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ARTICLE OPEN

Digital assessment of falls risk, frailty, and mobility
impairment using wearable sensors
Barry R. Greene 1,2*, Killian McManus1,2, Stephen J. Redmond3, Brian Caulfield 2 and Charlene C. Quinn4

Falls are among the most frequent and costly population health issues, costing $50bn each year in the US. In current clinical
practice, falls (and associated fall risk) are often self-reported after the “first fall”, delaying primary prevention of falls and
development of targeted fall prevention interventions. Current methods for assessing falls risk can be subjective, inaccurate, have
low inter-rater reliability, and do not address factors contributing to falls (poor balance, gait speed, transfers, turning). 8521
participants (72.7 ± 12.0 years, 5392 female) from six countries were assessed using a digital falls risk assessment protocol. Data
consisted of wearable sensor data captured during the Timed Up and Go (TUG) test along with self-reported questionnaire data on
falls risk factors, applied to previously trained and validated classifier models. We found that 25.8% of patients reported a fall in the
previous 12 months, of the 74.6% of participants that had not reported a fall, 21.5% were found to have a high predicted risk of falls.
Overall 26.2% of patients were predicted to be at high risk of falls. 29.8% of participants were found to have slow walking speed,
while 19.8% had high gait variability and 17.5% had problems with transfers. We report an observational study of results obtained
from a novel digital fall risk assessment protocol. This protocol is intended to support the early identification of older adults at risk
of falls and inform the creation of appropriate personalized interventions to prevent falls. A population-based approach to
management of falls using objective measures of falls risk and mobility impairment, may help reduce unnecessary outpatient and
emergency department utilization by improving risk prediction and stratification, driving more patients towards clinical and
community-based falls prevention activities.

npj Digital Medicine           (2019) 2:125 ; https://doi.org/10.1038/s41746-019-0204-z

INTRODUCTION
Population health approaches to the management of major
societal healthcare challenges have received much attention of
late, with the rise of big data and advances in health assessment
technology. Population level preventative screening has the
potential to significantly reduce costs and improve long-term
outcomes for a variety of conditions. Globally, falls are the most
frequent cause of accidental death and disability, thought to cost
$50bn each year in the United States1 and €25bn each year in the
European Union.2 Falls can be underreported, with the first
presentation of a patient to clinical services only after the first fall
has occurred.3 Extensive research has shown that falls are not
inevitable and can be reduced by 20–50% by appropriate early
intervention.4,5 However, effective early intervention is contingent
on accurate screening and identification of those people at risk of
experiencing a fall, ensuring timely and appropriate referral of
those patients at higher risk.
Assessment of functional mobility is a critical element in

quantifying and understanding the nature of falls risk, and in
measuring response to remedial interventions in the assessment
and management of falls risk and frailty.6 A variety of functional
mobility assessments are available and commonly used in
research; they include the Timed Up and Go (TUG) test,7 which
has been shown to be a valid and reliable functional test.8 Persons
taking longer to complete the TUG test have been shown to have
high rates of falls, frailty, and other clinical conditions.9 However,
research has shown the TUG test has only limited accuracy in
predicting falls10,11 in older adults. Similarly, slow walking speed
has been found to have strong negative associations with a

number of long-term outcomes such as dementia, frailty, and
longevity.12

Objective assessment of falls risk, frailty, and mobility, using a
reliable functional test combined with wearable sensors and
predictive algorithms supports the assessment by lower cost and
lower skilled personnel or clinical personnel without specialist
expertise, and may help improve the precision of clinical
assessment and referral; this can increase the efficiency of primary
care by using standardized assessments that can be administered
by a healthcare assistant, as well as reducing inappropriate
referrals. Moreover, deployment of community screening technol-
ogies may reduce unnecessary outpatient visits and health care
utilization by driving medium and low risk patients away from
hospitals towards community falls prevention activities. Such an
approach could reduce the instances of escalation and emergency
acute admissions through increased prevention arising from
improved screening, triage, and onward referral of at-risk patients.
A number of recent studies have examining depth camera13

and sensor-based14–20 systems for assessing gait, mobility and fall
risk in older adults. Sensor-based methods for assessing fall risk
are often use prescribed motor tasks (e.g. TUG or Five Time Sit to
Stand), instrumented with inertial sensors. In a majority of studies,
each patient’s self-reported history of falling (cross-sectional fall
data) prior to assessment16,19 is used to validate the reported
algorithm, while for a subset of studies each patient was followed-
up and their falls tracked for a period of time after the assessment
is performed; these fall data were then used to validate the
methods’ performance in predicting falls (prospective fall
data)14,20,21. Previous research from our group22 has reported
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that fall history data were more accurate in classifying healthy
controls than 2 years prospective data (incidents of falls during a
follow-up period). Recent studies23,24 have pointed out flaws in
the methodologies of many reported studies which aim to assess
fall risk and/or predict falls. Specifically, they noted insufficient
validation and inappropriate use of statistical modeling methods
in many of the studies reported to date.
The goal of this research is to report results for the deployment

in routine clinical practice of a novel digital assessment protocol
and algorithm for prediction of falls, frailty and mobility
impairment; developed, trained and validated by our team over
the past 11 years. We report an observational study of the
performance of these algorithms, tested on a large statistically
independent sample, in diverse real-world clinical settings over a
period of 5 years.

RESULTS
A total of 14,611 records from 8521 participants (5415 female,
3106 males) were available for analysis. Where multiple records
were available per participant, only the first record was included in
analysis. The mean age of the sample was 72.7 ± 10.7 years, with
mean height and weight of 165.9 ± 10.4 cm and 73.8 ± 15.9 kg,
respectively. The mean TUG time was 13.9 ± 7.4 s, while the mean
gait velocity (during the TUG test) was 101.9 ± 32.5 cm/s (see Table 1).
Figure 1 shows the distributions of the age, TUG time and gait
velocity for the cohort.
Data were obtained from 38 healthcare organizations from six

countries (UK, USA, Ireland, Canada, Australia and Hungary). The
breakdown of the sample of participants per country is as follows:
UK—29.5%, Ireland—41.8%, USA—11.1%, Canada—15.2%, Others
—2.2%. Organizations were divided into five categories as follows:
Academic (3.2%), Primary care (91.4%), Residential care (1.3%),

Secondary care (<1%), Senior living (3.2%). Users conducting each
patient assessment for each organization were grouped into four
categories as follows: care assistant (40.3%), Physician (<1%),
physical therapist (55.9%) and researcher (3.0%). Similarly, the
patient profiles assessed by each organization were grouped into
six categories as follows: community dwelling older adults (88.3%),
neurological patients (1.4%), rehabilitation patients (7.1%), resi-
dential care (2.0%), and unknown patient type (1.2%).

Questionnaire data
A total of 11,635 questionnaire records from 6950 participants
were available for analysis, as above only the first record with a
completed questionnaire for each participant was included in
analysis. 1779 participants (25.6%) reported a history of falls in the
previous 12 months with 4477 falls reported in total (average of
0.65 falls per participant and 2.51 falls per faller). 855 participants
reported recurrent falls. Table 2 details the prevalence of each of
the reported clinical risk factors per patient group and organiza-
tion type.
Polypharmacy was present for 3240 participants (46.6%), while

mobility problems were reported by 2346 participants (33.7%).
Vision problems were reported in 2262 records (32.5%), while
dizziness while standing up (orthostatic hypotension) was
reported by 547 participants (7.9%). A change in ability to manage
routine activities in the home (a marker of a person’s ability to live
independently) was reported by 1352 participants (19.4%).

Falls Risk Estimate
For the sensor based FRE (FREsensor), 554 of 8521 participants were
excluded due to missing data, leaving 7,967 valid participant
records for analysis. Missing data arose as the FRE is not calculated
for participants under 60 years of age or if “Falls mode” on the

Fig. 1 Histograms of age (first panel), TUG time (second panel) and gait velocity (third panel) for all participants included in the sample.

Table 1. Demographic information for the sample (N= 8,521), broken down by patient type.

Community dwelling Neurological Rehabilitation Residential care Unknown

N (F/M) 4766/2755 58/64 410/196 119/49 58/41

Height (cm) 165.9 ± 9.9 168.1 ± 7.0 166.1 ± 10.5 163.1 ± 9.9 162.7 ± 22.7

Weight (kg) 73.5 ± 15.1 73.9 ± 9.6 80.1 ± 21.3 68.8 ± 12.2 67.8 ± 27.0

Age (years) 73.9 ± 8.1 62.6 ± 12.3 62.117.8 80.5 ± 8.5 42.8 ± 27.4

TUG time (s) 14.0 ± 7.2 9.6 ± 4.0 12.8 ± 8.0 18.8 ± 11.7 9.0 ± 3.8

Gait velocity (cm/s) 100.6 ± 31.1 131.9 ± 28.7 125.2 ± 36.2 87.8 ± 32.2 132.3 ± 32.9

Data are expressed as mean ± std. dev
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software is turned off. Similarly, for FREcombined and FREclinical, 6,543
participants were included in the analysis, missing data arose for
participants under 60 (no value calculated) and when the user
chose to skip the questionnaire. The lower limit for age in the
calculation of the FRE and FE is enforced due to the fact that the
classifier models included in the software were trained and
validated on a cohort of persons 60 years of age and older. Table 4
details the prevalence of high falls risk per organization type and
patient type.
6295 participants had both valid FRE data and completed

questionnaire data for the first record. 4693 of these participants
reported no falls in the previous 12 months, 1008 (21.5%) of these
were found to be at high risk or very high risk of falls (based on
FREcombined). Conversely, 745 of these participants reported two or
more falls in the previous 12 months, 153 (20.5%) of these
participants were found to be at low risk of falls. FREcombined was
found to be significantly associated with falls history (F= 214.19,
p < 0.0001), see Fig.2.

Frailty estimate
Valid records for 7536 participants were available for FEsensor,
missing data arose as this measure was introduced in a later
software version (2015) and so were not calculated for all
participants over the study period. Similarly, no FE values were
calculated for participants under 60 or if “Falls mode” was turned
off. FEclinical and FEcombined were introduced in 2017, this fact along
with the ability of the user to skip the questionnaire meant there
were valid records for only 3016 participants for these measures.
Table 3 details the prevalence of participants in each risk category
for each of the FRE and FE scores by participant and organization
type.
2946 participants had both valid FE data and completed

questionnaire data for their first record. 2143 of these participants
reported no falls in the previous 12 months. 709 (33.1%) of those
who reported no falls were found to be at high risk or very high
risk of falls (based on FREcombined). Conversely, 387 participants
reported two or more falls in the previous 12 months, 79 (20.4%)
of these participants were found to be at low risk of falls.

FEcombined was found to be significantly associated with falls
history (F= 51.08, p < 0.0001).

Mobility impairment scores
The mobility impairment scores were introduced in 2017 and so
values were not calculated for all participants over the study
period. From the original 14,611 records for 8521 participants,
there were valid mobility impairment scores for 5195 participants.
Table 4 details the prevalence of mobility impairment per
organization and patient type for each mobility impairment score.
Each mobility score was significantly associated with falls history
(speed: F= 76.78, p < 0.0001, turn: F= 41.47, p < 0.0001, transfers:
F= 115.46, p < 0.0001, symmetry: F= 4.13, p < 0.05, variability: F=
6.23, p < 0.01. Four of five mobility scores were significantly
associated with self-reported mobility problems (speed: F=
261.49, p < 0.0001, turn: F= 289.04, p < 0.0001, transfers: F=
547.07, p < 0.0001, symmetry: F= 3.24, p= 0.07, variability: F=
9.17, p < 0.01).

DISCUSSION
To the best of our knowledge this is the largest study reported to
date (N= 8,521) on either objective measures of falls risk and
frailty, or wearable sensor measures of gait and mobility. We
report an observational study of a novel digital fall risk assessment
protocol that supports the early identification of older adults at
risk of falls and provides indications to inform the creation of
appropriate personalized interventions to prevent falls. The
classifier models used in this protocol were trained prior to
deployment on an independent data set. The methods used have
been previously validated and shown to be valid,25,26 reliable27,28

and more accurate than standard methods, in assessing falls21,29–31

and frailty.32,33

A large proportion of patients (range of 22.5–45.8% across
measures) were predicted to be at high risk or very high risk for a
measure of falls and frailty. These results agree with the
epidemiological finding of 1 in 3 older adults being at risk of
falling per year.34 As expected, a higher prevalence (50.4%) of high
or very high falls risk was predicted in residential care settings
when compared to primary care and senior living. Similarly, a
higher prevalence (46.4%) of high or very high falls risk was
predicted in residential care patients when compared to commu-
nity dwelling older adults.35,36 25.6% of participants reported a fall
in the previous 12 months, while 26.4% of participants were
predicted to be at high or very high risk of falls (based on
FREcombined), with 37.1% of participants being at high or very risk
of frailty (FEcombined); this is lower than some international
estimates suggest and may reflect the fact that the sample was:
(a) healthier than the general population or; (b) fall data were
unreliable due to difficulties with underreporting, self-reported
recall3 or cognitive impairments.37 21.5% and 33.1% of partici-
pants who did not report any falls in the previous 12 months were
predicted to be at high risk of falls and frailty respectively, which
could suggest these are participants with undetected risk who
could stand to benefit most from preventative screening
programs. 20.5% and 20.4% of participants who reported two or
more falls in the previous 12 months were found to be at low risk
of falls and frailty, respectively. These participants might be more
complex cases, representing a limitation on the accuracy of the
assessment tool, where the source of falls risk is not adequately
identified by the digital fall risk assessment protocol.
Polypharmacy is considered one of the strongest clinical risk

factors for falls38 and was reported by 46.6% of participants
overall, which is almost twice the rate of self-reported falls, with
higher rates among those in residential care (52.7%) and senior
living (55.1%). Mobility problems were reported by 33% of
participants, while low speed (high risk speed score) was observed

Fig. 2 Association of falls risk score (FREcombined) with falls history
(F= 214.19, p < 0.0001). The falls risk scores were grouped by no
falls in the past 12 months, one fall in the past 12 months and two or
more falls in the past 12 months. For each box, the central mark
indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers
extend to the most extreme data points not considered outliers,
while outliers are denoted individually by ‘+ ’.
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in 30% of participants. Higher rates (>50%) of those in senior living
and secondary care reported mobility problems as an issue, with a
larger proportion of high-risk speed scores observed in residential
and secondary care.
We report an average TUG time of 13.9 ± 7.4 s, and an average

gait velocity of 102.9 ± 32.5 cm/s. Both measures are in agreement
with average values reported in the literature for this popula-
tion.10,11,39 It is worth noting that the proportion of participants
with impaired or high-risk symmetry is 2.7%, while 29.8% of

patient records indicated slow speed (as calculated against a
statistically independent reference data set). This might suggest
that asymmetric gait is less prevalent than slow walking speed or
high gait variability (19.5%), which is associated with falls.14

Problems with transfers (e.g. getting out of a chair), which is
associated with poor lower limb and core strength40 were found
in 17.5% of participants, problems turning (associated with poor
balance or vestibular problems41) were found in 13.9%. The
prevalence of slow walking speed (as determined by the relevant

Table 2. Prevalence (%) of clinical fall risk factor per organization type and patient type (N= 6950).

N (valid) Falls
history

Polypharmacy Vision
problems

Dizziness Mobility
problems

Foot
problems

Problems with routine
activities

All data 6950 25.6 46.6 32.5 7.8 33.7 28.8 19.4

Organization type

Primary care 6592 25.4 46.4 32.7 8.0 33.7 29.0 19.7

Academic 133 21.8 46.6 27.1 6.0 19.5 14.3 13.5

Senior living 118 39.8 55.1 28.8 4.2 50.0 43.2 19.5

Residential care 91 20.9 52.7 34.1 6.6 30.8 16.5 8.8

Secondary care 16 43.8 50.0 37.5 6.3 50.0 12.5 37.5

Patient type

Community dwelling 6169 25.2 45.6 33.2 8.4 31.5 27.1 17.1

Rehabilitation 557 31.2 57.1 25.7 2.3 62.1 53.1 48.5

Residential care 141 25.5 62.4 31.9 9.9 28.4 16.3 12.8

Neurological 55 14.5 29.1 32.7 0.0 23.6 18.2 12.7

Unknown 28 15.4 23.1 15.4 0.0 3.8 3.8 3.8

Table 3. Proportion of participants in each risk category for each of the Falls Risk Estimate (FRE) and Frailty Estimate (FE) scores.

Measure N (valid) Low risk Medium risk High risk Very high risk

FREcombined 6543 2857 (43.7%) 1957 (29.9%) 1467 (22.4%) 262 (4.0%)

FREsensor 7967 3940 (49.5%) 1237 (15.5%) 1080 (13.6%) 1710 (21.5%)

FREclinical 6543 2963 (45.3%) 2112 (32.3%) 1392 (21.3%) 76 (1.2%)

FEcombined 3016 1075 (35.6%) 822 (27.3%) 915 (30.3%) 204 (6.8%)

FEsensor 7536 2553 (33.9%) 1532 (20.3%) 1527 (20.3%) 1924 (25.5%)

FEclinical 3016 1324 (43.9%) 962 (31.9%) 673 (22.3%) 57 (1.9%)

Table 4. Proportion of participants with high (or very high) falls risk (FREcombined, N= 6543), frailty (FEcombined, N= 3016) and mobility impairment
(N= 5195) per QTUG score by organization and patient type.

FREcombined FEcombined TUG Speed Turn Transfers Symmetry Variability

Organisation type

Residential care 50.44 44.25 58.40 30.1 13.3 20.4 0.0 15.0

Primary care 20.53 13.23 35.00 18.8 8.2 11.1 1.7 12.3

Senior living 15.02 3.30 46.50 4.8 2.9 1.8 0.7 0.7

Academic 9.06 8.70 19.60 11.2 4.7 5.1 0.4 10.5

Secondary care 8.06 6.45 43.50 11.3 8.1 3.2 0.0 8.1

Patient type

Residential care 46.43 41.67 58.30 35.1 14.9 17.9 0.0 16.1

Community dwelling 20.73 12.41 36.10 18.7 7.5 10.9 1.7 12.0

Rehabilitation 14.36 18.32 27.60 12.7 14.2 8.4 1.0 10.1

Unknown 2.02 4.04 9.10 2.0 1.0 0.0 0.0 10.1

Neurological 1.64 0.00 10.70 3.3 1.6 5.7 0.8 7.4

For reference purposes, the proportion of patients (%) deemed high risk by TUG time (TUG time > 13.5 s) are also included
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age and gender referenced mobility score) in residential care
patients was 35.1% as compared to 18.1% in primary care and
4.8% in senior living. Understanding factors associated with fall
risk, such as gait variability or slow walking speed may improve fall
risk prevention interventions targeted to specific problems
leading to future falls, mobility impairment or frailty.42

The reported data have limitations which we have attempted to
address; data are from diverse real-world routine clinical settings
and so were not controlled research-grade data, data were
collected from a cross-section of the population, including
population samples which might not be included in a typical
research project. 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 instruction on test protocol, but we have no way to
evaluate treatment fidelity in the routine clinical practice for 38
organizations. We attempted to address this by performing outlier
and artifact rejection on the data. In addition, all questionnaire
data were self-reported (albeit mediated by the user supervising
the delivery of the test and questionnaire). Due to the nature of
the population, self-reported data on falls, particularly using
retrospective falls history, can be under-reported. While 12 month
falls history is a strong predictor of future falls,43 consensus
guidelines44 suggest it is not an appropriate outcome measure for
studies of falls and for this reason we have only reported
associations with falls history rather than using it to report the
predictive accuracy of the reported measures in this independent
sample.
This study aims to show the behavior of these previously

validated objective measures of falls risk, frailty and mobility
impairment obtained from wearable sensor data, on a statistically
independent data set from routine clinical settings. We also
confirm their expected association with self-reported falls history
and self-reported mobility problems.
These data are of crucial importance to clinicians interested in

fall prevention as they provide a reliable basis for determining a
patient’s falls risk and establishing preventative measures. This
protocol which has been shown elsewhere to be cost-effective45

for use in fall prevention, broadens the base of users that can
perform fall risk assessments. This is because it enables lower
skilled or lower-cost staff, such as home care and community
workers to perform reliable fall risk assessments in non-clinical
environments and allows clinicians such as primary care
physicians and physical therapists to interpret these data and
improve the precision of referral and diagnosis. In addition, they
may allow healthcare managers to estimate demand for services
based on target population and expected prevalence of each risk
category. This has the potential to improve patient outcomes and
significantly reduce the financial burden imposed by falls on
global healthcare systems.

METHODS
A sample of 8521 participants were assessed using a digital fall risk
assessment protocol (see Table 1). Data included measures of falls, frailty
and mobility and were collected between 2014 and 2019. Data were
anonymized and stored centrally on a cloud-based server. Each data record
contained wearable sensor data and questionnaire responses on clinical
fall risk factors.
Each participant provided informed consent, a supervising user

consented the participant and collected the data using Kinesis QTUG™
(Kinesis Health Technologies, Dublin, Ireland), a Class I medical device,
registered with US, Canadian, EU and Australian competent authorities.
Each supervising user was provided with a user guide, an instructional
video and additional training if required. Data were acquired in different
contexts and pooled for the purposes of the analyses presented in this
paper. Some data were obtained as part of research studies which had
been approved by the relevant ethics committees and shared with the
authors with the consent of study participants. Other data were collected

as part of normal clinical practice from a variety of healthcare organizations
(including primary care, senior living, secondary hospital care, and
residential care) and shared with the authors in adherence with local data
governance procedures. Data were anonymized and stored in line with
data privacy regulations in each country (e.g. HIPAA, GDPR). Data were
obtained from a variety of healthcare organizations including primary care,
senior living, secondary (hospital) care, academic research and residential
care. Users included individuals from a variety of professional groups,
including physical therapists, care assistants and researchers. Each
participant carried out the TUG test wearing body-worn inertial measure-
ment units (IMUs) on each leg below the knee. Each IMU was held in place
with dedicated reusable Velcro straps or with disposable bandages. Users
were asked to instruct participants to complete the TUG test “as fast as
safely possible”; participants were asked to stand-up, walk 3 m, turn 180°,
walk back to the chair and sit down. Each test takes approximately 5 min,
including application of the sensors and explaining the protocol. Data were
extracted from the database using MySQL workbench 8.0 (Oracle, CA) and
analyzed using Matlab v9.3.0 (Mathworks, Natick, VA).

Questionnaire data
The supervising user was asked to complete a questionnaire with the
participant, asking them questions on their clinical fall risk factors (this
questionnaire was optional and could be skipped in the software (for users
for whom clinical falls data were not of interest)). The questionnaire (see
Supplementary methods) is based on the American and British Geriatric
societies (AGS/BGS) guidelines and aims to capture self-reported data on
the main clinical risk factors linked to falls in older adults.46 The clinical risk
factors recorded by the questionnaire include history of falls, polyphar-
macy, mobility problems, orthostatic hypotension, foot problems, vision
problems (vision impairment) and ability to live independently. Partici-
pants were asked about their history of falls in the previous 12 months.
Falls history was considered in three categories: no falls in the previous
12 months, one fall in the previous 12 month, two or more falls (recurrent
faller) in the previous 12 months.

IMU sensor data
The recorded IMU sensor data are automatically processed immediately
upon completion of each TUG test, producing 71 different measures of gait
and mobility (QTUG mobility parameters), which are applied to pre-trained
classifier models to produce validated statistical predictions of falls risk and
frailty.29–32 For the purposes of this study we report a subset of these
parameters: TUG time, gait velocity, Falls Risk Estimate (FRE), Frailty
Estimate (FE), and mobility impairment scores. All data reported here were
independent of the data previously used to develop and validate each of
the statistical classifier models used (see Supplementary material for
further details).
TUG time, the time to complete the TUG test, is a standard measure

used to assess fall risk. It is measured from the moment the user says ‘go’
to the moment the participant’s back touches the chair. Traditionally, this is
measured using a stopwatch but is captured here using a start/stop button
on a tablet (QTUG software). The gait velocity during the TUG test is
calculated using a previously reported algorithm.21,47 For reference
purposes, we use a standard cut-off time for the TUG test; with a time
greater than 13.5 s11 considered high risk.

Falls risk estimate
Statistical fall risk predictions are calculated using a combination of sensor
data, anthropomorphic and questionnaire data applied to classifier models
previously trained on independent data.29 If a full dataset is available for a
participant, three falls risk estimate scores are produced: Sensor-based
(FREsensor), Questionnaire-based (FREclinical) and Combined (FREcombined).
FREsensor is based on IMU sensor data and anthropomorphic data only,

applied to a regularized discriminant model. FREclinical is based on
questionnaire and anthropomorphic data applied to a logistic regression
model. FREcombined is a weighted average of the other two FRE scores. (see
Supplementary methods for more details). Prospective and cross-sectional
validation data for each model have been reported previously29,30 and
found that FREcombined is more accurate than both FREclinical and FREsensor
individually, while FREcombined and FREsensor have also been shown to be
significantly more accurate (approximately 20% depending on the study
population) than the TUG time or Berg balance scale (BBS) in assessing falls
risk.21,30 In this observational study, a one-way ANOVA was used to test the
association between FREcombined and falls history.
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Frailty estimate
As with the FRE, three frailty estimate (FE) scores—derived using previously
validated predictive models for estimating frailty based on the Fried frailty
phenotype48 (a well-validated standard measure of clinical frailty)—are
calculated for each QTUG assessment: Sensor-based (FEsensor),
Questionnaire-based (FEclinical), Combined (FEcombined).
FEsensor is based on a previously reported algorithm32 and uses IMU data

and anthropomorphic data applied to a logistic regression model (see
Supplementary material for more details). FEsensor was found to be slightly
more accurate (4%) than TUG time in assessing frailty but would have the
advantage of being faster to administer and suitable for a non-specialist
user. FEclinical and FEcombined use a similar methodology to FREclinical and
FREcombined

29 which are based on the questionnaire data applied to a
logistic regression model and a weighted average of the other two FE
scores, respectively (see Supplementary methods for more details). Both
are reported here for the first time. In this paper, a one-way ANOVA was
used to test the association between FEcombined and falls history.

Mobility impairment scores
Mobility impairment is identified by grouping the calculated QTUG
mobility parameters into five functional categories: Speed, Variability,
Symmetry, Transfers, and Turning.
Mobility issues per functional category are identified by calculating a

percentile score (compared to an independent reference sample22,30,31) for
each QTUG parameter per group, with the mobility impairment score
taken as the mean of the parameter percentiles within each functional
category. Scores are also stratified by age range and gender. Each mobility
impairment score can be interpreted as an aggregated measure (between
0 and 100%) of the severity of a person’s impairment in the given
functional mobility category, referenced against the population stratified
by age range and gender. See Supplementary methods for more details.

Risk categories
The falls risk and frailty scores are essentially posterior probabilities and
defined as low risk if less than 50%, 50–69% is considered medium risk,
while high risk and very high risk are 70–89% and greater than 90%
respectively. These probability definitions are based on empirically derived
thresholds obtained from testing on algorithm development datasets.
A mobility impairment 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 mobility impairment score for a given category is above
70% (70th percentile) the participant is considered to display functional
impairment in that functional category.
One-way ANOVA was also used to examine the association of mobility

scores with falls history as well as with self-reported mobility problems.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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restrictions apply to the availability of this code, which is used under license for the
current study, and so are not publicly available. Code is however available from the
authors upon reasonable request and with permission of Kinesis Health
Technologies Ltd.

Received: 8 June 2019; Accepted: 22 November 2019;

REFERENCES
1. Burns, E. R., Stevens, J. A. & Lee, R. The direct costs of fatal and non-fatal falls

among older adults—United States. J. Saf. Res. 58, 99–103 (2016).
2. Hartholt, K. A. et al. Societal consequences of falls in the older population: inju-

ries, healthcare costs, and long-term reduced quality of life. J. Trauma Acute Care
Surg. 71, 748–753 (2011).

3. Hoffman, G. J. et al. Underreporting of fall injuries of older adults: implications for
wellness visit fall risk screening. J. Am. Geriatrics Soc. 66, 1195–1200 (2018).

4. Sherrington, C. et al. Exercise for preventing fallsin older people living in the
community. Cochrane Database Syst. Rev. Art. No.: CD012424, (2019). https://doi.
org/10.1002/14651858.CD012424.pub2.

5. Gillespie, L. D. et al. Interventions for preventing falls in older people living in the
community. Cochrane Database Syst. Rev. 12, CD007146 (2012). https://doi.org/
10.1002/14651858.CD007146.pub3.

6. Falls in older people: assessing risk and prevention. Clinical Guideline [CG161]
(National Institute for Health and Care Excellence, 2013). https://www.nice.org.uk/
guidance/cg161.

7. Mathias, S., Nayak, U. & Isaacs, B. Balance in elderly patients: the “get-up and go”
test. Arch. Phys. Med. Rehabil. 67, 387–389 (1986).

8. Ng, S. S. & Hui-Chan, C. W. The timed up & go test: its reliability "and association
with lower-limb impairments and locomotor capacities in people with chronic
stroke. Arch. Phys. Med. Rehabil. 86, 1641–1647 (2005).

9. Savva, G. M. et al. Using timed up-and-go to identify frail members of the older
population. J. Gerontol. Ser. A: Biol. Sci. Med. Sci. 68, 441–446 (2013).

10. Barry, E., Galvin, R., Keogh, C., Horgan, F. & T., F. Is the Timed Up and Go test a
useful predictor of risk of falls in community dwelling older adults: a systematic
review and meta-analysis. BMC Geriatr. 1, 14 (2014).

11. Thrane, G., Joakimsen, R. & Thornquist, E. The association between timed up and
go test and history of falls: the Tromso study. BMC Geriatrics. 7, 1 (2007).

12. Fritz, S. & Lusardi, M. White paper: “walking speed: the sixth vital sign”. J. Geriatr.
Phys. Ther. 32, 2–5 (2009).

13. Stone, E. E. & Skubic, M. Unobtrusive, continuous, in-home gait measurement
using the Microsoft Kinect. IEEE Trans. Biomed. Eng. 60, 2925–2932 (2013).

14. Hausdorff, J., Rios, D. & Edelberg, H. Gait variability and fall risk in community-
living older adults: a 1-year prospective study. Arch. Phys. Med Rehabil. 82,
1050–1056 (2001).

15. Doheny, E. P. et al. Falls classification using tri-axial accelerometers during the
five-times-sit-to-stand test. Gait Posture 38, 1021–1025 (2013).

16. Narayanan, M. R. et al. Longitudinal falls-risk estimation using triaxial accel-
erometry. IEEE Trans. Biomed. Eng. 57, 534–541 (2010).

17. Schwenk, M. et al. Wearable sensor-based in-home assessment of gait, balance,
and physical activity for discrimination of frailty status: baseline results of the
Arizona Frailty Cohort Study. Gerontology 61, 258–267 (2015).

18. Weiss, A., Herman, T., Giladi, N. & Hausdorff J. M. Objective assessment of fall risk
in parkinson’s disease using a body-fixed sensor worn for 3 days. PLoS ONE 9,
e96675 (2014). https://doi.org/10.1371/journal.pone.0096675.

19. Shany, T., Redmond, S. J., Narayanan, M. R. & Lovell, N. H. Sensors-based wearable
systems for monitoring of human movement and falls. Sens. J., IEEE. 12, 658–670
(2012).

20. Marschollek, M. et al. Sensor-based fall risk assessment–an expert ‘to go’. Methods
Inf. Med. 50, 420–426 (2011).

21. Greene, B. R. et al. Evaluation of falls risk in community-dwelling older adults
using body-worn sensors. Gerontology 58, 472–480 (2012).

22. Greene B. R., McGrath D., Caulfield B. A comparison of cross-sectional and pro-
spective algorithms for falls risk assessment. IEEE Eng. Med. Biol. Conf. 2014,
4527–4530 (2014).

23. Howcroft, J., Kofman, J., Lemaire, E. D. Review of fall risk assessment in geriatric
populations using inertial sensors. J Neuroeng Rehabil. 10, 91 (2013). https://doi.
org/10.1186/1743-0003-10-91.

24. Shany, T., Wang, K., Liu, Y., Lovell, N. H., Redmond, S. J. Review: Are we stumbling
in our quest to find the best predictor? Over-optimism in sensor-based models
for predicting falls in older adults. Healthc. Technol. Lett. 2, 79–88 (2015). https://
doi.org/10.1049/htl.2015.0019.

25. Greene, B. R. et al. An adaptive gyroscope based algorithm for temporal gait
analysis. Med. Biol. Eng. Comput. 48, 1251–1260 (2010).

26. Greene, B. R., Foran, T., McGrath, D., Doheny, E. P. & Burns, A. A comparison of
algorithms for body-worn sensor based spatio-temporal gait parameters to
GAITRite electronic walkway. J. Appl. Biomech. 28, 349–355 (2012).

27. Smith, E., Walsh, L., Doyle, J., Greene, B. & Blake, C. The reliability of the quanti-
tative timed up and go test (QTUG) measured over five consecutive days under
single and dual-task conditions in community dwelling older adults. Gait Posture
43, 239–244 (2016).

28. Greene, B. R. et al. Assessment and classification of early-stage multiple sclerosis
with inertial sensors: comparison against clinical measures of disease state.
Biomed. Health Inform. IEEE J. 19, 1356–1361 (2015).

B.R. Greene et al.

6

npj Digital Medicine (2019)   125 Scripps Research Translational Institute

https://doi.org/10.1002/14651858.CD012424.pub2
https://doi.org/10.1002/14651858.CD012424.pub2
https://doi.org/10.1002/14651858.CD007146.pub3
https://doi.org/10.1002/14651858.CD007146.pub3
http://www.nice.org.uk/guidance/cg161
http://www.nice.org.uk/guidance/cg161
https://doi.org/10.1371/journal.pone.0096675
https://doi.org/10.1186/1743-0003-10-91
https://doi.org/10.1186/1743-0003-10-91
https://doi.org/10.1049/htl.2015.0019
https://doi.org/10.1049/htl.2015.0019


29. Greene, B. R., Redmond, S. J. & Caulfield, B. Fall risk assessment through auto-
matic combination of clinical fall risk factors and body-worn sensor data. IEEE J.
Biomed. Health Inform. 21, 1–1 (2016).

30. Greene, B. R. et al. Quantitative falls risk assessment using the Timed Up and Go
test. IEEE Trans. Biomed. Eng. 57, 2918–2926 (2010).

31. Greene B. R. et al. Longitudinal assessment of falls in Parkinson’s disease using
inertial sensors and the Timed Up and Go test. Rehabil. Appl. Technol. Eng. (RATE).
5, 2055668317750811 (2018).

32. Greene, B. R., Doheny, E. P., O’Halloran, A. & Kenny, R. A. Frailty status can be
accurately assessed using inertial sensors and the TUG test. Age Ageing 43,
406–411 (2014).

33. Greene, B. R., Doheny, E. P., Kenny, R. A. & Caulfield, B. Classification of frailty and
falls history using a combination of sensor-based mobility assessments. Physiol.
Meas. 35, 2053–2066 (2014).

34. World Health Organization (WHO). WHO Global Report on Falls Prevention in Older
age. WHO Department of Ageing and Life Course. (World Health Organization,
Geneva, 2007).

35. Rubenstein, L. Z. Falls in older people: epidemiology, risk factors and strategies
for prevention. Age Ageing 35, ii37–ii41 (2006).

36. Masud, T. & Morris, R. O. Epidemiology of falls. Age Ageing 30, 3–7 (2001).
37. Freiberger, E. & de Vreede, P. Falls recall—limitations of the most used inclusion

criteria. Eur. Rev. Aging Phys. Act. 8, 105–108 (2011).
38. Dhalwani, N. N. et al. Association between polypharmacy and falls in older adults:

a longitudinal study from England. BMJ Open. 7, e016358 (2017).
39. Studenski, S. et al. Gait speed and survival in older adults. JAMA: J. Am. Med. Assoc.

305, 50–58 (2011).
40. Bohannon, R. W., Bubela, D. J., Magasi, S. R., Wang, Y.-C. & Gershon, R. C. Sit-to-

stand test: Performance and determinants across the age-span. Isokinet. Exerc. Sci.
18, 235–240 (2010).

41. Dye, D. C., Eakman, A. M. & Bolton, K. M. Assessing the validity of the dynamic gait
index in a balance disorders clinic: an application of rasch analysis. Phys. Ther. 93,
809–818 (2013).

42. Guirguis-Blake, J. M., Michael, Y. L., Perdue, L. A., Coppola, E. L. & Beil, T. L. Inter-
ventions to prevent falls in older adults: updated evidence report and systematic
review for the US Preventive Services Task Force. JAMA 319, 1705–1716 (2018).

43. Oliver, D., Daly, F., Martin, F. C. & McMurdo, M. E. T. Risk factors and risk assess-
ment tools for falls in hospital in-patients: a systematic review. Age Ageing 33,
122–130 (2004).

44. Lamb, S. E., Jørstad-Stein, E. C., Hauer, K. & Becker, C, Europe obotPoFN, Group
OC. Development of a common outcome data set for fall injury prevention trials:
the prevention of falls network Europe consensus. J. Am. Geriatrics Soc. 53,
1618–1622 (2005).

45. Franklin M., Hunter R. M. A modelling-based economic evaluation of primary-
care-based fall-risk screening followed by fall-prevention intervention: a cohort-
based Markov model stratified by older age groups. Age Ageing (2019). https://
doi.org/10.1093/ageing/afz125.

46. Gillespie, L., Gillespie, W., Cumming, R., Lamb, S. & Rowe, B. American Geriatrics
Society, British Geriatrics Society, American Academy of Orthopaedic Surgeons Panel
on Falls Prevention. Guideline for the prevention of falls in older persons Inter-
ventions for preventing falls in the elderly. J. Am. Geriatr. Soc. 49, 664–672 (2001).

47. Doheny E. P., Foran T., Greene B. R. in 32nd Annual International Conference of
the IEEE Engineering in Medicine and Biology Society. A single gyroscope
method for spatial gait analysis. (Institute of Electrical and Electronic Engi-
neers (IEEE), 2010).

48. Fried, L. P. et al. Frailty in older adults: evidence for a phenotype. J. Gerontol. A
Biol. Sci. Med Sci. 56, M146–M157 (2001).

49. Greene B. R., Caulfield B in IEEE Conference on Biomedical and Health Informatics
(BHI) 2018 and the IEEE Conference on Body Sensor Networks (BSN) 2018 (BHI-BSN
2018); March 2018. Objective assessment of functional mobility using the TUG
test. (Institute of Electrical and Electronic Engineers (IEEE), Las Vegas, NV, 2018).

ACKNOWLEDGEMENTS
This work was supported a Science Foundation Ireland industry research fellowship
(16/IFA/4353).

AUTHOR CONTRIBUTIONS
Data analysis was carried out by B.R.G. and K.Mc.M. All authors contributed to
manuscript preparation and analysis plan.

COMPETING INTERESTS
B.R.G. is a director of Kinesis Health Technologies Ltd, a company with a license to
commercialize this technology. B.R.G. and K.Mc.M. are employees of Kinesis Health
Technologies. The rest of the authors declare that there are no competing interests.

ADDITIONAL INFORMATION
Supplementary information is available for this paper at https://doi.org/10.1038/
s41746-019-0204-z.

Correspondence and requests for materials should be addressed to B.R.G.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2019

B.R. Greene et al.

7

Scripps Research Translational Institute npj Digital Medicine (2019)   125 

https://doi.org/10.1093/ageing/afz125
https://doi.org/10.1093/ageing/afz125
https://doi.org/10.1038/s41746-019-0204-z
https://doi.org/10.1038/s41746-019-0204-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

