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Abstract² This study was designed to assess the effectiveness 

of a Smartphone-based audio-biofeedback (ABF) system for 

improving balance in older adults. This so-FDOOHG� ³L%DODQFH-

$%)´�V\VWHP�that ZH�UHFHQWO\�GHYHORSHG�LV�³DOO-LQFOXVLYH´�LQ�WKH�

sense that its three main components of a balance prosthesis, (i) 

the sensory input unit, (ii) the processing unit, and (iii) the 

sensory output unit, are entirely embedded into the 

Smartphone. The underlying principle of this system is to 

supply the user with supplementary information about the 

medial-lateral (ML) trunk tilt relative to a predetermined 

DGMXVWDEOH�³GHDG�]RQH´ through sound generation in earphones. 

Six healthy older adults voluntarily participated in this pilot 

study. Eyes closed, they were asked to stand upright and to 

sway as little as possible in two (parallel and tandem) stance 

conditions executed without and with the use of the iBalance-

ABF system. Results showed that, without any visual 

information, the use of the Smartphone-based ABF allowed the 

older healthy adults to significantly decrease their ML trunk 

sway in the tandem stance posture and to mitigate the 

destabilizing effect induced by this particular stance. Although 

an extended study including a larger number of participants is 

needed to confirm these data, the present results are 

encouraging. They do suggest that Smartphone-based ABF  

system could be used for balance training and rehabilitation 

therapy in older adults. 

I. INTRODUCTION 

It is now well recognised that human balance and posture 
control during standing involve the integration of sensory 
information from diverse sources including visual, 
somatosensory and vestibular systems (e.g., [1]).  

One way to improve balance, especially when one of the 
above-mentioned sensory inputs becomes unavailable, 
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undermined or degraded, is to provide individuals with 
supplementary information UHJDUGLQJ� WKHLU� ERG\¶V�
displacements and orientations, in addition to these usual 
sensory cues. Based on the concept of sensory substitution 
initially introduced by Paul Bach-y-Rita [2], various 
biofeedback systems have been developed during the past 
decades (see [3-4], for recent reviews).  

We recently developed an original Smartphone-based 
audio-biofeedback (ABF) system for improving balance [5]. 
Interestingly, this so-FDOOHG� ³L%DODQFH-ABF´� V\VWHP� LV� ³DOO-
LQFOXVLYH´ in the sense that the three main components of all 
balance prosthesis, (i) the sensory input unit (i.e., inertial 
motion unit), (ii) the processing unit, and (iii) the sensory 
output unit (i.e., earphones) are here entirely embedded into 
the smartphone. The underlying principle of this system is to 
supply the user with supplementary information about the 
medial-lateral (ML) trunk tilt relative to a predetermined 
DGMXVWDEOH� ³GHDG ]RQH´� �'=�� WKURXJK� VRXQG� JHQHUDWLRQ� LQ 
earphones (see section II). In a pioneering proof-of-concept 
study [5], the effectiveness of this system in improving the 
control of bipedal posture in absence of visual cues and in a 
stance which enhances lateral postural instability, was 
assessed in twenty young healthy individuals. By showing 
diminished trunk tilt in the ML direction when the iBalance-
ABF was in use relative to when it was not, results of this 
study showed that young healthy individuals were able to 
efficiently use ABF on sagittal trunk tilt to improve their 
bipedal stance in the ML direction. Now, from clinical and 
rehabilitive perspectives, investigating whether the beneficial 
effect observed in young healthy adults also occurs across 
people showing less accurate postural capacities and for 
whom the consequences of an impaired balance could be 
more dramatic, becomes crucial.  

The present study was specifically designed to address 
this issue by assessing the effects of iBalance-ABF system 
on upright postural control in older adults, known to 
constitute one of the largest groups of patients at risk for falls 
[6-8].  

This paper is organized as follow. Sections II and III 

present the experimental procedure and results of  this study 

designed to assess the effectiveness of the iBalance-ABF 

system on older adults population, respectively. Section IV 

discusses the obtained results and draws conclusions and 

some directions to extend our work. 

II. MATERIALS AND METHODS 

A. Participants  

Six healthy elderly (age: 62.7 ± 2.7 kg; height: 

173.0 ± 9.1 cm; weight: 86.2 ±9.1 kg, mean ± SD) 
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volunteered for the present study. They gave their written 

informed consent to the experimental procedure as required 

by the Declaration of Helsinki and the local Ethics 

Committee after the nature of the study had been fully 

explained. 

Inclusion criteria consisted of people who were 60 years 

of age and older, able to stand and walk without any 

assistance and living independently in their own 

accommodation.  

Participants were characterized as healthy older adults 

based on the Activities-specific Balance Confidence Scale 

[9], the Berg Balance Scale [10] and the Mini Mental State 

Examination [11]. Persons with musculoskeletal problems, 

defects in the peripheral sensory system of the lower 

extremities, vascular pathology, neurologic disorders, 

vestibular impairment, or hearing deficits were excluded, as 

were those with current use of medication that could affect 

their balance and those with a history of falls. A fall was 

defined as an event resulting in a person inadvertently 

coming to rest on the ground or another lower level. 

B. Tasks and procedures  

Participants wore the Smartphone mounted in a belt on 

the posterior low back at the level of L5 vertebra and a pair 

of earphones throughout the experiment. 

The iBalance-ABF system used in the present experiment 

has recently been developed [5] as a home-based balance 

Telemonitoring and Telerehabilitation system which allows 

accomplishing the following three complementary tasks:  

(1) quantitatively and objectively assessing the 

LQGLYLGXDO¶V� EDODQFH� DELOLW\� UHPRWHO\� DQG� LQ� UHDO-time in 

his home environment ;  

(2) automatically and adaptively creating a customized 

balance training program by adaptively configuring and 

tuning the system BF parameters based on each 

LQGLYLGXDO¶V� DELOLW\�SURJUHVV�needs/preferences and/or 

goals ; 

(3) tracking LQGLYLGXDO¶V� SURJUHVV� KLVWRU\� DQG�

compliance in order to improve quality of care (see figure 

1 of [5]). 

The architecture and the functioning principle of the 

iBalance-ABF system used in this study have been detailed 

in a previous report [5]. Only the main points will thus be 

evoked here. In summary, as mentioned above, the 

underlying principle of this system is to provide the user 

additional information about his/her ML trunk tilt relative to 

D� SUHGHWHUPLQHG� DGMXVWDEOH� ³GHDG� ]RQH´. In the present 

experiment, ML bounds of the DZ were set to 1° around the 

mean RI�WKH�SDUWLFLSDQW¶V�WUXQN�position in the ML direction 

recorded for 5 s preceding each experimental trial.  

The three-dimensional trunk motions were computed, 

using Kalman filtering over the 9 dimensions of the signals 

from the 3 MEMS sensors (a 3D accelerometer, an 

integrated 3D gyroscope and a 3D magnetometer) embedded 

in the Smartphone (Apple iPhone 4).  

Furthermore, as illustrated in Fig. 1, to avoid an overload 

of sensory information presented to the user, a simple and 

intuitive coding scheme for the ABF, consisting in a 

³WKUHVKROG-DODUP´�W\SH�RI�IHHGEDFN�UDWKHU�WKDQ�D�FRQWLQXRXV�

feedback about ongoing trunk orientation, was used:  

(1) when the ML trunk orientation was determined to 

be within the DZ, no ABF was provided to any of the two 

earphones;  

(2) for the entire time the ML trunk orientation was 

determined to be outside the DZ, ABF provided a sound 

to either the left or the right earphone depending on 

whether the actual trunk orientation was exceeding the DZ 

in either the left or right direction, respectively. 

Participants were asked to stand barefoot with their arms 

FORVH� WR� WKHLU� WUXQN�DQG� WKHLU�H\HV�FORVHG��3DUWLFLSDQW¶V� WDVN�

was to sway as little as possible in two stance conditions: (1) 

feet parallel 10 cm apart �³Parallel stance´ condition) and (2) 

feet heel to toe �³7andem stance´� FRQGLWLRQ). These two 

stance conditions were executed under 2 experimental 

conditions: (1) No audio-biofeedback (³1R-$%)´ condition) 

and (2) Audio-biofeedback (³$%)´ condition). The No-ABF 

condition served as a control condition. In the ABF 

condition, participants executed the postural task using the 

iBalance-ABF system. Our aim here was to assess the 

effectivness and the usability of the iBalance-ABF system by 

elderly persons.  

Before the experiment, participants performed two 

practice trials in the Parallel stance and Tandem stance, with 

and without the use of ABF. The purpose of these practice 

trials was for the participants to ensure that they had become 

familiar with standing with the postural stances and that they 

had understood how the trunk information was coded into 

the ABF sound. Data from these practice trials were not 

considered in the analyses.  

Three 30-s trials for each experimental condition (1) 

Parallel / No-ABF, (2) Parallel / ABF, (3) Tandem / No-ABF 

and (4) Tandem / ABF were performed. The order of 

presentation of the 4 experimental conditions was 

randomized. Participants were not informed about their 

postural performances.  

D. Data analysis  

7KUHH� SDUDPHWHUV� ZHUH� XVHG� WR� GHVFULEH� SDUWLFLSDQW¶V�
postural behavior:  

 
Fig. 1. Algorithm of measurement and biofeedback activation [5]. 
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(1) the percentage of time that the trunk tilt was within 
the specified angle limits (%Time-DZ in %);  

(2) the root mean square of trunk tilt in the ML and AP 
(Anterior-Posterior) directions (RMS in degree) as a measure 
of the amount of trunk sway ; and  

(3) the mean power frequency of trunk tilt in the ML and 
AP directions (MPF in Hz) calculated from the power 
spectral density of trunk tilt. 

E. Statistical analysis  

The means of the three trials performed in each 
experimental condition were used for statistical analyses. To 
evaluate the effect of ABF on the control of posture during 
bipedal standing, %Time-DZ, ML RMS, AP RMS, ML MPF 
and AP MPF were subjected to separate two-tailed paired-
samples t-tests. The threshold for statistical significance was 
set to P < 0.05. 

III. RESULTS 

A. Percentage of time within the DZ 

As illustrated in Fig. 2, analysis of the %Time-DZ 
showed: (1) in the Parallel stance condition, no significant 
difference between the No-ABF and the ABF experimental 
conditions (P>0.05), whereas (2) in the Tandem stance 
condition, a significant increased %Time-DZ value in the 
ABF relative to the No-ABF experimental condition 
(P<0.01).  

Analysis of the %Time-DZ further showed, in both No-
ABF and ABF experimental conditions, significant 
decreased %Time-DZ values in the Tandem stance condition 
relative to the Parallel stance condition (P<0.05), with this 
effect being less pronounced in the ABF (P<0.01) than in the 
No-ABF experimental condition (P<0.001).  
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Fig. 2. Mean and standard error of mean of the percentage of time that the 

trunk tilt was within the DZ (%) measured in the two stances (parallel and 

tandem) and the two ABF conditions (No-ABF and ABF) (P values for 

comparison between No-ABF and ABF conditions are reported: 

NS: P>0.05; **: P<0.01.) 

 

B. Root mean square of trunk tilt 

As illustrated in Fig. 3, analysis of the ML RMS showed: 
(1) in the Parallel stance condition, no significant difference 
between the No-ABF and the ABF experimental conditions 
(P>0.05), whereas (2) in the Tandem stance condition, a 
significant decreased ML RMS value in the ABF relative to 
the No-ABF experimental condition (P<0.05).  

Analysis of the ML RMS further showed, in both No-
ABF and ABF experimental conditions, significant increased 
ML RMS values in the Tandem stance condition relative to 
the Parallel stance condition (P<0.05), with this effect being 
less pronounced in the ABF (P<0.01) than in the No-ABF 
experimental condition (P<0.001). 

Analysis of the AP RMS showed no significant 
difference in both Parallel and Tandem stance condition 
(P>0.05). 

C. Mean power frequency of trunk tilt 

As illustrated in Fig. 4, analysis of the ML MPF showed: 
(1) in the Parallel stance condition, no significant difference 
between the No-ABF and the ABF conditions (P>0.05), 
whereas (2) in the Tandem stance condition, significant 
increased ML MPF value in the ABF relative to the No-ABF 
experimental condition (P<0.05).  

Analysis of the ML MPF further showed, in both No-
ABF and ABF experimental conditions, significant increased 
ML RMS values in the Tandem stance condition relative to 
the Parallel stance condition (P<0.05), with this effect being 
less pronounced in the ABF (P<0.01) than in the No-ABF 
experimental condition (P <0.001). 

Analysis of the AP MPF showed no significant difference 

between the No-ABF and the ABF experimental conditions 

in both Parallel and Tandem stance condition (P>0.05). 
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Fig. 3. Mean and standard error of mean of the trunk tilt root mean square 
in the medio-lateral direction (°) measured in the two stances (parallel and 
tandem) and the two ABF conditions (No-ABF and ABF) (P values for 
comparison between No-ABF and ABF conditions are reported: 
NS: P>0.05; *: P<0.05.) 
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Fig. 4. Mean and standard error of mean of the trunk tilt mean power 
frequency in the medio-lateral direction (Hz) measured in the two stances 
(parallel and tandem) and the two ABF conditions (No-ABF and ABF) 
(values for comparison between No-ABF and ABF conditions are reported: 
NS: P>0.05; *: P<0.05.) 

IV. DISCUSSION 

Following the goal of assessing the effectiveness of a 

Smartphone-based audio-biofeedback system on the control 

of bipedal posture, six healthy older adults were asked to 

stand upright with their eyes closed and to sway as little as 

possible in 2 parallel and tandem conditions, executed 

without and with the use of the so-called iBalance-ABF 

system.  

On the whole, results showed that, in the absence of visual 

information, the use of the Smartphone-based ABF on 

sagittal trunk tilt allowed the older healthy adults to 

significantly decrease their ML trunk sway in the Tandem 

stance posture and to mitigate the destabilizing effect 

induced by the adoption of this particularly challenging 

stance relative to a more natural parallel stance.  

Regarding the immediate effect of ABF on the control of 

bipedal posture, our results are in line with the existing 

literature. Indeed, it has previously been reported that 

auditory information related to trunk movement allowed 

healthy individuals and labyrinthine-defective patients to 

increase postural stability when sensory information from 

both vision and the surface were compromised by eye 

closure and stance on foam [12-13]. Our results extended 

this existing literature to a population of healthy older adults. 

At this point, a key limitation of the present study is the 

small sample size and an extended study including a large 

number of participants is crucially needed to confirm these 

preliminary data. However, we strongly believe that the 

present findings are promising. They hence suggest that the 

augmented sensory information about the ML trunk tilt 

relative to a predetermined adjustable DZ through sound 

generation in earphones could substitute for the absence of 

visual spatial reference system, known to play a major role in 

the balance control and prevention of falls, especially in 

elderly [7,14-15] to ensure adequate bipedal posture in 

healthy older adults. They further suggest that this innovative 

Smartphone-based audio-biofeedback system could be used 

for balance training and balance rehabilitation therapy in 

older adults. Work is currently underway to address these 

issues. 

ACKNOWLEDGMENT 

This work is dedicated to the memory of Professor Paul 

Bach-y-Rita. Paul has been for us more than a partner or a 

supervisor: he was a master inspiring numerous new fields of 

research in many domains of neurosciences, biomedical 

engineering and physical rehabilitation. The authors would 

also like to thank the volunteers of this experimentation. 

REFERENCES 

[1] J. Massion�� ³3RVWXUDO� FRQWURO� V\VWHP�´ Curr Opin Neurobiol, vol. 4, 

pp. 877-87, 1994. 

[2] P. Bach-y-Rita, C. Collins, F. Saunders, B. White, and L. Scadden, 

³9LVLRQ� VXEVWLWXWLRQ� E\� WDFWLOH� LPDJH� SURMHFWLRQ�´�Nature, vol. 221, 

pp. 963-4, 1969. 

[3] R.P. Van Peppen, M. Kortsmit, E. Lindeman, and G. Kwakkel, 

³Effects of visual feedback therapy on postural control in bilateral 

standing after stroke: a systematic review�´�J Rehabil Med, vol. 38:1, 

pp.3-9. Review, 2006. 

[4] A. Zijlstra, M. Mancini, L. &KLDUL� /�� DQG�:��=LMOVWUD�� ³%LRIHHGEDFN�

for training balance and mobility tasks in older populations: a 

V\VWHPDWLF�UHYLHZ�´�J Neuroeng Rehabil, vol. 9;7:58. 2010 Review. 

[5] C. Franco, A. Fleury, P.Y. Gumery, B. Diot, J. Demongeot, and N. 

9XLOOHUPH��³iBalance-ABF: A Smartphone-Based Audio-Biofeedback 

%DODQFH� 6\VWHP�´� IEEE Trans Biomed Eng, vol. 60:1, pp. 211-5, 

2013. 

[6] $��0RUULVRQ��7��)DQ��6�6��6HQ��DQG�/��:HLVHQIOXK��³(SLGHPLRORJ\�RI�

falls and osteoporotic fractures: a systematic review,´� Clinicoecon 

Outcomes Res. vol. 5, pp. 9-18, 2013. 

[7] A. Skalska, B. Wizner, K. Piotrowicz, A. Klich-5�F]ND�� (��.OLPHN��

0�� 0RVVDNRZVND�� 5�� 5RZL�VNL�� (�� .R]DN-6]NRSHN�� $�� -y(ZLDN�� -��

*�VRZVNL�� DQG� 7�� *URG]LFNL�� ³7KH� SUHYDOHQFH� RI� IDOOV� DQG� WKHLU�

relation to visual and hearing impairments among a nation-wide 

cohort of older Poles,´�Exp Gerontol. 2012. 

[8] S. Yoshida, ³A Global Report on Falls Prevention ± Epidemiology of 

Falls�´ World Health Organisation. Available online. 

[9] L.E. Powell, and A.M. Myers. ³7KH� Activities-specific Balance 

ConfiGHQFH� �$%&�� 6FDOH�´� J Gerontol A Biol Sci Med Sci., vol. 

50A(1), pp. M28-34. 1995; 

[10] K.O. Berg, S.L. Wood-Dauphinee, J.I. Williams, and B. Maki, 

³Measuring balance in the elderO\��YDOLGDWLRQ�RI�DQ�LQVWUXPHQW�´ Can 

J Public Health, vol. 83:2, pp. S7-11, 1992. 

[11] M.F. Folstein, S.E. Folstein, P.R. McHugh, ³Mini-mental state. A 

practical method for grading the cognitive state of patients for the 

clinician�´ J Psychiatr Res, vol. 12, pp. 189-98, 1975. 

[12] 0��'R]]D��/��&KLDUL��DQG�)�%��+RUDN��³$XGLR- biofeedback improves 

EDODQFH� LQ� SDWLHQWV� ZLWK� ELODWHUDO� YHVWLEXODU� ORVV�´� $rch Phys Med 

Rehabil, vol. 86, pp. 1401-03, 2005. 

[13] M. Dozza, L. Chiari, B. Chan, L. Rocchi, F.B. Horak, and A. 

&DSSHOOR�� ³,QIOXHQFH� RI� D� SRUWDEOH� DXGLR-biofeedback device on 

structural properties of postural sway,´�-�1HXURHQJ�5HKDELO, vol. 2:3, 

2005. 

[14] A. Black, and J. Wood��³Vision and falls�´ Clin Exp Optom, vol. 88:4, 

pp. 212-22, 2005. 

[15] A. Skurvidas, V.J. Cesnaitiene, D. Mickeviciene, B. Gutnik, J. 

Nicholson, and G. Hudson��³Age-related changes in force and power 

associated with balance of women in quiet bilateral stance on a firm 

surface,´�Homo, vol. 63:2, pp. 114-25, 2012. 

1201


	MAIN MENU
	Help
	Search
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

