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Abstract

The biomechanics of walking and running, in both ground and treadmill conditions, have been extensively analysed and
important differences have been reported. Despite some previous studies having examined the validity and reliability of
the OptoGait™ system for measuring gait characteristics during walking, no previous works have determined the reliabil-
ity and validity of this system while running on a treadmill. Therefore, this study aimed to determine the absolute reliabil-
ity (within-subject variation) and evaluate the concurrent validity of the OptoGait™ system for measuring spatiotemporal
variables while running at a comfortable speed by comparing data with a highly accurate system of measuring those para-
meters (i.e. video analysis at 1000 Hz). Forty-nine endurance runners performed a running protocol on a treadmill at a
comfortable speed. Two systems were used to collect data: OptoGait™ system and high-speed video analysis at 1000 Hz.
The coefficient of variation (CV) was calculated as a measure of absolute reliability. The OptoGait™ system reported a
CV range between 2.2% and | |.4% for spatiotemporal parameters, while the video analysis showed a CV range between
0.02% and 9.9%. To determine concurrent validity, intra class correlation coefficients (ICC) and pairwise comparisons of
means (t-test) were calculated between data from both systems. Although the paired t-test demonstrated significant dif-
ferences between systems, a high level of agreement (ICC > 0.89) was obtained in spatiotemporal parameters between
systems. VWhen compared to a high-speed video analysis at 1000 Hz, the results indicate that the OptoGait™ system is a
reliable and valid tool to measure spatiotemporal gait characteristics while running on a treadmill at a comfortable speed.
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Introduction popular among clinicians and researchers. As an exam-
ple, previous papers focused on determining the valid-
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a ‘gold-standard’ for measuring spatiotemporal para-
meters during running.'®"!

Some previous studies have analysed the reliability
and validity of the OptoGait system™ for measuring
spatiotemporal parameters of gait. For example, two
previous works compared spatiotemporal parameters
obtained from OptoGait™ with GAITRite™ sys-
tems,'>!? whereas other previous work'* focused on the
comparison with spatiotemporal parameters obtained
from a treadmill-based gait analysis (i.e. instrumented
treadmill). Likewise, a previous study analysed the
agreement between the spatiotemporal gait parameters
calculated from the OptoGait™ system and a three-
dimensional motion capture system.'> The test-retest
reliability of the OptoGait™ system has also been deter-
mined in a previous study'® in which 126 participants
were assessed during walking. All those papers have
reported strong concurrent validity and reliability dur-
ing walking. However, none of those works has deter-
mined the reliability and validity of this system while
running on a treadmill, which implies some differences
compared to walking (e.g. the lack of flight time [FT]'7)
and over ground running.'®

Additionally, the reliability and validity of a similar
system (i.e. OptoJump™) for measuring temporal para-
meters have also been determined. Hanley and
Tucker'® compared temporal parameters in racewalk-
ers using the OptoJump™ system versus high-speed
video analysis in both over ground and treadmill set-
tings, while Ammann et al.*® determined the validity of
the ground contact time (CT) obtained from the
OptoJump™ system compared with high-speed video
analysis during running on an indoor track. The
OptoJump™ and OptoGait™ systems are commercially
available and use the same hardware, but different soft-
ware. Both systems work at 1000 Hz with the same spa-
tial resolution (1.04 cm). Nevertheless, some between-
system differences must be taken into consideration.
First, the OptoGait™ uses a software that allows for
analysing the walking gait by recognising double sup-
port, whereas the OptoJump™ system does not.
Second, the OptoGait™ system can be considered as a
medical device (i.e. it is certified for medical use), which
allows the user to test in clinical environments, while
the OptoJump™ system has not been certified as a med-
ical device. Therefore, the validity and reliability of the
OptoGait™ or OptoJump™ systems for measuring spa-
tiotemporal parameters while running on a treadmill
remain unknown.

The validity and reliability of a gait analysis system
are essential to determine whether results are due to
changes in gait pattern or simply systematic measure-
ment errors. Therefore, the aim of the current study is
to determine the absolute reliability (within-subject var-
iation) and evaluate the concurrent validity of the
OptoGait™ system for measuring spatiotemporal vari-
ables while running at a comfortable speed by compar-
ing data with a highly accurate system of measuring

those parameters (i.e. video analysis at 1000 Hz). It is
hypothesised that the OptoGait™ system is a reliable
and valid tool to measure spatiotemporal gait charac-
teristics (i.e. CT, flight time [FT], step length [SL] and
step frequency [SF]) during running.

Methods
Participants

A group of 49, 44 men and 5 women, amateur endur-
ance runners (age: 26 * 8 years; height: 1.74 £0.07 m;
body mass: 71 = 10kg) voluntarily participated in this
study. All participants met the inclusion criteria: (1)
older than 18years old, (2) able to run 10km in less
than 50 min, (3) not suffering from any injury in the
6 months prior to data collection. After receiving
detailed information on the objectives and procedures
of the study, each participant signed an informed con-
sent form in order to participate, which complied
with the ethical standards of the World Medical
Association’s Declaration of Helsinki (2013). It was
made clear that the participants were free to leave the
study at any time. The study was approved by the
Institutional Review Board.

Procedures

Participants were individually tested on one specific
day. Prior to all testing, participants refrained from
intense physical activity for at least 48h and all tests
were at least 3 h after eating. Tests were performed with
the participants’ usual training shoes to measure their
typical performance.

Participants performed a running protocol on a
motorised treadmill (WOODWAY Pro XL, Woodway,
Inc., Waukesha, WI, USA). The initial speed was set at
8km-h~ ', and speed increased by 1 km-h~' every min-
ute until participants felt comfortable. Then, running
speed was fixed (i.e. self-selected comfortable running
speed: 11.7 = 1.3km-h™"). Since previous studies®'>?
on human locomotion have shown that accommoda-
tion to running on a treadmill occurs in ~6-8 min, an
8 min accommodation program was performed at that
self-selected running speed. Immediately after the
accommodation interval and maintaining the same run-
ning speed, a 30s recording period started. The slope
of the treadmill was maintained at 0% during the entire
protocol.

Materials and testing

For descriptive purposes, height (m) and body mass
(kg) were measured using a precision stadiometer and
scale, SECA 222 and 634, respectively (SECA, Corp.,
Hamburg, Germany).

The following spatiotemporal parameters were mea-
sured while running: CT (seconds): time from when the
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foot contacts the ground to when the toes lift off the
ground; FT (seconds): time from toe-off to initial
ground contact of consecutive footfalls (e.g. right-left);
SL (centimetres): distance between two consecutive
contacts measured from forefoot to forefoot; and SF
(steps per minute): number of ground contact events
per minute. Two different systems were used to mea-
sure those parameters, the OptoGait™ system and high-
speed video analysis (1000 Hz). Both systems have the
same temporal accuracy (*=1ms). For the analysis of
temporal parameters (CT and FT), the right leg was
always the analysed leg in order to control potential
influencing factors (i.e. asymmetry>>). Further informa-
tion about the systems is noted below:

- The OptoGait" system (Optogait; Microgate,
Bolzano, Italy) detects any interruptions in the light
connection between the transmitter bar and receiver
bar and it measures both CT and FT with a preci-
sion of 1/1000s. The two parallel bars of the device
system were placed on the side edges of the tread-
mill at the same level as the contact surface and the
default filter setting of 0_0 (Gait R.in filter:0 and
Gait R.out filter:0) was accepted. This setting
means that CT begins once more than 0 LEDs were
activated (i.e. when at least 1 LED was activated)
and finished once the number of LEDs activated
returned to 0. This set up has shown to provide the
smallest bias for temporal parameters in racewalk-
ing." Spatiotemporal parameters (i.e. CT, FT, SL
and SF) were measured for every step during 30s
for each participant.

- Video analysis: Two-dimensional video data were
simultaneously collected at 1000 Hz using a high-
speed camera (Imaging Source DFK 33UX174, The
Imaging Source Europe GmbH; Germany). Range
of interest (ROI) was adjusted to achieve 1000 fps
(784X 144 resolution). Two-dimensional video anal-
ysis has been suggested as a reliable*** and valid®®
system to assess running kinematics. This procedure
was based on the guidelines provided by a previous
work.?” The camera was placed perpendicular to
the treadmill from a posterior view at 2m from the
centre of the treadmill and at a height of 0.80m,
and 30s videos were recorded for each participant.
Then, videos were analysed using the open licence
software Kinovea (version 0.8.27), and spatiotem-
poral parameters were determined. Data were
exported to a spreadsheet in.xml format and pro-
cessed in Excel. The CT and FT were calculated by
identifying the initial contact and take-off frames,
while counting frames in-between. SL and SF were
calculated as follows in equations (1)—(4):

(1) Step time (ST, in seconds) = FT (s) + CT (s),
(2) SF (steps per second, sps) = 1/ST (s)

(3) SF (steps per minute, spm) = 60 x SF (s)

(4) SL (m)= running speed (m-min~") | SF (spm)

Statistical analysis

Descriptive statistics are represented as mean standard
deviation (SD). Tests of normal distribution and homo-
geneity, determined by the Shapiro-Wilk and Levene’s
test, respectively, were conducted on all data before
analysis. The coefficient of variation (CV, %) was cal-
culated as a measure of absolute reliability, since it rep-
resents the within-subject variation (CV = SD/
mean*100),°%* and it was calculated on an individual
basis. To determine concurrent validity, a Pearson cor-
relation analysis was performed between spatiotem-
poral parameters from the OptoGait™ system and
video analysis. The following criteria were adopted to
interpret the magnitude of correlations between mea-
surement variables: < 0.1 (trivial), 0.1-0.3 (small), 0.3—
0.5 (moderate), 0.5-0.7 (large), 0.7-0.9 (very large) and
0.9-1.0 (almost perfect).> Intra class correlation coeffi-
cients (ICC) were also calculated between systems
(OptoGait™ vs video analysis) for CT, FT, SL and SF
during running. Based on the characteristics of this
experimental design and following the guidelines
reported by Koo and Li,' the authors decided to con-
duct a “two-way random-effects” model (ICC [2,k]),
“mean of measurements” type, and “absolute” defini-
tion for the ICC measurement. The interpretation of
the ICC was based on the benchmarks reported by a
previous study’* ICC < 0 (poor), 0-0.20 (slight),
0.21-0.40 (fair), 0.41-0.60 (moderate), 0.61-0.80 (sub-
stantial), and > 0.81 (almost perfect). Pairwise compar-
isons of means (t-test) were also conducted between
data from the two systems. The magnitude of the dif-
ferences between values was also interpreted using the
Cohen’s d effect size (ES) (between-group differ-
ences).”® Effect sizes are reported as: trivial ( < 0.2),
small (0.2-0.49), medium (0.5-0.79), and large
(=0.8).* Finally, Bland-Altman plots (i.e. limits of
agreement method, mean difference + 1.96 SD)** were
constructed to examine the presence of systematic and
proportional bias between the measured (i.e. video
analysis at 1000Hz) and estimated values (i.e.
OptoGait™ system) of spatiotemporal parameters dur-
ing running. The level of significance used was p
< 0.05. Data analysis was performed using SPSS (ver-
sion 23, SPSS Inc., Chicago, IlI).

Results
Reliability

Table 1 shows the CV (in %) as a measure of absolute
reliability of spatiotemporal parameters while running
from both systems (i.e. OptoGait™ vs high-speed video
analysis). For the OptoGait™ system, CV ranged
between 2.2% and 11.4% (CT: 2.6%; FT: 11.4%; SF:
2.6%; SL: 2.2%), whereas for the video analysis, CV
ranged between 0.02% and 9.9% (CT: 2.6%; FT:
9.9%; SF: 1.8%; SL: 0.02%).
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Table I. Mean magnitude of coefficient of variation (CV, %) of
spatiotemporal parameters obtained from two different systems
(OptoGait™ vs High-speed video analysis at 1000 Hz).

Variables OptoGait™ High-speed video analysis
CV (%) CV (%)

CT (s) 2.64 (1.15) 2.56 (1.68)

FT (s) 11.39 (5.40) 9.93 (6.75)

SF (spm) 2.55 (1.18) 1.78 (0.51)

SL (ecm) 2.18 (0.58) 0.018 (0.005)

CT: contact time; FT: flight time; SF: step frequency; SL: step length.

Validity

Table 2 shows descriptive values and a comparative
analysis between systems. Despite small differences
between systems (~0.003s in CT, ~0.006s in FT, ~2.1
spm in SF, and ~0.9 cm in SL), the paired ¢-test demon-
strated significant differences between those systems in
every parameter (FT, p < 0.001; SF, p = 0.003; SL,
p = 0.019), except for CT (p = 0.070). Nevertheless, the
Cohen’s d values indicate trivial ES (ES < 0.2) for
those comparisons.

In order to reinforce the comparative analysis, a
Pearson correlation analysis was conducted and ICCs
between systems were calculated (Table 3). Very large
correlations (r > 0.83, p < 0.001) were obtained in
CT, FT, SF and SL between both systems.
Additionally, the ICC reported a high level of agree-
ment (ICC > 0.89) between systems in all spatiotem-
poral parameters analysed.

Through Bland-Altman plots, Figure 1 shows the
differences between the two systems (systematic bias
and random error) and the degree of agreement
between the two systems (95% limits of agreement).
When comparing the video analysis system to the
OptoGait™ system, these plots revealed small systema-
tic biases (CT: 0.002s; FT: —0.006s; SF: 2.10 spm; SL:
—0.97cm) and random errors (CT: 0.008s; FT: 0.008s;
SF: 4.68 spm; SL: 2.78 cm) for the spatiotemporal para-
meters while running at a comfortable self-selected
speed on the treadmill.

Discussion

This study aimed at determining the reliability and
validity of the OptoGait™ system for measuring

spatiotemporal variables while running at a comforta-
ble speed compared to data from a high-speed video
analysis at 1000 Hz. The main finding of the current
work is that the OptoGait™ system provided reliable
spatiotemporal data, showing a strong concurrent
validity as compared to the high-speed video analysis.

Both systems showed a high absolute reliability in
terms of CV, as indicated by previous studies,”®*’ with
CV lower than 3% in CT, SL and SF, whereas higher
CVs (10-12%) were obtained in FT. The authors sug-
gest that higher CVs in FT are related to the short
duration of this phase while running at a comfortable
velocity (i.e. —0.09s) since CV equals SD/mean*100.
Overall, these results are in line with those reported by
previous studies.'*'*!® Gomez Bernal et al.'® analysed
the gait of 126 participants while walking, each 2 weeks
apart, concluding that the OptoGait™ system produces
reliable measures for spatiotemporal parameters of gait
in both intra- and inter-session (CV —6% in CT, SF
and SL). Likewise, in a study in which twenty healthy
young adults were asked to walk three times on a walk-
way at a comfortable speed,'” the OptoGait™ system
showed a strong reliability with CV ~1-4% in CT, SF
and SL. Despite methodological differences (i.e. walk-
ing vs running, over ground vs treadmill, speed and
type of reliability), the results seem to be consistent
with previous studies and, therefore, the current study
highlights the absolute reliability, in terms of CV (%),
of the OptoGait™ system to measure spatiotemporal
parameters while running on a treadmill at a comforta-
ble speed.

Regarding the validity of the OptoGait™ system to
measure spatiotemporal gait characteristics, some
points must be considered to properly interpret the
results and make comparisons with previous studies.
The first point that must be taken into consideration is
the gold standard or reference system that was used in
those previous studies. Previous works have compared
spatiotemporal  parameters obtained from the
OptoGait™ system with GAITRite™,'>"? treadmill-
based gait analysis,'* three-dimensional motion capture
system,'” and high-speed video analysis at 500 Hz'
and 1000 Hz.*® The second aspect that must be consid-
ered is the protocol performed during these studies.
Apart from one study,? the rest of the aforementioned
works analysed the validity of the system while walk-
ing, whereas the current study was conducted while
running at a self-selected speed. As for the study by

Table 2. Means comparison of spatiotemporal parameters obtained from two different systems (OptoGait™ vs High-speed video

analysis at 1000 Hz).

Variable OptoGait™ High-speed video analysis Difference (A) p-value Effect size
CT (s) 0.270 (0.031) 0.267 (0.028) 0.003 0.070 0.101

FT (s) 0.087 (0.028) 0.093 (0.025) —0.006 < 0.001 —0.196
SF (spm) 168.91 (8.43) 166.81 (7.69) 2.10 0.003 0.048

SL (ecm) 115.93 (12.41) 116.89 (12.50) —0.96 0.019 —0.065

A: difference between systems (OptoGait™ - Video analysis); CT: contact time; FT: flight time; SF: step frequency; SL: step length.



Garcia-Pinillos et al.

Table 3. Pearson correlation analysis (r) and intraclass correlation coefficients (ICC) between spatiotemporal parameters obtained
from OptoGait™ versus High-speed video analysis during running at comfortable speed.

Variables Coefficient (r) p-value ICC (95% Cl)

CT 0.969 < 0.001 0.981 (0.965-0.989)
FT 0.965 < 0.001 0.967 (0.853-0.987)
SF 0.835 < 0.001 0.893 (0.783-0.944)
SL 0.975 < 0.001 0.986 (0.974-0.993)

CT: contact time; FT: flight time; SF: step frequency; SL: step length; ICC: intraclass correlation coefficients; Cl: confidence interval.
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Figure I. Bland-Altman plots for the measurement of spatiotemporal parameters during running at self-selected comfortable speed
for both systems (OptoGait™ vs high-speed video analysis): (a) contact time (ms), (b) flight time (s), (c) step frequency (spm), and
(d) step length (cm). The plot includes the mean difference (dotted line) and 95% limits of agreement (dashed lined), along with the

regression line (solid line).

Ammann et al.,”® different running speeds were consid-
ered with the lowest speed (i.e. 15=2.5km-h™") much
higher than the self-selected speed in the current work
(ie. 11.7 = 1.3km-h™"). The third point that must be
taken into account is the variables controlled during
those previous works. The FT does not exist during
walking and the only study including running condi-
tions?® just considered CT, so it makes comparisons
difficult. Finally, the last point that must be considered
is the filter setting within the OptoGait™ software.

Despite some previous studies'>'*** having analysed
the influence of different filter settings within the
OptoGait™ software on the level of agreement with
other systems, the current study accepted the default
filter setting (i.e. Gait R.in filter:0 and Gait R.out
filter:0).

Despite differences, the results provided in those
previous studies are consistent, by pointing to the
OptoGait™ system as a valid device to measure spatio-
temporal gait characteristics during walking. In this
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context, the current study provides some insights into
the validity of the OptoGait™ system to measure spa-
tiotemporal parameters (i.e. CT, FT, SL and SF) while
running at a comfortable speed. This study not only
supports the findings of Ammann et al.?® by concluding
that the OptoGait™ system is valid to measure CT
while running on treadmill, but it also tests the validity
of this system to measure other spatiotemporal para-
meters such as FT, SL and SF, reporting small sys-
tematic biases and random errors and very high ICCs
and Pearson coefficients (> 0.9).

An important consideration is that reliability data
were obtained from an analysis based on within-subject
variation (CV), rather than on different days (i.e. test-
re-test). Therefore, the current reliability statistics might
not generalise to runs performed several days apart.
Notwithstanding this limitation, the strength of this
study is the usage of a high-speed video analysis at
1000 Hz as the gold standard with a high frequency and
high resolution, installed at surface level, which allowed
great accuracy for determining spatiotemporal para-
meters while running at a comfortable speed — a condi-
tion that had not yet been tested.

Conclusions

The results indicate that the OptoGait ™ system is a
reliable and valid tool to measure spatiotemporal gait
characteristics while running on treadmill at a comfor-
table speed as compared to the high-speed video analy-
sis at 1000 Hz.
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