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Intra-rater repeatability of gait parameters in healthy adults during self-paced 
treadmill-based virtual reality walking

Mohammad Al-Amria,b, Hilal Al Balushia and Abdulrhman Mashabia

aschool of healthcare sciences, College of Biomedical and life sciences Cardiff university, Cardiff, uK; barthritis research uK Biomechanics and 
Bioengineering Centre, Cardiff university, Cardiff, uK.

ABSTRACT
Self-paced treadmill walking is becoming increasingly popular for the gait assessment and re-
education, in both research and clinical settings. Its day-to-day repeatability is yet to be established. 
This study scrutinised the test-retest repeatability of key gait parameters, obtained from the Gait 
Real-time Analysis Interactive Lab (GRAIL) system. Twenty-three male able-bodied adults (age: 
34.56 ± 5.12 years) completed two separate gait assessments on the GRAIL system, separated by 
5 ± 3 days. Key gait kinematic, kinetic, and spatial-temporal parameters were analysed. The Intraclass-
Correlation Coefficients (ICC), Standard Error Measurement (SEM), Minimum Detectable Change 
(MDC), and the 95% limits of agreements were calculated to evaluate the repeatability of these gait 
parameters. Day-to-day agreements were excellent (ICCs  >  0.87) for spatial-temporal parameters 
with low MDC and SEM values, <0.153 and  <0.055, respectively. The repeatability was higher for 
joint kinetic than kinematic parameters, as reflected in small values of SEM (<0.13 Nm/kg and <3.4°) 
and MDC (<0.335 Nm/kg and  <9.44°). The obtained values of all parameters fell within the 95% 
limits of agreement. Our findings demonstrate the repeatability of the GRAIL system available in our 
laboratory. The SEM and MDC values can be used to assist researchers and clinicians to distinguish 
‘real’ changes in gait performance over time.

Introduction

Gait analysis using instrumented treadmills has become 
increasingly popular for gait assessment and training. 
These treadmills offer potential advantages for advanc-
ing gait analysis in both clinical and research settings, by 
recording multiple consecutive strides in a small space 
(Belli et al. 2001; Goldberg et al. 2008; Reed et al. 2013). 
However, walking on a treadmill at fixed speed with the 
absence of visual flow raises the concern over whether 
gait is being compensated for by maintaining fixed speed 
(Sheik-Nainar and Kaber 2007; Terrier and Dériaz 2011; 
Sloot et al. 2014b). This could be overcome by introduc-
ing a self-paced technique: a novel feedback-controlled 
paradigm that allows subjects to continually control and 
intrinsically select the treadmill’s speed, in combination 
with a speed-matched virtual reality that generates visual 
flow to restore, to some extent, comparable over-ground 
walking (Souman et al. 2008; Geijtenbeek et al. 2011; 
Sloot et al. 2014a, 2014b). The Gait Real-time Analysis 
Interactive Lab (GRAIL, Motekforce Link, Amsterdam, 
the Netherlands) system uses the novel approach of a 

virtual reality-based self-paced treadmill, which integrates 
a self-paced algorithm to regulate the treadmill’s speed, as 
described by Sloot et al. (2014b). Recent literature (Sloot  
et al. 2014a, 2014b; Liu et al. 2016) shows potential appli-
cations for the GRAIL system in gait assessment. However, 
to the best of our knowledge there is no published research 
that has established the day-to-day repeatability of the 
GRAIL system. This is despite its growing use in both 
clinical and research settings.

Repeatability of gait analysis is needed for both 
researchers and clinicians to better understand the 
results (Baker 2006). Establishing gait repeatability is 
vital to interpret whether the difference between repeated 
assessments of gait parameters represents a real change or 
merely a change within the boundaries of Standard Error 
Measurement (Atkinson and Nevill 1998; Hopkins 2000; 
Schwartz et al. 2004; Baker 2006; McGinley et al. 2009).

The repeatability of the GRAIL system for healthy 
individuals needs to be established before it can be used 
to examine the effects of pathology on gait in certain 
patient populations. Therefore, the aim of this study was to 
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projected onto a 180° semi-cylindrical projection screen 
and with a 12-camera Vicon MX optical infrared tracking 
system (Oxford Metrics, UK).

Measurement procedure

Each participant underwent two gait analysis sessions, 
approximately one week apart. They were asked to wear 
shorts and Aqua Shoes that were used to consistently place 
their feet’s markers and to avoid walking barefoot on the 
treadmill, for safety reasons. Participants were required 
to walk continuously back and forth for a minute in the 
laboratory to ensure that they were comfortable in the 
Aqua Shoes. One assessor, a post-graduate musculoskel-
etal physiotherapist with nine years of practical experi-
ence, placed 25 reflective markers using the Human Body 
Model (HBM) lower-body marker set (van den Bogert  
et al. 2013) on each participant as detailed in Supplementary 
Appendix 1. The assessor was blinded to the results of the 
first session when undertaking the second session. Knee 
and ankle widths, required for the HBM model, were 
measured by another post-graduate neuro physiothera-
pist during the first session. Kinematic marker data were 
collected and synchronised at 200 Hz using the passive 
marker VICON MX motion analysis system, with ground 
reaction forces data sampled at 2000 Hz. Spatial-temporal 
gait parameters and joint kinematics and kinetics were 
calculated using the HBM gait model (van den Bogert  
et al. 2013) that is implemented in D-flow software pack-
age (version 3.20.1, Motekforce Link, Amsterdam, the 
Netherlands).

In each trial, participants were positioned on the mid-
dle of the treadmill and wore a non-body-weight support 
safety harness over their shoulders, loosely hanging from 
the ceiling. At the beginning of each session, participants 

determine the intra-rater repeatability of the GRAIL sys-
tem measurements during self-paced treadmill walking, 
in repeated gait testing of healthy male participants. We 
hypothesised that the gait parameters of spatial-temporal, 
joints range of motion angle, and peak joints moment 
recorded by the GRAIL system would be within the 
acceptable repeatability range (McGinley et al. 2009).

Methods

Research participants and setting

The sample size for this study was chosen based on the rec-
ommendations reported by Walter et al. (1998). The likeli-
hood of committing type I and type II errors set at α = 0.05 
and β = 0.2 and based on Table 2 in Walter et al. study, a 
sample size (k) of 15 was deemed suitable for our study. 
To consider attrition, we increased the sample size by 50%, 
resulting in 23 subjects. Therefore, 23 male participants 
(age: 34.56 ± 5.12; height: 171 ± 6 cm; weight: 77.22 ± 9.76; 
and BMI: 27.82 ± 6.93) underwent 2 gait analysis sessions, 
separated by an average of 5 ± 3 days. During this time, 
all participants remained active with regular gym attend-
ance. Inclusion criteria were: age between 30 and 50 years; 
no evidence of photosensitive epilepsy and with normal 
or corrected-to-normal vision; and healthy without any 
known neurological, cardio-vascular, or musculoskeletal 
conditions. Written informed consent was obtained prior 
to participation. The study was carried out in the Research 
Centre for Clinical Kinesiology at Cardiff University, with 
ethical approval from the Research Ethics Committee at 
the Cardiff University School of Healthcare Science.

The study used the Cardiff GRAIL (Figure 1: Gait 
Real-time Analysis Interactive Lab Motekforce Link, the 
Netherlands) system, consisting of an instrumented split-
belt treadmill with synchronised virtual environments, 

Figure 1. Cardiff grail system.
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COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING   3

were asked to perform at least 6-minute of trial walking at 
their own comfortable walking speed to accustom them-
selves to self-paced treadmill walking (Liu et al. 2016) by 
means of self-paced speed algorithm (Sloot et al. 2014b), 
whilst the pace of the visual-flow was maintained by the 
treadmill’s pace. The self-paced mode was chosen in order 
to allow participants to walk with freedom in stride variabil-
ity. Following the acclimatisation trial, and as part of a larger 
study protocol, participants performed four 6-minute walk-
ing trials (with and without a cognitive task) in a random 
order. The trial order for the first session was replicated for 
the second. Participants were given 2-minute rest between 
trials. Before the measurements of the second session began, 
participants were given 3-m to warm-up on the treadmill.

Measurement of outcomes

Marker data was low-passed filtered with a second order 
Butterworth filter with a cut-off frequency of 10 Hz. Gait 
events detection was calculated based on foot mark-
ers (Zeni et al. 2008). Walking speed derived from the 
GRAIL treadmill output (Sloot et al. 2014b), key clini-
cally important gait kinematic and kinetic parameters, 
and spatial-temporal gait parameters were processed and 
analysed in Matlab R2015b (The Mathworks Inc., USA). 
Vertical ground reaction forces (VGRF) were normalised 
by body weight and their first and second peaks values 
were calculated. To negate the effects of gait initiation and 
termination, average values of each parameter were com-
puted across 100 strides within 4-minute (from 50–310 s) 
of the full walking period (about 360 s). The number of 
strides included in this study was adequate for gait repeat-
ability studies according to Monaghan et al. (2007) and 
Diss (2001), who have demonstrated that five gait strides 
are sufficient for better intra-rater repeatability. Included 
strides were visually inspected for accuracy.

Following the literature (Gorton III et al. 2009; 
McGinley et al. 2009; Bridenbaugh and Kressig 2011), 
repeatability of the most clinically key spatial-temporal, 
kinematic, and kinetic gait parameters for both limbs are 
reported in this paper. This includes: walking speed; stride 
time; stance and swing times; step length and width; Range 
of Motion (ROM) of hip flexion/extension, adduction/
abduction, and rotation; ROM of knee flexion/extension; 
ROM of ankle dorsiflexion; foot of progression; peaks of 
hip extension and adduction moment; peak knee exten-
sion moment; the first peak of knee adduction moment; 
peak of ankle dorsiflexion moment; and the first and sec-
ond peaks of the VGRF. The ROM was calculated through-
out the gait cycle by finding the difference between the 
maximum and minimum joint angle. In terms of the foot 
progression angle, it is defined as the angle of the foot in 
the horizontal plane relative to the direction of walking.

Data analysis

All statistical analyses were carried out in the Statistical 
Package for the Social Sciences (SPSS) software Version 
23 for Windows (IBM SPSS, Chicago, USA). The assump-
tion of normally data was assessed by Shapiro-Wilk test. 
Between-session differences in gait parameters were 
identified using a paired t-test with the significance level 
set at 0.05. ‘Bland-Altman’ analysis was used to assess 
systematic variations between the measurement values 
of both sessions (Bunce 2009). This includes the calcu-
lation of the 95% limits of agreement (LOA), the mean 
difference (Diff) between the first and second sessions, 
and standard deviation of Diff. The following formulas 
were used:
 

 

where Diff refers to the mean difference between two ses-
sions and the SDDiffrefers to the standard deviation of the 
Diff.

Agreement between measurements was analysed by the 
Intraclass Correlation Coefficients (ICC). For this calcula-
tion, the one-way random effects model was chosen, with 
a confidence interval of 95%. To interpret the ICC results, 
a cut-off point of 0.8 was considered to be excellent repeat-
ability, ICC values between 0.6 and 0.79 to be high repeat-
ability, fair if the ICC values were between 0.4 and 0.59, 
and 0.39 or lower to indicate poor repeatability (Bruton  
et al. 2000). The ICC usually overlooks absolute repeatabil-
ity. Therefore, the Standard Error of Measurement (SEM) 
was used to estimate absolute repeatability and provide 
information to delineate intra-individual variability over 
repeated measurements (Atkinson and Nevill 1998). SEM 
provides measurement errors in the same units as the orig-
inal measurement and it was calculated using (3) (Bruton 
et al. 2000):

 

where SD1 refers to the standard deviation of the first 
session.

To facilitate clinical interpretation, the Minimum 
Detectable Change (MDC) that represents whether a 
change observed between tests is a ‘real’ alteration, rather 
than a ‘random’ variation in measurements (Haley and 
Fragala-Pinkham 2006; Wilken et al. 2012) was calculated 
with 95%, which was given by (4) (Haley and Fragala-
Pinkham 2006):

 

(1)Diff = Mean (Session 1 − Session 2)

(2)95% of LOA = Diff ± 2 × SDDiff

(3)SEM = SD1 ×
√

1 − ICC

(4)MDC = SEM × 1.96 ×
√

2
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4   M. AL-AMRI ET AL.

than 1°, for the kinematic parameters apart from the left 
ROM of ankle dorsi-plantar flexion and foot progression 
(1.075° and 2.218°, respectively).

Table 2 reports the repeatability assessments values of 
all gait parameters by the ICC, SEM, and MDC. ICC values 
for the gait spatial-temporal parameters showed excellent 
repeatability, ranging between 0.87 and 0.942. SEM values 
were between 0.005 and 0.055 measurement units, whilst 
the MDC values were less than 0.154 measurement units.

The ICC values for kinematic parameters were gener-
ally higher than those for the kinetic parameters. Despite 
a tendency for some small differences in Range of Motion 
(ROM) between right and left limbs, the ROM of hip and 
knee flexion/extension and foot progression for both 
limbs had ICC values greater than 0.885. The ICCs for 
ROM of hip rotation and ankle dorsi-plantar flexion 
ranged between 0.654 and 0.794, whilst the ICC values 

Results

The mean, standard deviations, and mean difference for 
test-retest results of key spatial-temporal, kinematic, 
and kinetic gait parameters are presented in Table 1. The 
paired t-tests showed non-significant differences between 
the means of the two sessions across the gait parameters 
except left swing time (pt-test  =  0.006), right peak hip 
abduction moment (pt-test = 0.001), and right peak plant-
er-flexion moment (pt-test  =  0.048). The ‘Bland-Altman’ 
graphs in Figure 2 and Supplementary Appendix 2 show 
that the plotted differences of all gait parameters lie within 
the 95% recommended LOA, apart from two outliers that 
are slightly out of the LOAs. This indicates the presence 
of the between-session agreement of the key gait param-
eters. For the spatial-temporal parameters, the difference 
between the means of these parameters in both sessions 
was less than 0.02 measurement units, whilst it was less 

Table 1. average, test-retest results of the repeated gait spatial-temporal, kinematic joint range of motion, and joint kinetic parameters.

ms1: mean of measurements at the first session; ms2: mean of measurements at the second session; sd: standard deviation; pt-test: p-value for t-test; diff: the mean 
difference between two sessions; and 95% of loa: 95% limits of agreement; deg: degree; Flex/ext: extension/Flexion; abd/add: abduction/adduction; plan/
dors: planter/dorsi flexion; and peak VgrF: peak vertical ground reaction force.

MS1 (±SD) MS2 (±SD) pt-test Diff (±SD) 95%LoA

Spatial-temporal parameters
Walking speed (m/s) 1.448 (0.153) 1.467 (0.174) 0.424 −0.019 (0.111) −0.241 to 0.203
step length (m) right 0.741 (0.056) 0.742 (0.057) 0.996 −0.001 (0.039) −0.078 to 0.078

left 0.742 (0.062) 0.742 (0.066) 0.959 0.000 (0.037) −0.078 to 0.078
step width (m) right 0.096 (0.030) 0.096 (0.027) 0.772 0.000 (0.016) −0.078 to 0.078

left 0.095 (0.03) 0.096 (0.027) 0.788 −0.001 (0.016) −0.032 to 0.03
stance time (s) right 0.669 (0.050) 0.662 (0.059) 0.159 0.008 (0.026) −0.044 to 0.060

left 0.668 (0.051) 0.659 (0.059) 0.212 0.007 (0.027) −0.044 to 0.060
swing time (s) right 0.360 (0.02) 0.356 (0.019) 0.069 0.003 (0.008) −0.075 to 0.082

left 0.362 (0.019) 0.359 (0.018) 0.006 0.004 (0.006) −0.075 to 0.082
stride time (s) right 1.029 (0.069) 1.018 (0.076) 0.114 0.011 (0.033) −0.054 to 0.077

left 1.029 (0.069) 1.018 (0.076) 0.114 0.011 (0.033) −0.054 to 0.077

Kinematic joint range of motion
hip flex/ext (deg) right 45.413 (3.709) 45.168 (3.741) 0.620 0.245 (2.336) −4.427 to 4.917

left 44.700 (3.603) 44.685 (3.539) 0.974 0.015 (2.241) −4.467 to 4.497
hip abd/add (deg) right 15.838 (2.371) 15.224 (2.06) 0.322 0.614 (2.903) −5.192 to 6.419

left 15.647 (2.983) 15.799 (1.811) 0.789 −0.152 (2.707) −5.567 to 5.261
hip rotation (deg) right 11.323 (3.517) 10.713 (2.851) 0.367 0.609 (3.172) −5.735 to 6.954

left 12.58 (3.323) 11.584 (3.428) 0.115 0.996 (2.908) −4.819 to 6.812
Knee flex/ext (deg) right 64.458 (3.869) 63.639 (3.878) 0.119 0.819 (2.416) −4.013 to 5.650

left 64.924 (3.911) 64.227 (3.878) 0.148 0.697 (2.228) −3.759 to 5.153
ankle plan/dors (deg) right 29.898 (5.139) 30.356 (3.949) 0.644 −0.459 (4.707) −9.873 to 8.955

left 30.409 (6.783) 29.334 (5.224) 0.314 1.075 (4.998) −8.92 to 11.07
Foot progression (deg) right 22.280 (11.815) 21.439 (10.837) 0.497 0.841 (5.842) −10.843 to 12.525

left 20.661(13.678) 18.443 (10.541) 0.070 2.218 (5.586) −8.954 to 13.39

Joint kinetic
peak hip ext (nm/kg) right 1.070 (0.246) 1.033 (0.251) 0.414 0.038 (0.218) −0.398 to 0.473

left 0.996 (0.227) 0.918 (0.219) 0.094 0.078 (0.214) −0.350 to 0.507
peak hip abd (nm/kg) right 0.909 (0.147) 0.996 (0.128) 0.001 −0.087 (0.109) −0.305 to 0.132

left 0.906 (0.133) 0.878 (0.111) 0.321 0.027 (0.128) −0.229 to 0.283
peak knee ext (nm/kg) right 0.466 (0.116) 0.435 (0.096) 0.155 0.031(0.101) −0.170 to 0.232

left 0.507 (0.146) 0.459 (0.127) 0.115 0.048 (0.141) −0.234 to 0.331
peak knee adductor (nm/kg) right 0.513 (0.130) 0.531 (0.106) 0.270 −0.018 (0.077) −0.173 to 0.136

left 0.518 (0.189) 0.491 (0.155) 0.256 0.027 (0.11) −0.193 to 0.246
peak plant (nm/kg) right 1.833 (0.227) 1.764 (0.142) 0.048 0.069 (0.158) −0.247 to 0.384

left 1.857 (0.212) 1.791 (0.141) 0.077 0.066 (0.172) −0.277 to 0.409
peak VgrF 1 (%BW) right 106.201 (11.491) 109.175 (8.675) 0.064 −2.973 (7.306) −17.585 to 11.639

left 104.439 (9.729) 107.481 (7.944) 0.113 −3.042 (8.848) −20.736 to 14.652
peak VgrF 2 (%BW) right 111.404 (7.404) 112.321 (7.642) 0.190 −0.917 (3.253) −7.423 to 5.589

left 110.335 (7.711) 111.657 (5.862) 0.144 −1.322 (4.187) −9.697 to 7.053
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COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING   5

For key kinetic parameters, peak knee adduction 
moment, the second peak of VGRF, and the first peak of 
the right VGRF had ICC values greater than 0.83. The ICC 

of the ROM for hip abduction/adduction was less than 
0.587. The SEM and MDC values were less than 3.41° and 
9.45° for all kinematic parameters, respectively.

Figure 2. Bland-altman plots for selected gait parameters: Walking speed (m/s); step length (m); range of motion for hip adduction/
abduction (deg); Foot progress (deg); and first peaks of vertical ground reaction force (%BW). solid red line represents the mean 
difference between the two sessions, while the upper and lower dashed lines represent the 95% limits of agreement.
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6   M. AL-AMRI ET AL.

values ranged between 0.625 and 0.765 for the other key 
kinetic parameters. The SEM was below 2.546 measure-
ment units for all kinetic parameters, apart from the first 
peak of the VGRF that had the greatest MDC and wider 
widths of 95% LOA.

Discussion

The aim of this study was to provide an assessment of 
day-to-day repeatability of the most common clinical gait 
parameters obtained from the GRAIL system during self-
paced treadmill walking. The test-retest repeatability of 
gait analysis is fundamentally vital to both clinical and 
research considerations because patients and research 
participants are often assessed on multiple sessions. The 
current study indicates that the key spatial-temporal gait 
parameters had excellent ICC values (>0.88) and relatively 
small SEM and MDC values (<0.055 & <0.153 measure-
ment units, respectively), which were inspected visually 
by using the ‘Bland-Altman’ graphs. These test-retest 
repeatability findings are comparable with other previ-
ously reported reliability findings for spatial-temporal 
gait during both over-ground (Stolze et al. 1997; Paterson  
et al. 2008; Meldrum et al. 2014) and self-selected speed 
treadmills (Owings and Grabiner 2004; Faude et al. 2012; 
Reed et al. 2013; Liu et al. 2016). The MDC values for 
spatial-temporal gait revealed relatively small amounts of 
variability made by the GRAIL system, which are suffi-
cient to detect real changes over time.

The test-retest repeatability performed on the 
kinematic data (Table 2) in this study was excellent 
(ICC > 0.885) for both hip and knee in the sagittal plane 
and foot progression, high for hip rotation and ankle dor-
si-plantar flexion, and poor for hip abduction/adduction. 

Table 2. relative and absolute reliability of the spatial-temporal, 
kinematic joint range of motion, and joint kinetic gait parame-
ters.

ICC PICC SEM MDC 95%CI

Spatial-temporal Parameters
Walking speed (m/s) 0.87 <0.001 0.055 0.153 0.698 to 

0.945
step length (m) right 0.886 <0.001 0.019 0.054 0.734 to 

0.951
left 0.901 <0.001 0.019 0.054 0.77 to 

0.958
step Width (m) right 0.924 <0.001 0.008 0.023 0.822 to 

0.967
left 0.924 <0.001 0.008 0.023 0.823 to 

0.968
stance time (s) right 0.932 <0.001 0.013 0.036 0.841 to 

0.971
left 0.937 <0.001 0.013 0.036 0.855 to 

0.973
swing time (s) right 0.966 <0.001 0.005 0.013 0.921 to 

0.985
left 0.941 <0.001 0.005 0.013 0.862 to 

0.975
stride time (s) right 0.942 <0.001 0.016 0.046 0.865 to 

0.975
left 0.942 <0.001 0.016 0.046 0.864 to 

0.975

Kinematic Joint Range of Motion
hip Flex/ext (deg) right 0.895 <0.001 1.202 3.331 0.755 to 

0.955
left 0.896 <0.001 1.162 3.221 0.757 to 

0.955
hip abd/add (deg) right 0.253 0.246 2.049 5.681 -0.736 to 

0.682
left 0.587 0.02 1.917 5.314 0.040 to 

0.824
hip rotation (deg) right 0.677 0.005 1.999 5.54 0.248 to 

0.862
left 0.755 0.001 1.645 4.559 0.431 to 

0.896
Knee Flex/ext (deg) right 0.885 <0.001 1.312 3.637 0.732 to 

0.951
left 0.906 <0.001 1.199 3.324 0.782 to 

0.960
ankle plan/dors 

(deg)
right 0.654 0.007 3.023 8.378 0.195 to 

0.852
left 0.794 <0.001 3.079 8.534 0.521 to 

0.912
Foot progression 

(deg) 
right 0.931 <0.001 3.104 8.603 0.838 to 

0.97
left 0.938 <0.001 3.406 9.44 0.857 to 

0.974

Joint Kinetic
peak hip ext (nm/kg) right 0.765 0.001 0.119 0.330 0.454 to 

0.9
left 0.673 0.005 0.129 0.360 0.239 to 

0.86
peak hip abd  

(nm/kg)
right 0.705 0.003 0.079 0.221 0.314 to 

0.874
left 0.622 0.012 0.082 0.227 0.122 to 

0.839
peak Knee ext  

(nm/kg)
right 0.700 0.003 0.064 0.176 0.303 to 

0.872
left 0.588 0.02 0.093 0.259 0.043 to 

0.824
peak Knee adductor 

(nm/kg)
right 0.880 0.001 0.045 0.125 0.72 to 

0.949
left 0.886 0.005 0.064 0.177 0.736 to 

0.952

(Continued)

Table 2. (Continued).

ICC PICC SEM MDC 95%CI
Joint Kinetic
peak plant (nm/kg) right 0.760 <0.001 0.111 0.308 0.442 to 

0.898
left 0.674 0.008 0.121 0.335 0.241 to 

0.861
peak VgrF 1 (%BW) right 0.834 <0.001 4.682 12.977 0.614 to 

0.929
left 0.645 <0.001 5.797 16.067 0.175 to 

0.849
peak VgrF 2 (%BW) right 0.949 <0.001 1.672 4.635 0.882 to 

0.978
left 0.891 <0.001 2.546 7.056 0.747 to 

0.954

iCC: intraclass Correlation Coefficients; sem: standard error of measurement; 
piCC: p-value associated with the iCC; mdC: minimal detectable Change; 
95%Ci: 95% confidence interval for iCC; deg: degree; Flex/ext: extension/
Flexion; abd/add: abduction/adduction; plan/dors: planter/dorsi flexion 
and peak VgrF: peak vertical ground reaction force.
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that the GRAIL system provides reliable kinematic gait 
parameters.

Except for the left peak knee extensor moment, all 
kinetic gait parameters showed high to excellent repeat-
ability (ICC > 0.622) during these day-to-day tests. The 
SEM and MDC values for all kinetic joint parameters 
were relatively lower than <0.129 Nm/Kg and <0.36 Nm/
Kg, respectively. While noticeable differences in the SEM 
and MDC values (Table 2) for the first and second VGRF 
peaks were noticed, these differences fall within the 95% 
LOA and were comparable to those reported by Reed  
et al. (2013). We consider the SEM and MDC values for 
the first VGRF peak high, which may lead us to conclude 
that the self-paced treadmill walking provides less reli-
able VGRF peaks. Ground reaction forces are expected 
to contribute to modulate walking speed (Marasovic 
et al. 2009; Peterson et al. 2011) on a treadmill, during 
acceleration and deceleration. Therefore, it was expected 
that increase would be observed in the VGRF during the 
loading response for the first peak compared to the sec-
ond peak. This is in line with the characteristics of VGRF 
during over-ground gait (Marasovic et al. 2009). However, 
more fundamental research focusing on the underlying 
mechanisms of self-paced treadmill walking is essential 
to clarify its relationship with ground reaction forces. 
Despite the concerns on the reliability of the first VGRF 
peak, the overall findings suggest that the GRAIL system 
provided reliable kinetic joint measurements.

Our study had a few limitations. Firstly, this was an 
intra-rater repeatability study that involved a group of 
able-bodied adults, who attended a single laboratory. 
Therefore, the results of this study should be interpreted 
with caution. Thus, further research is needed to assess 
the intra- and inter-rater repeatability of the GRAIL sys-
tem in pathological populations. Future research should 
also overcome the bias of the current results by includ-
ing females, although Menz et al. (2004) suggested that 
there are no gender effects on spatial-temporal gait. The 
inclusion of both males and females, however, would ena-
ble the future work to be in line with other research that 
has shown differences in gait between genders (Kerrigan 
et al. 1998). The second limitation of this study is that 
we could not explore whether the learning factor of self-
paced treadmill walking over time and between days had 
an impact on the results of this study. Participants in this 
study were required to walk for at least 6 min on day 1 and 
3 min on day 2 to accustom themselves to the self-paced 
treadmill walking. Further research would be necessary 
to determine what specific effects factors like learning 
and adaptation may have on the repeatability of gait data 
obtained from the self-paced treadmill system.

In conclusion, this study established the between- 
session repeatability of the most common clinical gait 

The ICC values for left and right limbs for these kin-
ematic parameters were relatively within similar ICC 
bounds (Table 2), except for the values for hip abduc-
tion/adduction (ICC values for right and left limbs were 
0.253 and 0.587, respectively). The right hip abduction/
adduction ICC value in this study is, however, compa-
rable to that noted during over-ground gait (0.57) in 
healthy adults (Monaghan et al. 2007). The ICC cannot 
be used alone to establish whether the measurement is 
reliable (Atkinson and Nevill 1998), thus further insight 
into the ‘Bland-Altman’ bias plots for the ROM of the hip 
abduction/adduction was investigated in particular. The 
graph (Figure 2) showed that there were small differences 
between sessions (0.614° for right limb; and –0.153° for 
the left limb). However, an outlier was noticed in the 
right hip abduction/adduction, with 4° above the 95% 
LOA. This difference between both sessions for a partic-
ipant has an impact on the calculation of the overall ICC 
value of the right hip abduction/adduction. The absolute 
repeatability (SEM and MDC) was calculated to provide 
further information on the consistency of measurements 
from test-retest. The SEM values for the right and left hip 
abduction/adduction were within an acceptable repeata-
bility range (2.049° and 1.917°, respectively) (McGinley 
et al. 2009), which indicate that measurements of the hip 
abduction/adduction made by the GRAIL system is stable 
over time (see Supplementary Appendix 3 that shows 
mean of kinematic and kinetic curves throughout the 
gait cycle for the 23 subjects). We cannot compare the 
repeatability of left and right limbs reported in this study 
with other published work because, to the best of our 
knowledge, there is no published work that has reported 
the repeatability of both left and right limbs during tread-
mill walking. The differences in the contribution of each 
lower limb during gait in healthy subjects are perhaps 
not surprising. This is, however, beyond the scope of this 
work. Functional differences between right and left lower 
limbs during walking have been discussed by Sadeghi  
et al. (1997).

The SEM and MDC values for the other reported 
kinematic parameters (Table 2) in this paper were lower 
than <3.4° and <5.681°, respectively, apart from the MDC 
values of the ankle dorsi-plantar flexion (8.534° and 
8.378° for left and right, respectively) and foot progres-
sion (9.44° and 8.603° for left and right, respectively). In 
agreement with these results, the ‘Bland-Altman’ graphs 
(Supplementary Appendix 2) revealed a good, accept-
able lower variability within-subjects for kinematic gait 
parameters obtained from the GRAIL system. Overall, 
these findings are in line with previous research in healthy 
people, who performed self-paced over-ground walking 
in a conventional gait laboratory on two separate days 
(Meldrum et al. 2014). To recap, these findings illustrate 
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Ther. 86:735–743.

Hopkins WG. 2000. Measures of reliability in sports medicine 
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Kerrigan DC, Todd MK, Croce UD. 1998. Gender differences 
in joint biomechanics during walking normative study in 
young adults. Am J Phys Med Rehabil. 77:2–7.

Liu W-Y, Meijer K, Delbressine JM, Willems PJ, Franssen 
FME, Wouters EFM, Spruit MA. 2016. Reproducibility and 
validity of the 6-minute walk test using the gait real-time 
analysis interactive lab in patients with COPD and healthy 
elderly. PLoS ONE. 11:e0162444.

Marasovic T, Cecic M, Zanchi V. 2009. Analysis and 
interpretation of ground reaction forces in normal gait. 
WSEAS Trans Syst. 8:1105–1114.

McGinley JL, Baker R, Wolfe R, Morris ME. 2009. The reliability 
of three-dimensional kinematic gait measurements: a 
systematic review. Gait Posture. 29:360–369.

Meldrum D, Shouldice C, Conroy R, Jones K, Forward M. 2014. 
Test–retest reliability of three dimensional gait analysis: 
including a novel approach to visualising agreement of gait 
cycle waveforms with Bland and Altman plots. Gait Posture. 
39:265–271.

Menz HB, Latt MD, Tiedemann A, Mun San Kwan M, Lord 
SR. 2004. Reliability of the GAITRite® walkway system for 
the quantification of temporo-spatial parameters of gait in 
young and older people. Gait Posture. 20:20–25.

Monaghan K, Delahunt E, Caulfield B. 2007. Increasing the 
number of gait trial recordings maximises intra-rater 
reliability of the CODA motion analysis system. Gait 
Posture. 25:303–315.

Owings TM, Grabiner MD. 2004. Variability of step kinematics 
in young and older adults. Gait Posture. 20:26–29.

Paterson KL, Hill KD, Lythgo ND, Maschette W. 2008. The 
reliability of spatiotemporal gait data for young and older 
women during continuous overground walking. Arch Phys 
Med Rehabil. 89:2360–2365.

Peterson CL, Kautz SA, Neptune RR. 2011. Braking and 
propulsive impulses increase with speed during accelerated 
and decelerated walking. Gait Posture. 33:562–567.

Reed LF, Urry SR, Wearing SC. 2013. Reliability of 
spatiotemporal and kinetic gait parameters determined by a 
new instrumented treadmill system. BMC Musculoskeletal 
Disorders. 14:97–249.

Sadeghi H, Allard P, Duhaime M. 1997. Functional gait 
asymmetry in able-bodied subjects. Hum Movement Sci. 
16:243–258.

Schwartz MH, Trost JP, Wervey RA. 2004. Measurement and 
management of errors in quantitative gait data. Gait Posture. 
20:196–203.

Sheik-Nainar MA, Kaber DB. 2007. The utility of a virtual 
reality locomotion interface for studying gait behavior. Hum 
Factors. 49:696–709.

Sloot LH, van der Krogt MM, Harlaar J. 2014a. Effects of 
adding a virtual reality environment to different modes of 
treadmill walking. Gait Posture. 39:939–945.

Sloot LH, van der Krogt MM, Harlaar J. 2014b. Self-paced 
versus fixed speed treadmill walking. Gait Posture. 39:478–
484.

Souman JL, Giordano PR, Schwaiger M, Frissen I, Thmmel 
T, Ulbrich H, Luca AD, Blthoff HH, Ernst MO. 2008. 

parameters obtained from the GRAIL system in self-paced 
mode. The temporal-spatial gait parameters showed the 
best reliability measures with the lowest SEM and MDC 
values. Key joint kinematic and kinetic gait parameters, 
except the first VGRF peak, are reliable and to some 
extent sensitive to the detection of relevant changes in 
these parameters. The SEM and MDC values for healthy 
individuals reported in this study can be used as baseline 
references for interpreting self-paced GRAIL assessments 
in clinical and research populations. Further studies are 
needed to determine the inter-centre repeatability of the 
GRAIL system.
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