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Repeatability of a model for measuring multi-segment
foot kinematics in children
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Abstract

This study used a previously tested foot model and adapted it for use with children. A number of variations on this adapted model were
implemented and tested for repeatability and accuracy on 15 healthy children on three occasions. These included redefinition of the long axes
of the tibia and forefoot, assessment of the flexibility of the forefoot and evaluation of the variability of the wand marker on the heel for both
static and dynamic trials. It was found that variations on the model produced only minimal changes in repeatability, the only significant change
being elimination of the wand marker on the heel in the static trial, which reduced between-day variability of hindfoot motion in the transverse
plane. However, some differences were evident in the mean values for all variations. Based on these results, the most accurate and appropriate
version of the model is proposed, and average kinematic curves are presented based on the measurements from 14 healthy children.
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1. Introduction

The measurement of three-dimensional lower body
kinematics through the use of stereophotogrammetry has
been well tested and validated over many years. Gait
analysis now forms a major part of clinical decision making,
particularly in the field of surgical treatment for children
with cerebral palsy [1]. Conventional lower body models
represent the pelvis, femur and lower leg as separate rigid
bodies; however, the foot is routinely modelled only as a
single vector, with no relative motion between or within its
different segments. This provides inadequate information
when determining treatment specific to the foot.

Measurement of foot kinematics is becoming increas-
ingly common as motion analysis measuring systems
become more accurate. Many research groups around the
world are proposing multi-segment foot models, and it is
important that the repeatability and clinical significance of
these models be thoroughly investigated before they are
routinely used to inform clinical decision-making. It is also
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necessary to standardise the analysis and reporting of results
to allow comparisons between centres.

Most work to date has been carried out on healthy adult
feet [2-11] and these studies are mainly limited to the stance
phase of gait. A limited amount of work has also been
conducted on pathological feet [7,12—14], again mainly in
adults. No repeatability studies have been reported for
measurements on children’s feet. This population poses
different challenges, the most significant being the small
surface area of the foot and greater variability in gait [15].
There are many conditions that produce deformity in
children’s feet. For example, 90% of children with cerebral
palsy develop some form of foot deformity resulting from
abnormal forces being applied to the immature skeleton over
periods of growth [16]. A valid and repeatable foot model for
children is needed for understanding normal and patholo-
gical function, planning intervention and evaluating the
outcome of treatment.

The purpose of the current study was to take our
previously described multi-segment foot model validated for
healthy adults [4] and adapt it for use in children over the
entire gait cycle. Five variations of the adapted model were
then tested to determine the most appropriate method for
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overall relative motion between the tibia and hindfoot.
However, the term ‘“‘inversion/eversion” is meaningful to
clinicians using this model, but it needs to be taken in the
context of the definition described.

Taking into account repeatability and compatibility issues
with the existing lower body model, it was decided to
continue using the physical “TOE” marker to calculate the
long axis of the forefoot, to eliminate use of the CPEG wand
marker on the calcaneus, to use the conventional knee joint
centre to calculate the long axis of the tibia, and to measure
forefoot “‘arch height” relative to the plantar surface defined
by lateral markers on the forefoot to allow estimation of error
produced in forefoot supination as a result of rigid body
assumptions. Mean angles from the 14 healthy children of
this version of the model are shown in Fig. 5.

An awareness of the variability in measurement of inter-
segment foot motion in children is vital for correct
interpretation of results and should not be ignored when
planning treatment and assessing outcomes. While a number
of different variations of the model were assessed to achieve
the optimal model for measuring foot motion, up to 78
variability was still apparent in the transverse plane. It was
recognised that this may be in part due to inherent variability
in children’s gait. However, a significant factor is the
consistency of marker placement between days on small
feet. Therefore, clear protocols and practice in marker
placement are crucial and improvements to fixation of the
reflective markers should be considered.

This study provided a validated multi-segment foot
model for use with children, which previously was
unavailable. The model proposed here produced results
consistent with previous studies of foot kinematics in adults
[2,4-7] and expected foot motion during normal gait [22].
This validation allows clinical implementation of the
model, with an understanding of its reliability. The results
in kinematic patterns were found to be more consistent
than the absolute values. Absolute measurements in
the transverse plane were found to be the least consistent,
but repeatability was improved when the wand marker was
eliminated from use on the hindfoot. The difference
between measuring angles in slightly different ways gave
only negligible differences in results, allowing for some
flexibility in implementation in the presence of severe
deformity.
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