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OBJECTIVES: This study aimed to develop a novel method for detecting toe-
walking (TW) using the OpenPose module.

MATERIALS: The present study involved 15 subjects with neurotypical
development (mean age 10.3 £ 3.1 years; age range: 6.5-16.1 years; 6 males)
who simulated TW. We used the OpenPose module to extract the skeletons.

METHOD: All participants were administered a validated video-based coding protocol
using standardised video recordings to quantify toe-walking®. The test consisted of
transporting an object (e.g.,Lego®) from a physiotherapist to a playing table located 3
meters away and back again 10 times. All tests were conducted without shoes, with
socks'. Sagittal-plane video recordings of the walking trials were collected for each
participant. Skeletons were extracted in the sagittal plane via the OpenPose module?, and
gait kinematics were computed. The TWIST algorithm was applied to identify the most
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significant features and create two balanced subsets to optimise the training of various
machine learning algorithms. These selected features were used to train supervised neural
networks (NNs), which were evaluated for accuracy, sensitivity, specificity, and area under
the curve (AUC)3.

RESULTS: A total of 1,793 steps, including 825 tip-toe gait samples, were used to
train four neural network classifiers based on 14 selected features. These included
three biomechanical dimensions: spatial (n=2; vertical distances between the
malleolus and toes), angular (n=11; joint angles and range of motion at the hip,
knee, and ankle, plus toe-off alignment angles), and temporal (n=1; stance phase
duration) features. Performance was evaluated using leave-one-out cross-
validation, repeated 19 times. The Support Vector Machine (SVM) classifier
achieved the best performance, with an accuracy of 89.8%, sensitivity of 94.8%,
specificity of 95.1%, and an AUC of 0.944. K-Nearest Neighbors (KNN) showed
comparable results, with 89.4% accuracy, 93.0% sensitivity, 96.4% specificity, and
an AUC of 0.935. The Bayesian classifier followed with 84.9% accuracy, 88.6%
sensitivity, 96.3% specificity, and an AUC of 0.932. Random Forest (RF) yielded
the lowest performance, with 54.6% accuracy, 57.3% sensitivity, 97.3% specificity,
and an AUC of 0.598.

DISCUSSION: This pilot study demonstrates that a markerless gait analysis system using
the OpenPose module combined with machine learning classifiers can accurately detect
TW in children.

CONCLUSIONS: The proposed method offers the potential for automated detection and
quantification of toe walking in standardised protocols and settings. The following research
steps will be dedicated to studying a larger group of subjects to validate the findings of this
preliminary study further and in other populations.
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