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ARTICLE INFO ABSTRACT

Keywords: In older adults, gait analysis may detect changes that signal early disease states, yet challenges in biomechanical
Walking screening limit widespread use in clinical or community settings. Recently, a markerless method from multi-
Biomechanics

camera video data has become accessible, making screenings less challenging. This study evaluated the
test-retest reliability and measurement error of markerless gait kinematics and kinetics in healthy older adults.
Twenty-nine healthy older adults performed gait analysis on two occasions, at preferred walking speed, using
their everyday clothes. Lower limb angles and moments were averaged from 8 gait cycles. Integrated pointwise
indices [Intraclass Correlation Coefficient (ICCa k) and Standard Error of Measurement (SEM)] were calculated
for curve data, as well as ICCa g, and SEM [95 % confidence intervals] for selected peaks. Generally, kinematic
ICCs were good (>0.75) and reasonably stable throughout the gait cycle, except for the hip kinematics during the
swing phase in the sagittal plane and pelvis tilt and rotation. The integrated and peaks SEM were <2.4°. The
reliability of kinetics was similar (ICC>0.75), except for the transverse hip moment and abduction peak, fluc-
tuating more during the swing than through the stance phase. SEM were < 0.07Nm/Kg. In conclusion, these
results showed good overall test-retest reliability for markerless gait kinematics and kinetics for the hip, knee,
and ankle joints, moderate for the pelvis angles, and error levels of <5°, and SEM%<5% for the sagittal plane.
This supports this method’s use in assessing gait in healthy older adults, including kinetics, for which reliability
data from markerless systems is difficult to find reported.

Older population
Measurement properties
Pointwise indices

1. Introduction videoradiography or markerbased optoelectronic systems) has been

restricted due to limitations, such as exposure to radiation and/or the

Three-dimensional (3D) gait analysis (3DGA) represents a funda-
mental approach to understanding joint mechanics during walking
(Kubota et al., 2012). In older adults, alterations in biomechanics during
activities of daily living can be the early signs of various diseases and
disabilities and thus 3DGA can inform future therapeutic decision-
making related to these dysfunctions (de Campos et al., 2022; Wade
et al., 2022).

In several settings, the widespread use of 3DGA (using biplanar

need for expert assessors (Wade et al., 2022). Whilst markerbased sys-
tems have been used in clinical populations, these systems require a
laboratory setting and the placement of markers on the skin with the
participant wearing minimal clothing, which is known to interfere with
the participant’s natural movement pattern (Sandau et al., 2014). By
allowing to collect data in a real-world environment, wearable devices,
such as inertial measurement units (IMUs), have often been chosen in
gait analysis studies with older adults (Gausden et al., 2018; Jeon et al.,
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Fig. 1. Self-selected clothing and sports shoes worn by 11 representative participants, randomly selected, in session 1 (top row) and session 2 (bottom row).

Table 1

Integrated ICC (Interclass Correlation Coefficient), Integrated SEM (Standard Error of Measurement), SEM percentage, MDC (Minimal Detectable Change) and MDC
percentage, as well as ICC [(95% Confidence Interval (CI)] and SEM [(95% Confidence Interval (CI)] for peak values of Flex(Df)/Ad/Int Rot [flexion (dorsal flexion),
adduction, internal rotation] and Ext(Pf)/Abd/Ext Rot [extension (plantar flexion), abduction, external rotation] of lower-limb joint angles and joint moments, for the
hip, knee, and ankle joints in the sagittal, frontal, and transverse planes. For the pelvis, refers to the segment (seg) angle.

Integrated Tilt/Obliquity Down/Int Rot Peak Tilt/Obliquity Up/Ex. Rot Peak
ICC SEM|% MDC|% ICC [CI] SEM [CI] ICC [CI] SEM [CI]
Seg. Angle (°) Sagittal 0.53 1.8]141% 4.9|391% 0.52[-0.03,0.77] 1.7[1.4,2.3] 0.52[-0.02,0.771 1.6[1.3,2.2]
Pelvis Frontal 0.82 1.0|21% 2.9|59% 0.76[0.47,0.89] 1.0[0.8,1.3] 0.87[0.73,0.94] 0.9[0.7,1.2]
Transverse 0.72 1.8]20% 5.0/56% 0.69[0.35,0.85] 2.1[1.7,2.9] 0.72[0.41,0.87] 2.0[1.6,2.8]
Flex(Ankle Df)/Ad/Int Rot Peak Ext(Ankle Pf)/Abd/Ex. Rot Peak
ICC SEM|% MDC|% ICC [C1] SEM [CI] ICC [CI] SEM [CI]
Joint Angle (°) Sagittal 0.74 2.1|5% 5.8|12% 0.71[0.41,0.87] 1.9[1.5,2.7] 0.81[0.60,0.91] 2.1[1.6,2.8]
Hip Frontal 0.81 1.6]20% 4.4|54% 0.76[0.49,0.88] 1.6[1.3,2.2] 0.83[0.63,0.92] 1.6[1.2,2.1]
Transverse 0.80 1.5]26% 4.1|72% 0.77[0.51,0.89] 1.3[1.0,1.8] 0.91[0.80,0.96] 1.3[2.0,1.7]
Sagittal 0.84 1.7|3% 4.7|8% 0.91[0.81,0.96] 1.2[0.1,1.7] 0.64[0.24,0.83] 1.5[1.2,2.0]
Knee Frontal 0.87 1.2]47% 3.2|132% 0.84[0.66,0.93] 1.2[0.9,1.6] 0.88[0.74,0.94] 1.0[0.8,1.4]
Transverse 0.82 2.2|39% 6.11102% 0.83[0.63,0.92] 1.8[1.4,2.5] 0.80[0.57,0.90] 2.4[1.9,3.3]
Sagittal 0.86 1.1|14% 3.2|11% 0.85[0.68,0.93] 1.1[0.9,1.5] 0.97[0.94,0.99] 1.1[0.8,1.4]
Ankle Frontal 0.82 1.0]15% 2.9]42% 0.76[0.50,0.90] 1.2[0.9,1.7] 0.89[0.77,0.95] 1.0[0.8,1.4]
Transverse 0.88 1.6]12% 4.3]|33% 0.89[0.76,0.95] 1.3[1.0,1.8] 0.81[0.58,0.91] 1.9[1.5,2.8]
Joint Moment (Nm/kg) Sagittal 0.82 0.06|4% 0.16]12% 0.87[0.72,0.94] 0.07[0.06,0.10] 0.90[0.76,0.95] 0.07[0.05,0.09]
Hip Frontal 0.84 0.05|4% 0.13|12% 0.85[0.69,0.93] 0.03[0.03,0.04] 0.72[0.38,0.87] 0.07[0.05,0.10]
Transverse 0.74 0.02[8% 0.05[21% 0.63[0.19,0.83] 0.02[0.02,0.04] 0.71[0.38,0.87] 0.03[0.02,0.04]
Sagittal 0.84 0.04|4% 0.11]21% 0.85[0.68,0.93] 0.04[0.03,0.06] 0.87[0.72,0.94] 0.07[0.06,0.10]
Knee Frontal 0.86 0.03|5% 0.08|14% 0.89[0.76,0.95] 0.01[0.01,0.02] 0.87[0.72,0.94] 0.04[0.03,0.06]
Transverse 0.89 0.01]4% 0.03]10% 0.92[0.82,0.96] 0.02[0.01,0.03] 0.92[0.82,0.96] 0.01[0.01,0.02]
Sagittal 0.88 0.03|2% 0.09|6% 0.90[0.78,0.95] 0.03[0.02,0.04] 0.95[0.89,0.98] 0.04[0.03,0.06]
Ankle Frontal 0.86 0.01|6% 0.04]|16% 0.86[0.71,0.94] 0.02[0.01,0.02] 0.88[0.74,0.94] 0.04[0.03,0.05]
Transverse 0.88 0.01|5% 0.02|13% 0.92[0.84,0.96] 0.005[0.004,0.007] 0.89[0.76,0.95] 0.02[0.01,0.02]

2019). However, the validity of the IMUs is questionable when assessing
complex and outside the sagittal plane movements (Poitras et al., 2019),
in addition to other constraints, like sensor drift (Gu et al., 2023). Thus,
to try to overcome these constraints with existing methods, a novel
markerless motion capture system using a deep-learning anatomical
landmark prediction from video data — Theia3D, has recently become
commercially available (Kanko et al., 2021b).

Regardless of the system, the usefulness of measurements depends on
the extent to which professionals can rely on data. First, to derive
meaningful clinical insights from the movement analyses, it is essential
to explore the consistency of the measurements taken at different time
points. This property, known as test-retest reliability, is defined as the
proportion of the total variance in the measurement which is due to true

differences between individuals. Second, the errors inherent to the
measurement process should be considered acceptable. Here one refers
to measurement error which is defined as the systematic and random
error of a subject’s score that is not attributed to true changes (Prinsen
et al., 2018). Therefore, both parameters are important to assess (de Vet
et al., 2006a, de Vet et al., 2006b).

Recent research has investigated the reliability of adult gait acquired
with Theia3D markerless motion capture (Kanko et al., 2021a; Riazati
et al., 2022). However, to our knowledge, there are no studies specif-
ically performed on the older population. Older adults have been shown
to exhibit greater gait variability than younger adults (Kowalski et al.,
2022), which may have an effect on test-retest reliability. Since the
reliability is expected to be population-specific (de Vet et al., 2006a, de
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Fig. 2. Gait cycle waveforms (top row), pointwise ICC (middle row), and pointwise SEM (bottom row) and their 95% confidence intervals for pelvis segmental
angle in the sagittal, frontal, and transverse plane. Abbreviations: ICC, Interclass Correlation Coefficient; SEM, Standard Error of Measurement; S1, Session 1; S2,
Session 2; SD, standard deviation; int rot, internal rotation; ext rot, external rotation.

Vet et al., 2006b; Weir, 2005), this study aimed to evaluate test-retest
reliability and measurement error of 3D gait kinetics and kinematics,
measured with a markerless motion capture system, in healthy older
adults.

2. Methods
2.1. Study design

A prospective within-examiner test-retest study was conducted.

2.2. Participants

For a predefined 5 % level of significance with 80 % power and a
desired reliability coefficient of 0.90 with a minimum reliability of 0.75,
a sample size of 29 was determined as the minimum required (Kraemer
and Thiemann, 1987). To account for potential non-attenders, a con-
venience sample of 30 healthy older adults were recruited. One partic-
ipant was excluded due to unavailability to perform the second
assessment. Participants were eligible if they were aged >65; were in-
dependent community-dwelling; and could walk 100 m independently,
without walking aids. Exclusion criteria included: to have been

diagnosed with a clinical condition and/or currently taking medication
that may affect the ability to walk; to indicate having any pain/symptom
in the lower limb; to have cognitive impairment [Montreal Cognitive
Assessment (MoCA)<23 (Carson et al., 2018)] and/or obesity
(BMI>30Kg/m?). Written informed consent was signed. The study was
approved by the Faculty Ethics Committee (CEIFMHn°1/2022).

2.3. Data collection procedure and experimental setup

Gait analysis was conducted twice for each participant in sessions 1
and 2 separated by 9.3+2.9 days on average and carried out at the same
time of the day (less than 3 h difference) in 27 of the 29 participants, in a
laboratory setting. During the first session, participants’ socio-
demographic-health information was verified and MoCA (Freitas
et al., 2011) was administered. The Composite Physical Function Scale
(CPF) (Moniz-Pereira et al., 2023) was auto-filled and body mass and
height were measured.

Gait data was collected, through Qualisys Track Manager
(v2021.03.1 Qualisys AB, Gothenburg, Sweden), with 8 Miqus video
cameras (Qualisys AB, Sweden) synchronized in time and space with 3
force plates (9283U014, Kistler Instruments Ltd, Winterthur,
Switzerland; FP4060-07 &FP4060-05-PT, BERTEC, Columbus OH, USA),
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Fig. 3. Gait cycle waveforms (top row), pointwise ICC (middle row), and pointwise SEM (bottom row) and their 95% confidence intervals for hip joint angle in the
sagittal, frontal, and transverse plane. Abbreviations: ICC, Interclass Correlation Coefficient; SEM, Standard Error of Measurement; S1, Session 1; S2, Session 2; SD,
standard deviation; flx, flexion; ext, extension; ad, adduction; abd, abduction; int rot, internal rotation; ext rot, external rotation.

sampling at 85 Hz (1080p) and 850 Hz, respectively. Participants were
instructed to continuously walk back and forth across the diagonal of the
laboratory (12 m long), at their normal comfortable walking speed,
during periods not exceeding 1-2 min., to prevent fatigue, following our
laboratory testing method and until around ten valid kinetic gait cycles
were obtained with each side. Overall, around 20 passages in the
walkway were performed. The same assessor conducted all procedures.
Participants wore their everyday clothing and sports shoes (Fig. 1).

2.4. Data processing

Video data were processed with Theia3D [v2023.1.0.310(patch: 1)-
TMBatch, Theia Markerless Inc., Kingston, ON, Canada], using the
default Inverse Kinematics 3D pose-estimation, with 6 degrees of
freedom (DOF) at the pelvis and 3 DOF at the hip, knee, and ankle joints.
The Woltring generalized cross-validity quintic-spline (GVCSPL) filter
set at 8 Hz cut-off frequency was selected based on a residual analysis.
The resulting 4x4 pose matrices, for each frame, were exported to c¢3d
format.

Time-normalized right gait cycles were randomly selected from each
session of every participant and averaged. Since no systematic difference
was expected between the lower limbs in healthy subjects (Meldrum

et al., 2014)], only the right gait cycles were used, for simplicity. Eight
cycles were chosen based on a sensitivity analysis (supplementary ma-
terial 1). Each gait cycle was determined using heel-strike events on the
force plates (threshold of 20 N).

Gait speed was computed, as stride length divided by stride time.

Analog signals were low-pass filtered, using a 4th-order Butterworth
filter (8 Hz) (Kristianslund et al., 2012). Lower limb joint angles were
calculated using an XYZ Cardan sequence, and ZYX for pelvis segment
angle (Baker, 2001). Internal joint moments were determined through
Newton-Euler inverse dynamics, normalized to subjects’ body mass, and
computed relative to the proximal segment. These computations were
performed in Visual3D (HAS-Motion Inc., Kingston, ON).

2.5. Data analysis

The pointwise Intraclass Correlation Coefficient (ICCa k) (McGraw
and Wong, 1996) and its 95 % confidence interval (CI), based on a 2-way
mixed-effects model, and the corresponding integrated pointwise index
ICC, were calculated for the lower limb angles and moments, for entire
time-series data, using an adaptation of the formula to compute ICC(x 1)
(McGraw and Wong, 1996) developed by Pini et al. (2022) (supple-
mentary material 2).
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Fig. 4. Gait cycle waveforms (top row), pointwise ICC (middle row), and pointwise SEM (bottom row) and their 95% confidence intervals for knee joint angle in the
sagittal, frontal, and transverse plane. Abbreviations: ICC, Interclass Correlation Coefficient; SEM, Standard Error of Measurement; S1, Session 1; S2, Session 2; SD,
standard deviation; flx, flexion; ext, extension; ad, adduction; abd, abduction; int rot, internal rotation; ext rot, external rotation.

The pointwise Standard Error of Measurement (SEM) (95 % CI) and
the integrated pointwise index SEM were computed for the same pa-
rameters using code supplied by Pini et al. (2022) (supplementary ma-
terial 2). The ICC (95 % CI) and SEM (95 % CI) were calculated for
kinematic and kinetic peak values (maximum angle peaks were extrac-
ted from the swing phase, except for the pelvis/hip frontal plane, and
ankle sagittal/transverse plane, which were extracted from the stance
phase; minimum angle peaks were extracted from the stance phase, with
the same exceptions as just mentioned, that were extracted from the
swing phase; all peak joint moments were extracted from the stance
phase), using the former methods. These analyses were performed using
R (RStudio,v2023.03.0 Build, Posit Software, PBC) (R Core Team, 2019).
Minimal Detectable Change (MDC) was calculated from the integrated
pointwise index SEM, using: MDC:l.QGX\/ 2xXSEM (de Vet et al., 2006a,
de Vet et al., 2006b). SEM% was computed as SEM%=(SEM/X)x100
[where SEM is the integrated pointwise index SEM and X is the ampli-
tude of the mean for all observations from both sessions (Nair et al.,
2012)] and MDC% similarly by replacing the SEM with MDC.

ICC above 0.75 indicated good reliability (excellent above 0.90),
moderate between 0.5-0.75, and poor below 0.5 (Portney and Gross,
2020). ICCs >0.75, and absolute errors <5° for kinematics, were
considered acceptable (McGinley et al., 2009). For kinetics errors, an

arbitrary SEM% of <5 % was defined, based on SEMs/Root Mean Square
Difference (RMSD) of previous studies (Fernandes et al., 2016; Kanko
et al., 2024). RMSD was computed and provided in the (supplementary
material 3) for comparison with other studies.

The gait speed in each session was compared using a paired t-test, in
IBM SPSS Statistics 29, for an a = 0.05. Plots were built in Microsoft
Excel (v2307 Build16.0.16626.20170).

3. Results

Twenty-nine participants (13 females/16 males; 75.2+7.7 years old;
Body Mass Index 25.0+2.6 kg/m?), with MoCA score of 25.7+1.9, and
advanced physical function (23.7+0.9 points) according to the CPF
Scale, were included in this study. The average walking speed was not
significantly different between sessions (1.28+0.15 vs 1.25+0.14 m/s, t
(29) =1.701,p = 0.1).

Kinematic integrated pointwise index ICCs ranged between
0.53-0.88, showing overall good reliability, except for the sagittal hip
joint and sagittal and transverse pelvic segmental angle, (integrated
pointwise ICC=0.74, 0.53 and 0.72, respectively) (Table 1).

Regarding ICCs of angle curves, hip joint sagittal plane motion
showed good reliability during the stance and moderate during the
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Fig. 5. Gait cycle waveforms (top row), pointwise ICC (middle row), and pointwise SEM (bottom row) and their 95% confidence intervals for ankle joint angle in
the sagittal, frontal, and transverse plane. Abbreviations: ICC, Interclass Correlation Coefficient; SEM, Standard Error of Measurement; S1, Session 1; S2, Session 2;
SD, standard deviation; flx, flexion; ext, extension; ad, adduction; abd, abduction; int rot, internal rotation; ext rot, external rotation; df, dorsal flexion; pf,

plantar flexion.

swing phase, with some pointwise ICCs in the early-swing phase <0.5.
Pointwise ICCs for the pelvis angle on the sagittal and transverse plane
were globally <0.75 In the remaining planes, as well as for the knee and
the ankle joints, the ICCs indicated, in general, good reliability. The
ankle on the sagittal plane exhibited excellent reliability (>0.90) in the
~60-80 % of the gait cycle. (Figs. 2-5, middle row). For the peak signals,
ICCs were >0.75, with exception of the hip flexion, knee extension, and
peak pelvic angles on sagittal and transverse planes. Hip external rota-
tion, knee flexion, and ankle plantar flexion peaks showed excellent
reliability (>0.90) (Table 1).

Visual inspection of the mean + standard deviation (SD) graphs
showed the greatest overlap between session curves in the sagittal plane,
except for the pelvic angle, more markedly during the middle-swing
phase. Greater variability was observed in the frontal plane, for the
hip, and in the transverse plane, for the 3 joints (mainly for the ankle
joint) and transverse pelvic angle (Figs. 2-5, top row).

The pointwise index SEMs varied between 1.0°-2.2°, with the lowest
SEM% (<5%) for the hip, knee, and ankle, in the sagittal plane, and the
highest for the knee joint in the frontal (47 %) and transverse plane (39
%), which was similar for MDC%. The biggest exception was the SEM%
in the sagittal plane for the pelvis angle (141 %) (Table 1). The RMSD

ranged between 1.4°-2.8° (supplementary material 3).

The SEM curves varied between gait cycle phases, with the biggest
fluctuation during the swing of the hip (sagittal plane), and knee joint
(sagittal and transverse plane) (Figs. 2-5, bottom row). The MDC ranged
from 2.9° to 6.1°.

The integrated ICCs for kinetics showed good reliability (0.74-0.89)
in the three joints, except for the hip internal/external rotation
(ICC=0.74) (Table 1).

Globally the pointwise ICC fluctuated more during the swing phase
than the stance, showing good reliability with 3 main exceptions: for hip
flexion/extension moments during the swing, for hip internal/external
rotation moments during the late-stance and swing, and knee flexion/
extension moments during the late-stance phase (Figs. 6-8, middle row).

The ICCs for the peaks were all >0.75, except for the peak moments
at the hip in the transverse plane and abduction moment. Knee rotation
moments, ankle plantar flexion moments, and ankle internal rotation
peaks showed excellent reliability (>0.90).

Regarding waveform overlap, the greatest variability was found in
the transverse plane moments, for the three joints (Figs. 6-8, top row).

The pointwise index SEMs varied between 0.01-0.06Nm/Kg and the
MDC between 0.03-0.16Nm/Kg. Kinetic SEMs% were <5 %, except for
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Fig. 6. Gait cycle waveforms (top row), pointwise ICC (middle row), and pointwise SEM (bottom row) and their 95% confidence intervals for hip joint moment in
the sagittal, frontal, and transverse plane. Abbreviations: ICC, Interclass Correlation Coefficient; SEM, Standard Error of Measurement; S1, Session 1; S2, Session 2;
SD, standard deviation; flx, flexion; ext, extension; ad, adduction; abd, abduction; int rot, internal rotation; ext rot, external rotation.

the transverse plane for the hip and the frontal plane for the ankle. The
pointwise SEM during the gait cycle showed the highest values in the
late stance phase in all kinetic parameters (Figs. 6-8, bottom row). The
RMSD ranged between 0.01-0.08 Nm/Kg (supplementary material 3).

4. Discussion

To our knowledge, this study represents the first assessment of the
test-retest reliability and measurement error of markerless 3D kinematic
and kinetic gait time-series data in older adults. Generally, the results
revealed good test-retest reliability (ICCs >0.75), and acceptable levels
of error (<2.4°) for lower limb joint angles. Lower reliability (ICCs
<0.75) was identified on the sagittal and transverse pelvis segmental
angles. An overall good test-retest reliability was also found for the
lower limb kinetics and measurement errors below 0.07Nm/kg (SEM%
<5%, except for the hip in the transverse plane and the ankle in the
frontal plane) for joint moments. MDC for lower limb joint angles and
moments varied between 2.9°-5.8° and 0.02-0.16Nm/kg, respectively.
These findings demonstrate that markerless gait kinematics and kinetics
are reliable (capable of detecting changes over time in older adults) and
have acceptable errors (<5° for kinematics and SEM% <5% for ki-
netics). The reported MDC values will allow gait analysts to better

interpret “real” changes, i.e., changes beyond the systematic and
random error. This can help clinicians to monitor gait changes over time
in this population and to detect early signs of diseases and dysfunctions.

The most reliable kinematic parameter was the sagittal plane ankle
joint angle, showing good reliability, and low absolute and relative
measurement error. The worst kinematic reliability was found for the
sagittal plane pelvis segmental angle. While the sagittal plane hip joint
angles did not reach the ICC cut-off for good reliability, this only applies
to part of the swing phase. Thus, although a low ICC can mask good trial-
to-trial consistency when between-subject variability is low (Weir,
2005) and generally the older adults had greater hip flexion variability
through the early stance phase (Kowalski et al., 2022), the variability
during the swing phase differed only slightly compared to the stance
phase, which does not seem to justify the lower ICCs obtained. While the
comparison of ICCs is limited due to the scarcity of investigations
reporting these parameters within older populations, it is noteworthy
that, in a young adult’s markerless reliability study (Tamura et al.,
2020), the ICCs of the sagittal plane hip joint angle were overall low, and
lower during the swing phase compared to the stance. The low ICCs
detected for the pelvis on the sagittal plane, along with the smaller
overlap between the 2 session curves in the swing phase, observed in our
study, may be contributing to the lower reliability in the hip in this
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Fig. 7. Gait cycle waveforms (top row), pointwise ICC (middle row), and pointwise SEM (bottom row) and their 95% confidence intervals for knee joint moment in
the sagittal, frontal, and transverse plane. Abbreviations: ICC, Interclass Correlation Coefficient; SEM, Standard Error of Measurement; S1, Session 1; S2, Session 2;
SD, standard deviation; flx, flexion; ext, extension; ad, adduction; abd, abduction; int rot, internal rotation; ext rot, external rotation.

movement plane. In fact, in a study comparing different clothing con-
ditions in running data using the Theia3D (Kanko et al., 2024), the pelvis
segment angle in the mediolateral axis was one of those that showed the
least consistency (but not the thigh angle around the same axis). Low
reliability of pelvic tilt had already been reported for data acquired with
markerbased systems (Kadaba et al., 1989; Meldrum et al., 2014) and
associated with its low range of motion. In the other movement planes, a
high variability seems to explain the higher ICCs obtained [e.g. hip
transverse plane SD curve-average (Stergiou, 2004) of 2.8° for an
amplitude of the mean of 5.7°].

Laroche et al. (2011) also reported ICCs below 0.75 for the hip
sagittal plane and higher reliability for the frontal plane, as well as
generally higher reliability for the osteoarthritis (OA) side, in marker-
based data of OA patients. Considering this, our good reliability in
healthy individuals (where the variability may be lower) can be indic-
ative of promising results in pathological populations. Actually, in a
study involving 10 patients with knee OA using Theia3D, a high
repeatability of gait kinematics was described (Outerleys et al., 2024).
Our results for peak joint angles were partly consistent with Fernandes
et al. (2016), who analyzed the test-retest reliability of makerbased 3D
gait kinematic and kinetic peak data in healthy young adults. Both
studies found similarly high ICC values for the ankle joint, but our study

showed generally higher ICCs for peak hip and knee joint angles. These
higher ICCs in an older population thus seem good results, considering
that one of the main difficulties of motion capture is the challenge of
landmark identification covered by more lax muscle/skin and increased
fat mass, common characteristics in older people (Moniz-Pereira et al.,
2014), possibly even for landmark detection by markerless systems.
Our joint angle SEMs were all equal or below 3° during the gait cycle.
However, the SEM% and MDC% (i.e., the relative magnitude of change)
were considerably higher for the frontal and transverse planes in all
joints (except for the sagittal pelvis angle), especially for the knee joint,
meaning that higher differences are needed to imply a real change in
these parameters. This higher relative magnitude of change was highly
expected considering the lower range of movement in these planes in
comparison to the one that occurs in the sagittal plane (excluding the
pelvis). This results are in line with a previous Theia3D report (Kanko
et al., 2021a) which found a between-session variability throughout the
gait cycle mostly below 5° and the largest between-session variation in
transverse planes. Our joint angle SEMs of peaks were also similar to
those reported by Riazati et al. (2022), with an exception for the ankle
joint for the sagittal and frontal plane, and for transverse plane peak
angles, which were lower in our study (with the RMSD values following
the same tendency). In fact, in our investigation, none of the participants
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wore skirts, which would be expected to better facilitate feature iden-
tification. Our SEMs and MDCs for peak joint angles were also generally
lower compared to the Fernandes et al (2016) study. Since measurement
error provides an absolute index of an instrument (de Vet et al., 2006a,
de Vet et al., 2006b) irrespective of the group of subjects being studied,
this seems to suggest that the measurement errors of peak joint kine-
matics obtained with a markerless system are smaller.

Similarly to kinematics, the most reliable kinetic parameter was the
sagittal plane ankle joint moment, along with the transverse plane knee
joint moment. Lower reliability was found for the transverse plane hip
moment, together with high SEM% (>5%), and hip abduction peak
moment. The greatest fluctuation in ICCs for all joint moments during
the swing phase may be explained by their low magnitudes during this
phase. Still, slightly better reliability was revealed for the kinetics,
compared to kinematics. To our knowledge, no reliability on 3D gait
kinetics from this markerless system has been reported yet. Compared to
a markerbased study (Fernandes et al., 2016), globally, the hip and the
knee joint moments ICCs were higher in our investigation. Our findings
thus suggest that markerless reliability is higher compared with the
markerbased, despite the interference of clothing. The SEMs and MDCs
of joint kinetics were also generally lower than the ones found in the

aforementioned study, indicating that this system is good for evaluating
changes over time in lower limb kinetic parameters in an older popu-
lation, particularly concerning the relevant ankle dorsi/plantar flexion
moments (Boyer et al., 2017).

This study emphasizes the importance of testing the reliability of the
entire gait cycle, especially when the curve data is not stable (Schelin
et al., 2021), rather than just observing integrated indices (which do not
have a validated method for confidence intervals) or discrete (peak)
values. Our ICCs for sagittal plane ankle joint angles highlight this,
showing considerable differences between integrated and peak plantar
flexion ICCs (0.86 vs 0.97), and pointwise ICC reaching values close to
0.75 in the early-to-mid stance phase.

Some limitations of this study should be discussed. No specific
clothing instructions were given to participants, which may have
interfered with the pose estimation between sessions, despite the studies
indicating that clothing likely only has a minimal impact on meaningful
clinical interpretations (Keller et al., 2022), However, allowing partici-
pants to wear their preferred clothing reflects the markerless system’s
advantage, making our results valid for the most liberal implementation
in the clinic. The data collection was performed in a laboratory setting
with natural light restrictions, which can affect the quality of videos,
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although the light conditions were similar between sessions. Lastly, the
linear registration of data in the time domain may ignore temporal
variations, which could affect the pointwise ICC/SEM. While we do not
believe this to be an important factor in normal gait data with clearly
identifiable events, a non-linear data registration approach could be
considered in further studies (Pataky et al., 2022).

In conclusion, our findings demonstrated good test-retest reliability,
with an acceptable level of error, for markerless gait kinematics and
kinetics for the hip, knee, and ankle joints, except for the pelvis tilt and
rotation, the hip sagittal plane kinematics during the swing, and the hip
kinetics in the transverse plane. Given the overall good results of reli-
ability, this tool allows measurements with a low level of associated
measurement error. Furthermore, if a pathological group has similar
variability to the current group, the SEM and MDC values may also be
used to monitor changes over time. Considering the applicability of this
markerless system for 3DGA in the older adult population, particularly
as it allows participants to wear their usual clothing in their natural
environment, we are confident that it will have a role in future clinical
contexts.
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