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Abstract: Assessment of health and physical function using smartphones (mHealth) has enormous
potential due to the ubiquity of smartphones and their potential to provide low cost, scalable access
to care as well as frequent, objective measurements, outside of clinical environments. Validation of
the algorithms and outcome measures used by mHealth apps is of paramount importance, as poorly
validated apps have been found to be harmful to patients. Falls are a complex, common and costly
problem in the older adult population. Deficits in balance and postural control are strongly associated
with falls risk. Assessment of balance and falls risk using a validated smartphone app may lessen
the need for clinical assessments which can be expensive, requiring non-portable equipment and
specialist expertise. This study reports results for the real-world deployment of a smartphone app
for self-directed, unsupervised assessment of balance and falls risk. The app relies on a previously
validated algorithm for assessment of balance and falls risk; the outcome measures employed were
trained prior to deployment on an independent data set. Results for a sample of 594 smartphone
assessments from 147 unique phones show a strong association between self-reported falls history and
the falls risk and balance impairment scores produced by the app, suggesting they may be clinically
useful outcome measures. In addition, analysis of the quantitative balance features produced seems
to suggest that unsupervised, self-directed assessment of balance in the home is feasible.

Keywords: falls; balance; postural sway; smartphone; inertial sensor; accelerometer; gyroscope

1. Introduction

An estimated 30% of adults over the age of 65 fall each year, with 1 in 5 dying within
12 months. 1 in 3 of those experiencing a fall never return home after a fall-related hip
fracture [1]. The direct healthcare cost of falls has been estimated to be $50 Bn in the
US [2] and €25 Bn per annum in the EU [3]; an ageing population means that these costs
are increasing steadily each year. Falls are not inevitable and research has clearly shown
that the incidence of falls can be reduced by up to 50% through early intervention [4,5].
However, effective early intervention is dependent on accurate screening and identification
of those people at risk of experiencing a fall, before the first fall has occurred, ensuring
appropriate referral for patients at higher risk [6]. Self-directed, remote assessment of
falls risk prior to the first fall, would allow timely intervention and ease the burden on
overstretched healthcare systems [6].

The past two decades have seen an increased democratization in our capacity to
use digital tools to measure human behaviour and performance. Traditionally, there was
a compromise between relying on either clinic-based observational measures that are
subjective in nature or laboratory based measurements that are complex, expensive and
available to a very small minority of specialists.

In recent years, the ubiquity and technical sophistication of wearables and smart-
phones has led to a sharp increase in the availability of mobile apps and body-worn devices
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for health monitoring and assessment. This has facilitated a move towards clinic and field
based measures, greatly increasing our capacity to objectively capture human performance
for clinical and research applications. Though a significant advance, this approach still
requires a clinician or investigator “in-the-loop” to ensure appropriate adherence to the
test protocol and thus limits scalability in a clinical research or public health context.

More recently, we have seen the development of a range of wearable and mHealth
technologies that seek to transfer the responsibility for data capture (as well as perfor-
mance measurement) to the patient or end user [7]. This trend has accelerated due to the
COVID-19 pandemic, with health systems under pressure and vulnerable older people at
heightened risk of infection. This approach has huge potential as it promises true scalability.
Clinical trials could be augmented by means of patient-led data capture in the home, while
community risk screening programs could rely on frequent measures captured by people
in their own homes. However, verifying the provenance and clinical value of data captured
unsupervised by the patient in the home setting has become increasingly important, given
the potential harms arising from improperly validated apps [8,9].

One area where a patient-led data capture approach has gained some traction is in the
measurement of balance and postural control. Leveraging the inertial sensors incorporated
into most smartphones is a powerful model, given that 92% of over 65s in the USA have
a mobile phone (with 62% owning a smartphone) [10], and therefore have the ability
to capture ongoing data related to their balance and falls risk. This approach offers the
potential to implement large scale community-sourced screening programs for major public
health issues such as falls in older adults.

In the context of a digital approach to prevent falls, the use of technologies for patient-
led data capture, such as balance and falls risk assessment, is fundamental to enable
personalised interventions, encouraging users to adopt a routine of strength and balance
exercises [11,12]. Patient-led data capture supports tailored rehabilitation programmes in
the home, given that self-assessment has the potential to be used to define the exercise
protocol (usually requiring a physiotherapist [13]), as well as to monitor progress [14]. A
number of systematic reviews of the literature have examined existing applications for
balance and falls risk assessment, evaluating a variety of functional tasks, and sensing
devices [11,12,15–18]. However, mHealth applications should be designed with special
consideration given to the heterogeneity of the older adult’s needs and skills, in order to
make sure users can properly operate the system [18] and perform the task safely [19].

Inertial sensors (usually embedded in the current generation of smartphones), have
been demonstrated to allow reliable and accurate measurement of postural sway [20–23].
The challenge lies in demonstrating that community-sourced, patient-led, unsupervised
measurement of balance using a smartphone app could yield data of sufficiently high
quality for use in driving remedial interventions.

In this study we will address this issue using a dataset acquired during the initial
phase of deployment of a smartphone application that uses a self-directed measurement of
standing balance alongside a questionnaire, capturing self-reported data related to falls
history and clinical risk factors. The objective was to determine whether biomarkers derived
from questionnaire responses and self-directed, unsupervised balance measurements were
related to self-reported risk factors. We report an observational study of the performance
of a smartphone application for assessment, management and prevention of falls risk in
older adults, tested on a large statistically independent sample. We also compare the
quantitative balance features obtained from the smartphone sensors against equivalent
measures obtained using a lumbar sensor from an independent reference data set.

The object of the present study, a smartphone application for assessment, management
and prevention of falls risk in older adults, contains algorithms for prediction of falls
and assessment of balance that have been developed, trained and validated over the past
13 years. A number of apps for assessment of balance or prevention of falls have been
reported in the literature, but few report the validity of a smartphone for assessment of
balance and falls risk. However, a review of the literature shows that there is a need for
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reliable and accurate unsupervised assessment [19]. We believe the present study is the
first to examine how algorithms trained to assess balance and falls risk on an independent
dataset, using lumbar IMU data obtained during standing balance tests, behave when
deployed on a smartphone unsupervised and self-directed ‘in the wild’.

2. Data
2.1. Smartphone App Data

This study reports an analysis of anonymised data obtained from users of the Kinesis
Balance™ fall prevention app (Kinesis Health Technologies, Dublin, Ireland), a Class I
medical device, between September 2020 and May 2021. The app is freely available on
the Google Play store, with participants consenting to use of their anonymised data for
research and product improvement. The app uses a questionnaire on clinical falls risk
factors, combined with a standing balance test and machine learning algorithms to assess
balance and falls risk. Participants are provided with advice and exercises to stay healthy
and help prevent falls, based on their level of risk (as determined by the smartphone based
machine learning algorithm). All data were anonymised at source and transmitted via
encrypted channel to a web server where they were stored (in line with GDPR and HIPAA
data privacy regulations) for subsequent offline analysis. Data were extracted from the
database using MySQL workbench 8.0 (Oracle, CA, USA) and analysed using Matlab v9.3.0
(Mathworks, Natick, VA, USA).

2.2. Reference Data Set

A reference data set [24,25] is embedded within the app and was used to compare
against the smartphone inertial sensor data. The reference data consist of 277 (178 female,
age 74.7 ± 6.6 years) participants; each participants had their balance assessed in a clin-
ical environment, using a standing balance test with an inertial sensor (Kinesis Health
Technologies, Dublin, Ireland) mounted on their lower back (attached to L3 lumbar spine
with double-sided tape) and sampled at 102.4 Hz. Each participant completed the balance
test by standing still for 30 s with eyes open (in a semi-tandem stance) and eyes closed
(in a narrow stance). Clinical fall risk factors were captured for each subject by means of
assessment using a Comprehensive Geriatric Assessment and the Berg Balance Scale; while
100 of 277 participants reported a history of falls in the previous 12 months.

3. Methods

Upon installing the app, participants are asked to enter some profile information
and complete a fall risk assessment. Each assessment consisted of a questionnaire with
12 questions on their clinical falls risk factors and medical history as well as a 30 s standing
balance test. An automatic reminder was also set (configurable to a daily, weekly, biweekly
or monthly basis) to remind the participant to complete the assessment on a regular basis.
Based on their identified level of falls risk, balance impairment and individual fall risk
factors, participants are provided with a tailored set of advice and video based exercises, to
help them stay healthy and avoid falls. Exercises and advice provided were curated and
based on best international practice [26,27].

3.1. Questionnaire

Participants were also asked to complete a profile questionnaire on installing the app,
which included entering age, gender, height and weight as well whether they use a walking
aid, have been diagnosed with Parkinson’s disease or have had a stroke. The questionnaire
is based on the American and British Geriatric societies (AGS/BGS) guidelines [28] and
aims to capture self-reported data on the main clinical risk factors linked to falls in older
adults. The clinical risk factors recorded by the questionnaire included falls history (previ-
ous 12 months), polypharmacy, mobility problems, orthostatic hypotension, foot problems,
vision problems and the ability to manage routine activities in the home. Falls history was
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considered in three categories: no falls in the previous 12 months, one fall in the previous
12 months, two or more falls (recurrent faller) in the previous 12 months.

3.2. Standing Balance Test

For the standing balance test portion of the assessment, participants were instructed to
hold the phone firmly against their torso and stand with their eyes open, in a semi-tandem
stance, for 30 s (see Figure 1). The app contains audio and visual instructions on how to
prepare for and complete the test as well as an audio cue to indicate test start and stop. The
algorithm includes data quality checks to ensure tests are performed correctly including:
checking phone is oriented correctly during the test, removing signal artefact resulting
from movements due to changes in initial positioning of the phone as well as detection
and removal of unusual behaviour or phone movement during the test.
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Figure 1. Smartphone app for assessment of balance and falls risk using questionnaire and standing balance test (in
semi-tandem stance).

In order to quantify the participant’s balance during the balance test portion of the
assessment, a number of features were calculated from the inertial sensor embedded
within the smartphone. Smartphone data were sampled at the maximum rate allowed
by operating system. To ensure data were sampled evenly, data were interpolated to a
100 Hz sampling rate using linear interpolation. Accelerometer and gyroscope data from
the inertial sensor were band-pass filtered between 0.1–5 Hz and calibrated to produce
acceleration and angular velocity vectors [29]. To allow for settling at the start of each test,
the first and last five seconds of each test were removed.

Nineteen quantitative balance features were calculated for each balance assessment
including a balance score (a percentile based metric calculated by comparison against
the reference data set) [23] and a fall risk estimate (FREcombined, a statistical prediction of
falls derived using a combination of inertial sensor and questionnaire data, previously
validated using a sample of community dwelling older adults [24,30]). FREcombined uses a
classifier fusion approach to combine two logistic regression classifiers, one each based on
the questionnaire and inertial sensor data [23–25]. The remaining balance features were
derived from the smartphone inertial sensor using a previously reported method [25] (for
the reference data set, inertial sensor features were calculated from a lumbar mounted
inertial sensor using the same method). The RMS amplitude of the X, Y and Z-axis
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acceleration and angular velocity were used to quantify postural sway in each direction
along with the resultant value across the three axes. The frequency domain variability of the
signals obtained by the inertial sensor was also examined for both acceleration and angular
velocity signals; using the spectral edge frequency (SEF), defined as the frequency below
which 95% of the power spectrum of the signal is contained, and the median frequency,
defined as the frequency below which 50% of the power spectrum is contained [20]. The
spectral entropy (H), a measure of signal complexity [31] of the accelerometer and angular
velocity signals, was also calculated.

3.3. Statistical Analysis

Due to the unsupervised nature of the standing balance test, large outliers and artefact
were apparent in the data. Outliers greater than µ ± 2σ (where µ is sample mean and
σ is sample standard deviation) were assumed to be due to unintended movement and
removed from the inertial sensor data, while missing data were excluded from analysis.

Inertial sensor and demographic data obtained using the smartphone were compared
against the reference data set, which were obtained under clinical conditions, using a z-test
with α = 0.05, by averaging all assessments for each unique participant.

FREcombined is essentially a posterior probability and is defined as low risk if less
than 50%, 50–69% is considered medium risk, while high risk is greater than 70%. The
Balance score is percentile based, a Balance score of less than 50% is below the median
(50th percentile) and considered low risk, while a score of 50–69% is deemed medium risk.
If the balance score for a given category is above 70% (70th percentile) the participant is
considered to display balance impairment. These risk category definitions are based on
empirically derived thresholds obtained from previous studies [6].

A one-way analysis of variance (ANOVA) was used to test the association between
self-reported falls history and both the Balance score and FREcombined, with α = 0.05.

Classification of the calculated risk measures according to self-reported falls history
was considered as both a two class and a three class problem. Classification performance
was evaluated using classification accuracy, sensitivity and predictivity; classification
accuracy, is defined as the percentage of participants correctly classified by the algorithm
as being a low, medium or high risk. For the 3-class case, a person with no reported falls is
considered a non-faller and in the low risk category, a person with one reported fall in the
past 12 months is considered a medium risk faller, while a recurrent faller (two or more
falls in the past 12 months) is considered high risk. For the 2-class case, a non-faller is
defined as a person with no reported falls in the past 12 months (low risk), while a faller is
a person with one or more reported falls in the past 12 months (high risk). Sensitivity (Sens)
is defined as the percentage of each class (e.g., non-faller, one falls in the past 12 months or
recurrent faller) classified correctly (e.g., as low, medium or high risk). Predictivity (Pred)
is defined as the proportion of participants, classified as a given class by the algorithm,
who were classified correctly.

4. Results

A sample of 594 smartphone assessments from 147 unique phones were included
in the analysis. The sample contained 113 distinct models of Android smartphone. On
average there were 4.0 ± 7.1 assessments per phone.

Taking each unique phone (as defined by Wi-Fi MAC address) as a surrogate for a
single participant (assessments for a unique phone where gender or age were found to
have changed were excluded), the sample contained 76 males and 71 females, with a mean
age of 56.5 ± 17.0 years, with mean height 167.4 cm and mean weight of 78.2 kg. The
falls risk estimate (FREcombined) was only defined for participants greater than or equal to
60 years of age; there were 270 assessments for participants aged 60 or over. Figure 2 details
the proportion of participants in each risk category for each feature.
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4.1. Inertial Sensor Features

We compared the features calculated from the smartphone inertial sensor data against
the reference lumbar sensor data. This is important to establish the validity of the data,
to see how values obtained from unsupervised assessments relate to the expected ranges
found in the reference data. If the reported measures from the smartphone are out of the
expected range for data obtained from a lumbar mounted sensor, this could indicate issues
with measurement validity.

Comparison of each of the features calculated from the smartphone inertial sensor
data against the reference data using a z-test, found significant differences in each of the
features (p < 0.05). In addition, comparisons of age, height and weight for the sample
against the reference data set found statistically significant differences (p < 0.05) for each.
Table 1 details the mean and standard deviations for each of the inertial sensor features
calculated from the smartphone sensor and lumbar sensor data sets.

Table 1. Comparison of inertial sensors features obtained from a smartphone held against the torso
to a statistically independent test set obtained from a lumbar mounted inertial sensor (reference
data set).

Inertial Sensor Feature Smartphone Lumbar

RMS acceleration (m/s2) * 0.24 ± 0.18 0.22 ± 0.10
RMS acceleration-X-axis 0.10 ± 0.07 0.10 ± 0.05

RMS acceleration-Y-axis (m/s2) * 0.07 ± 0.06 0.09 ± 0.04
RMS acceleration-Z-axis (m/s2) * 0.17 ± 0.16 0.10 ± 0.04

RMS angular velocity (◦/s) * 2.20 ± 1.20 1.68 ± 1.01
Median frequency acceleration (Hz) * 2.23 ± 1.47 5.32 ± 1.72

RMS angular velocity-X-axis (◦/s) 1.29 ± 0.75 0.91 ± 0.56
RMS angular velocity-Y-axis (◦/s)* 1.17 ± 0.79 0.72 ± 0.43

Spectral edge frequency acceleration (Hz) * 2.79 ± 0.95 4.14 ± 0.46
Spectral entropy acceleration * 0.47 ± 0.13 0.76 ± 0.07

Median frequency angular velocity (Hz) * 2.23 ± 1.40 2.87 ± 1.17
Spectral edge frequency angular velocity (Hz) * 3.45 ± 0.87 3.64 ± 0.50

Spectral entropy angular velocity * 0.5 ± 0.12 0.75 ± 0.06
Age (years) * 52.57 ± 16.89 74.45 ± 6.70
Height (cm) * 170.45 ± 10.81 164.35 ± 9.22
Weight (kg) * 82.56 ± 30.52 74.57 ± 13.69

* Statistically significant differences, obtained using a z-test.
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Figure 3 depicts a histogram of the RMS resultant acceleration and RMS resultant
angular velocity values for data obtained from the smartphone app during the 30 s standing
balance test Data displayed are only for participants of 60 years of age and older, mean
values and confidence intervals for the reference lumbar sensor data set are also shown.
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4.2. Questionnaire Results

Each assessment contained a questionnaire on clinical risk factors; 594 questionnaire
responses were included in the analysis. 206 responses reported a history of falls with
a total of 852 recorded falls and 134 recurrent fallers. 168 (28.3%) participants reported
polypharmacy (taking four or more prescription medications), while 146 responses reported
mobility problems (24.6%). Vision problems were reported in 118 responses (19.9%),
Orthostatic Hypotension (OH) was reported in 42 responses (7.1%), while 91 reported
changes in their ability to manage routine activities in the home (15.3%). 87 responses
(14.6%) reported use of a mobility aid, while 5 (0.8%) reported having Parkinson’s Disease
and 19 (3.2%) reported having previously had a stroke. The prevalence of each risk factor
are detailed in Figure 4.
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A strong association was observed between the calculated falls risk estimate (FREcombined)
and self-reported falls history (F = 60.26, p < 0.0001). A strong association was also observed
between the calculated Balance score and self-reported falls history (F = 7.45, p < 0.001),
see Figure 5.
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In addition, a strong association of Balance score with self-reported dizziness and
Polypharmacy was also found (F = 11.51, p < 0.001; F = 13.79, p < 0.001 respectively).
Balance score and FREcombined were both also strongly associated with self-reported mobility
problems (F = 30.81, p < 0.0001; F = 56.91, p < 0.0001).

Only 2.4% of participants who reported no falls in the past 12 months (N = 170) were
found to have a high risk of falls, while 9.3% of recurrent fallers (N = 43) were found to
have a low risk of falls.

When the FREcombined was used to classify participants into three falls history classes
the classification accuracy was 61.8%, with a class sensitivity of 86.9%, 25.0% and 9.0%
for the non-faller, 1 fall in the past 12 months and recurrent faller classes respectively.
Similarly, if the Balance score was used to classify participants according to falls history
the classification accuracy was 54.9% with class sensitivities of 71.6%, 13.9% and 28.4%
non-faller, 1 fall in the past 12 months and recurrent faller classes respectively.

When two falls history classes were used, the classification accuracy was 69.9%, while
the class sensitivities were 86.9% and 37.9% for the non-faller and faller classes respectively.

Similarly when two falls history classes were used to classify the Balance score, the
classification accuracy was 59.9%, while the class sensitivities were 62.9% and 54.4% for
the non-faller and faller classes respectively. Classification results are tabulated in Table 2.

Table 2. Classification performance results for classifying FREcombined and balance score according to falls history. Results
are reported for both binary and 3-class falls history. Accuracy (Acc), Sensitivity (Sens) and Predictivity (Pred) are reported.

Class FREcombined Balance Score Class FREcombined Balance Score

Acc (%) 61.78 54.88 Acc (%) 69.87 59.93

Sens (%) Non-faller 86.86 71.65 Sens (%) Non-faller 86.86 62.89
1-fall 25.00 13.89 Faller 37.86 54.37

Recurrent
faller 8.96 28.36 Pred (%) Non-faller 72.47 72.19

Pred (%) Non-faller 72.47 67.80 Faller 60.47 43.75

1-fall 19.57 29.41
Recurrent

faller 32.43 25.33
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5. Discussion

This study reports results for the real-world deployment of a smartphone-based
machine learning algorithm for the prediction and prevention of falls.

A number of studies have reported smartphone apps for assessment of falls risk and
balance. Rasche et al. [32] reported the Aachen fall prevention app (APFA), tested on a sample
of 79 older adults and subsequently evaluated on a sample of 259 patients [16]. The APFA
incorporated a self-reported 10 s postural sway test and a questionnaire, providing a falls
risk assessment determined using a set of empirical rules. Hseih et al. [33] investigated
the concurrent validity of their app in assessing postural sway when compared against
a force-plate and the Physiological Profile Assessment (PPA), in a sample of 30 older
adults [21]. Fiems et al. [22] reported on the prospective validity of the Sway mobile app, in
using postural sway measures to predict falls in a sample of 59 patients with Parkinson’s
disease. Papi et al. [34] studied the use of the Nymbl app to deliver balance training
for 35 participants, measuring improvement using a physical activity questionnaire. The
deployment of technologies enabling clinically valid, unsupervised patient-led data capture
remains a challenge [19] that requires further investigation.

To our knowledge, the present study is the largest to date and the only study that
reports the performance of algorithms that were trained prior to deployment in the app on
an independent data set. The algorithms employed here have been previously validated
and shown to be valid and accurate in assessing balance and falls risk [6,24,25,30].

Statistically significant differences were observed between quantitative balance fea-
tures obtained using the smartphone data and those from the reference set. These significant
differences in demographic and inertial sensor features persisted even when only those
participants (from the smartphone data set), aged 60 or above, were included in the analysis
in an attempt to age-match the samples. Differences in clinical measures (such as age,
height, weight) suggest that the differences may arise from fundamental demographic
differences between the two populations rather than systematic errors in measurement,
given that the reported features from the smartphone are in the expected range for data
obtained from a lumbar mounted sensor. However, further study on the concurrent validity
of this approach is ongoing, in order to validate the use of a smartphone against a lumbar
sensor, for measurement of standing balance.

The reported data have limitations which we have attempted to address; data are from
diverse participants in real-world scenarios and so were not controlled research-grade data;
data were community-sourced using a freely available smartphone app with no restrictions
placed on access. As such, some data were missing or were noisy, however, we do not
believe there was a systematic or consistent reason for missing data that could affect the
results. All users were provided with instructions on test protocol, but we have no way
to evaluate treatment fidelity unsupervised in the home. We attempted to address this by
performing outlier and artifact rejection on the data as well as through data quality checks
built into the app.

In addition, all questionnaire data were self-reported. Due to the nature of the sample
population, self-reported data on falls, particularly using retrospective falls history, can be
unreliable and under-report the incidence of falls [35]. While 12 month falls history is a
strong predictor of future falls, guidelines suggest it is not the most appropriate outcome
measure for studies of falls. Future work will consider prospective validation of the
reported measures using daily falls diaries or other best practice methods. In addition
usability studies, conducted with older adults using the app, are currently ongoing.

The proportions of the sample reported as high, medium and low risk for both
FREcombined and Balance score were slightly different than expected with a lower proportion
of participants predicted to be at high risk of falls and balance impairment, suggesting
the sample population were healthier than the reference data used to train the algorithms.
Statistically significant associations were found between self-reported outcome measures
(including falls history, polypharmacy and mobility problems) and the calculated falls risk
estimate and Balance scores. This demonstrates the potential value of these metrics in
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expanding Patient Reported Outcome Measures (PROMs) to include self-directed func-
tional tests. These results suggest that algorithms embedded in a smartphone application
using inertial sensor data from a self-directed standing balance test as well as self-reported
questionnaire data may produce clinically useful measures of falls risk and balance impair-
ment suitable for use by an older adult, unsupervised in the home environment. Results
show a strong association between the smartphone falls risk estimate and balance score
with falls history and demonstrates that the proportion of participants at high risk of
falls and balance impairment is in line with results expected from a clinical environment.
Furthermore, classification results reported are in line with (or exceed) those reported
for standard clinical measures such as questionnaire based tools [16,36], the Berg Balance
scale [16,37] and the Timed Up and Go test [38,39].

Smartphone apps for assessment of balance and falls risk could be used as part of
remote monitoring platform for remote functional assessment or a decentralised clinical
trial, they could also be used as part of a comprehensive digital platform to prevent falls,
used by older adults and their carers to evaluate risk of falling, prescribe personalised
falls prevention programmes with home-based interventions and monitor progress against
personalised exercise goals. Such a comprehensive solution would support the needs of
healthcare systems and care providers in delivering more targeted digitally-enabled falls
prevention and remote care initiatives.
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