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Abstract

The aim of this study was to define the most appropriate gait measurement protocols to be
used in our future studies in the Mobility in Ageing project. A group of young healthy
volunteers took part in the study. Each subject carried out a 10-metre walking test at five
different speeds (preferred, very slow, very fast, slow, and fast). Each walking speed was
repeated three times, making a total of 15 trials which were carried out in a random order.
Each trial was simultaneously analysed by three observers using three different technical
approaches: a stop watch, photo cells and electronic kinematic dress. In analysing the
repeatability of the trials, the results showed that of the five self-selected walking speeds, three
of them (preferred, very fast, and very slow) had a significantly higher repeatability of the
average walking velocity, step length and cadence than the other two speeds. Additionally, the
data showed that one of the three technical methods for gait assessment has better metric
characteristics than the other two. In conclusion, based on repeatability, technical and
organizational simplification, this study helped us to successfully define a simple and reliable
walking test to be used in the main study of the project.
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Human upright posture, bipedal stance, and gait are
uniqgue among mammals [6]. They represent an
important evolutionary milestone [15,26] that resulted
in (i) significantly increased balance requirements and
accompanied development of the brain and vestibular
system [6], (ii) characteristic inter-segmental and inter-
muscular coordination during movement [4], and (iii)
freeing upper extremities and their reciprocal cyclic
movement pattern during walking gait [28]. From the
biomechanical point of view, human gait is a marvel,
involving repeatedly losing and then re-gaining one’s
balance [10]. Studies on mechanics of locomotion have
covered a wide spectrum from largely speculative to
strictly quantitative. Already from the pioneering
studies of human locomotion onwards, there was a
distinction between these two methodological
approaches of their validation [12].

The purpose for which one would like to evaluate gait
and the availability of suitable measurement equipment
define the limits of complexity of the measurement
process. Several research disciplines have contributed
to today's thorough understanding of human gait from
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the biomechanical, functional-anatomical, and motor
control point of view [14]. Technological
advancements now enable researchers to make
measurements more precisely and to make more
complex analyses. In clinical research practice we also
need to optimize the measurement protocol so that we
can gather valid, objective, and repeatable information.
From a cost-benefit point of view, we should seek to
use the least time, both of human resources and of
technical equipment. We should also avoid impairment
of the results in the study protocol due to fatigue on the
part of the subjects undergoing the tests.

Three basic parameters which characterize walking are
speed, cadence, and step length [13,25]. The interplay
among these has been analysed using kinematics,
accelerometers and other measurement methods [2,5,9,
17, 21,24,27].

The purpose of this study was to define the gait
measurement tests for the main cross-sectional study
and the intervention studies which will follow in the
later stages of our project (Mobility in Aging, Interreg-
Iva Austria-Slovakia, SK-AT_080612_N00033). In
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Fig 1. Measurement set-up: (i) a subject in the MOV dress that wirelessly transfers the data to the computer which was
operated by the first measurer, (ii) the sitting measurer was noting down the time acquired by the photocells and
made additional precise measurements of the last remaining step using the measurement tape, (iii) the third
measurer was only estimating the length of the last step and measuring the time with the manual stop-watch.

following this aim, we carried out tests and analyses
with which we compared the repeatability of the three
main parameters of gait when using different speeds of
walking and/or different technical assessment methods.
Based on the criteria of reliability, accuracy and
technical simplicity we made a proposal for the main
study that will be carried out on a larger number of
young and also of elderly subjects.

Materials and Methods

Subjects

At the outset, the protocol of the study, approved by
the national committee for medical ethics, was
explained to the potential participants. Sixteen young
healthy subjects (9 male, 7 female; age 25.9 + 4.8
years; body height 176.9 + 8.4 cm; body weight 71.4 +
12.4 kg) volunteered for the study and signed a full
informed consent document prior to their enrolment.

Measurements

The subjects were asked to walk a 10-metre distance
with five different speeds: (i) preferred speed, i.e. the
self-chosen normal speed of walking, (ii) very fast
speed, i.e. the fastest walking speed, but not running,
(iii) a very slow speed, i.e. the slowest possible
walking, without stopping the movement at any time,
(iv) fast speed, i.e. walking at the mid-speed between
the preferred and the very fast, and (v) slow speed, i.e.
walking at the mid-speed between the preferred and
very slow. Each individual of this group performed
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three repetitions of walking at each speed. This makes
altogether 15 walking repetitions, which were carried
out in a random order. Rest intervals of 60 s were used
between the consecutive trials in order to avoid the
development of fatigue. Parameters of gait in every 10-
meter walking trial were calculated using three
different methods: (i) a special measurement dress with
embedded electronic sensors aimed to precisely
acquire data on the dynamics of body motion
(XsenseMoven, Enschede, Netherlands) — MOV, (ii) a
combination of photo cells at the start and the finish of
the 10-metre walking track, counting the steps during
visual inspection, and measuring the length of the
remaining part of the last step made at the end of the
walking track — PCM, and (iii) a combination of a
standard stop-watch instead of photo cells, counting
the number of steps and only subjective estimation of
the remained part of the last step using 10 cm precision
— SWE. Each of the measurement methods was carried
out by a dedicated examiner, thus, three examiners
were measuring the same trial at the same time (Figure
1). For each walking trial the following parameters
were calculated: average walking speed, average step
length and average step cadence.

Analysis

For statistical analyses SPSS 17 software (SPSS Inc.,
Chicago, USA) was used. Descriptive statistics were
calculated for all sets of the data, and represented as

mean + standard deviation. Then, a test-retest
repeatability analysis was performed for all the
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parameters. Intra-class correlation coefficients were
calculated for a single trial (ICCs) and the average of

three trials (ICCa); 95% confidence intervals (CI) were
calculated. One-way ANOVA was used to test for bias

Table 1: Comparison of repeatability in the context of walking speed (5 speeds) and measurement method (3 methods). The
top horizontal cluster shows means and standard deviations (AVG * SD) followed by the repeatability parameters
(ICCs, ICCa, CI, SEM, and ANOVA (F, p)) for average walking speed (A), average step length (B) and average
step cadence (C). The underlined values in the last cluster highlights the statistically significant ANOVA values

(i.e. inter-trial significant differences) (p < 0.05).

WALKING SPEED
TABLE 1A SWE PCM MOV
very slow 0.56 + 0.16 m/s 0.56 £ 0.16 m/s 0.58 £ 0.16 m/s
slow 1.01 £ 0.10 m/s 1.01+0.10 m/s 1.02 +0.10 m/s
AVG = SD prefered 1.40 £ 0.13 m/s 1.38£0.12 m/s 1.41+0.12 m/s
fast 1.84 £ 0.16 m/s 1.78 £ 0.14 m/s 1.82 £0.15 m/s
very fast 2.29 £0.22 m/s 2.22 £0.19 m/s 2.27 £0.20 m/s
very slow 0.72/0.46-0.89 0.80/0.59-0.92 0.77/0.55-0.91
slow 0.40/0.09-0.71 0.41/0.11-0.72 0.40/0.10-0.71
ICCs/CI prefered 0.74/0.50-0.90 0.81/0.60-0.93 0.78/0.56-0.92
fast 0.79/0.57-0.92 0.78/0.55-0.92 0.80/0.59-0.92
very fast 0.86/0.70-0.95 0.87/0.72-0.95 0.87/0.71-0.95
very slow 0.88/0.72-0.96 0.92/0.81-0.97 0.91/0.78-0.97
slow 0.67/0.24-0.88 0.68/0.27-0.89 0.67/0.24-0.88
ICCa/Cl prefered 0.90/0.75-0.96 0.93/0.82-0.97 0.91/0.79-0.97
fast 0.92/0.80-0.97 0.92/0.79-0.97 0.92/0.81-0.97
very fast 0.95/0.87-0.98 0.95/0.88-0.98 0.95/0.88-0.98
very slow 0.09/0.44/0.65 0.10/1.25/0.30 0.09/0.78/0.47
slow 0.21/4.99/0.01 0.19/4.55/0.02 0.20/4.73/0.02
SEM/F/p prefered 0.07/0.89/0.42 0.03/0.18/0.83 0.05/0.63/0.54
fast 0.11/2.20/0.13 0.13/3.85/0.03 0.12/3.21/0.06
very fast 0.03/0.28/0.76 0.03/0.16/0.85 0.03/0.24/0.79
STEP LENGTH
TABLE 1B SWE PCM MOV

very slow 0.55+0.06 m 0.55+0.06 m 0.55+0.06 m

slow 0.66 £ 0.04 m 0.66 £0.04 m 0.65+0.04m

AVG + SD prefered 0.76 £0.05 m 0.77+0.04 m 0.76 £0.05m

fast 0.88+0.07m 0.88+0.06 m 0.88+0.07m

very fast 0.97£0.08 m 0.97+0.08 m 0.96 +£0.08 m
very slow 0.90/0.77-0.96 0.89/0.75-0.96 0.89/0.76-0.96
slow 0.50/0.18-0.78 0.47/0.15-0.75 0.52/0.20-0.79
ICCs/CI prefered 0.74/0.50-0.90 0.80/0.58-0.92 0.81/0.61-0.93
fast 0.86/0.71-0.95 0.85/0.68-0.94 0.86/0.70-0.95
very fast 0.87/0.71-0.95 0.85/0.69-0.94 0.87/0.72-0.95
very slow 0.96/0.91-0.99 0.96/0.90-0.99 0.96/0.90-0.99
slow 0.75/0.41-0.91 0.72/0.35-0.90 0.76/0.43-0.92
ICCa/Cl prefered 0.90/0.75-0.96 0.92/0.81-0.97 0.93/0.82-0.97
fast 0.95/0.88-0.98 0.94/0.86-0.98 0.95/0.87-0.98
very fast 0.95/0.88-0.98 0.95/0.87-0.98 0.95/0.89-0.98
very slow 0.03/0.76/0.48 0.03/1.50/0.24 0.03/1.50/0.24
slow 0.06/4.89/0.02 0.07/4.95/0.01 0.07/5.20/0.01
SEM/F/p prefered 0.03/1.42/0.26 0.00/0.37/0.69 0.00/0.77/0.47
fast 0.03/1.83/0.18 0.03/1.36/0.28 0.03/1.77/0.19
very fast 0.00/0.48/0.63 0.00/0.45/0.64 0.00/0.36/0.70
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effect between the three ftrials of the same task.
Standard error of measurement (SEM) was calculated.
The level of statistical significance was set at 0.05.

Results and Discussion

All the results are presented in Table 1. The five
different subjectively defined speeds of walking turned
out to be clearly distinguishable. This can be seen
already from the mean values of all three observed
parameters and was further confirmed by the
statistically significant differences (ANOVA p < 0.05).
A linear progression of walking speed was mirrored in
a parallel increase in step length and step cadence. All
these observations were independent of the
measurement technique used.

Repeatability analyses showed comparable values of
ICCs and ICCa among the three measurement
methods. However, slightly higher ICC values were
found for PCM. The repeatability of a single trial was
in the low-to-moderate range. ICCa reached values that
indicate a very good repeatability (ICCa 0.90-1.00) for
all but the slow speed of walking. In the latter case
only step cadence reached high ICCa values (0.91),
while those of the walking speed and step length
remained low (0.68 and 0.72, respectively).

No inter-trial bias effect was observed for the
preferred, very fast, and very slow speeds of walking
(ANOVA p > 0.05). But, in the case of slow and fast
speed, in several cases such a systematic inter-trial
difference was present. For the same speeds (slow and
fast) also the SEM values were obviously higher than
in the case of the other three walking speeds.

A key feature of our independence as human beings is
the ability to move from one place to another, i.e.
mobility. For this aim humans predominantly use
walking as one of the main gaits of locomotion. It is an
extraordinarily complex behaviour that comprises three
indispensable components:  progression, postural
control, and adaptability [22]. Walking speed is a
function of step length and step frequency or cadence.
Humans have a preferred speed of locomotion, which
is guided by a combination of metabolic and
mechanical factors [23]. Vast number of studies has
been dedicated to the analyses of different aspects of
human locomotion (for review see [7,10,16,20]), but it
remains still one of the basic functional movements
analysed in clinical studies. In spite of all the
technological advancements, time-, cost-, and human
resources optimization remain a great challenge for
many clinical studies. Additionally, we also need to
think of the unwanted effects of fatigue, lack of
attention and motivation, etc., in this context,
especially when patients and/or elderly subjects are
involved.

The results of this study showed that of the five self-
selected walking speeds, three of them (preferred, very
fast, and very slow) had significantly higher
repeatability of average walking speed, step length and
cadence than the remaining two (fast and slow).
Additionally, the data showed that PCM, one of the
three technical methods for gait assessment (photo
cells, counting of the steps, and measurement of the
remaining part of the last step) gave better results than
either of the other two methods. The final aim of our

STEP CADENCE

TABLE 1C SWE PCM MOV
very slow 1.01 £ 0.26 st/s 1.01 £ 0.26 st/s 1.05 £ 0.27 st/s
slow 1.53+0.14 st/s 1.52 £ 0.13 st/s 1.57 £0.14 st/s
AVG = SD prefered 1.84 £ 0.16 st/s 1.80 £ 0.12 st/s 1.86 + 0.15 st/s
fast 2.08 £ 0.12 st/s 2.01£0.11 st/s 2.08 £ 0.13 st/s
very fast 2.36 £ 0.16 st/s 2.30 £ 0.18 st/s 2.37 £0.17 st/s
very slow 0.58/0.27-0.82 0.77/0.54-0.91 0.75/0.51-0.90
slow 0.65/0.36-0.85 0.73/0.48-0.90 0.72/0.47-0.89
ICCs/ClI prefered 0.76 /0.53-0.91 0.87/0.72-0.95 0.87/0.71-0.95
fast 0.71/0.46-0.89 0.74/0.50-0.90 0.79/0.57-0.92
very fast 0.89/0.76-0.96 0.91/0.79-0.97 0.91/0.80-0.97
very slow 0.81/0.52-0.93 0.91/0.78-0.97 0.90/0.76-0.97
slow 0.85/0.63-0.95 0.89/0.74-0.96 0.89/0.72-0.96
ICCa/Cl prefered 0.91/0.77-0.97 0.95/0.89-0.98 0.95/0.88-0.98
fast 0.88/0.72-0.96 0.90/0.75-0.96 0.92/0.80-0.97
very fast 0.96/0.91-0.99 0.97/0.92-0.99 0.97/0.92-0.99
very slow 0.05/0.21/0.81 0.05/0.34/0.72 0.05/0.28/0.76
slow 0.15/3.15/0.06 0.12/2.81/0.08 0.14/3.20/0.06
SEM/F/p prefered 0.12/2.04/0.15 0.03/0.61/0.55 0.07/164/0.21
fast 0.08/1.51/0.24 0.09/2.48/0.10 0.09/2.42/0.11
very fast 0.03/0.09/0.92 0.00/0.04/0.96 0.03/0.07/0.94
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project is obtain reliable results from a wide-ranging
study not only of young adults but also of healthy
elderly and also of frail elderly subjects. Based on the
observed reliability  parameters, organizational
simplification, money-for-value, we found that the
PCM method is the best choice.

The primary aim of this pilot study was to establish the
final measurement protocol for a quick, but
informative analysis of walking which will serve in the
following studies of the project, to establish normative
values for different groups of subjects (defined by age
and level of physical fitness). Besides the already
mentioned optimization criteria, we have primarily
analysed the repeatability measures of the
tests/parameters.  Precision and repeatability are
namely of crucial importance for each measurement to
be practically useful. However, we should not forget
that human biological systems which control walking
movement patterns include variability as an intrinsic
characteristic [18]. From this point of view, we should
distinguish between noise variability and functional
variability. In this study we were primarily interested
in minimizing the noise, thereby looking at its random
as well as the systematic components [19]. But, in our
further study, we will analyse also the inter- and intra-
individual differences in variability of the movement
pattern which are both functionally very relevant in the
context of dynamic systems theory [11].

Several recent studies [1,3,8] have shown that the
intrinsic variability of the gait parameters (stride time,
stride length, joint kinematics, etc.) is dependent on
gait velocity. Results of the study carried out by
Beauchet and colleagues [1] strongly supported the
assumption that gait variability increases as walking
speed decreases and, thus, gait might be more unstable
when healthy subjects walk slower compared to their
preferred walking speed. Additionally, Kang and
Dingwell [8] have found potential electromyography
markers that related to increased neuromotor noise
associated with ageing and may indicate subtle
deterioration of gait function that could lead to future
functional declines. Apart from these extremely
analytical studies that have been focussing on detailed
gait analysis as such, we would like, in the framework
of our Mobility in Ageing project, to address questions
such as: (i) What is the basic structure of gait in
different groups of subjects of our interest? (ii) How do
these basic gait parameters correlate with the results of
other clinical, functional and biomechanical tests? (iii)
What is the effect of different training interventions on
gait parameters?

In summary, we can say that the results of this pilot
study have enabled us to finalize our testing protocol.
This will include measurements taken only at the
‘preferred' and at the ‘very fast speed’ of walking, since
these two speeds have the highest repeatability.
However, only the average of three repetitions at the
same walking speed results in a very good
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repeatability. Finally, as we have obtained comparable
values of precision and reproducibility with the SWE
measuring method compared to the other two methods
and because of the organizational simplicity in its use
with all categories of subjects we propose to use SWE
in our future studies of the project.
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