low frequency (F(1,28) = 8.41,

 = 0.007) and high frequency (F(1,28) = 4.31, p = 0.047) M-L  sway,
nd a between subjects effect in low frequency M-L  sway
F(1,28) = 6.77, p = 0.015), with no vision × noise interactions.
r adult subjects with eyes closed and open and in silent and noise conditions.

In radial sway, there were main effects of vision on both
low (F(1,28) = 4.37, p = 0.046) and high (F(1,28) = 14.58, p = 0.001)
frequency radial sway, and main effects of noise on both low
(F(1,28) = 7.91, p = 0.009) and high (F(1,28) = 8.01, p = 0.008) fre-
quency radial sway. There were no vision × noise interactions,
and there was a between subjects effect in low (F(1,28) = 13.21,
p = 0.001) frequency radial sway, with a marginal between subjects
effect in high (F(1,28) = 3.71, p = 0.064) frequency radial sway. See
Fig. 3 for radial sway of young and older adults in low and high
frequencies.

3.2. Detrended fluctuation analysis

Detrended fluctuation analysis showed that all sway measures
(A-P, M-L, and radial) exhibit anti-persistent fractional Brown-
ian motion (fBm, 1 < � < 1.5). This semi-random walk pattern is
characteristic of postural sway [30–32]. Within this 1–1.5 range,
there were differences between conditions and subjects in �. The
value of � was compared across conditions and age group using a
two-way ANOVA (eyes closed vs. open and silence vs. noise) with
repeated measures, with age group as the between subjects factor.
We found higher � in older adults than in younger adults for A-
P sway (F(1,28) = 11.21, p = 0.002) and radial sway (F(1,28) = 7.63,
p = 0.010). We  found a main effect of noise on radial sway �
(F(1,28) = 3.65, p = 0.066) and M-L  � (F(1,28) = 2.98, p = 0.095), and
a vision × noise interaction for A-P � (F(1,28) = 12.15, p = 0.002).
Vision and noise reduce � so sway is more similar to that of healthy
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ig. 3. Radial sway variability in low (<0.3 Hz) and high (>0.3 Hz) frequency range
ars  represent ±1 standard error from the mean.

oung adults, while not interfering with the typical random walk
attern of postural sway.

. Discussion

We  clearly demonstrate reduced postural sway variability in
oung and older adults over 65 with auditory noise. This reduc-
ion in variability was present with and without vision. Standing
alance has been described using an inverted pendulum model,
here sway movements are dictated by the dynamics of the joints

nd muscles of the lower limbs [33,34]. However, a large body
f literature on postural sway shows that sensory information is

ncorporated into balance maintenance in real time [3,8–14,35],
nd that sensory feedback delays effect low and high frequency
omponents of sway differentially in both young [11,29] and older
dults [25], supporting that there are two timescales of sway that
eflect different balance processes [29,33]. Slower timescales of
way are thought to reflect drift of the inertial mass of the body,
t the center of mass [34], and are more susceptible to changes in
ensory feedback [11,25,29]. Faster timescales of sway are thought
o reflect smaller adjustments around the center of mass that are

ore directly related to joint rigidity and muscle tone [36,37].
ome researchers have argued that the faster timescale movements
ould be representative of anticipatory or exploratory processes
29]. Using low- and high-pass Butterworth filters with a cut-off
requency of 0.3 Hz, these two timescales of sway can be exam-
ned separately [11,25,29]. Our results show that auditory noise and
ision can influence both slower and faster timescale components
f sway. We  also show changes with auditory noise in nonlinear
atterns over time in older adults to reflect what is more charac-
eristic of young adults while maintaining the typical random walk
attern. These results support that auditory noise could be a valu-
ble aid for adults over 65 who suffer from instability by improving
alance without disrupting healthy balance processes.

Balance control relies on both exogenous and endogenous

uctuations–fluctuations with sources external to the body and
uctuations that are inherent in the control of balance [38]. Sources
hat have been shown to influence postural control that are exoge-
ous include changes in visual, auditory and tactile feedback
es closed/eyes open and silent/noise conditions for young and older adults. Error

[8–14,23,24,40–42]. Sources that could be considered endogenous
include cognitive load [11,39,43] and attention [44]. The tempo-
rally correlated nature of postural sway patterns is a reflection of
endogenous influences on balance control. Because stochastic res-
onance also relies on both endogenous and exogenous fluctuations,
the strength of the effect is influenced by a range of individual dif-
ferences and environmental factors. In addition, the strength of the
effect is also influenced by interactions between exogenous sig-
nals and the temporal correlations of endogenous fluctuations [38].
It would be very interesting to see the effect of cognitive load on
postural fluctuations in the presence of auditory noise.

In a re-analysis of Priplata et al. [5] by Kelty-Stephen & Dixon
[38], older adults’ postural sway patterns show an increase in
temporal correlations when compared with younger adults, and
temporal correlations in sway patterns moderate the stochastic
resonance effect of the vibrating insoles. Our data show a pro-
portionally greater reduction in sway variability when noise was
presented to older adults than young adults.

It is important to underscore that variability and stability in
standing balance do not necessarily have an inverse relationship,
as variability in sway patterns may  be needed for adaptability and
increased control in the presence of perturbations [45,46]. How-
ever, increased variability in standing balance has been linked with
increased likelihood of falls [47–51]. Our results support that a
reduction in variability with auditory noise is accompanied by
changes in nonlinear patterning that is more typical of healthy
young adults. Auditory noise reduces variability in young and older
adults and leads to sway patterns more typical of younger adults
while still maintaining a random walk pattern.

Stability can be understood as the coadjustment of local vari-
ability and serial correlation properties [52]. Amoud et al. [53]
found a similar pattern of group differences when analyzing COP
in young and older adults. In this study, DFA of sway from young
and older adults revealed higher H in the older adults’ sway than in
the younger adults’ sway. Higher H indicates more persistence, or
more correlation between successive points, and a lower H indi-

cates more anti-persistence in a signal. Anti-persistence can be
interpreted as more tightly controlled, or less resistant to changes
in COP displacement direction, which reflects adaptability of the
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ignal to change. Due to the direct relationship between H and �,
 lower � can be interpreted in the same way as a lower H. Our
FA results contribute to the question of variability and adapt-
bility by suggesting that the reduction in sway variability with
oise in the older adults is accompanied by increased adaptability.

mportantly, however, we emphasize that � was  between 1 and
.5 in all conditions; all sway was anti-persistent and the differ-
nces between groups show only differences between degree of
nti-persistence within this range. Auditory white noise did not
nterfere with the random walk property of sway, but might have
nfluenced adaptability as well as variability leading to increased
ostural stability.

It should be explored whether auditory white noise can be used
o reduce variability and adaptability in older adults with centrally
aused balance disorders, such as due to stroke or Parkinson’s dis-
ase. Finding similar variability reduction in these groups would
rovide evidence for the generalizability of the noise effect on
alance variability of different causes. It would also lend further
upport for stochastic resonance as a valid mechanistic explanation.
inally, practical application of auditory white noise for balance
hould be explored for therapeutic and rehabilitation purposes for
dults who suffer from balance instability.
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