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Abstract—Accelerometer-based assessments can identify
elderly with an increased fall risk and monitor interventions.
Smart devices, like the iPod Touch, with built-in accelerom-
eters are promising for clinical gait and posture assessments
due to easy use and cost-effectiveness. The aim of the present
study was to establish the validity and reliability of the iPod
Touch for gait and posture assessment. Sixty healthy
participants (aged 18–75 years) were measured with an iPod
Touch and stand-alone accelerometer while they walked
under single- and dual-task conditions, and while standing in
parallel and semi-tandem stance with eyes open, eyes closed
and when performing a dual task. Cross-correlation values
(CCV) showed high correspondence of anterior–posterior
and medio-lateral signal patterns (CCV’s ‡ 0.88). Validity of
gait parameters (foot contacts, index of harmonicity, and
amplitude variability) and standing posture parameters [root
mean square of accelerations, median power frequency
(MPF) and sway area] as indicated by intra-class correlation
(ICC) was high (ICC = 0.85–0.99) and test–retest reliability
was good (ICC = 0.81–0.97), except for MPF (ICC = 0.59–
0.87). Overall, the iPod Touch obtained valid and reliable
measures of gait and postural control in healthy adults of all
ages under different conditions. Additionally, smart devices
have the potential to be used for clinical gait and posture
assessments.
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Accelerometer, Validity, Reliability, iPod Touch.

INTRODUCTION

The aging population is expanding and is associated
with many health problems and the additional health

care costs. Falls and fall-related injuries are one of the
critical problems in old adults. One out of three com-
munity-dwelling old adults falls at least once a year.28

Unfortunately, those fall incidents have often serious
consequences like bruises, fractures, decreased mobil-
ity, social isolation or even early death.8 To maintain
the quality of life for old adults it is important to
recognize an increased fall risk in time, and to offer fall
prevention intervention(s) before a (first) fall takes
place.9 One of the main reasons that old adults fall are
mobility impairments. Accordingly, in the geriatric
clinic, analysis of gait and postural control is becoming
increasingly important for diagnostic purposes. Daily
practice of an outpatient geriatric department is con-
fronted with a high rate of frail elderly patients. These
patients are characterized by a combination of physi-
cal, mental and social problems, use of polypharmacy
and consequently high fall risk.2,3 An instrument that
could quantitatively and objectively evaluate and
assess deterioration in balance and gait, and monitor
the impact of mobility improving interventions is thus
of great importance.

A number of clinical instruments are available to
quantify fall risk in old adults, such as questionnaires,
fall diaries and physical performance tests.20,23 Due to
their influence on fall risk, gait and posture assess-
ments are often included in those clinical instruments.
However, the currently accepted clinical tests provide
only a global assessment of balance and gait ability,
and suffer from limitations including ceiling effects and
limited precision to detect small changes in balance
and gait ability.1,14

Instrumented recordings can provide detailed
information about changes in gait and postural control
due to changes in task conditions, aging and/or
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pathology.3,7,10 A number of sophisticated ambulant
systems are available for research purposes, such
as pressure sensitive soles or mats, stand-alone 3D
accelerometer and gyroscope sensors. By now an
extensive number of studies have shown that parame-
ters extracted from these signals, provide insight into
motor control and are sensitive to detect postural dif-
ferences between patient groups, age groups and task
condition and can even predict falls.5,12,13,16,27 How-
ever, main drawbacks for the clinical use of these
systems is that they are quite expensive and they
require specialized research staff to collect and analyze
the data.

The recent rapid development of off-the-shelf mobile
devices and smart phones provide an interesting alter-
native for motion analysis in the clinic, as these smart
devices are nowadays standard equipped with inertial
sensors, such as tri-axial accelerometers. Consequently,
it may be possible to use the acceleration signals col-
lected by smart devices, to calculate gait and posture
parameters. At this point, if the accuracy and reliability
of these smart devices is comparable to the current used
stand-alone accelerometer-based researchmethods, this
could provide new prospects of using the accelerometer
embedded in smart devices in clinical motion analysis.
First, smart devices are getting cheaper andmany people
use them on daily basis, they are lightweight and easy to
handle. Second, data can be transmitted wireless over
long distances and from remote locations without re-
trieval of the device, which provides the opportunity to
send data directly to an external personal computer
which clinicians or researchers can assess. Thirdly,
applications for motion recording and analysis can be
programmed according to the needs of the end-user,
researcher and/or clinician. Finally, data of gait and
posture can be combined automatically with data from
questionnaires, clinical tests and drug monitoring.
Using a single device allows the clinician to assess
deterioration in postural control and gait and to moni-
tor the impact of mobility improving interventions.

The validity and reliability of available stand-alone
accelerometer systems for motion analysis have been
determined in numerous studies, measuring gait and
posture parameters.4,19,29 Although motion analysis
using smart devices is an emerging and promising area,
only a few studies exist that assess gait and postural
control. First results show good test–retest reliability
between data collected by a smart phone (Xperia S0-
01B, Sony Ericsson) and by a stand-alone accelerom-
eter unit for walking of healthy adults, (intra-class
correlation between 0.75 and 0.91),21 and also when
comparing data collected during standing from an
iPod Touch with that of a force plate(r ‡ 0.82).22

Validity and test–retest reliability might be different
for different task conditions and/or for different

individual groups. Therefore, the purpose of this study
was to demonstrate proof of the concept that the
accelerometer embedded in the iPod Touch can be
used to accurately and reliably collect signals of ante-
rior–posterior and medio-lateral trunk acceleration for
calculation of gait and posture parameters in healthy
young, middle aged and older adults during the per-
formance of different walking and balance tasks. More
specifically age effects as well as task effect were stud-
ied. Participants between 18 and 75 years were in-
structed to walk with and without performing a
cognitive dual task, and we challenged their standing
posture by asking them to stand parallel as well as in
semi-tandem stance with eyes open, eyes closed and
while concurrently performing a dual task.

MATERIALS AND METHODS

Participants

The study population consisted of 22 young healthy
adults (26 ± 3.9 years; 50% male), 15 middle aged
healthy adults (45 ± 6.7 years; 67% male) and 23
older healthy adults (65 ± 5.5 years; 30% male)
recruited from the community. Participants between 18
and 75 years old were included if they had no ortho-
pedic or neurological problems and used no medica-
tion that might affect gait or postural control.

The Ethical Committee of the Center of Human
Movement Sciences at the University Medical Center
Groningen approved the research proposal and all
participants signed written informed consent.

Instrumentation

To assess trunk accelerations during walking and
standing the iPod Touch G4 (iOS 6; 123 9 59 9

6 mm, 88 gram, Apple Inc.), which has a built-in tri-
axial acceleration sensor, was used. To collect and
store the accelerometer data, a custom made applica-
tion ‘iMoveDetection’ was installed on the iPod. The
raw acceleration data was recorded at a sample fre-
quency between 88 and 92 Hz. After each measure-
ment, the raw data was saved on the device and send to
a remote server through WIFI communication, further
analysis occurred offline. To investigate the validity of
the data collection with the iPod, trunk accelerations
were at the same time measured with a stand-alone
accelerometer unit, the DynaPort�hybride unit (56 9

61 9 15 mm, 54 g; McRoberts BV, The Hague, the
Netherlands), which was considered the ‘golden stan-
dard’ in the present study. The Dynaport unit consists
of tri-axial accelerometers collecting data at 100 Hz
and stores the data on a SD card.
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Procedure

The accelerometer unit was fixed with an elastic belt
near the level of lumbar segment L3 over the clothes.
The iPod was firmly attached with Velcro to the stand-
alone accelerometer.

To assess the validity of the iPod to quantify gait and
postural control, the participant performed walking and
standing tasks. In thewalking task the participantwalked
for 3 minata self-selected speedupanddowna10 m long
course with a 1 m curve, under single and dual task
condition. The dual task consisted of a letter fluency test;
theparticipanthad tonameasmanywords startingwitha
predefined letter (D-A-T) as they could within 1 min.24

Participants performed two standing tasks, (1) parallel
stance and (2) semi-tandem stance. Each standing task
consisted of three conditions, which were performed for
1 min: eyes open, eyes closed, standing while concur-
rently performing a dual task. The dual taskwas the same
as during walking but now with the letters ‘G’ and ‘P’.

To investigate the test–retest reliability of the iPod,
the 3 min walking test under single task condition and
the standing parallel and semi-tandem with eyes open
were performed twice.

The tasks (walking, standing) were randomized, and
within one task all conditions were randomized for
each participant.

Data Analysis

Anterior–posterior (AP) and medio-lateral (ML)
trunk acceleration signals of the iPod and of the
accelerometer unit were analyzed using custom-made
software in MATLAB (version 2012b, The Math-
Works Inc., Natick, MA, USA). The sampling rate of
the iPod was not constant; therefore the data were
interpolated to get a constant sampling of 100 Hz.

First, a cross-correlation analysis was performed
between the two devices, respectively for the AP andML
accelerations, for each subject and each trial. We were
specifically interested in the maximal correlation between
the signals and the associated time lag, to compare the
similarity of the pattern of the signals of the two mea-
surement devices. The cross-correlation value between the
signals was calculated at all possible time lags (of 0.01 s)
for all trials. The time lag associated with the maximal
cross-correlation was used to synchronize the data.

Gait Analysis

Prior to the gait analyzes the iPod and accelerom-
eter unit signals were detrended and filtered (4th order
Butterworth; cut-off frequency 20 Hz).

Due to their relevance in clinical research the following
gait parameters were obtained from accelerometer data

from the walking trials: foot contacts (FC), the Index
of Harmonicity (IH), and the amplitude variability
(AmpVar).

From FC conventional step parameters are derived,
such as step time or stride time and the variability of
step or stride time. Therefore, an accurate detection of
the FC is important. FC were detected based on the
minima of the smoothed (Butterworth filter, 4th order;
cut-off frequency 2 Hz) AP signal. Using these
detected peaks as reference, the FC (nearest peaks)
were determined in the unfiltered signal. To assess the
agreement between the detection of the FC by the iPod
and by the accelerometer unit data, the mean difference
of number of samples between the detected FC was
calculated for each trial.

The IH was calculated for the individual AP and
ML accelerations using spectral analysis and is con-
sidered an indicator of the smoothness of the acceler-
ation patterns.11 The power spectrum of the
acceleration data of ML and AP accelerations was
estimated by means of a discrete Fourier transform.
The peak power of the first subsequent 10 harmonics
was estimated. The IH was defined as:

IH ¼ P1
P10

i¼1 Pi

where P1 is the power spectral density of the funda-
mental frequency (first harmonic, stride frequency),
and RPi the cumulative sum of power spectral density
of the fundamental frequency and the first 10 super-
harmonics. A power ratio of 1 indicates that accel-
erations are perfectly harmonic. In view of possible
drift, the power spectral density of each peak was
calculated within the frequency bands of +0.1 and
20.1 Hz of the peak frequency value. All power
spectral densities were normalized by dividing the
power by the sum of the total power spectrum, which
equals the variance.

Finally, the AmpVar provides an indication of the
between gait cycle variability. First all strides were time
normalized to 100 data points per stride (100% gait
cycle). Standard deviations across the normalized
strides were calculated, representing the stride vari-
ability for each trial.

Posture Analysis

Prior to the analyzes of the AP and ML signals
during the standing tasks, a high pass fourth order
Butterworth filter was applied with a cut-off frequency
of 0.3 Hz to correct for slow drifts during standing,
Additionally, a third-order Savitsky–Golay smoothing
filter with frames of 41 points to eliminate low ampli-
tude measurement noise.

Gait and Postural Control Assessment by the iPod Touch 1937



The root mean square (RMS, m/s2) indexed the
variability of the accelerations of body sway in AP and
ML accelerations. To assess the frequency content of
the AP and ML acceleration signals, the frequency
content of the time-series was determined by calculating
the median of the total power of the signal (MPF, Hz).
The MPF was derived from the power frequency spec-
trum estimated by Welch’s method, using a Hamming
window without overlap. To quantify the entire accel-
eration path the Sway Area (SA, m2/s5) was calculated.
The SA is the area enclosed by the acceleration path in
the AP-ML plane during the one minute stance. To
obtain a mean value for the SA, first, the AP-ML path
diagram was divided into 72 segments of angles of 5�
each (see Fig. 1). From the AP and ML signals the
resultant vector R was calculated. In each segment the
largest resultant vector (Ri) was determined. The area
enclosed by two subsequent maximal Ri of a segment
was calculated (Si). By summing up the 72 segment
areas the SA is approximated.6

Statistical Analysis

To get insight into the individual spread of the mea-
surement error between the iPod Touch and the acceler-
ometer unit the computed gait and postural parameters
were analyzed using Bland–Altman tests. In Bland–Alt-
man plots, the average value for each pair of measure-
ment is plotted against the mean difference between the
two values of the two measurement devices of individual
data of all conditionswithin a task. In addition, the upper

and lower limit of agreement as 1.96 9 standard devia-
tion, the coefficient of agreement (%) as the limit of
agreement expressed as a percentage of the mean of the
value of the two devices, and the coefficient of variance
(%) as the standard deviation divided by the mean value
of the two measurement devices were calculated.

The validity of the gait (IH, AmpVar) and posture
parameters (RMS, MPF, SA) derived from the signals
of the iPod and accelerometer unit, was assessed using
a case 2 intra-class correlation26 as:

ICCð2; 1Þ ¼ ðBMS� EMSÞ
BMSþ ðk� 1ÞEMS

where, BMS is the mean squares between measure-
ments of the two devices, EMS is the within mea-
surements mean squares of error and k is the number
of devices (k = 2).

The test–retest reliability of the gait and posture
parameters obtained from the iPod accelerometer sig-
nal was examined by calculating the case 1 intra-class
correlation between measurements of the same condi-
tion (e.g., walking under single task condition, parallel
stance and semi-tandem stance with eyes open) as:

ICCð1; 1Þ ¼ ðBMS� EMSÞ
BMSþ ðJMS� EMSÞ=n

where, JMS is the mean squares between the devices
and n is the number of measurements (n = 2).

ICCs were calculated, separately for all conditions
and for age categories, using MATLAB software
(version 2012b, The MathWorks, Inc., Natick, MA,

FIGURE 1. On the left side, a presentation of the total sway area (SA) is plotted for the anterior–posterior (AP) and medio-lateral
(ML) accelerations. On the right side, a close-up of the upper right quadrant of the SA, illustrating the calculation of the SA.
SA 5 sum of Si based on the largest resultant vectors (Ri, Ri+1) for each segment.
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USA). The following guidelines were used to interpret
the ICC values: >0.80 represents excellent reliability,
0.60–0.80 good reliability 0.40–0.60 moderate reliabil-
ity and <0.40 poor reliability.26 A p value of <0.05
was considered statistically significant.

RESULTS

Gait Parameters

Averaged across participants, mean walking speed
was 1.2 m/s (± 0.12 m/s) during walking without dual
task and 1.1 m/s (±0.21 m/s) during walking with a
cognitive dual task. Data of two trials in each condi-
tion were excluded because the data were not com-
pletely recorded by the iPod or the accelerometer unit
due to technical reasons.

The pattern of time series of the AP and ML acceler-
ations were very similar (see Fig. 2 for a representative
example) as also indicated by the high (‡0.90) cross-cor-
relation values between the signals of the two devices for
AP as well as ML accelerations in both walking condi-
tions. The associated mean time lags were 0.3 s (single
task) and 0.4 s (dual task). Table 1 shows the cross-cor-
relation values and corresponding time lags for both
walking conditions. The FC detected based on the iPod
and accelerometer unit signals differed on average 0.02 s
(2 samples) for both single and dual task conditions.

Figure 3 represents Bland–Altman plots for the IH
and the VarAmp. Overall, the measurement error
between the two devices was very low as indicated by
mean values close to zero and the small limits of
agreement. However, in two participants the difference
between the devices was higher than might be expected
based on the other participants’ measurements, caus-
ing the outliers in the IH and VarAmp. In line, the
RPC% and CV of these participants were also low.

Validity and reliability were high for the IH and
AmpVar for AP and ML accelerations in both walking
conditions indicated by ICC values between 0.85 and
0.98. There were no differences in accuracy or reliability

found for the three age categories. Table 2 shows the
ICCs and confidence intervals per condition.

Posture Parameters

Fifty-seven participants completed all standing
conditions. Two participants were not able to maintain

FIGURE 2. Synchronised iPod (red line) and stand-alone
accelerometer (blue line) acceleration signals in anterior–
posterior (AP) and medio-lateral (ML) planes during walking.
The cross-correlation value is displayed in the right corner of
the plots.

TABLE 1. Mean (6SD) cross-correlationvalues and time-lags (in samples) between the iPod and stand-aloneaccelerometer
signals.

Walk Walk DT Stand EO Stand EC Stand DT Semi EO Semi EC Semi DT

Cross-correlation values

AP 0.90 (±0.07) 0.90 (±0.05) 0.90(±0.06) 0.92 (±0.04) 0.90 (±0.05) 0.88 (±0.07) 0.89 (±0.07) 0.88 (±0.06)

ML 0.93 (±0.03) 0.93 (±0.03) 0.92 (±0.03) 0.93 (±0.03) 0.93 (±0.02) 0.93 (±0.02) 0.94 (±0.02) 0.93 (±0.03)

Time-lag (samples)

AP 34 (±7.9) 36 (±10.1) 30 (±6.0) 31 (±6.8) 33 (±13.5) 32 (±5.4) 32 (±6.2) 37 (±19.8)

ML 35 (±7.1) 36 (±10.0) 30 (±5.9) 31 (±6.7) 34 (±13.5) 32 (±5.3) 32 (±6.1) 37 (±19.8)

1 sample is 0.01 s.

Anterior–posterior (AP) and medio-lateral (ML) directions for walking without dual task (Walk), with dual task (Walk DT), while standing

parallel (Stand) and semi-tandem (Semi) with eyes open (EO), eyes closed (EC) and while performing a dual task (DT).
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the semi-tandem stance with eyes closed for one minute
and one participant did not perform the semi-tandem
with dual task according to protocol. Those three tri-
als, all of participants in the older adult category, were
excluded from the analysis.

The cross-correlation values between the iPod and
the accelerometer unit signals were ‡0.88 for the AP
and ML directions in all standing conditions. The
mean time lag was between the 0.3–0.4 s (see Table 1).

As shown in Fig. 4, Bland–Altman plots showed
very good levels of agreement for the RMS values
between the two measurement devices. Almost all
RMS values of both standing tasks are within the
limits of agreement. Individual spread of measure-
ments was larger for ML RMS than AP RMS. For

tandem stance, more values of participants in the older
adults’ category fell beyond the limits of agreement.

Bland–Altman plots of the MPF (Fig. 5) showed
that the majority of the values are within the limits of
agreement. However, the spread of the values was
larger for MPF than for RMS values, in particularly of
the participants in the young adult category, as
quantified by a higher reproducibility coefficient
expressed as percentage of the mean percentage (RMS
RPC%, <15%, and MPF RPC% between 32 and
45%).

SA measurement had small limits of agreement,
however, as is shown in Fig. 6 in both conditions one
subject falls far beyond the limits of agreement
increasing the SD and the RPC% values.

FIGURE 3. Bland-Altman plots of the mean of the measurements of the iPod and the stand-alone accelerometer (Acc.Unit; x-axis)
against the difference of the measurement of individual participants, for the index of harmonicity (IH) value and the amplitude
variability (VarAmp) during walking in anterior–posterior (AP) and medio-lateral (ML) plane. White squares represent young adults,
red the middle aged adults, and gray the older adults. RPC% is the reproducibility coefficient as % of the mean. CV is the coefficient
of variation.
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Table 3 gives an overview of the ICC values and confi-
dence intervalsper conditionand the reliable ICCvalues for
the three age categories. The ICC values, to assess the
validity of the iPod during standing, were ‡0.97 for the

RMS and the SA. TheMPF had ICC values between 0.84
and 0.97. Separate analysis for the age categories revealed
no differences in validity, ICC’s for the MPF ranged from
0.85 to0.97and for theRMSfrom0.97 to1.00, respectively.

TABLE 2. The validity of the iPod compared with the stand-alone accelerometer for walking without (Walk) and with dual task
(Walk DT) and the test–retest reliability of the iPod during Walk expressed in the intra-class correlation coefficient (95% confidence
interval) for the index of harmonicity (IH) and amplitude variability (VarAmp) in anterior–posterior (AP) and medio-lateral (ML)

plane.

Condition N

Intra-class correlation coefficient [95% confidence interval]

IH AP IH ML VarAmp AP VarAmp ML

Validity

Walk 59 0.85 [0.76–0.91] 0.90 [0.83–0.94] 0.87 [0.79–0.92] 0.96 [0.93–0.98]

Walk DT 59 0.93 [0.88–0.96] 0.94 [0.90–0.96] 0.92 [0.87–0.95] 0.98 [0.96–0.99]

Reliability

Walk 57 0.88 [0.78–0.93] 0.87 [0.77–0.93] 0.97 [0.90–0.99] 0.97 [0.87–0.99]

All ICC values were significant (p< 0.05).

FIGURE 4. Bland-Altman plots of the mean of the measurements of the iPod and the stand-alone accelerometer (Acc.Unit; x-axis)
against the difference of the measurement of individual participants, for the RMS value of anterior–posterior (AP) and medio-lateral
(ML) accelerations during parallel standing and semi-tandem stance. White squares represent young adults, red the middle aged
adults, and gray the older adults. RPC% is the reproducibility coefficient as % of the mean. CV is the coefficient of variation.
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ICC values for the test–retest reliability of AP and
ML RMS during parallel stance and semi-tandem
stance were between 0.83 and 0.90. The MPF had
values ‡0.78 except for the parallel stance with eyes
open in AP direction for which an ICC value of 0.59
was found. The individual MPF ICC values for the age
groups differed during parallel stance, the ICC values
for the young, middle aged and older adults were
respectively, 0.39, 0.78 and 0.62 for AP, and 0.86, 0.25
and 0.70 for ML.

Overall, the ICC for the test–retest reliability of SA
was 0.81 in the parallel stance and 0.91 in the semi-
tandem stance. At the group level, the young adult

category had ICC values lower on the SA parameter in
both parallel standing and semi-tandem stance (respec-
tively, ICC values of 0.57 and 0.55), compared to the
other two groups (Table 3).

DISCUSSION

The aim of the present study was to establish the
validity and test–retest reliability of the iPod Touch in
quantifying gait and standing postural control under
different conditions (eyes open, eyes closed and dual
task) in healthy adults divided into three age categories

FIGURE 5. Bland-Altman plots of the mean of the measurements of the iPod and the stand-alone accelerometer (Acc. Unit; x-axis)
against the difference of the measurement of individual participants, for the median power frequency (MPF) value of anterior–
posterior (AP) and medio-lateral (ML) accelerations during parallel standing and semi-tandem stance. White squares represent
young adults, red the middle aged adults, and gray the older adults. RPC% is the reproducibility coefficient as % of the mean. CV is
the coefficient of variation.
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(young, middle aged and older adults). We compared
different acceleration signal characteristics of the iPod
Touch with those of a stand-alone accelerometer unit
considered as the golden standard. For the walking
condition the pattern of the raw signals, the FC
detection, the frequency content indexed by the IH
and the VarAmp were assessed. Similarly, for the
posture task, the pattern of the acceleration signals
were compared using cross-correlation analysis, the

variability in the signal was calculated by the RMS, the
frequency content estimated by the MPF and the
amplitude of the sway acceleration using a sway area
measure in the AP ML plane.

The cross-correlation values indicated a very similar
signal pattern of the two devices for all subjects, and
task conditions. A short time delay was found, due to
the fact that both devices did not start at exactly the
same time.

FIGURE 6. Bland-Altman plots of the mean of the measurements of the iPod and the stand-alone accelerometer (Acc. Unit; x-axis)
against the difference of the measurement of individual participants, for the sway area (SA) in anterior–posterior (AP) and medio-
lateral (ML) plane during parallel standing and semi-tandem stance. White squares represent young adults, red the middle aged
adults, and gray the older adults. RPC% is the reproducibility coefficient as % of the mean. CV is the coefficient of variation.

TABLE 3. The validity of the iPod compared with the DynaPort and the test–retest reliability of the iPod expressed in the intra-
class correlation coefficient with a 95% confidence interval for the standing tasks for the root mean square (RMS) and median

power frequency (MPF) in anterior–posterior (AP) and medio-lateral (ML) directions and the Sway Area.

Condition N

Intra-class correlation coefficient [95% confidence interval]

RMS AP RMS ML MPF AP MPF ML Sway Area

Validity

Stand EO 60 0.99 [0.98–0.99] 0.98 [0.97–0.99] 0.85 [0.75–0.90] 0.95 [0.92–0.97] 0.99 [0.98–0.99]

Stand EC 60 0.99 [0.99–1.00] 0.99 [0.98–0.99] 0.97 [0.94–0.98] 0.96 [0.93–0.97] 0.99 [0.99–1.00]

Stand DT 60 1.00 [0.99–1.00] 0.99 [0.98–0.99] 0.92 [0.87–0.95] 0.94 [0.91–0.97] 0.99 [0.98–0.99]

Semi EO 60 0.98 [0.97–0.99] 0.96 [0.94–0.98] 0.90 [0.84–0.94] 0.86 [0.78–0.92] 0.98 [0.97–0.99]

Semi EC 58 0.98 [0.97–0.99] 0.97 [0.96–0.98] 0.95 [0.91–0.97] 0.84 [0.74–0.90] 0.97 [0.95–0.98]

Semi DT 59 0.99 [0.99–1.00] 0.98 [0.97–0.99] 0.93 [0.89–0.96] 0.93 [0.88–0.95] 0.99 [0.98–0.99]

Reliability

Stand EO 60 0.83 [0.73–0.90] 0.90 [0.83–0.94] 0.59 [0.32–0.75] 0.78 [0.63–0.87] 0.81 [0.68–0.89]

Young 22 0.86 [0.66–0.94] 0.74 [0.39–0.89] 0.39 [20.36 to 0.74]* 0.86 [0.66–0.94] 0.57 [20.04 to 0.82]*

Middle 15 0.95 [0.84–0.98] 0.93 [0.79–0.98] 0.78 [0.34–0.93] 0.25 [20.61 to 0.72]* 0.90 [0.69–0.80]

Older 23 0.70 [0.31–0.87] 0.91 [0.79–0.96] 0.62 [0.12–0.84] 0.70 [0.31–0.87] 0.80 [0.53–0.91]

Semi EO 60 0.88 [0.80–0.93] 0.86 [0.77–0.92] 0.82 [0.70–0.89] 0.87 [0.79–0.92] 0.91 [0.85–0.95]

Young 22 0.80 [0.49–0.92] 0.74 [0.38–0.89] 0.77 [0.45–0.90] 0.92 [0.81–0.97] 0.55 [0.00–0.81]

Middle 15 0.96 [0.88–0.99] 0.92 [0.78–0.97] 0.89 [0.68–0.96] 0.81 [0.46–0.94] 0.95 [0.86–0.98]

Older 23 0.84 [0.62–0.93] 0.89 [0.73–0.95] 0.55 [–0.02–0.81] 0.85 [0.64–0.93] 0.94 [0.86–0.98]

Parallel stance (Stand), semi-tandem stance (Semi), under eyes open (EO), eyes closed (EC) and dual task (DT) conditions.

Young (aged 18–35, N = 22), Middle (aged 36–55, N = 15) and Older (aged 56–75, N = 23) healthy adults.

* Not significant.

Gait and Postural Control Assessment by the iPod Touch 1943



For walking a FC detection algorithm was com-
pared between the two devices, because many step re-
lated gait parameters such as the mean stride time, the
coefficient of variation of stride time and gait symme-
try indexes, rely on FC detection. In the present study,
we used a validated algorithm30 with the differences
that instead of the maximum peak of the AP acceler-
ation the minima of the AP peak within a step cycle
was determined. The differences between detected
peaks of the iPod and the accelerometer unit was
negligible small only 0.02 s (2 samples), and thus can
be considered valid.

The IH and VarAmp, representing the smoothness
of the acceleration pattern and the variability in gait
cycles during walking respectively, were valid and
reliable outcome parameters measured with the iPod
during walking under both single and dual task con-
ditions. This is in agreement with a previous study
reporting good validity and reliability for gait mea-
sured under single task condition with a smart phone
in a group of young healthy subjects.21 Furthermore,
our study showed that the iPod has valid and reliable
results in young, middle aged and older healthy adults.
The outliers in the Bland–Altman plots for IH and
VarAmp were originative from two participants. The
two participants represented the two lowest individual
cross-correlation values (respectively 0.51 and 0.57).
Although it was not observed and reported during the
measurements, the low cross-correlations and conse-
quently the outliers in the Bland–Altman plots, indi-
cated that there was a lose fixation of the iPod and
stand-alone accelerometer to the participant’s lower
back.

The posture parameters (RMS, MPF and SA) were
valid for all six standing conditions and for the three
age categories. Although the limits of agreement were
small for all variables, the Bland–Altman plot showed
outliers in the parallel stance and semi-tandem stance
in the SA parameter. Those outliers were recorded
during the dual task condition, the participants were
laughing during the trial causing the aberrant values.
Both the iPod and the commercial unit registered the
outlier, underlining the validity of the iPod.

The test–retest reliability for the RMS and SA in the
two standing conditions was good. However, the reli-
ability on the MPF was lower. Additionally, the indi-
vidual age groups showed large differences on the ICC
values for the MPF in AP and ML planes during
parallel stance and in AP in semi-tandem stance. This
might be due to the signal/noise ratio during the pos-
tural task. The trunk movements are quite small during
standing, and although we filtered the data, noise
within the frequency range of the movement can
influence the outcomes of the parameters, particular
the outcomes in the power spectrum.17 Unfortunately,

this type of noise cannot be removed by filters because
accelerations related to the movement of the partici-
pant will be removed too.29 The results of the present
study indicate that for the test–retest reliability more
repeated measurements are needed to obtain reliable
estimates for postural control parameters.

The SA parameter seemed high reliable for the
middle aged and older adults, whereas young adults
showed lower test-retest reliability (Table 3). A possi-
ble explanation might be the variation in the young
participants balance strategy across the testing session
due to the easy level of the stances and therefore
performing more variable movements. In contrast,
when the tasks are more challenging for instance for
persons with movement pathology, the standing task
might be performed with less variability. In line with
this thought studies in stroke patients and low back
pain patients showed a higher reliability in more
challenging standing conditions (eyes-closed condi-
tion) compared to an easier condition (eyes-open
condition).15,25

The iPod Touch used in the present study was fixed
near the lower back around L3. Placement at the lower
back is frequently used to determine gait and postural
parameters due to the location near the body’s center
mass.18,30 Motions of the body’s center of mass are
detected and strike patterns of both feet are obtained.
However, future research should investigate whether
placement of smart devices on other places than the
lower back obtains valid and reliable outcome
parameters during gait and postural tasks.

Overall, the results showed that trunk accelerations
in AP and ML planes measured with an iPod Touch
during gait and postural tasks were accurately mea-
sured in young, middle aged and older healthy adults
under different sensory and dual-task conditions. The
gait and posture parameters derived from the iPod
acceleration signals were demonstrated to be valid and
reliable. Further work will include patient populations,
frail elderly and old adults with an increased fall risk to
assess the accuracy of smart devices in those popula-
tions.

The iPod Touch is a convenient, easy to use, cost-
effective device to assess AP and ML trunk accelera-
tion during gait and posture. To make the use of smart
devices accessible for clinical practice applications need
to be developed for gait and posture testing including
algorithms not only for data recording and storage but
also for data analysis, providing feedback to the per-
son or clinician about gait and posture function. With
the use of the tri-axis accelerometer embedded in a
smart device and apps with algorithms to evaluate gait
and postural control specifically developed for differ-
ent end users, clinicians and researchers can accurately
monitor gait and postural control to detect fall risk or
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evaluate the effectiveness of an intervention to improve
gait and/or posture. To develop successful applica-
tions, gait and postural parameters need to be deter-
mined that are specific and sensitive to changes in
aging to develop reliable and sensible applications for
the clinical setting.
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