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A B S T R A C T

Higher functioning older adults rarely have their balance assessed clinically and as such early decline in

balance is not captured. Early identification of declining balance would facilitate earlier intervention and

improved management of the ageing process. This study sought to determine if (a) a once off inertial

sensor measurement and (b) changes in inertial sensor measurements one year apart can identify

declining balance for higher functioning older adults. One hundred and nineteen community dwelling

older adults (58 males; 72.5 � 5.8 years) completed a timed up and go (TUG) instrumented with inertial

sensors and the Berg balance scale (BBS) at two time points, one year apart. Temporal and spatio-temporal

gait parameters as well as angular velocity and turn parameters were derived from the inertial sensor data. A

change in balance from baseline to follow-up was determined by sub-components of the BBS. Changes in

inertial sensor parameters from baseline to follow-up demonstrated strong association with balance decline

in higher functioning older adults (e.g. mean medial-lateral angular velocity odds ratio = 0.2; 95% CI: 0.1–

0.5). The area under the Receiver operating characteristic curve (AUC) ranged from 0.8 to 0.9, a marked

improvement over change in TUG time alone (AUC 0.6–0.7). Baseline inertial sensor parameters had a similar

association with declining balance as age and TUG time. For higher functioning older adults, the change in

inertial sensor parameters over time may reflect declining balance. These measures may be useful clinically,

to monitor the balance status of older adults and facilitate earlier identification of balance deficits.

� 2014 Elsevier B.V. All rights reserved.
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Introduction

With declining fertility and increasing life expectancy for most
regions of the world, the mean global age has increased [1]. This
trend is expected to continue with projected figures for 2050 of 2
billion adults over the age of 60 [2]. In order to minimise the
economic and health costs of these changing population demo-
graphic early identification of decline coupled with timely medical
intervention is required.

Higher functioning older adults represent those who are
community dwelling, independently mobile and have few
morbidities [3]. Despite evidence that it is an essential component
of the functional assessment of older adults, balance is often not
assessed in these older adults [4]. Declining balance is associated
with limited mobility and an increased risk of falls [5]. Early
detection of decline in balance could facilitate earlier intervention
and potentially reduce the risk of falls. Current clinical measures of
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balance are restricted by ceiling scores which higher functioning
older adults are likely to obtain [6]. Inertial sensor based balance
assessments may represent an appropriate substitute to current
assessments for higher functioning groups.

The timed up and go (TUG) is used to assess functional mobility
and requires both static and dynamic balance [7,8]. The TUG is
quick, easy to administer and has been shown to have some
predictive power for falls and mobility impairment [9,10].
Additionally, the application of wireless inertial sensors to the
lower limbs during the TUG allows measurements such as cadence,
stance phase duration and angular velocity to be recorded [11,12].
These objective measures have been combined statistically to
improve the accuracy of falls risk assessment as compared to TUG
time [11,12]. As altered balance is associated with falls risk these
inertial sensor based measures may have utility in identifying early
changes in balance for higher functioning groups [4].

This study had two objectives:

(1) To determine if baseline quantitative TUG parameters are
associated with a decline in balance at follow-up for higher
functioning older adults.
 of declining balance in higher functioning older adults, an inertial
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Fig. 1. Experimental setup for capture of inertial sensor data during the TUG test.

Sensors were affixed to the anterior tibia of each lower limb during the TUG test.
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(2) To determine if changes in quantitative TUG parameters
(measured at two time points one year apart) reflect decline in
balance for higher functioning older adults.

Methods

Participants were those from the Technology Research for
Independent Living (TRIL) longitudinal study on ageing (www.
trilcentre.org). Those who were community dwelling, greater than
60 years of age, able to walk independently, cognitively intact and
able to provide informed consent were included in the TRIL cohort.
Participants attended the TRIL Clinic, St. James’s Hospital Dublin,
Ireland in 2010–2011 for a comprehensive baseline assessment
[13]. Follow-up assessments were completed on average 12.9
months later, over a period of 22 months after the initial baseline
assessment. Institutional ethical approval was granted.

In a study of several clinical measures of balance, the BBS
demonstrated the lowest rates of ceiling effect amongst a group of
older adults with functional limitations [5]. The BBS has been
shown to be highly correlated with TUG time [12] (also referred to
as manual TUG). As such it was selected as the clinical reference
standard of balance for comparison with the quantitative TUG. The
BBS is progressive in nature with the final components (tandem
stance and single leg stance) considered the most challenging [14].
It was anticipated that a change in these more complex tasks
would be seen before a change in the simpler tasks for those older
adults who were higher functioning. For the current study, the
more complex BBS sub-components were targeted as indices of
declining balance. Decline in each BBS sub-component was defined
as a negative change in component score of 2 or more (�40%
reduction). Participants were categorised as ‘balance declined’ or
‘balance not-declined’ for each individual sub-component as well
as overall BBS, based on how each BBS sub-component and the
overall BBS changed between baseline and follow-up. For the total
BBS a decline in balance was defined as a decrease in total score of
at least four [15].

Participants completed the BBS and the quantitative TUG at
both test sessions. The BBS was delivered and scored as per the
protocol outlined by Berg et al. [16]. The TUG was conducted as per
the protocol described by Greene et al. [11]. Wireless inertial
sensors (SHIMMER Research, Dublin, Ireland) were used to capture
kinematic data during the TUG (Fig. 1). Each sensor contained a tri-
axial accelerometer and a tri-axial gyroscope and sampled at
102.4 Hz. Sensors were calibrated using a standard procedure [17]
and attached to the anterior tibia of each leg. Sensor data were
transmitted wirelessly via Bluetooth to a PC.

All sensor data analysis was performed using MATLAB version
7.11 (Mathworks, Natick, MA, USA). Quantitative TUG parameters
were calculated from the raw sensor data, these are described in
detail elsewhere [11,12]. In summary temporal, spatio-temporal,
turn and tri-axial angular velocity parameters were extracted for
further analyses. The sensor angular velocities were described as
medio-lateral (ML), anterior-posterior (AP) and vertical (V) (Fig. 1).
Quantitative TUG parameters were derived for baseline TUG sensor
data and for the changes in sensor data between baseline and
follow-up.

Additional measures were collected at the baseline assessment
to further characterise the cohort. Cognitive status was assessed
using the Mini-Mental State Examination (MMSE) [18]. Maximum
grip strength was measured using a handheld dynamometer
(Baseline1 Hydraulic Hand Dynamometers, Nex-Gen Ergonomics
Inc., Quebec, Canada). Polypharmacy was defined as the regular
use of four or more prescription medications [19]. Finally, the age-
adjusted Charlston co-morbidity index (AACCI) provided an
indication of health status [20].
Please cite this article in press as: Sheehan KJ, et al. Early identification
sensor based method. Gait Posture (2014), http://dx.doi.org/10.1016
Statistical analysis

Statistical analyses were performed using SPSS version 18.0 for
Windows (SPSS Inc., Chicago, IL, USA). Baseline participant
characteristics were generated for groups based on declined/
not-declined status and described in terms of sample proportions,
their means and standard deviations, or median, minimum and
maximum. Independent t-tests and Mann–Whitney rank-sum
tests were performed to investigate if between groups differences
(a � 0.05; 95% confidence interval (CI)) in baseline characteristics
were evident. The coefficient of variation (CV) was calculated as
the standard deviation of each quantitative TUG parameter divided
by the mean of each quantitative TUG parameter taken across the
entire TUG test.

To avoid multicollinearity the number of variables was
reduced using logistic regression by block analysis. Fifty-two
inertial sensor derived variables were grouped into five blocks
(temporal (n = 17), spatio-temporal (n = 6), turn (n = 6), angular
velocity (n = 14), angular velocity by height parameters (n = 9)).
The balance dichotomization of declined/not-declined for single
leg stance, tandem stance and total BBS was used as the
dependent variable. Working with each block, a univariate
logistic regression was performed on each independent variable
on each balance outcome and only those which were significant
(a � 0.05) were retained in each block. Through this procedure all
non-significant variables were excluded from the analyses for
each final model.

Final logistic regression models were generated using the
results of the sub-group analyses. Three models assessed the
association of baseline quantitative TUG parameters with decline
in single leg stance, tandem stance and total BBS, respectively.
These models were adjusted for age as a potential confounder. An
additional three models assessed whether the change in TUG
parameters between baseline and follow-up assessments was
associated with a decline in single leg stance, tandem stance and
total BBS. Change in age over time is a constant and as such was not
included in these models. An additional six univariate models
assessed the association of TUG time and change in TUG time with
declining balance. Odds ratios with 95% confidence intervals for
the final models were described. The area under the receiver
operating characteristic (ROC) curve and its associated confidence
interval was used as an indicator of each model’s predictive
capability.
 of declining balance in higher functioning older adults, an inertial
/j.gaitpost.2014.01.003
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Table 1
Baseline characteristics for participants dichotomized into declined/non-declined groups for the sub-components and total score of the BBS.

Baseline

characteristic

Total sample

(n = 119)

Decline single

leg stance

(n = 24)

No decline single

leg stance (n = 95)

Decline tandem

stance (n = 18)

No decline

tandem stance

(n = 101)

Decline total

BBS (n = 12)

No decline

total BBS

(n = 107)

Population proportions

Gender, M/F 58/61 13/11 45/50 9/9 49/52 5/7 53/54

Polypharmacy (%) 50.4 50.0 50.6 44.4 51.5 16.7 54.2

Mean (standard deviation)

Age (years) 72.5(5.8) 76.8(7.0)y 71.4(5.0) 76.8(5.7)y 71.7(5.6) 75.8(5.6)y 72.1(5.8)

Weight (kg) 77.0(14.8) 81.1(18.1) 76.0(13.8) 76.4(13.1) 77.1(15.1) 74.8(11.0) 77.3(15.2)

Height (cm) 169.3(9.0) 167.6(9.0) 169.7(9.1) 169.3(6.9) 169.3(9.4) 166.13(6.3) 169.7(9.3)

TUG time (s) 10.4(2.4) 12.3(3.0)y 9.9(1.9) 12.0(2.4)y 10.1(2.3) 12.1(3.2)y 10.2(2.2)

Grip strength (lbs) 64.0(23.9) 68.0(25.6) 63.0(23.5) 69.3(26.8) 63.1(23.4) 79.7(25.3) 62.3(23.2)

Median (minimum–maximum)

BBS 55(45–56) 53(45–55)* 56(48–56) 53(45–55)* 56(45–56) 53(48–55)* 56(45–56)

MMSE 28(18–30) 28(18–30) 28(19–30) 28(20–30) 28(18–30) 28(20–30) 28(18–30)

AACCI 4(2–10) 4(2–8) 4(2–10) 4(2–8) 4(2–10) 5(2–7) 4(2–10)

Data are expressed as mean (standard deviation) and median (minimum–maximum). Percentage values represent the proportion of participants in each sub-group who had

polypharmacy.

Significant between group differences were considered at the levels of * for a � 0.01 and y for a � 0.05.

Table 2
Results obtained from logistic regression models assessing the utility of baseline quantitative TUG parameters in predicting decline in balance.

Model 1 Baseline mean (SD) Follow-up mean (SD) Odds ratio (95% CI)

Turn mid-point time (s) 3.8(1.0) 3.9(1.0) 2.8(1.5–5.5)*

Swing time CV (%) 19.0(15.0) 19.6(14.9) 1.0(1.0–1.1)

Age 72.5(5.8) – 1.1(1.0–1.3)y

Model 2 Baseline mean (SD) Follow-up mean (SD) Odds ratio (95% CI)

Turn mid-point time (%) 3.8(1.0) 3.9(1.0) 1.1 (0.5–2.4)

Angular velocity ML minimum (deg/s) 92.5(13.2) 99.2(18.8) 1.1 (1.0–1.1)

Stance time CV (%) 42.7(16.7) 45.3(20.6) 1.0 (1.0–1.1)

Age 72.5(5.8) – 1.1(1.0–1.3)y

Model 3 Baseline mean (SD) Follow-up mean (SD) Odds ratio (95% CI)

Walk time (s) 8.2(3.5) 8.3(2.2) 1.1(0.9–1.3)

Angular velocity ML minimum by height (deg m/s) 156.5(23.7) 165.1(32.9) 1.0 (1.0–1.1)

Age 72.5(5.8) – 1.0(0.9–1.2)

Models 1–3 represent the analyses for decline in single leg stance, tandem stance and total BBS, respectively. One hundred and nineteen observations were included in each

model. CV: Coefficient of variation; the ratio of the standard deviation to the mean, expressed as a percentage. SD: standard deviation. CI: confidence interval.

The odds of exhibiting a decline in balance was deemed significant at the levels of * a � 0.01 and y a � 0.05.
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Results

At baseline 447 participants were assessed. Of these 444 (99.3%)
completed the BBS and 437 (97.8%) completed the quantitative
TUG. Due to time constraints it was not possible to re-assess all
participants. A convenience sample of 156 (34.9%) participants was
invited to complete a follow-up assessment. Thirteen (8.3%) did
not wish to partake, eight (5.1%) reported being too unwell while
one (0.6%) participant reported carer burden. A further 12 (7.7%)
participants cancelled their appointment and did not reschedule.
Three (1.9%) participants were excluded at baseline due to poor
quality sensor data. One hundred and nineteen subjects completed
both assessments. There was no difference in age, cognitive status,
grip strength or TUG time between those who completed follow up
and those who did not (p � 0.05). Those who were not followed up
had significantly (p � 0.05) lower BBS (median, minimum-maxi-
mum. 54, 10–56) and a trend towards a higher AACCI (p = 0.06).

Table 1 summarises baseline characteristics for the total sample
and participants dichotomized into declined/not-declined groups.
At baseline 47% of participants achieved a ceiling score on the BBS.
A decline in single leg stance was seen for 24 (20.2%) participants.
Eighteen (15.1%) declined in tandem stance and 12 (10.1%)
declined in total BBS. All participants who declined in total BBS
declined in either single leg or tandem stance. Five participants
demonstrated an improvement in total BBS. No participant
Please cite this article in press as: Sheehan KJ, et al. Early identification
sensor based method. Gait Posture (2014), http://dx.doi.org/10.1016
improved on single leg or tandem stance. Those who presented
with a decline in balance at follow-up were older, had slower
baseline TUG times and lower baseline BBS (p � 0.05). Similar
baseline MMSE scores, AACCI scores, grip strengths and presence of
polypharmacy (p � 0.05) were seen for declined and non-declined
groups.

Results from the logistic regression analyses used to determine
if baseline quantitative TUG parameters were associated with a
decline in balance are presented in Table 2. One baseline
quantitative TUG parameter (time of turn mid-point) had a
significant (p � 0.001) relationship with a decline in balance (odds
ratio 2.8, CI: 1.5–5.5). Age was significantly (p � 0.05) associated
with a decline in tandem balance and single limb support (odds
ratio 1.1, CI: 1.0–1.3). For a change in TUG time of one second, the
odds of demonstrating a decline in balance were significant
(p � 0.05) for single leg stance (odds ratio 1.5, 95% CI: 1.2–1.9),
tandem stance (odds ratio 1.3, 95% CI: 1.1, 1.6) and total BBS (odds
ratio 1.2, 95% CI: 1.1, 1.3).

Results from the logistic regression analyses used to determine
if changes in quantitative TUG parameters over time reflect change
in balance are presented in Table 3. The change in five quantitative
TUG parameters between baseline and follow-up (change in swing
time CV, change in mean ML angular velocity, change in minimum
ML angular velocity, change in mean V angular velocity and change
in minimum AP angular velocity by height) were significantly
 of declining balance in higher functioning older adults, an inertial
/j.gaitpost.2014.01.003
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Table 3
Results obtained from the logistic regression models, assessing the utility of the change in quantitative TUG parameters from baseline to follow-in identifying a decline in

balance.

Model 4 Mean baseline (SD) Mean follow-up (SD) Odds ratio (95% CI)

D Angular velocity ML mean (deg/s) 20.2(3.2) 25.1(4.5) 0.6 (0.4–0.8)z

D Angular velocity V mean(deg/s) 9.3(2.1) 11.5(2.6) 0.7 (0.5–0.9)y

D Walk time (s) 8.2(3.5) 8.3(2.2) 1.3 (0.9–2.0)

D Angular velocity ML minimum (deg/s) 92.5(13.2) 99.2(18.8) 0.9 (0.9–1.0)*

D Swing time CV (%) 19.0(15.0) 19.6(14.9) 0.9 (0.9–1.0)*

D Angular velocity V CV(%) 151.7(18.6) 138.9(16.5) 1.0 (0.9–1.0)

D Angular velocity AP minimum by height (deg m/s) 308.5(86.0) 311.9(81.7) 1.0 (1.0–1.0)y

Model 5 Mean baseline (SD) Mean follow-up (SD) Odds ratio (95% CI)

D Angular velocity ML mean (deg/s) 20.2(3.2) 25.1(4.5) 0.2 (0.1–0.5)z

D Angular velocity ML CV (%) 147.9(13.0) 131.2(9.0) 0.8 (0.6–0.9)z

D Angular velocity ML minimum (deg/s) 92.5(13.2) 99.2(18.8) 0.8 (0.7–0.9)z

D Angular velocity ML mean during mid-swing points (deg/s) 117.4(16.9) 124.4(18.0) 1.1 (1.0–1.3)y

D Angular velocity AP maximum (deg/s) 187.8(51.0) 179.4(51.0) 1.0 (1.0–1.0)y

Model 6 Mean baseline (SD) Mean follow-up (SD) Odds ratio (95% CI)

D Angular velocity ML mean (deg/s) 20.2(3.2) 25.1(4.5) 0.7 (0.6–1.0)y

D Angular velocity ML CV (%) 147.9(13.0) 131.2(9.0) 0.9 (0.8–1.0)*

D Angular velocity AP CV (%) 155.7(19.0) 137.8(16.7) 1.1 (1.0–1.1)y

Models 4–6 represent the analyses for decline in single leg stance, tandem stance and total BBS, respectively. One hundred and nineteen observations were included in each

model. D: change in measurement from baseline to follow up. CV: coefficient of variation; the ratio of the standard deviation to the mean, expressed as a percentage. SD:

standard deviation. CI: confidence interval.

The odds of exhibiting a decline in balance was deemed significant at the levels of * a � 0.01, y a � 0.05 and z a � 0.001.
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associated (p � 0.05) with a decline in single leg stance. A
significant association (p � 0.05) between decline in tandem
stance and the change in five quantitative TUG parameters was
noted (change in maximum AP angular velocity; change in mean
ML angular velocity at mid-swing points; change in CV ML angular
velocity; change in minimum ML angular velocity; change in mean
ML angular velocity). Between baseline and follow-up three
quantitative TUG parameters changed in a manner which was
significantly (p � 0.05) associated with decline in total BBS (change
in mean ML angular velocity; change in CV ML angular velocity;
change in CV AP angular velocity). Change in TUG time between the
two assessments was not significantly associated with a decline in
balance (single leg stance: odds ratio 0.9, 95% CI: 0.9, 1.0; tandem
stance: odds ratio 1.3, 95% CI: 0.9, 1.7; total BBS: odds ratio 1.4, 95%
CI: 0.9, 2.1).

Models 1, 2 and 3 were used to determine the association
between baseline quantitative TUG parameters and decline in
single leg stance, tandem stance and total BBS. From ROC analysis
the predictive capabilities were 0.8 (CI: 0.8, 0.9), 0.8 (CI: 0.7, 0.9)
and 0.7 (CI: 0.6, 0.9), respectively. While TUG time predicted a
decline in balance at 0.8 (CI: 0.7,0.9) for single leg stance, 0.8 (CI:
0.6, 0.9) for tandem stance and 0.8 (CI: 0.5, 0.9) for total BBS.

Change in quantitative TUG parameters between baseline and
follow-up were used in models 4, 5 and 6 and the ROC predictive
capability increased to 0.9 (CI: 0.8, 1.0) (single leg stance), 0.9 (CI:
0.9, 1.0) (tandem stance) and 0.8 (CI: 0.6, 0.9) (total BBS) (Fig. 2).
The predictive capability of change in TUG time between the two
assessments for a decline in balance was 0.6 (CI: 0.4, 0.7) for single
leg stance, and 0.7 (CI: 0.6, 0.8) for tandem stance and total BBS,
respectively.

Discussion

This is the first study to assess the utility of inertial sensor
parameters recorded during the TUG test for the early identifica-
tion of declining balance for higher functioning older adults.
Baseline quantitative TUG parameters did not represent an
improvement over age or TUG time in identifying those older
adults who exhibited a decline in balance. The changes from
baseline to follow-up seen for quantitative TUG parameters were
Please cite this article in press as: Sheehan KJ, et al. Early identification
sensor based method. Gait Posture (2014), http://dx.doi.org/10.1016
strongly associated with a decline in balance. This was not the case
for a change in TUG time alone. This suggests that the changes in
quantitative TUG parameters over time reflect an early decline in
balance.

Baseline characteristics indicated the group as a whole was high
functioning with high baseline BBS, grip strength and MMSE scores,
low TUG times and AACCI scores. Participants who demonstrated a
decline in balance were at a similar cognitive level, with a similar
degree of co-morbidity, medication use and muscle strength as their
peers who did not decline in balance (p > 0.05). Lower baseline BBS
scores were seen for declined groups (p � 0.05). This was to be
anticipated as a change in BBS sub-component scores would be more
likely for those who did not achieve a ceiling score at baseline [5].
The quantitative parameters were capable of reflecting this change
and provide the clinician with additional objective information
relating to this change. Participants who declined also had longer
baseline TUG times and were older. This reflects the high correlation
between the BBS, TUG time and age [7,21].

An increase in the time taken to complete the first half of the
TUG at baseline (Turn mid-point time) was associated with a
decline in balance (p < 0.001). However the time taken to complete
the second half of the TUG was not associated with a decline in
balance. Previous research indicated that the time taken to
complete the second half on the TUG was associated with
cognitive decline in community dwelling older adults [21]. This
highlights the potential of a sensor based TUG test to discriminate
early balance from early cognitive deficits. From the ROC analyses
baseline quantitative TUG parameters showed similar predictive
capabilities as TUG time. When looking at the models closer the
odds of exhibiting a decline in balance per unit change of
quantitative TUG parameters was greater than that seen for age
or TUG time. For example, for a one second increase in the time of
the turn mid-point, the likelihood a decline in balance was 2.8
times for single leg stance, while for each advancing year of age an
individual was 1.1 times more likely to decline in single leg stance.
This suggests that while the overall associations were similar, the
baseline quantitative TUG parameters may be more sensitive.

The change in quantitative TUG parameters over time was
strongly associated with declining balance. An increase in ML
angular velocity at mid swing points was associated with a decline
 of declining balance in higher functioning older adults, an inertial
/j.gaitpost.2014.01.003
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Fig. 2. (i) ROC curves for decline in single leg stance as predicted by the change in quantitative TUG parameters from baseline to follow-up (model 4), and the reference

method change in TUG time. (ii) ROC curves for decline in tandem stance as predicted by the change in quantitative TUG parameters from baseline to follow-up (model 5), and

the reference method change in TUG time. (iii) ROC curves for decline in total BBS as predicted by the change in quantitative TUG parameters from baseline to follow-up

(model 6), and the reference method change in TUG time.
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in balance. This association may be due to an impaired ability to
decelerate the swinging limb as it enters terminal swing and
prepares for load acceptance. In contrast an increase in other
angular velocity measures was associated with a reduced
likelihood of declining balance. This finding was anticipated as
it is reported that a shorter TUG time is associated with more
positive health outcomes [9,10].

The current study also investigated the relationship between
variance and the change in variance over time for gait parameters,
and change in balance over time. The coefficient of variation
associated with angular velocity parameters was seen to be >100%
for the X, Y and Z sensor axes at baseline and follow-up assessments.
This indicates that these parameters are highly variable between one
stride and the next. An increase in the variance of stride time is
associated with poor balance and an increased falls risk for older
adults [22]. For the current study a change in ML and AP angular
velocity between baseline and follow up assessments was
associated with a decline in balance. The results suggest that
stride-to stride adjustments in medio-lateral angular velocity
facilitate balance function whereas an increase in anterior–posterior
variance indicates an impairment in balance function.

For the present study a change in mean ML angular velocity,
minimum ML angular velocity, ML angular velocity at mid swing
points, and mean V angular velocity from baseline to follow-up
assessment was indicative of a decline in balance. All four of the
these parameters are associated with minimum ground clearance
(MGC) and may discriminate fallers from non fallers [23,24].

With a high proportion of the sample achieving ceiling scores
on the BBS at baseline, the ability to detect a change in balance
status was restricted. The results presented here are encouraging.
Despite relatively few participants exhibiting a change in balance
at follow-up, several quantitative TUG parameters were associated
with declining balance. Sample size may also explain why some
parameters demonstrated larger odds ratios but were non-
significant. A longer follow-up period would increase the number
of participants who demonstrate declining balance and further
highlight the potential benefits of inertial sensor technology.
Finally, using changes on a five point sub-component scale as a
proxy for declining balance is not without limitations. The sub-
components are also subject to ceiling effects and have scores
which are under utilised [25]. As such a conservative dichotomized
approach was adopted here with a reduction of at least 40% in
component score considered a true change. This may have led to an
underestimation of the benefits of this method. Future study may
further assess the hypotheses presented here using a force plate to
record centre of pressure as a measure of balance, which would
negate the ceiling effects issue.

Current clinical measures of balance are restricted to those with
moderate or severe functional limitations as a result of ceiling
effects. For higher functioning older adults TUG inertial sensor
parameters represent an objective alternative to current clinical
measures of balance. The present method is a time effective means
of monitoring changes in balance over time. The regular
measurement of balance in a primary care setting could facilitate
the early identification of declining functional status, potentially
enabling timely intervention.
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