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Background/Aim: Markerless motion capture is an emerging tool for gait analysis. In some populations, e.g., older
adults, traditional gait analysis poses practical challenges, such as reduced assessment tolerance, and the number
of strides collected can be limited. This study aimed to investigate the influence of the number of strides on test-
retest reliability and measurement error of markerless gait biomechanics in older adults.

Methods: Twenty strides were extracted from 29 healthy older adults for each of two sessions. Lower-limb ki-
nematics and kinetics were computed. Subsequently, non-consecutive random subsets of k = 2-19 strides were
averaged within-subjects and within-sessions, including scenarios with unequal k between sessions. Integrated
Intraclass Correlation Coefficients (iICCax) and Standard Errors of Measurement (SEM) were calculated for
trajectory data. ICCa x [Confidence Intervals] were computed for the range of motion and peaks. Two arbitrary
thresholds for the minimally acceptable number of strides were combined: (1) the smallest k that yielded an ICC
within 10 % of the maximum ICC across all k, and (2) an absolute ICC threshold of 0.75. SEM< 2° was deemed
suitable for kinematics, and SEM%< 5 % for kinetics.

Resulits: For joint angles and moments, iICC dropped less than 10 % from the highest iICC when using > 7 strides
with an equal number of strides across sessions, attaining iICCs> 0.75. Reducing the number of strides in one
session had less impact than reducing both equally. Lower Confidence intervals were generally > 0.75 for
discrete parameters. Kinematic SEM rarely exceeds 2°. Globally, 4 strides are needed to have a kinetics SEM
%< 5 %.

Conclusion: A minimum of 7 strides contributing to the average observation is generally sufficient to achieve
reliable markerless kinematics and kinetics in older adults. These results have particular relevance to populations
who may experience limited tolerance for lengthy assessments. Allowing flexibility in stride number collected
across sessions, while maintaining reliability, contributes to optimizing data collection strategies.

1. Introduction activity limitations in this population [5]. However, the utility of gait

assessments depends on measurement properties such as reliability.

Recently, markerless motion capture has received growing interest
for its potential to streamline three-dimensional gait analysis, reduce
assessment time, and avoid markers being placed on the skin [1,2]. This
can be particularly valuable in populations with challenging anthropo-
metric characteristics [3] or reduced willingness to engage in diagnostic
procedures [4], like older adults. Gait alterations are key contributors to

Given the inherent variability of movement, a single stride may not
be representative of the individual's gait pattern. Thus, averaging a
number of strides is the typical assessment approach [6]. Averaging
repetitions improves reliability (i.e., the extent to which different
sources of variation influence the measurement [7]) and reduces mea-
surement error. Using a marker-based motion capture method,
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Monaghan et al. [8] advocate using ten trials for kinematic and kinetic
gait variables to achieve good reliability. However, practical constraints,
such as fatigue, clinical conditions, or time constraints, often limit the
number of strides that can be collected, particularly in gait analysis of
older adults [9].

Thus, this study aimed to test the influence of the number of strides
on test-retest reliability and measurement error of averaged kinematic
and kinetic markerless gait profiles in older adults.

2. Methods

Gait analysis was performed in 29 healthy older adults twice (13
females/16 males; 75.2 + 7.7 years old), 9.3 + 2.9 days apart, using 8
video-cameras (85 Hz) (Miqus, Qualysis, SE) and 3 force plates (850 Hz)
(9283U014 - Kistler Instruments Ltd, Winterthur, Switzerland;
FP4060-07 &FP4060-05-PT-BERTEC - Columbus, OH, USA). Partici-
pants walked around 20 passages across the laboratory walkway (12 m
long), at a self-selected speed, in their everyday clothes/shoes [10].
Video data were processed with Theia3D (Markerless Inc., CA,
v2023.1.0.310) using Inverse Kinematics pose estimation. Lower-limb
joint angles (XYZ Cardan) and internal moments were computed rela-
tive to the proximal segment in Visual3D (HAS-Motion Inc., CA). The
Theia3D model [11], and further details are described elsewhere [12].

Twenty time-normalized strides (10right+10left) were extracted
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from each session of every participant and averaged. Plus, from these 20
strides, non-consecutive 2-19 were randomly selected (once per com-
bination) and averaged (from each session/per participant), an
approach acknowledged in previous work [13].

The integrated Intraclass Correlation Coefficient (iICC) absolute
agreement (A) for average measurements (k) [14] and the integrated
SEM were calculated for the lower-limb angles and moments, using the
method developed by Pini et al. [15], and the formulae described in
Carvalho et al. [12]. The ICCa x [95 % confidence intervals (CI)] were
calculated for kinematic and kinetic discrete parameters (range of mo-
tion [ROM] and peak values), since the expression of single ICC values
may not accurately reflect population-level variability, making CI ex-
amination particularly relevant.

Two arbitrary thresholds were defined: (1) the minimally acceptable
number of strides was regarded as the point from which the iICC
deflected less than 10 % from the highest iICC for the corresponding
variable [16]; (2) additionally, a global threshold of 0.75 was deemed an
acceptable ICC, with narrower CIs reflecting greater precision. SEM < 2°
was considered suitable for kinematics [17], and < 5 % of SEM% for
kinetics [12].

To test the effect on the ICC of using an unequal number of strides
contributing to the average profiles across time-points, the iICC was
computed by reducing the number of averaged strides in the second
session from the minimally acceptable number of strides to 2.

Number of strides

Variable 2 3 4 5 6 T 8 9 10 11 12 13 14 15 16 17 18 19 20
Hip JAS 065 064 0.67(077]073 073 073 0.75 076 0.73 0.76 0.75 0.74 0.75 0.74 0.75 0.75 0.75 0.75
Hip JAF 068 069 0.76 073 0.78 0.76 0.77 0.77 0.79 0.80 0.79 082 080 0.79 081 080 081 0381
HipJAT - 0.69 - 0.75 070 0.74 0.77 081 081 0.77 080 0.77 0.77 0.79 081 081 081 0.81 082
KneeJAS 075 081 0.76 081 0.79 0.79 0.79 083 082 082 083 082 083 082 082 083 083 0383
KneeJAF 080 083 083 082 086 087 087 088 087 088 088 088 088 088 089 088|089 | 089 0.89
Knee JAT 074 071 0.79 0.79 083 080 083 086 086 082 080 082 085 0.5 | 086|085 085 086 0.86
AnkleJAS 080 085 083 086 083 086 087 088 088 089 088 089 089 089 089 0.89)|0.90 (090 0.90
Ankle JAF 0.65 - 063 0.73 0.71 0.76 0.76 0.75 0.76 0.75 0.77 0.76 | 0.78 | 0.76 0.78 0.77 0.77 0.77 0.78
Ankle JAT - 0.78 081 0.76 0.85 0.84 083 085 086 087 085 089 088 0.87 089 089 0.89 | 0.90 | 0.90
Hip JMS 069 076 079 080 081 081 082 083 084 083 085 084 084 085|086|085 086 085 0.86
HipJMF 069 075 0.79 0.77 0.80 083 0.84 082 082 084 084|087|08 086 085 085 085 086 086
Hip JM T - 0.68 0.69 068 071 0.72 073 074 0.75 074 0.75 0.75 075|077 | 075 076 0.77 0.77 0.77
Knee JMS 075 0.78 082 084 083 085 084 086 086 088 088 087 087 087 0.88| 088|088 088 0.88
Knee JMF 075 074 077 083 083 0.86 085 087 085 086 088 088 088 080 088 089 0.89 0.89 |0.89
KneeJMT 0.73 081 084 087 084 089 089 087 089 089 090 09 090 091 090 091 091 | 091 (091
AnkleJMS 0.75 080 085 085 087 088 087 087 088 088 089 090 089 089|090 | 089 090 090 0.9
Ankle JM F 0.73 0.76 0.70 0.73 0.79 083 084 080 085 084 085 087 084 085|088 )087 0387 0.87
Ankle JM T 0.79 080 085 086 087 087 089 09 089 09 090)|092]|092 091 092 092 092 092
9%ICC_rMaxICC _ [20-16]% [15-11]% [10-6]% <5%

Fig. 1. A tabulated color map corresponding to the percentage relative to the highest for Integrated Intraclass Correlation Coefficient (iICC) per variable (%
ICC_rMaxICC), obtained from an equal number of gait strides averaged (2—20), along with the corresponding absolute iICC value (2 decimal places reported), for
joint angles (JA) and joint moments (JM), for sagittal (S), frontal (F), and transverse (T) planes. The highest iICC for each variable, which serves as the reference for

calculating the relative percentage, is marked with a square.
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Analyses were performed in R (RStudio, v2023.03.0 Build, Posit
Software, PBC), and plots were built using Python v3.11.7.

3. Results

Across all variables, %ICC dropped less than 10 % compared to the
highest ICC for averages based on 7 or more strides with an equal
number of strides contributing to the averages of both sessions (Fig. 1).
ICCs varied between 0.77 and 0.92. Joint angles iICCs exceeded 0.75
when using 7 or more strides, except for hip sagittal (0.73-0.76) and
transverse (0.74-0.82) planes (Supplementary material - Figure SP1).
Joint moments generally showed iICCs above 0.75, except for hip
transverse plane (0.72-0.77) (Supplementary material - Figure SP2).
Overall, transverse plane kinematics required more strides to achieve
ICC stability.

For kinematics, SEM exceeded 2° only in the hip sagittal plane, and
in the knee and ankle transverse planes, when using less than 4, 3, and 2
strides, respectively (Figure SP1). For joint moments, generally 4 strides
were needed to obtain a SEM% <5 %, with the exception of hip
transverse plane, in which this threshold was exceeded even with 20
strides, and for ankle frontal plane, which needed more than 12 strides
(Supplementary material - Figure SP2).

For discrete parameters, the results were generally consistent with
those for iICC (Fig. 2), with two minor exceptions: hip flexion/extension
ROM required only 3 strides, and peak ankle plantarflexion moment
required 2 strides. CI analysis showed reduced CI widths with increasing

Sagittal Plane Hip ROM

Sagittal Plane Knee ROM
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stride numbers. Lower CI limits were generally above 0.75, except for
sagittal knee ROM and peak hip extension angle.

When an unequal number of strides contributed to the averages
across sessions, the results showed that using fewer strides in the retest
session affects iICC for most variables to a lesser extent in comparison to
when fewer strides are averaged in both sessions. The most explicit
example of this can be seen for frontal plane ankle joint angles, where
iICCs for the 5/7 and 6/7 stride number combinations still surpassed the
0.75 threshold, unlike the 5/5 or 6/6 scenarios (Fig. 3).

4. Discussion

This study assessed the effect of stride number on markerless gait
test-retest reliability and measurement error in older adults, including
when averages are obtained from an unequal number of strides across
time points. Our findings suggest that a minimum of 7 strides is gener-
ally sufficient to achieve stable ICC. Importantly, our results reveal that
a lower number of strides in one of the sessions may still be adequate for
re-evaluation, compared to forcing an equal but smaller number of
strides between sessions.

Transverse plane kinematics, particularly in the hip and ankle joints,
required the highest number of strides to achieve stable reliability. This
agrees with Monaghan et al. [8], who also found that kinematics were
more variable than kinetics. However, in that study, the measurement of
10 strides was recommended. Notably, single-value reliability metrics,
such as the ICC, may not fully capture population-level variability,
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Fig. 2. Intraclass Correlation Coefficient (ICC) [95 % Confidence Interval (CI)] for key gait parameters in older adults: hip, knee, and ankle Range of Movement
(ROM) in the sagittal plane, peak hip extension angle, peak ankle plantar flexion angle, and peak ankle plantarflexion moment, obtained from an equal number of
gait strides averaged (2—7) across sessions. The grey line corresponds to the CI width. The yellow dotted line represents the ICC threshold.
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Fig. 3. Integrated Intraclass Correlation Coefficient (ICC) for hip, knee, and ankle joint angle and moments in the sagittal, frontal, and transverse plane, obtained
from an unequal number of gait strides averaged (pink markers), depicted against equal scenarios (grey markers). The yellow dotted line represents the
ICC threshold.



A. Carvalho et al

highlighting the importance of examining confidence intervals [18].
Accordingly, we extended the analysis to include ICCs [95 % CI], which
globally supported the reliability observed with 7 strides, particularly
for key gait parameters in older adults, demonstrating narrow CI and
lower bounds above 0.75. Our results also demonstrate that the reli-
ability of unequal combinations (e.g., 5/7 or 6/7) outperforms their
“equal counterparts” (e.g., 5/5 or 6/6), with occasional exceptions.
Similarly, reliable data were previously reported for unbalanced situa-
tions during one-legged hop distances [19].

The measurement error of kinematics only occasionally exceeded the
established threshold (2°). Although this occurred in the hip sagittal
plane, even when using 20 strides, it is important to interpret the error
relative to the joint’s total ROM [8]. Given the 40°-50° hip sagittal plane
ROM during walking, 2° represents roughly 5 % of SEM%, which re-
mains acceptable.

The choice of random stride selection may be perceived as a limi-
tation. However, in our pilot analysis of sequential stride subsets (4-10
strides) [12], stability in ICC and SEM was comparable to the present
results with randomly selected strides, suggesting that reliability esti-
mates are robust and largely independent of the stride selection method.

5. Conclusion

A minimum of 7 strides contributing to the average observation is
generally sufficient to achieve reliable markerless kinematics and ki-
netics in healthy older adults. Interestingly, even when fewer strides are
averaged in one session, the reliability remains comparable to the 7
strides averaged in both sessions. This flexibility is particularly benefi-
cial to optimizing data collection strategies in the oftentimes challenging
settings, where individuals, such as older adults, may be less tolerant of
assessment procedures or prone to fatigue quickly, without compro-
mising measurement reliability.
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