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ABSTRACT

Background and aim: Gait changes due to aging can result in functional limitations and a higher risk of falls, with
older adults showing alterations in joint angles and moments. Marker-based gait analysis is not widely used in
clinical settings due to its complexity and discomfort, especially in older adults. Recent advances in markerless
motion capture, such as Theia3D, offer a promising alternative. This study aims to assess the construct validity of
a markerless motion capture system for gait analysis in healthy older adults.

Methods: A cross-sectional study included 30 healthy community-dwelling older adults. Gait data was collected
using marker-based and markerless motion capture systems in randomized order, with participants wearing
tight-fitting minimal clothes plus 46 reflective markers attached, or their usual clothes, respectively. Joint ki-
nematics (including range of motion) and kinetics were analyzed, and correlations between methods (Rxy) were
assessed. Bland&Altman analysis was used to measure agreement. Root-mean-square differences (RMSD) were
computed. Acceptable thresholds were set at < 5° for kinematic and at < 10 % of signal amplitude for kinetics.
Results: Strong correlations (Rxy>0.7) were found between the systems for sagittal plane kinematics (except for
the pelvis), particularly for knee and ankle joints. A low agreement was detected in sagittal plane hip and pelvis
kinematics, along with RMSD exceeding 5°. Weaker correlations and poor agreement were observed for trans-
verse and frontal plane motions. Overall strong correlations were found for kinetics, except for the joint ankle
inversion-eversion moment, and poor agreement for the frontal and transverse planes.

Conclusion: Overall markerless motion capture demonstrated good construct validity for measuring sagittal plane
gait lower-limb gait kinematics (excluding pelvis) and kinetics in healthy older. However, considering the
agreement between methods and the results for the other movement planes, further validation is required before
markerless and marker-based systems can be used interchangeably in gait assessments.

1. Introduction

increased risk of falls [3,4]. However, given the necessity for a labora-
tory environment and associated time-consuming data collection and

Gait changes associated with aging may contribute to functional
limitations in the older population [1]. Literature suggests that age af-
fects gait mechanics, with older adults exhibiting reduced pelvic rota-
tion, reduced hip and ankle joint movements in the sagittal plane, and
reduced internal peak plantarflexion ankle moments [1,2]. These gait
changes have been linked to critical health concerns, such as an

processing, current gait analysis methods are unlikely to be widely
implemented in clinical settings [5]. Motion capture typically involves
placing markers on the skin, which can be challenging in some pop-
ulations, like older adults [6], often resulting in discomfort that may
interfere with their gait patterns [7]. This has created a demand for
accurate motion capture methods that are less time-consuming and
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feasible within real-world environments [8,9]. Consequently, interest in
markerless multi-camera motion capture has grown, driving research on
its validation [10,11].

Recent studies have compared marker-based methods with a novel
commercially available markerless motion capture system, Theia3D
(Theia Markerless Inc., Kingston, Ontario, Canada), which utilizes deep-
learning anatomical landmark prediction from video data [12-16].
Some of these studies assessed gait in young adults reporting
root-mean-square differences (RMSD) < 8° in the lower-limb joint an-
gles, and RMSD < 2.5 % heightxweight for lower-limb moments [12,
14]. One study focused on an abnormal gait pediatric population and
showed preliminary promising results (RMSD <6°) [15]. The authors
strongly recommended further validation studies involving specific
populations. Particularly validation in older adults is still lacking. As
markerless pose estimation relies on neural networks training, varia-
tions in sample anthropometric characteristics may affect its outcome
[12].

A consistent feature of those studies investigating the validity of gait
mechanics through markerless motion capture is the simultaneous
collection of measurements from participants wearing minimal clothing
and markers. Since the markerless system is robust to clothing [13,
17-19], this methodological option facilitates data collection from the
same movement trials. However, one of the significant advantages of
markerless systems is the ability to assess participants in their usual
attire without markers placed on the skin, making validation studies
under these conditions meaningful. Therefore, this study aims to assess
the construct validity of the markerless motion capture method for
measuring three-dimensional (3D) gait mechanics in a sample of healthy
older adults, wearing their usual attire. Based on previous studies [13,
14] we hypothesized that gait kinematics and kinetics time-profiles
obtained from the markerless system are similar to those obtained
with the marker-based system. We also expected less agreement be-
tween methods regarding hip and pelvis angles and the transverse plane
kinematics, and concerning the ankle frontal plane moments.

2. Methods
2.1. Study design and participants

A cross-sectional study was conducted. The sample size was deter-
mined based on the construct convergent validity testing (correlations
between methods). A minimum of 29 participants was necessary for a
two-tailed test, 5 % level of significance, 80 % power, and an effect size
of 0.5, as strong-to-moderate correlations were expected, based on
previous studies [12,14,15]. Thus, a convenience sample of 30 older
adults was recruited from Lisbon Living+ and researchers’ networks.
Community-dwelling healthy adults aged >65, who walk indepen-
dently without a walking aid, were considered eligible. Subjects diag-
nosed with clinical conditions/taking medications affecting walking
ability, experiencing lower-limb pain/symptoms, with cognitive
impairment [Montreal Cognitive Assessment (MoCA) score < 23],
and/or obesity (BMI >30Kg/m?) were excluded. Participants provided
written informed consent, and the study protocol received approval
(Faculty Ethics Committee: CEIFMH No.1/2022).

2.2. Data collection procedure and experimental setup

Data was collected in a single laboratory session. To verify the in-
clusion/exclusion criteria and to characterize the sample, the partici-
pant’s socio-demographic-health information was gathered and the
MoCA [20] was conducted. Subsequently, participants completed the
Composite Physical Function Scale (CPF) [21], a self-report tool
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assessing functional ability. Body mass and height were measured.
Markerless and marker-based gait data collection were performed
separately, in random order (Qualisys Track Manager, Qualisys AB,
Gothenburg, Sweden), each recording at 85Hz [22] synchronized in
time and space with three floor-embedded force plates (9283U014,
Kistler Instruments Ltd, Winterthur, Switzerland; FP4060-07 &
FP4060-05-PT, BERTEC, Columbus OH, USA), sampling at 850 Hz.
Marker-based data was collected with 9 infrared cameras (Oqus,
Qualisys AB). Participants wore shoes and tight-fitting minimal clothes
to allow the placement of 46 reflective markers on the participants’
trunk and lower-limbs by one experienced physiotherapist, following a
marker-setup based on the calibrated anatomical system technique [23]
(Fig. 1, left/middle panels). Markerless data was collected using 8 Miqus
video cameras (Qualisys AB), with participants wearing their usual
clothes and the same shoes (Fig. 1, right panel). After a familiarization
trial, participants walked along the laboratory diagonal (12 m), at their
normal comfortable speed over periods of 1-2 minutes. A standing static
trial was recorded in the marker-based measurements.

Additionally, during marker-based data collection, markerless data
was recorded simultaneously, allowing assessment of clothing’s impact
on markerless data (supplementary material 1).

2.3. Data processing

Theia3D [v2023.1.0.310(patch: 1)-TMBatch] was used to process
video data through the default Inverse Kinematics (IK) 3D pose esti-
mation [3 degrees of freedom (DOF) at the hip, knee, and ankle joints
and 6 DOF for the pelvis and thorax], filtered with a GVCSPL (Woltring
generalized cross-validity quintic-spline) at a cut-off frequency of 8 Hz,
determined by residual analysis. Next, the 4 x 4 pose matrices were
exported from Theia3D to c3d format.

For the marker-based data, an 8-segment model (thorax, pelvis,
thighs, shanks, and feet) was built and the same IK approach was used,
with IK filter set at 8 Hz (details available in supplementary material 2).

In both cases, inertial parameters were determined according to
Dempster’s [24] and Hanavan’s approach [25].

A 4th-order Butterworth filter (8 Hz) was applied to analog signals.
Stride events were detected using ground reaction force data (20 N
threshold). Lower-limb joint angles were calculated using an XYZ Car-
dan sequence, and ZYX for the pelvis segment angles [26], whereas in-
ternal joint moments were computed using Newton-Euler inverse
dynamics, normalized to the participants’ body mass, and expressed
relative to the proximal segment. The marker-based modeling and all
variable computations were performed in Visual3D (HAS-Motion, Inc,
Canada).

Eight time-normalized right gait cycles were randomly selected [27]
and averaged from each system, per participant, considering that sys-
tematic inter-limb differences are unexpected in healthy participants
[28].

2.4. Data analysis

The cross-correlation coefficient (Rxy) [29] was calculated to mea-
sure the similarity between markerless and marker-based joint angle and
joint moment curves for each participant and averaged. The Pearson
correlation coefficient (r) was also computed for lower-limb range of
motion (ROM) and peak ankle plantar flexion moment, given the
importance of these parameters in older adults (particularly on the
sagittal plane) [1]. A coefficient above 0.69 was considered a strong
correlation (very strong above 0.89), moderate between 0.40 and 0.69,
and weak below 0.40. Correlations between 0.0 and 0.10 were deemed
negligible [30].
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Fig. 1. Posterior (left) and anterior (middle) views of marker placement, and their labeling. Example of clothing worn for the markerless data collected (right).
Abbreviations: R_: right; L_: left; SAE: acromioclavicular joint; SJN: suprasternal notch; SXS: xiphisternal joint; TV: thoracic vertebrae; CRI: iliac crest; IPS/IAS:
posterior/anterior spines; FTC: greater trochanter; TH1-4: thigh cluster (4 markers); FLE/FME: femoral epicondyles; SK1-4: shank cluster (4 markers); FAL/TAM:

malleolus; FC: foot cluster (1 marker); FM: metatarsal heads; FCC: calcaneus.

The agreement between the two methods was also assessed, as cor-
relations do not inform how close the measurements are [31], facili-
tating translation into clinical relevance. Thus, the mean difference
(bias) between methods (Xgir) (obtained by subtracting the markerless
from the marker-based data) and 95 % Limits of Agreement (LoA) (95 %
LOA=X4i+1.96 *SDg;sr, where SDgjsr are the standard deviation of the
difference), based on Bland&Altman analysis [32] were computed for
the ROM (defined as maximum-minimum joint angles) of the pelvis, hip,
knee, and ankle in the 3 movement planes, and peak ankle plantar-
flexion moment, after checking for the relationship between the differ-
ences and the mean. When this assumption was violated, logarithmic
transformation was considered and tested (supplementary material 3).
Given the interpretation of the results does not seem to change and that
its comparison with the remaining parameters would be complex, even
back-transforming the results, we decided to keep the presentation of
the original data.

A similar approach was also performed for the 3D lower-limb joint
angles and moments for the time-series data, based on Rgislien et al.
[33]. Additionally, the RMSD was computed. Although there are no
previously published reference thresholds for the differences in joint
angles and ROM, bias and RMSD of < 5° were considered acceptable
(and bias+5° for LoA) [34]. For joint moments, differences < 10 % of the
signal amplitude (and bias & 10 % for LoA) were defined as an arbitrary
threshold to facilitate interpretation.

The gait speed obtained using both methods was compared using a
paired t-test. Computations were performed using Microsoft Excel
(x<0.05) and plots built in Python 3.11.7.

219

3. Results

This study included 30 participants (16 males and 14 females; 75.0
+ 7.6 years old; Body Mass Index 25.0 + 2.5 kg/m?). The MoCA score
was 25.7 £ 1.9, and the CPF Scale was 23.7 £ 0.9 points, representing
advanced physical function. The mean walking speed of marker-based
and markerless measurements was not significantly different (1.24
+ 0.15 vs 1.27 £ 0.15 m/s, t(30) = 2.039, p = 0.506).

A very strong correlation (Rxy>0.9) between marker-based and
markerless methods was found for the sagittal plane lower-limb kine-
matics curves, except for the pelvis, which revealed a weak correlation
(Rxy=0.17) (Fig. 2a/c/e/g). Hip flexion/extension and anterior/pos-
terior pelvis tilt angles displayed bias of more than 5° across ~ 50 % of
the gait cycle, as well as knee frontal plane angles in middle swing
(Fig. 2b/d/f/h). Overall, correlation in the frontal and transverse planes
ranged from weak to moderate (0.17-49), except for the pelvis frontal
plane (negligible), pelvis transverse plane, and ankle frontal plane
(strong). The functional LoA for transverse plane hip, knee, and ankle
motion all exceeded the threshold of 5° during the entire gait cycle
(Fig. 2b/d/f/h). The lowest RMSD value was found for the ankle
plantar/dorsal flexion (2.9°) and the highest RMSD were found for hip
flexion/extension (7.8°) and knee and ankle internal/external rotation
(7.7° and 7.5°, respectively). The variability associated with the marker-
based system (evidenced by standard deviation) was globally higher
than that of the markerless system, especially in the frontal and trans-
verse planes (Fig. 2a/c/e/g).

Strong correlation between methods was found for knee and ankle on
the sagittal plane ROM (r =0.70 and 0.76, respectively), and a
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Table 1

Correlation coefficients (r) and p-values for lower-limb range of motion (ROM)
values from marker-based and markerless observations (*correlation is signifi-
cant at the 0.05 level).

Gait & Posture 120 (2025) 217-225

moderate correlation for hip flexion/extension ROM (r = 0.60).
Remaining correlation coefficients were not significant (Table 1). Bias
between ROM measurements was below 5° except for the knee and
ankle in the transverse plane (6.4° and 5.1°, respectively). All LoA ranges

ROM Correlation Coefficient (r) p-value were higher than 5°, except for the pelvis sagittal plane motion. Ankle
Pelvis Sagittal 0.31 0.098 transverse plane, pelvic rotation, and hip adduction/abduction ROMs
Frontal 0.01 0.947 showed the largest LoA ranges (20.6°, 22.1°, and 21.7°, respectively)
Transverse 0.18 0.352 (Fig. 3). Marker-based ROM values were generally higher than mar-
Hip Sagittal 0.60 * 0.001 kerless ROM values, except for the hip and ankle sagittal plane, and the
Frontal 0-35 0.062 elvis and ankle transverse plane
Transverse 0.004 0.984 P X . P ) .
Knee Sagittal 0.70 * < 0.001 Lower-limb joint moment curves showed very strong correlations
Frontal 0.18 0.341 between methods, except for hip internal/external rotation moments
Transverse 0.12 0.516 (Rxy=0.80) and ankle frontal plane moments (Rxy=0.56) (Fig. 4a/c/e).
1 *
Ankle Sagittal 0.76 < 0.001 Poor agreement between methods was detected for the ankle and
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Transverse 0.32 0.089 nee a uctlon'/a 1.1ct10n as well as hip 1n'terna /externa rotatlc?n
moments, showing wider LoA, particularly during the stance phase. Hip
flexion/extension moments showed large variations in differences
Sagittal plane Frontal plane Transverse plane
20 20 20
o5 15 15
- 10 0 o _flLoA Y 10‘_____‘____+L0A9‘6
= o +LoAS.1 o . o° . o
:é 5 5 ® e . . 5
g o o o « ° o Bias e ¢ . .
0 0 = 0 - Bias
= ° % ¢ ° 14 = P = g 15
S 5 -5 ° M) 5 . . :
& T T T T T T T Tra e %
2 -0 -10 -10 °
z —_————————
g s -15 -15 -LoA -12.5
220 =20 =20
2 4 6 8 4 6 8 10 12 14 2 6 10 14 18
20 20 20
e 15 . 15 +LoA 13.0 15
=~ —_————————— +LoA 8.9
g +LoA72 10 et R L | 0o e
R A L P L B I et et
. M i 4 v : . oo Bias
z L RPPRE S Bas o 0 ° - : + 0 T o -'.. g = o 11
% 5 ° ®e o".. o® -0.7 5 e —— s . ® e '.. .
S . . -LoA -8.7 R R T
e 0T T T T T T T T Tagy 10 -10 -LoA -67
T -15 -15 -15
20 20 20
35 40 45 50 55 60 5 10 15 20 4 6 8 10 12 14
20 20 20
— . +LoA 142
15 15 15 f e e e — =
c . +LoA 10.5 -
= 10 +LoA 7.9 1 == =——— — = = — — = 10 . o © ° .
> ——— e g e ey — — . g o 0 ° ° Bias
& 5 ° o LIS Bias 5 el A Bias 5 D . ° © ° 6.4
s 2 8, L] Py . R o ° ° ° e .
2 0 0y o > - v ° 23 0 o ..\ (] 3.4 0
° o e — — — — — — — —
e e e e = —_——————— — - . -LoA -1.4
e -LoA-33 5 . oA 37 5
g 10 -10 -10
=
[-EST -15 -15
220 220 220
55 60 65 70 75 2 6 10 14 6 10 14 18
20 20 20
& s
: 15 15 . +LoA 111 15
E 10 0w T = T. .' - T = 10
g s o loA23 5 L . Bias s e __ __ _fLoAS2
2 T T T T T — ..o. . N 3.7 . ° o °
= O 0 . 0 v 2 0 - . X
o ) Y Y Bias . — —— e — — e e, Bias
g 5 T ee e ¥ 42 S LoA 36 -5 — — 5]
K .
S0 ot -10 10 e coe-?
= - - L L]
< .15 LoA-106 s A5 e
-LoA-154
20 20 20
15 20 25 30 35 40 45 4 6 8 0 12 14 16 5 10 15 20 25
Mean MBML (°) Mean MBML (°) Mean MBML (°)

Fig. 3. Bland-Altman plots. Bland-Altman comparisons between marker-based and markerless lower-limb range of motion (ROM) values with 95 % limits of
agreement (pink dashed lines). Yellow lines correspond to the arbitrary threshold.

221



A. Carvalho et al

Sagittal plane

Frontal plane

Gait & Posture 120 (2025) 217-225

Transverse plane

a) 1.0
c)
I 05
g ~
T
z E 00
=
5 R-0s
£2
=10
= s}
o
£ 15
-20

Rxy =0.93
RMSD = 0.16 Nm/kg

— MB

Abd () ad (+)

Rxy =0.99 —MB
RMSD = 0.08 Nmkg — ML

t (-) int rot (+)

=l
=

Rxy = 0.80 — B
RMSD =0.06 Nm/kg —ML

Hip MB-ML (Nm/kg)

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
1 10 1.00
_ © Rxy =0.94 —MB Rxy = 0.96 —MB Rxy =0.98 —MB
é" 05 RMSD =0.09 Nmkg — ML 05 RMSD =0.09 Nmkg —ML| 075 RMSD =0.02 Nm/kg — ML
:E T £ 0.0 g o
ez 3 w" g B
§ s 05 ~ 0.00 _/\g/“"—‘_‘
£ =1 T
= -
S X-10 g -1.0 g 025
Pl % 050
g s -15 =
g -0.75
=20 =2.0 -1.00
0.
-
o0
=
£
z
<
|
=
2]
=
D
@D
=
X
o 20 40 60 80 100 % 20 40 60 80 100 o 20 40 60 80 100
1.0 00 00
_9 Rxy = 0.99 —MB Rxy = 0.56 —MB Rxy = 0.97 —MB
2 s RMSD =0.08 Nmkg — ML 05 RMSD =0.08 Nmkg ~ —ML| —~ 075 RMSD =0.02 Nm/kg — ML
g 050 = 050
0. = o
Z T o = £
T = ) g0 2 025
g :'.i—os Z 000 N_ = e
<
S = Booas B 025
S ~-10 < e
) 050 % -0.50
= s M
: -0.75 =0.75
-20 -1.00 -1.00
0. 0.
e
=< 0.4
£
Z 0.2
=) o
= =
=]
E 0.2
2
i —0.4
< 0.6 0. -0
. 20 40 60 80 100 : 20 40 60 80 100 B 20 40 60 80 100
% Gait cycle % Gait cycle % Gait cycle
_
2 2)
§ 0.3 1=0.76 (p<0.001)
<
3 0.2
= 0.1 +LoA 0.05
= 0
E Bias
-9 -0.1 -0.07
5 0.2 — — —Loa 021
&
™ -0.3
E=' -1.8 -1.6 -14 -1.2 -1 -0.8
< Mean MBML (Nm/kg)
Markerbased (MB) Mean + SD Markerless (ML) Mean + SD ——L0oA  ——Bias Each individual differences Threshold

Fig. 4. Kinetics plots. Averaged gait cycle waveforms (a, ¢, e) and mean and individual difference waveforms (bias, red line), with functional limits of agreement
(LoA, pink dashed lines) (b, d, f), comparing marker-based and markerless lower-limb joint moments; Bland-Altman comparison with 95 % limits of agreement (pink
dashed lines) for the ankle peak plantarflexion moment (g). Yellow dashed lines correspond to the arbitrary threshold.

222



A. Carvalho et al

between methods across the gait cycle. Still, for most kinetic parameters
the bias but not the LoA was lower than 10 % of signal magnitude. The
RMSD ranged between 0.02 and 0.16 Nm/Kg, with the highest value for
the hip flexion/extension joint moment. A strong correlation was found
between methods for peak ankle plantarflexion moment. Its bias and
LoA were within the defined threshold (0.15 Nm/Kg) (Fig. 4g).

4. Discussion

This study aimed to assess the construct validity of a markerless
motion capture system for gait analysis in healthy older adults. Overall,
sagittal plane gait kinematics and kinetics curves obtained from a
markerless system are strongly correlated with those acquired with a
marker-based system, showing high agreement for ankle and knee joint
curves on this plane. Poorer agreement was found for sagittal plane
pelvis and hip angles. Weaker correlations and poorer agreement were
observed in transverse and frontal plane kinematics. For ROM values,
the strongest correlation was detected for the ankle in the sagittal plane,
albeit with a higher bias than the other joints for this plane. In general,
the LoA exceeded the defined thresholds. Furthermore, weaker corre-
lations and less agreement between methods in ankle frontal plane
moments were observed, supporting our hypothesis.

The absence of a gold standard method in this study limits the
interpretation of our results. Therefore, more than providing a definitive
answer about which method is better to assess movement in the older
population, this study aimed to provide knowledge on the comparison
between the most commonly used non-invasive method and the new
markerless approach, i.e. to test if the markerless system has construct
validity when compared to the marker-based system.

The very strong correlations between marker-based and markerless
sagittal plane kinematics, except for the pelvis, and weaker correlations
for the other movement planes (mainly the transverse plane) are
consistent with Song et al. [14] and Kanko et al. [12]. The greater
sagittal plane range of motion in most of the lower-limb joints during
gait possibly makes it easier for motion capture systems to track the
pose.

Whilst correlations between pelvic segment angles were not assessed
in the aforementioned study [14], a strong correlation and larger dif-
ferences between hip sagittal plane motion were also detected in that
study. These authors related their findings to the pelvis segment defi-
nitions, as the marker-based model considers an individual’s natural
pelvic tilt. However, in our case, this reasoning does not seem to fully
justify the larger biases found for both the hip and pelvis in the sagittal
plane, which varied throughout the gait cycle. If differences were due
solely to the reference frame definition, a constant difference would be
expected throughout the cycle. Further, although the bias for hip and
pelvis ROM in this plane is approximately zero, the wide LoA (mainly at
the hip) suggests variability in the differences between both systems in
these parameters. Considering these results, we hypothesize that the low
range of motion in the pelvis in this plane, compared to the movement at
the hip, along with different model definitions, may also explain the
weak correlations in the pelvis, and the overall differences for the hip
and the pelvis angles. A recent study focused on clinical and healthy
individuals reported weak correlations and RMSD exceeding 5° for
pelvic motion in the sagittal plane [35]. Challenges in pelvis pose
tracking have been documented in studies using both methods [13,36].
However, there appears to be a consistent tendency for underestimating
pelvic anterior tilt across different markerless systems [37]. Regarding
our study, the increase in trunk and upper body fat with aging, along
with overall adiposity, may be adding to this difficulty.

Furthermore, a cross-talk effect appears to occur in both systems in
the mid-swing phase of the frontal plane knee joint motion. This phe-
nomenon is well-documented in marker-based systems, often attributed
to errors in anatomical landmark palpation [38]. It seems that the
markerless system is also influenced by this effect, which was already
observed in the study by Wren et al. [15].
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The lower-limb joint moment curves showed a very strong correla-
tion between methods for all three joints, except for the hip transverse
and the ankle frontal planes. These higher correlations compared to the
kinematics, follow the results of Song et al. [14]. The highest difference
between methods for frontal plane ankle moments was previously re-
ported in a study assessing treadmill running [13]. However, this dif-
ference was less clear in our study.

The higher peak hip flexion moment and lower knee extension
moment obtained from the markerless system are also consistent with
results of previous studies [13,39]. Conversely, compared to the afore-
mentioned studies, the plantarflexion peak moment estimated by the
marker-based system in our data was higher, similar to the results of
Song et al. [14].

Concerning the RMSD between systems, the values for the ankle and
knee joint angle in the sagittal plane differ only slightly from the dif-
ferences reported in a test-retest study in an older population using
Theia3D [27]. Furthermore, the RMSD for knee internal/external rota-
tion moment is the same (0.02 Nm/kg), suggesting that the difference
identified between the marker-based and markerless systems overlaps
with the differences between the two sessions with the markerless
system.

Another important finding was that the variability of marker-based
signals was globally higher than that of markerless signals, especially
for the frontal and transverse planes, which seems to be aligned with
previous findings [12,13]. Compared to bi-planar videoradiography,
arguably the gold standard method for joint angular motion, the vari-
ability of marker-based seems to be similar [40]. The fact that marker-
less motion has a lower variability, may infer a central tendency effect
embedded within the anatomical marker detection algorithms. How-
ever, this hypothesis appears not to be confirmed by Bousigues et al.
[41] in which the effect of the markerless inconsistencies was reported
to be at least as large as the effect of marker-based soft tissue artifact. As
such, this warrants further investigation which is not covered by our
study.

Some methodological considerations of our study should be noted.
The use of asynchronous trials may be perceived as a limitation. How-
ever, a major benefit of markerless motion capture systems is that sub-
jects can wear their usual attire and do not need markers placed. Indeed,
our analysis available in supplementary material 1 showed that differ-
ences between markerless minimal-versus-usual clothing and the mar-
kerless inter-session usual clothing data are small. Thus, it is therefore
worth identifying the difference between the two systems, applied in the
way they are used in practical contexts. Another important fact in this
type of study is that new versions of the markerless system, imple-
menting updated algorithms, are regularly being released and can have
some impact on the measurements [42], so the detailed aspects of our
results are only valid for the version used in this study.

In conclusion, markerless motion capture demonstrated good overall
construct validity for measuring sagittal plane lower-limb gait kine-
matics (excluding the pelvis) and kinetics, in healthy older adults.
Conversely, frontal and transverse plane kinematics showed weak to
moderate correlation with marker-based data. The sagittal plane knee
and ankle joint angles showed the smallest differences between systems.
Given the good agreements for signals such as sagittal plane ankle
movement, and the peak ankle plantarflexion moments, the markerless
system is a promising tool for performing gait analysis in older adults.
However, based on the observed correlations and biases in certain pa-
rameters, for the time being, we would advise that both systems should
not be used interchangeably for 3D gait analysis of the lower limbs.
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