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Abstract: In recent years, the availability of low-cost equip-
ment capable of recording kinematic data during walking
has facilitated the outdoor assessment of gait parameters,
thus overcoming the limitations of three-dimensional
instrumented gait analysis (3D-GA). The aim of this study
is twofold: firstly, to investigate whether a single sensor
on the lower trunk could provide valid spatio-temporal
parameters in level walking in normal-weight and obese
adolescents compared to instrumented gait analysis
(GA); secondly, to investigate whether the inertial sensor
is capable of capturing the spatio-temporal features of
obese adolescent gait. These were assessed in 10 obese
and 8 non-obese adolescents using both a single inertial
sensor on the lower trunk and an optoelectronic system.
The parameters obtained were not statistically different
in either normal-weight or obese participants between
the two methods. Obese adolescents walked with longer
stance and double support phase compared to normal-
weight participants. The results showed that the inertial
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Introduction

Level walking is a basic skill and the study of gait capacity
is a key functional assessment in many conditions. Three-
dimensional instrumented gait analysis (3D-GA) provides
comprehensive data on normal and pathological gait
which are useful in clinical practice and research because
it provides objective information about joint motion
(kinematics), time-distance variables (spatio-temporal
data), joint moments and powers (kinetics). It is widely
acknowledged that 3D-GA provides crucial information
for the determination of the level of functional limitation
following a condition. Conventionally, the measurement
of kinematics and kinetics of the main body segments and
joints is performed by means of optoelectronic marker
systems and force plates in specially designed gait labo-
ratories. Optoelectronic-based movement analysis is con-
sidered accurate [21], but its use in clinical practice may
be limited by the availability of specific laboratories, costs
and dependency on trained users [2, 31]. Another critical
aspect is related to the positioning of markers on specific
body landmarks, which may be difficult in subjects with
excessive body fat accumulation.

Low-cost tools may contribute to the implementation
of out-patient use of quantitative 3D-GA for clinical pur-
poses. The limitations of measurements confined to labo-
ratory settings can be overcome by recording kinematic
data during walking from the total body movements meas-
ured with wireless inertial and magnetic devices. Small,
lightweight sensor units entailing miniaturised accel-
erometers, gyroscopes and magnetometers have been
extensively developed in recent years. Several studies
have been carried out on healthy individuals to validate
these systems and different algorithms for the computa-
tion of parameters [1, 23, 32]. The data obtained have been
used as rehabilitation outcome measures in Parkinson’s
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disease and other musculoskeletal-neurological disorders
[8, 9, 13, 16, 18, 28-30]. A few studies have used multiple
sensors, one for each body segment, and a protocol for
gait analysis has been recently developed and applied to
individuals suffering from cerebral palsy [6, 10, 31]. Multi-
sensor protocols appear to provide useful data, but even
information obtained from a single sensor may be ben-
eficial for clinical purposes. A single, easy-to-wear sensor
generally positioned on the lower back presents minimum
encumbrance for patients in their habitual environments.
Using specific algorithms, this simple method is capable
of quantifying gait; the inverted pendulum model is used
to evaluate step length and the use of appropriate filtering
procedures to identify initial/final contact events within
the gait cycle [14, 20].

However, validating the accuracy of such simple
devices in capturing gait outcomes would appear to be
mandatory. Studies on healthy [2, 3, 11, 27] and pathologi-
cal [4, 8, 15, 17, 18] adult subjects have revealed that most
gait spatio-temporal parameters can be appropriately
assessed. Very few studies on inertial sensor applications
for the measurement of gait parameters limited to normal-
weight subjects [24, 25] and Duchenne muscular dystro-
phy [19] have been published for children. No studies on
obese individuals have been published to date. From a
clinical point of view, a simple and valid method for quan-
tifying gait strategy in these subjects is essential. Tradi-
tional gait analysis relies on accurate marker positioning,
which has been shown to be difficult in obese individuals
[31]. Traditional gait analysis also requires that the patient
wear minimal clothing, which has been shown to cause
anxiety in obese individuals [31]. However, the use of iner-
tial sensors to measure gait parameters does not require
marker placement or minimal clothing, thus overcoming
the typical limitations of measurements in laboratory
settings.

Thus, the aim of this study is to validate spatio-tem-
poral parameter estimates in level walking with a single
sensor on the lower trunk in obese adolescents. The meas-
urements obtained with this device were compared with
the corresponding ones obtained by instrumented 3D-GA.

Materials and methods
Participants

In this study, obese (BMI> 97" percentile or >2 SD from the mean for
age and sex) and normal-weight (with BMI between the 25" and 75®
percentiles) children were recruited and matched for age and height.
In particular, we considered 10 obese adolescents (Obese Group; five
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males and five females; age: 1418 years; BMI: 3545+ 4.73 kg/m?, height:
1.68+0.06 m; weight: 100.13+12.37 kg) and eight normal-weight ado-
lescents (Control Group; four males and four females; age: 14-18 years;
BMI: 18.67 +2.46 kg/m?, height: 1.65+0.10 m; weight: 51.37 £11.21 kg).

Exclusion criteria for the obese subjects were musculoskeletal,
neuromuscular and/or cardiopulmonary conditions other than obe-
sity that would hinder mobility capacity or contraindicate an inte-
grated weight-management program. Obese subjects were recruited
from in-patients admitted for an integrated bodyweight reduction
program at the Division of Auxology, Istituto Auxologico Italiano,
Piancavallo (VB). They were not involved in regular physical activi-
ties before hospitalization (< 1-2 h/week). None of them suffered from
diabetes and hypertension, pain, headaches, balance disorders and/
or any other symptoms hampering the execution of the tests.

Exclusion criteria for the Control Group included a prior history
of cardiovascular, neurological or musculoskeletal disorders. They
showed normal flexibility and muscle strength and no obvious gait
abnormalities.

The study was approved by the Ethics Research Committee of
IRCCS Istituto Auxologico Italiano, Piancavallo (VB), Italy. Written
informed consent was obtained from the participants’ parents.

Equipment

Spatio-temporal gait parameters were assessed using both an inertial
sensor and an optoelectronic system with passive markers according
to the standard instrumented 3D-GA.

The single inertial sensor, a validated [2] wireless inertial sens-
ing device (GSensor, BTS Bioengineering S.p.A., Milano, Italy), was
attached using a semi-elastic belt at the lower lumbar level (centred
on the L4-L5 intervertebral space; Figure 1) of the participants and
provides accelerations along three orthogonal axes: antero-posterior,
medio-lateral and supero-inferior. Acceleration data were transmit-
ted via Bluetooth to a PC and processed using the dedicated BTS
G-STUDIO version 2.6.12.0 software (BTS Bioengineering S.p.A.,
Milano, Italy). From the acceleration signals, the typical spatio-
temporal gait parameters are automatically obtained using the dedi-
cated BTS G-STUDIO version 2.6.12.0 software. In particular, forward
acceleration was found to be the most meaningful signal and the
parameters were computed on the basis of the literature [12]. For step
detection, the onset of the support phase was determined from the
forward acceleration signal. Along the line of progression, the basic
pattern of pelvic acceleration corresponds to a pattern predicted by
an inverted pendulum model. After low-pass filtering the accelera-
tion signal in the walking direction with a cut-off frequency equal to
step frequency, the remaining signal showed a basic pattern of accel-
eration after mid-stance and deceleration after foot contact. The peak
forward acceleration preceding the change of sign was chosen as the
initial foot contact (Figure 2). For the calculation of walking distance,
step length can be estimated based on the amplitude of vertical pel-
vic displacement and leg length using a simple inverted pendulum
model of walking. Changes in vertical position were calculated by
double integration of the superior-inferior acceleration signal. After
high-pass filtering to correct for integration drift (4-th order zero-lag
Butterworth filter at 0.1 Hz), the amplitude of changes in vertical
position was determined as the difference between the highest and
lowest position during a step cycle. Subsequent step lengths were
then calculated as (eq. 1)
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Figure 2: The change of sign (°) of the peak in the acceleration
signal in anterior-posterior direction is taken as the instant of foot
contact.

step length =2+2lh—h? m

with “1” being the individual leg length and ‘h’ being the amplitude
of vertical displacement during a step cycle. Walking distance (from
start to stop of the data collection) was estimated by multiplying
mean step length over a certain duration by the number of steps.
Velocity was computed as the ratio between walking distance and
duration.

From the 3-axial gyroscopic signals, the kinematics of the pelvis
in the sagittal, frontal and transversal planes are described [11]. Gyro-
scopic signals were also acquired during this study, but they are not
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included in the present analysis and are not discussed in this paper,
because the aim was to validate spatio-temporal parameter estimates
in level walking with a single sensor on the lower trunk in healthy
and obese adolescents.

The system was validated using an optoelectronic system with
six cameras (VICON, Oxford Metrics Ltd., Oxford, UK) and two force
platforms (Kistler, Einterthur, CH). After a number of anthropometric
measurements had been collected, passive markers were placed at
special points of reference directly on the subject’s skin, as described
by Davis [7]. Starting from the 3D coordinates of the three markers
fixed with each segment (pelvis, thigh, leg and foot), a rigid frame was
computed; the Euler angles between two frames are the flex-extension,
abdo-adduction and intra-extra rotation of principal joints [7]. Marker
position data are also the basis of stride and temporal parameters,
such as walking speed, step length, stride length, cadence and so on.

Each subject was fitted with the passive markers and an iner-
tial sensor. The data were thus acquired simultaneously by 3D-GA
and inertial sensors. After placement of the markers, the participants
completed two or more practice trials across the plate walkway to
ensure that they were comfortable with the experimental procedure.
After familiarization, the participants were asked to stand up and
remain in an upright posture for a few seconds to calibrate sensors
and then to walk barefoot at their own natural pace along a 10-m
walkway with embedded force platforms at the mid-point. At least
five steps for each trial were acquired.

After each track, the participants paused for a few seconds
before turning around, paused again and started the new track.
This exercise was repeated in order to acquire 10 valid trials for each
participant. A trial was considered valid when the following criteria
were met: (1) a natural walk at a participant’s normal walking pace
and (2) a whole foot was measured on the plate. In this way, a total
of 100 trials for obese adolescents and 80 trials for non-obese adoles-
cents were collected and analysed.

Data processing

As previously reported, the first and last steps obtained by the inertial
sensor were removed so as to obtain three gait cycles for each side.
For 3D-GA data, the first heel strike event for each foot was taken
from the force platform, the previous and the following correspond-
ing events from the comparison of that kinematic configuration (foot
position, hip/knee/ankle flexion angles, etc.) over the 3D-GA results
across the entire data collected. From these events, three full gait
cycles for each side were analysed and they were the same as those
measured with the inertial sensor.

From the data obtained by the inertial sensor and with 3D-GA, the
following spatio-temporal parameters were computed and analysed:
- Stride length (m), the distance between two consecutive heel-

strikes of the same foot;

—  Stride duration (s), the time between two consecutive heel-
strikes of the same foot;

- Stance duration (%), the foot support phase, i.e. from heel strike
to toe off of the same foot, duration as percentage of gait cycle;

-  Double support duration (%), the duration of the phase of sup-
port on both feet as percentage of gait cycle;

- Mean velocity (m/s), average instantaneous speed within the
gait cycle; from 3D-GA, the velocity is computed as the ratio
between stride length and stride time;

- Cadence (step/min), the number of steps in a minute;
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Statistical analysis

All the previous parameters were computed for each participant.
Kolmogorov-Smirnov tests were used to verify whether parameters
were normally distributed; the parameters were not normally distrib-
uted and non-parametric analysis was thus used. The median and
quartile range values of all the parameters were calculated before-
hand for each subject and then for the Control Group and for the
Obese Group. The measurements obtained by the inertial system and
those obtained by 3D-GA were compared using the Wilcoxon test;
obese and non-obese data were compared using the Mann-Whitney
U-tests in order to detect significant differences. The research for cor-
relation between 3D-GA and inertial system data in the two groups
studied was performed using Spearman’s rank-order correlation. In
order to evaluate the level of agreement between the two methods, a
Bland-Altman plot was performed for both healthy and obese adoles-
cents. The level of significance was set at p=0.0083 (0.05/6) after a
Bonferroni adjustment for multiple comparisons.

Results

Table 1 shows the results of the spatio-temporal para-
meters obtained with the inertial sensor and 3D-GA for the
normal-weight and obese adolescents.

DE GRUYTER

Firstly, data computed both by 3D-GA and by the iner-
tial sensor were compared, in order to validate the inertial
system using instrumented 3D-GA. Data showed that all
spatio-temporal parameter values in both normal-weight
adolescents and obese participants were not statistically
different between the two devices (p > 0.05).

We then compared normal-weight and obese ado-
lescents’ data in terms of 3D-GA and of inertial system
parameters. 3D-GA data showed that obese adolescents
walked with longer stance and double support phase as
compared with normal-weight participants. These results
are in line with previous literature on obese adolescents
[5, 22]. The data obtained from the inertial sensors dis-
played the same results.

The p-values obtained from statistical analysis are
displayed in Table 2.

Table 3 shows the results obtained after correlation
research in the two groups studied. Both groups showed
significant and good correlations for all parameters con-
sidered from a statistical viewpoint between data obtained
by 3D-GA and the inertial system, respectively (p < 0.05).
This means that increases or decreases in data obtained
by 3D-GA in general predict the same directional change
as the data obtained with the inertial system.

Table 1: Parameters (median and quartile range) obtained from instrumented 3D gait analysis (3D-GA) and the inertial system for the two

groups studied.

Control group Obese group

3D-GA data Inertial system data 3D-GA data Inertial system data

Stride length (m) 1.43(0.13) 1.44(0.11) 1.34(0.13) 1.36 (0.22)
Stride duration (s) 1.14(0.16) 1.12(0.19) 1.15 (0.08) 1.15(0.10)
Stance duration (%) 60.13 (1.17)? 60.43 (2.85)? 62.04(2.22) 63.46 (4.59)
Double support duration (%) 10.82 (1.89)° 11.32 (3.2)° 12.05(1.58) 13.26 (2.97)
Mean velocity (m/s) 1.25(0.18) 1.28(0.16) 1.21(0.13) 1.19(0.22)
Cadence (step/min) 105.56 (14.78) 108.40(17.69) 104.91 (7.5) 105.86 (8.59)

2p<0.05, Obese group vs. control group. No statistical differences were present between GA vs. inertial system data.

Table 2: The p-values obtained by the statistical analysis are shown.

3D-GA data vs. inertial system data

Control group vs obese group

Control group Obese group 3D-GA data Inertial system data
Cadence 0.1481 0.0401 0.1094 0.1316
Stride duration 0.1326 0.1468 0.0908 0.1151
Stance duration 0.1069 0.0260 1.86E-06 0.0005
Stride length 0.0668 0.0958 0.0182 0.0547
Mean velocity 0.0668 0.0554 0.1548 0.0664
Double support duration 0.0891 0.0318 6.83E-05 0.0015

Significant p-values, statistically speaking, are shown in bold. The level of significance was set at p=0.0083 (0.05/6), after a Bonferroni

adjustment for multiple comparisons.
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Table 3: Results of correlation research (r-value) between instru-
mented gait analysis (GA) and inertial system data for the two
groups studied.

V. Cimolin et al.: Inertial system in obese adolescents =—— 509

the points on the graph are between the two lines the two
methods provide consistent results. The Bland-Altman
graphic analysis showed good overall correlation between
the two systems.

Control group Obese group
Stride length (m) 0.75? 0.70°
Stride duration (s) 0.992 0.682
Stance duration (%) 0.72° 0.69° . .
Double support duration (%) 0.96° 0.76% DISCUSSIO“
Mean velocity (m/s) 0.92¢ 0.847
Cadence (step/min) 0.98° 0.72* In order to test whether a wireless inertial system is

2p<0.05.

Figures 3 and 4 show the Bland-Altman plots for
normal-weight and obese participants. It is a scatter plot
of the mean of inertial system and instrumented 3D-GA
plotted against the difference between the two methods.
This plot provides a visual representation of the level of
correlation and in particular, the difference in all the spa-
tio-temporal parameters considered in this analysis deter-
mined by both systems. The horizontal line represents the
mean of the differences while the dotted lines (computed
as the mean of the difference plus or minus 1.96 times its
SD) represent the interval of confidence.

The average of the differences allows us to estimate
whether one of the two methods underestimated or over-
estimated the volume measure more than the other. Where

Cadence Bland-Altman plot

C.G. Duration Bland-Altman plot

capable of identifying standard gait spatio-temporal para-
meters during level walking in normal-weight and obese
adolescents, the participants’ walking abilities were ana-
lysed simultaneously with inertial sensors and 3D-GA and
the spatio-temporal parameters were compared.

No statistical differences were found between the two
systems in terms of all the spatio-temporal parameters
analysed. These results confirmed the results of previous
studies carried out on healthy adult individuals [2].

In addition, comparison of the parameters between
normal-weight and obese individuals both with inertial
sensors and instrumented 3D-GA showed that stance
phase and double support duration were longer in the
Obese Group than in the Control Group. These data suggest
that the inertial system is capable of detecting differences
between the two groups in accordance with 3D-GA output
and in line with the literature [5, 22].

Double support Bland-Allman plot
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Figure 3: Bland-Altman plots of the mean of instrumented 3D gait analysis (3D-GA) and the inertial system plotted against the difference

between the two methods for normal-weight adolescents.
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Figure 4: Bland-Altman plots of the mean of instrumented 3D gait analysis (3D-GA) and the inertial system plotted against the difference

between the two methods for obese adolescents.

These results show that the inertial system used in
the present study is to be considered a good means of
evaluating spatio-temporal parameters in obese individu-
als. These results are very important from a rehabilitation
point of view. Monitoring gait parameters using a single
sensor placed on the trunk is a very simple testing system,
which may be useful in the clinical setting. It allows for
in- and outdoor patient evaluation thus overcoming the
limitations of gait analysis in laboratory settings and — not
of secondary importance — without undressing patients
for marker placement, which is frequently a psychologi-
cal barrier for these individuals. In addition, sensor place-
ment is very easy and quick and, unlike 3D-GA, expert
operators are not required.

One of the limitations of this study is that only spa-
tio-temporal parameters were measured although 3D
kinematics were available. However, among relevant
measurements, spatio-temporal parameters are widely
used by clinicians for gait characterisation in obese indi-
viduals. They quantify the main gait events and therefore
reflect patients’ ability to fulfil the general gait require-
ments, i.e. weight acceptance, single-limb support and
swing limb advancement [26]. An asymmetric gait, a pro-
longed stance or double stance phases and a reduction in
the speed of progression are all relevant parameters for
the diagnosis of pathological gait and the assessment
of functional outcome after treatment. Further 3D pelvis
kinematics research, not studied in this paper, should be

carried out. The single sensor system can be considered to
be a valid means for a preliminary, quick, easy and low-
cost evaluation of gait variables even outdoors. This may
be useful in clinical settings thus overcoming the limita-
tions of gait analysis in laboratory settings.

For a more in-depth assessment of gait strategy in a
clinical setting and for the purposes of clinical decision-
making, this system cannot replace gait laboratories
based on optoelectronic systems. However, outpatient
rehabilitation facilities could definitely benefit from the
information obtained by a single sensor, which provides
low-cost quantitative gait parameters, which interfere
minimally with a subject’s habitual tasks outside the
laboratory too.

A possible bias of the study is its relatively small
sample size, which limits the validity of its clinical and
statistical findings. Further studies should be conducted
on a larger number of participants, both healthy and
obese. With a larger participant sample the effects of dif-
ferent BMIs on inertial sensor outputs might also be able
to be studied in depth. In addition, as one of the outputs
of inertial sensor is pelvic kinematics, further investiga-
tions could be designed to validate the system in terms of
pelvic position assessment, which was not investigated in
this study.
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