
R E V I E W

Usefulness of Mobile Devices in the Diagnosis and 
Rehabilitation of Patients with Dizziness and 
Balance Disorders: A State of the Art Review

This article was published in the following Dove Press journal: 
Clinical Interventions in Aging

Anna Gawronska 1 

Anna Pajor2 

Ewa Zamyslowska-Szmytke3 

Oskar Rosiak 1 

Magdalena Jozefowicz- 
Korczynska 1

1Balance Disorders Unit, Department of 
Otolaryngology, Medical University of 
Lodz, The Norbert Barlicki Memorial 
Teaching Hospital, Lodz, Poland; 
2Department of Otolaryngology, Head 
and Neck Oncology, Medical University 
of Lodz, The Norbert Barlicki Memorial 
Teaching Hospital, Lodz, Poland; 3Balance 
Disorders Unit, Department of 
Audiology and Phoniatrics, Nofer 
Institute of Occupational Medicine, Lodz, 
Poland 

Objective: The gold standard for objective body posture examination is posturography. 
Body movements are detected through the use of force platforms that assess static and 
dynamic balance (conventional posturography). In recent years, new technologies like 
wearable sensors (mobile posturography) have been applied during complex dynamic activ-
ities to diagnose and rehabilitate balance disorders. They are used in healthy people, 
especially in the aging population, for detecting falls in the older adults, in the rehabilitation 
of different neurological, osteoarticular, and muscular system diseases, and in vestibular 
disorders. Mobile devices are portable, lightweight, and less expensive than conventional 
posturography. The vibrotactile system can consist of an accelerometer (linear acceleration 
measurement), gyroscopes (angular acceleration measurement), and magnetometers (heading 
measurement, relative to the Earth’s magnetic field). The sensors may be mounted to the 
trunk (most often in the lumbar region of the spine, and the pelvis), wrists, arms, sternum, 
feet, or shins. Some static and dynamic clinical tests have been performed with the use of 
wearable sensors. Smartphones are widely used as a mobile computing platform and to 
evaluate the results or monitor the patient during the movement and rehabilitation. There are 
various mobile applications for smartphone-based balance systems. Future research should 
focus on validating the sensitivity and reliability of mobile device measurements compared 
to conventional posturography.
Conclusion: Smartphone based mobile devices are limited to one sensor lumbar level 
posturography and offer basic clinical evaluation. Single or multi sensor mobile posturogra-
phy is available from different manufacturers and offers single to multi-level measurements, 
providing more data and in some instances even performing sophisticated clinical balance 
tests.
Keywords: mobile posturography, dizziness, imbalance, clinical tests with sensors, 
telephone applications, older adults

Introduction
The aging of the balance system presents as dizziness, disequilibrium, and vertigo. 
It causes stress and isolation, and it results in a reduction of physical activities in the 
older adults due to an increased risk of falling. Community surveys show dizziness 
affects more than 30% of people over 70 and it is one of the most commonly 
reported medical complaints, affecting 15–35% of the adult population.1 Saber 
Tehrani et al2 stated that in 2011, there were an estimated 3.9 million visits to U. 
S emergency departments for complaints of dizziness or vertigo. In a review of 16 
studies on the economic evaluation of vertigo, up to 9.6 visits were reported 
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annually at the primary care provider, up to 7.2 visits to 
a specialist, and there were up to 6 instrumental diagnostic 
procedures.3 Epidemiological data indicate a higher pre-
valence among women (27%) than men (14%), and an 
increase in prevalence with age.4 In a US study, the 
national costs for patients presenting with dizziness to 
emergency departments were estimated to exceed 
$4 billion per year. Of those, 25.7% were of otologic/ 
vestibular origin.2

For many years, posturographic examination was con-
sidered the golden standard for objective body posture 
examination. It is based on an inverted pendulum model 
and the Center of Pressure (COP) is assumed to be the free 
end of the pendulum. Tracking the displacement of the 
COP projection in a two-dimensional plane is done by 
registering the pressure of the feet on a posturographic 
platform, which is read by detectors, converted into 
a digital signal, and transmitted to a computer. There is 
no international consensus as to which of the parameters 
describing the displacement of COP have significant clin-
ical value in the diagnosis of balance disorders.5 The 
literature emphasizes the value of the Center of Mass 
(COM) test and determining the relationship of COM to 
COP. There is also doubt regarding the significance of the 
COP evaluation on a posturographic platform in static 
conditions. A further development of this research method 
is computerized dynamic posturography, in which the 
researcher can force ground motions and change the visual 
reference points, thereby enabling the clinician to assess 
the patient’s compensatory mechanisms by analysing COP 
displacements. This type of posturography allows for 
a more functional assessment of the range of postural 
stability as well as the dependence of the equilibrium 
system on information from the vision organ.

In recent years, new technologies have been applied in 
many disciplines for health monitoring, especially in phy-
sical activity assessment, specifically miniaturized wear-
able, body-fixed motion devices such as switches, 
pedometers, actometers, goniometers, accelerometers, and 
gyroscopes.6 These new inventions contributed to the 
development of mobile posturography, which enables 
COM testing during complex dynamic activities – both 
everyday life tasks and in clinical/laboratory conditions. 
Mobile posturography can also be utilized in assessing 
balance disorders and patient rehabilitation.7 It is espe-
cially aimed at older patients, as the aging of the world’s 
population and the increasing number of active old people 
demand new non-invasive methods to evaluate balance 

and gait disorders. New wearable devices could predict 
falls and make it possible to introduce training programs 
tailored to older adults. It could not only improve the well- 
being of the aging population, but it could also have 
additional economic and social benefits.

The aim of this state of the art review is to present the 
usefulness of various mobile devices as cutting edge tech-
nology which could replace conventional posturography in 
the diagnosis and rehabilitation of dizziness and balance 
instability. We focused only on devices which had at least 
trunk worn sensor, as the trunk is proposed to be the most 
optimal region for single sensor mobile posturography. We 
also analysed the possibility of performing static and 
dynamic clinical tests with the use of mobile devices.

Types of Mobile Devices
Various types of mobile devices have been described in 
balance disorders diagnosis and treatment. We have sum-
marized the information on mobile devices, with at least 
one trunk worn sensor, available from literature in Table 1. 
A commercially available device, the VertiGuard® D/RT 
system (VestiCure GmbH, Germany, now Otocure GmbH, 
Metzingen, Germany), was frequently used. It is a waist- 
worn vibrotactile system that consists of two gyrometers 
and a battery-driven main unit fixed on a belt at the COM. 
It records the angular acceleration of the patient’s body in 
the sagittal and horizontal planes during the patient’s daily 
tasks.8 The system is available in a diagnostic (D) version 
and a more complex therapeutic (RT) version, which has 
additional vibrators on the front, back, left, and right sides 
that can induce vibrotactile feedback signals.9 The 
VertiGuard® device was used in balance rehabilitation in 
the older adults population and to assess body sway in 
patients with chronic uncompensated vestibular 
disorders.7,10 Its use was further extended to balance train-
ing with neurofeedback in patients with different balance 
disorders (like canal paresis, otolith disorder, peripheral 
vestibular impairment after removal of an acoustic neu-
roma, microvascular compression syndrome, Parkinson’s 
disease (PD), or presbyvertigo) and in identifying fallers in 
PD.9–11

The SwayStar™ system (Balance International 
Innovations GmbH, Iseltwald, Switzerland, and BESTec- 
etp GmbH, Germany) is another commercially available 
mobile device, which is mounted on a belt at the back. It 
has two angular velocity transducers oriented in roll and 
pitch planes, and it directly measures the angular devia-
tions of the trunk near the COM (around L3-L5).12,13 It 
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can be equipped with an additional vibrotactile and audi-
tory biofeedback unit – Balance Freedom™ – in which 
signal transducers are mounted on a head-band.12 Faraldo- 
Garcia et al14 established population age-adjusted refer-
ence values for the Sway Star system. The test results can 
be summarized with an option called balance control sum-
mary, which is an analysis of 14 balance tests.

Some researchers have used Opal, another commercial 
wearable system with inertial sensors, with the associated 
Mobility Lab™ Software (APDM, Inc. Portland, OR, USA, 
https://apdm.com).15–19 The system consists of up to six 
sensors, each containing 3-axis accelerometers, 3-axis 
gyroscopes, and 3-axis magnetometers. The sensors are 
attached to the wrists, arms, sternum, lumbar region, feet, 
and shins. Clinical tests, like the instrumented Timed Up 
and Go, Two-minute Walk, and Postural Sway tests can be 
performed using Mobility Lab™.16 Sankarpandi et al18 

demonstrated good to excellent test-retest reliability of the 
instrumented tests (iTUG, iSway) using the Opal-Mobility 
Lab™ system in 27 patients with uni/bilateral vestibular 
loss. The system was validated for gait analysis in young 
children. Compared with 3D motion capture, the temporal 
parameters were similar between the two systems, but the 

spatial ones may be used with a correction.19 The Mobility 
Lab™ system was also used in monitoring balance and gait 
in PD.16,17

A few authors have used Dynaport MiniMod Hybrid® 

(McRoberts BV, The Hague, The Netherlands, https:// 
www.mcroberts.nl/). This device is fixed on a belt at the 
lower back (at the level of L4-5), and it consists of a tri- 
axial accelerometer and a tri-axial gyroscope.17,20 It was 
tested in older adults to assess the strategies used to 
counteract imbalance during unsupported standing and to 
evaluate mobility performance and its correlation with 
Parkinsonian gait.20,21 Iluz et al22 recorded data in 40 
patients with PD using Dynaport, and they developed an 
algorithm for objective and automated detection of mis-
steps in these patients’ daily lives, which may contribute to 
the early identification of fallers.

Another solution used in research is the Xsens device 
(Xsens, Enschede, The Netherlands www.xsens.com), 
which is composed of six body-worn sensors, each con-
sisting of a 3-dimensional gyroscope and a tri-axial 
accelerometer.23 This device was used in a study by 
Spain et al24 who recorded balance in MS patients with 
normal walking speed compared to healthy controls. They 

Table 1 Type of Mobile Devices

Location Name Placement Sensors Main Application References

One level 
sensors

Dynaport MiniMod 
Hybrid®

Lower back ACC 
GYR

Balance diagnostics gait analysis 
identification of fallers

[17,20–22]

VertiGuard® D/RT 
system

Lower back GYR Rehabilitation balance diagnostics 
identification of fallers

[7–11]

BalanceBelt Lower back ACC 
GYR

Rehabilitation [32]

Multi-levels 

sensors

Movit® sensor Obligatory: lower back 

Optional: thighs, shanks, feet

ACC 

GYR

Balance diagnostics gait analysis [33]

The SwayStar™ 

system

Obligatory: lower back 

Optional: head

GYR Balance diagnostics [12–14]

APDM’s Opal- 

Mobility Lab™

Lower back, wrists, arms, 

sternum, legs, feet

ACC 

GYR 

MAG

Balance diagnostics gait analysis balance 

monitoring

[15–19]

Xsens device Lower back, head, trunk, wrists, 

arms, legs, feet

ACC 

GYR

Balance diagnostics [23,24]

Physilog® Lower back, trunk, wrists, legs, 

feet

ACC 

GYR 
MAG

Gait analysis [25]

Abbreviations: ACC, accelerometer; GYR, gyroscope; MAG, magnetometer.
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observed that body-worn sensors can detect early mobility 
changes in contrast to stopwatch timed tests. Physilog® 

(GaitUp, Lausanne, Switzerland https://gaitup.com/), an 
inertial measurement unit (IMU) sensor in its latest version 
as Physilog®6, is a 10D sensor that includes a high-quality 
3D accelerometer, 3D gyroscope, 3D magnetometer, and 
a barometric pressure sensor. The manufacturer developed 
additional research software, the PhysiGait Lab, specifi-
cally for gait analysis (assessing 26 parameters) in move-
ment science and neurology (PD, stroke, SM). These 
sensors are attached to each wrist, one on each shank, 
and one on the trunk, complemented with one device on 
each foot and one on the back (lumbar 3); they were used 
in post-stroke patients to verify the validity of the iTUG 
test.25

In balance diagnostics and rehabilitation, many differ-
ent prototype mobile devices have been developed.26–31 

Kingma et al32 proposed the BalanceBelt (Elitac 
Wearables, Utrecht, The Netherlands) worn around the 
waist. It is a vibrotactile system with sensors (6 DOF- 
accelerometer and gyroscope) fixed at the back and 12 
tactors positioned in a belt equally distributed around the 
belt. An inclination of more than 2.5 degrees in any 
direction will activate a tactor, sending a vibration to the 
patient. The system was tested on patients with severe 
bilateral vestibular loss, and a significant improvement in 
daily life was observed in 23 out of 39 patients. 
Alessandrini et al33 used a Movit® sensor (Captiks Srl, 
Rome, Italy; http://www.captiks.com/) with 3D acceler-
ometers mounted on the posterior trunk near the COM. 
Movit System G1 is a wearable wireless system for motion 
capture and analysis. The authors confirmed the correla-
tion between the parameters measured by mobile devices 
and forceplate-based posturography in patients with uni-
lateral vestibular failure and in healthy subjects.33

Types and Location of Sensors
Wearable sensors used for body motion assessment may be 
categorized as inertial motion sensors and plantar force 
sensors.34 Many devices use accelerometers (linear accel-
eration measurement), gyroscopes (angular acceleration 
measurement), and magnetometers (heading measurement 
relative to the Earth’s magnetic field).35 They are often 
based on microelectromechanical systems (MEMS), which 
enabled the development of miniaturized inertial sensors – 
a key technology in the process of making wearable 
devices smaller, lighter, and more comfortable.36 In 
a review of 26 balance studies in PD, 69% of researchers 

used triaxial accelerometers, 27% – inertial sensors, and 
4% – other types of sensors (1D and 2D gyroscopes).37

Similar data were reported by other authors; thus, the 
accelerometer was the most often used sensor (70%) in the 
group of single-sensor devices.38 It was used as the only 
inertial sensor in 70% of the 40 studies reviewed by 
Howcroft et al39 for fall risk assessment in people aged 
60 and over, while accelerometers and gyroscopes were 
used in 27.5% of studies. Rucco et al38 pointed out that 
some features of the accelerometer, such as its low cost, 
small size and weight, long-lasting batteries, and the num-
ber of commercially available solutions, have contributed 
to it being used the most frequently in mobile devices.

A tendency to reduce the number of sensors in mobile 
devices has been observed, so the devices can be more 
easily adopted by older patients. Regarding the number of 
sensors, in a review of 42 articles on the type and location 
of wearable sensors in healthy aged people, one sensor 
was used in 16 papers, two sensors were used in 17 papers, 
and three or more simultaneous sensors were used in only 
nine papers.38

Sensors in mobile devices are mounted on various parts 
of the body, but most often on the trunk (the lumbar region 
of the spine or the pelvis), and less often on the lower 
limbs, the head, upper limbs, and the chest. The lower 
back was the only location of sensors in 60–65% of 
studies.38,39 However, in 30%, sensors were placed on 
the feet (as pressure sensors within shoes), using two or 
three sensors.38

In a study by Özdemir,40 14 healthy young volunteers 
wearing six sensors attached to different body parts parti-
cipated in 16 types of daily activities and 20 types of falls 
(so, the dataset consists of 2520 movements). It was 
demonstrated that the waist is the best region for a single 
sensor location on the body for wearable fall detection 
systems, with an average 98.42% accuracy by six machine 
learning techniques. It was followed by a thigh sensor 
(97.89% accuracy), ankle sensor (97% accuracy), head 
sensor (96.61% accuracy), and chest sensor (96.5% accu-
racy). The least accurate was the wrist-mounted sensor 
(94.92% accuracy). The trunk is considered the optimal 
place for the location of the sensors because, in this posi-
tion, the sensor is the closest to the COM.41 There are 
some doubts as to the position of sensors on the head 
because although the vestibular system is located in this 
region, the accuracy of the sensors was lower than for the 
trunk.40 However, in older people, the head-based model 
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was better at classifying fallers, and multi-sensor models 
were better at classifying non-fallers.42

Instrumented Static and Dynamic 
Clinical Tests
Clinicians are constantly looking for objective methods to 
quantitively evaluate balance deficit for diagnosis and 
therapy. Computerized systems such as posturography 
and wearable inertial sensors could provide more sensitive, 
specific, and repetitive testing in clinical practice. 
A serious disadvantage of such complex systems, such as 
CDP and gait laboratories, is that they are very expensive, 
and they require a large room and trained staff to perform 
the tests, which limits their availability to tertiary refer-
ence centres.

The Romberg test is one of the most commonly used 
clinical bedside examinations of postural stability. The 
iSway is an instrumented Romberg test obtained from 
wearable signals (accelerometers or gyroscopes) placed 
on, eg, the trunk, which measure the patient’s sway. It 
provides useful quantitative information on postural bal-
ance, which can substitute clinical balance scales. It is 
used for screening for balance problems and vestibular 
disorders. The most frequent variation is the double leg 
stance for 30 s with eyes open and closed, although some 
authors also include different surface conditions, such as 
standing on a firm and foam surface, or a different stance, 
eg, tandem, semi-tandem, or single-leg stance. There is 
evidence that the results of sway tests from iSway using 
body-worn accelerometers (ACC) are useful and compar-
able with posturographic evaluation. Mancini et al43 per-
formed tests on subjects with early PD and on controls, in 
which they measured and compared the postural sway 
from the force plate and iSway using a body-worn ACC. 
They suggest that iSway measurements are more sensitive, 
reliable, and valid for characterizing posture control in PD 
subjects. Sankarpandi et al18 recorded iSway results 
(Mobility Lab™) for 27 patients with vestibular deficit 
and concluded that this wearable system identified and 
distinguished fallers from non-fallers.

Another standing balance test performed with wearable 
inertial sensors is the balance error scoring system 
(BESS). The standard protocol includes three different 
stances: feet together, one foot, and tandem stance on 
two different types of surface – firm and foam (six condi-
tions in total). A modified, shorter version of the BESS 
(mBESS) includes three different stances but limited only 

to a firm surface. In the BESS test, the examiner notes the 
failures according to the standardized balance errors list, in 
each 20-second trial, and scores them appropriately.44,45

Brown et al44 validated an algorithm to objectively 
measure BESS using a wireless inertial sensor on the 
forehead in healthy subjects. Their preliminary results 
suggest that an instrumented mBESS test may provide 
enough balance information to predict total BESS scores. 
King et al45 also analysed the BESS test in adolescent 
athletes after mild traumatic brain injury, using an inertial 
sensor (Opal by APDM, Inc) placed at L-5 with an elastic 
belt. The mBESS results had the highest diagnostic accu-
racy for distinguishing post-traumatic patients from 
healthy individuals. The National Institutes of Health 
(NIH) Balance Toolbox suggests using inertial sensors to 
perform the Standing Balance Test for general balance 
screening (the measurement of anteroposterior postural 
sway).45

A different, complex balance test is the Clinical Test of 
Sensory Integration for Balance (iCTSIB), which in some 
ways resembles the sensory organization test (SOT) in 
CDP. Patients stand on a firm surface or on foam, with 
eyes open or closed, to quantitively assess the use of sur-
face, visual, and vestibular information for postural sway 
control. Whitney et al46 examined healthy adults with 
a wide age range to find a relationship between ACC 
measured at the pelvis and the center of pressure obtained 
from CDP (EquiTest®) in a SOT test. The subjects com-
pleted three consecutive trials for each of the six SOT 
conditions. They found an association between COP and 
ACC measurements, even when using the first trial. The 
iCTSIB was recommended as a screening test for sensory 
system performance in neurological patients.

One of the most useful clinical tests to evaluate both 
static and dynamic balance and mobility is the Timed Up 
and Go test (TUG). Measured with a stopwatch, it uses the 
time that a person takes to rise from a chair, walk three 
meters, turn around, walk back to the chair, and sit down. 
However, a limitation of TUG is that it focuses only on the 
total time, without focusing on different subphases of the 
subject’s movements. Wearable inertial sensors could be 
used to record and analyse each of the gait subcomponents 
(walking, turning, rising from the chair, and sitting down) 
of the TUG test. Salarian et al47 compared the results of 
a conventional TUG with stopwatch measurements and the 
iTUG, which employed seven portable inertial sensors in 
20 subjects in the early stages of PD and in a control 
group. The authors concluded that iTUG showed 
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significant differences between early PD and healthy indi-
viduals in the number of steps per minute, the angular 
velocity of arm-swing, turning duration, and the time to 
perform turn-to-sits. In their opinion, out of all the iTUG 
subcomponents, the gait, turning, and turn-to-sit were most 
sensitive. Similarly, Zampieri et al48 showed that turning 
might be the most challenging movement for PD patients, 
and that the turning phase in TUG seems to be the most 
sensitive for detecting impairments. Gerhardy et al49 used 
iCTSIB with inertial sensors and correlated these results 
with the smartphone-based version of the iTUG. One of 
their conclusions was that the performance of the vestibu-
lar and somatosensory system is strongly correlated with 
iTUG total time.

The utility of wearable systems in distinguishing fallers 
from non-fallers was confirmed by Sankarpandi et al18 

who recorded the results of the iTUG and iSway in two 
sessions in three consecutive measurements, and they con-
firmed good to excellent reliability of both systems’ para-
meters. O’Sullivan et al50 also stated that an accelerometer 
could distinguish between fallers and non-fallers, show 
different balance conditions, and possibly correlate with 
clinical tools such as the Berg Balance Scale (BBS) 
and TUG.

Other applications of mobile devices included mobility 
tests like the Stand and Walk (ISAW) test and the Long 
Walk plugin (IWalk). Patients wear a Mobility Lab™ 
system, which makes it possible to calculate gait variabil-
ity, phase coordination index, turning, and asymmetry.15 

This kinematic data can be used to quantitively measure 
progress in rehabilitation. The vast amount of data and 
parameters measured by mobile devices and their sensors 
required the employment of machine-learning techniques 
to develop algorithms capable of interpreting these data-
sets. The authors mentioned above recommend using 
wearable sensors to perform iTUG, Sway (iSway), Stand 
and Walk (ISAW), and Long Walk plugin (IWalk) 
tests.15,18,47–50 The instrumented tests allow for an objec-
tive, low-cost quantification of balance performance, and 
they are more sensitive than clinical examinations.

Patient Notification and Telephone 
Applications (Apps)
Mobile phone technology has had a major impact on the 
development of monitoring systems that are based on 
wearable sensors.36 Smartphones (SP) are widely-used 
electronic devices that comprise several sensors like an 

accelerometer, magnetometer, gyroscope, global position-
ing system, microphone, and camera. SP operating sys-
tems are capable of multitasking and can run processes in 
the background, therefore allowing them to function as 
a mobile computing platform, which could be used in 
fall detection and prevention.51

Rey-Martinez et al52 created the RombergLab application 
for the iPhone’s operating system, which consists of full 
posturography software based on a wireless IMU. Lee et al53 

designed, developed, and assessed a smartphone-based 
vibrotactile feedback system for balance rehabilitation train-
ing at home. The tool included an iPhone, with its tri-axial 
linear accelerometer, and a “tactor bud” plugged into the SP’s 
audio jack. This instrument was used to measure body accel-
eration, and anterior-posterior and medial-lateral body tilt. 
Using variations of Romberg test (with eyes open/closed, 
semi-tandem, and tandem), healthy subjects and those with 
vestibular deficits corrected their posture in response to 
vibration feedback.

The smartphone balance training system could be used 
at home without difficulty. Another smartphone-based sys-
tem for balance training and rehabilitation in older people 
was proposed by Fleury et al.54 An application called 
iBalance-ABF sends audio feedback to the user through 
an earphone when the tilt angle of the trunk exceeds an 
adjustable and predetermined threshold. The audio assis-
tance allowed the patient to decrease trunk sway in the 
tandem stance with closed eyes and to maintain this desta-
bilizing position.

Mellone et al51 presented the results of the 
FARSEEEING group (an EU consortium to develop fall- 
related technologies, databases, and telemedical service 
model) regarding research on using SPs for fall detection 
and fall prevention. For fall detection, the uFall application 
was developed, where real-time fall-detection algorithms 
already proposed in the literature have been used. The app 
continuously records the signals from inertial sensors and 
runs another process that simultaneously acts as a fall/event 
detector. When a fall is suspected, an audio alarm is gener-
ated, and the user has to manually disable it. The uFall app 
is configured by a clinician before the patient uses it for the 
first time, and then, during the motor activities, its use is 
completely transparent to the user. There is still no valida-
tion on the uFall fall-detection algorithm. Another app for 
fall detection is the iFall, which continuously records data 
from the SP’s accelerometer.55 The user has to respond to 
the app when a fall is suspected, otherwise the system 
triggers an alarm.
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The first attempt to instrument a clinical functional test 
was called uTUG.51 The uTUG is performed with an SP 
on the lower back. The app records and processes the 
signals from the accelerometer and gyroscope and then 
sends a report to a remote server. The uTUG proved to 
be a pocket-sized tool for fast screening, assessment, and 
follow-up.

Cohen et al56 used an inertial motion Bluetooth- 
enabled IMU (iPod, Apple, Inc.) unit to measure kinematic 
variables in a version of the Romberg test with the head 
still or moving in healthy controls and in patients with 
benign paroxysmal positional vertigo, postoperative acous-
tic neuroma resection, and chronic peripheral unilateral 
weakness. The subjects were instructed to move their 
heads in time with a specific type of tone.

Only Romberg tests on foam with eyes closed, with the 
head still or moving, were useful in screening for vestib-
ular impairments, especially in older people. Another 
application for monitoring human mobility and falls is 
the Mover.57 This app categorizes activities as “Sleeper, 
Sitter, Lagger, Walker, Mover, Hyper.” It also employs an 
experimental fall-detection algorithm. When a fall is sus-
pected, the Mover will play an alert, which will notify an 
emergency contact unless disarmed.

The Use of Mobile Devices in the 
Assessment and Rehabilitation of 
Balance Disorders
Mobile devices make it possible to assess posture and gait 
in both clinical tests and everyday life activities. They are 
portable, lightweight, and less expensive than classic bal-
ance assessment systems (static and dynamic posturogra-
phy). For these reasons, there is increased interest in their 
use in diagnostics and rehabilitation.37,58 They were used 
to evaluate posture and gait disorders in healthy people, 
especially in the aging population, and to detect falls in the 
older adults.59–61 They were employed in the rehabilitation 
of various neurological diseases, like PD, SM, 
Alzheimer’s disease, and stroke, but also in osteoarticular 
and muscular system diseases, in diabetes mellitus, and in 
vestibular disorders.18,24,27,37,62,63

In PD, the use of various types of mobile devices to 
assess posture and gait has been studied to differentiate 
patients at high risk of falls, different types of disease, 
carriers of the LRRK2 gene, and people at high risk of 
developing this disease.37,62,64–66 Rovini et al67 identified 
five major applications for wearable devices in PD: early 

diagnosis, tremor detection, analysis of motor perfor-
mance, analysis of motor fluctuations (on/off phases), 
and home and long-term patient monitoring. Some authors 
reported that postural instability and some features of gait 
analysis, such as jerk, harmonic stability, oscillation range 
measured by accelerometers on the pelvis and head, and 
asymmetry between the right and left side, could be bio-
markers for the prodromal phase of PD.67 Hasegawa et al68 

reported that in PD patients, the most sensitive domains of 
balance dysfunction were anticipatory postural adjust-
ments prior to gait initiation, and dynamic balance while 
walking (gait); those measures were significantly corre-
lated with the severity of the disease.

Mobile devices have also been used in rehabilitation 
and balance training with biofeedback.34 Brugnera et al69 

observed that that vibro-tactile stimulation from the 
Vertiguard™ device improved the body balance of patients 
who did not respond well to conventional vestibular reha-
bilitation. In PD, a significantly higher increase in the SOT 
score was reported in patients using the VertiGuard®-RT 
vibrotactile neurofeedback system in comparison to CPD 
training.9

Numerous studies have attempted to establish criteria 
(eg, the location of sensors, the most useful variables to 
assess fall risk, classification models) to identify people at 
high risk of falling (fallers/non-fallers) using wearable 
sensors.18,36,39,62,70 This problem was researched by an 
international team in the ProFaNE (Prevention of Falls 
Network Europe) network, which was part of a broader 
project, “STate of the Art Robot-Supported assessments,” 
or STARS; however, no consensus regarding parameters 
that are most useful to objectively assess the risk of falls 
was established.71

Limitations
Limitations on the use of mobile devices in clinical prac-
tice result from the fact that many studies describe proto-
type devices with different locations and number of 
sensors, and no consensus has been reached regarding 
the test protocols or derived parameters.68 The methodo-
logically poor quality of research is emphasized. There is 
a lack of standardization in data acquisition, mathematical 
models, and algorithms used to process data. Hubble et al37 

in a review of 26 papers on the use of mobile systems in 
PD only three papers were characterized by research of 
high methodological quality. Alessandrini et al33 also 
underline the importance of validation, sensitivity, and 
the reliability of mobile device measurements compared 
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to conventional posturography. In healthy subjects, 
Faraldo-Garcia et al59 reported that results of computed 
dynamic posturography and the SwayStar system were 
significantly related only when the measurements were 
performed simultaneously and under the same sensory 
stimulation conditions. Future research should focus on 
expanding the studied populations and selecting more 
appropriate patients. Research protocols lack information 
on patients’ assessment for vision, sensation, neuro-motor 
skills, cognitive functions, and other systemic diseases that 
may affect the diagnosis and rehabilitation of balance 
disorders.72 It is especially important in older patients, in 
whom balance disorders are caused by ultrastructure 
damage, such as the loss of sensory cells, otoconia, and 
vestibular neurons.73 These lesions change the postural 
strategy and cause greater dependence on visual and pro-
prioceptive signals in the older adults.

Conclusions
Smartphone based mobile posturography applications are 
easy-to-use and affordable solutions, but are limited to one 
sensor lumbar level posturography and offer only basic 
clinical evaluation (TUG) and limited biofeedback capabil-
ities. Therefore, more research is needed to develop solutions 
to provide continuous monitoring, improve biofeedback 
necessary to implement these solutions into home rehabilita-
tion regimens and to decrease the number of false alarms.

Single or multi sensor, commercially available mobile 
posturography devices offer multi-level measurements, 
which seem to provide more possibilities for balance mon-
itoring and testing in clinical settings. However the cost 
and size of these devices makes them impractical to use at 
home, therefore significantly limiting their capability for 
continuous monitoring and home rehabilitation.
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