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A B S T R A C T

Background: Many skin-mounted three-dimensional multi-segmented foot models are currently in use for gait

analysis. Evidence regarding the repeatability of models, including between trial and between assessors, is

mixed, and there are no between model comparisons of kinematic results.

Research question: This study explores differences in kinematics and repeatability between five three-dimen-

sional multi-segmented foot models. The five models include duPont, Heidelberg, Oxford Child, Leardini, and

Utah.

Methods: Hind foot, forefoot, and hallux angles were calculated with each model for ten individuals. Two

physical therapists applied markers three times to each individual to assess within and between therapist

variability. Standard deviations were used to evaluate marker placement variability. Locally weighted regression

smoothing with alpha-adjusted serial T tests analysis was used to assess kinematic similarities.

Results: All five models had similar variability, however, the Leardini model showed high standard deviations in

plantarflexion/dorsiflexion angles. P-value curves for the gait cycle were used to assess kinematic similarities.

The duPont and Oxford models had the most similar kinematics.

Conclusions: All models demonstrated similar marker placement variability. Lower variability was noted in the

sagittal and coronal planes compared to rotation in the transverse plane, suggesting a higher minimal detectable

change when clinically considering rotation and a need for additional research. Between the five models, the

duPont and Oxford shared the most kinematic similarities. While patterns of movement were very similar be-

tween all models, offsets were often present and need to be considered when evaluating published data.

1. Introduction

Many three-dimensional multi-segmented foot models are currently

in use for gait analysis [1,2]. There are two common methods for pla-

cing markers on feet: intra-cortical pins and skin-mounted markers.

Intra-cortical pins often present clinical complications and are not

practical for routine use in gait analysis, especially pediatric gait ana-

lysis [3]. Shown to have adequate reliability compared with intra-cor-

tical pin markers [4–6], skin-mounted markers are commonly used in

three-dimensional multi-segmented foot models as they are less in-

vasive and easier to implement on a routine basis [1,2]. Development

and validation studies for these models have adequate procedures and

sample sizes, however evidence regarding the repeatability, including

between trial and between assessors, is mixed [2,7]. More importantly,

there are no between model comparisons of kinematic results. Since

each model utilizes different terminology and marker sets and calcu-

lates local anatomical coordinate systems and intersegment rotations

differently, there is no technical uniformity. This poses a problem in

interpreting data from work published in literature utilizing different

models. Few studies test multiple kinematic foot models concurrently

[8]. Due to these differences and discrepancies there are also no clinical

recommendations on which model to use and why.

This study aimed to explore differences in kinematics and repeat-

ability between five three-dimensional multi-segmented foot models.

The five models chosen for comparison were selected based on their

prevalence and utilization in the literature and pediatric gait labora-

tories as well as their similarity in defined segments and marker sets.

These similarities allowed all marker sets to be applied simultaneously

for direct comparative measures. The five models include duPont [9],

Heidelberg [10], Oxford Child [11], Leardini [12], and Utah [13].
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between all models, offsets were often present and need to be con-

sidered when evaluating published data. Comparing findings between

labs using the same model and using normative data for that specific

model should still allow for the appropriate clinical analysis to be made.

Such findings have an important clinical relevance in showing that

these models could be used to provide a detailed analysis of walking

gait as well as have ease in application of the markers.

Funding

No funding was received for this study.

Conflict of interest

The authors declare no conflicts of interest.

References

[1] K. Deschamps, F. Staes, P. Roosen, F. Nobels, K. Desloovere, H. Bruyninckx,

G.A. Matricali, Body of evidence supporting the clinical use of 3D multisegment foot

models: a systematic review, Gait Posture 33 (2011) 338–349, http://dx.doi.org/

10.1016/j.gaitpost.2010.12.018.

[2] J.L. McGinley, R. Baker, R. Wolfe, M.E. Morris, The reliability of three-dimensional

kinematic gait measurements: a systematic review, Gait Posture 29 (2009)

360–369, http://dx.doi.org/10.1016/j.gaitpost.2008.09.003.

[3] A. Arndt, P. Wolf, A. Liu, C. Nester, A. Stacoff, R. Jones, P. Lundgren, A. Lundberg,

Intrinsic foot kinematics measured in vivo during the stance phase of slow running,

J. Biomech. (2007), http://dx.doi.org/10.1016/j.jbiomech.2006.12.009.

[4] R. Baker, J. Robb, Foot models for clinical gait analysis, Gait Posture 23 (2006)

399–400, http://dx.doi.org/10.1016/j.gaitpost.2006.03.005.

[5] N. Okita, S.A. Meyers, J.H. Challis, N.A. Sharkey, An objective evaluation of a

segmented foot model, Gait Posture 30 (2009) 27–34, http://dx.doi.org/10.1016/j.

gaitpost.2009.02.010.

[6] P. Westblad, T. Hashimoto, I. Winson, A. Lundberg, A. Arndt, Differences in ankle-

joint complex motion during the stance phase of walking as measured by superficial

and bone-anchored markers, Foot Ankle Int. 23 (2002) 856–863 http://www.ncbi.

nlm.nih.gov/pubmed/12356185.

[7] K. Deschamps, F. Staes, H. Bruyninckx, E. Busschots, G.A. Matricali, P. Spaepen,

C. Meyer, K. Desloovere, Repeatability of a 3D multi-segment foot model protocol in

presence of foot deformities, Gait Posture (2012), http://dx.doi.org/10.1016/j.

gaitpost.2012.04.007.

[8] R. Mahaffey, S.C. Morrison, W.I. Drechsler, M.C. Cramp, Evaluation of multi-seg-

mental kinematic modelling in the paediatric foot using three concurrent foot

models, J. Foot Ankle Res. 6 (43) (2013), http://dx.doi.org/10.1186/1757-1146-

6-43.

[9] J. Henley, J. RIchards, D. Hudson, C. Chruch, S. Coleman, L. Kerstetter, F. Miller,

Reliability of a clinically practical multi-segment foot marker set, in: G. Harris,

P. Smith, R. Marks (Eds.), Foot Ankle Motion Anal. Clin. Treat. Technol. CRC Press,

Boca Raton, 2008, pp. 445–464.

[10] J. Simon, L. Doederlein, A.S. McIntosh, D. Metaxiotis, H.G. Bock, S.I. Wolf, The

heindelberg foot measurement method: development, description and assessment,

Gait Posture 23 (2006) 411–424.

[11] J. Stebbins, M. Harrington, N. Thompson, A. Zavatsky, T. Theologis, Repeatability

of a model for measuring multi-segment foot kinematics in children, Gait Posture

(2006), http://dx.doi.org/10.1016/j.gaitpost.2005.03.002.

[12] A. Leardini, M.G. Benedetti, L. Berti, D. Bettinelli, R. Nativo, S. Giannini, Rear-foot,

mid-foot and fore-foot motion during the stance phase of gait, Gait Posture (2007),

http://dx.doi.org/10.1016/j.gaitpost.2006.05.017.

[13] P. Saraswat, B.A. MacWilliams, R.B. Davis, A multi-segment foot model based on

anatomically registered technical coordinate systems: method repeatability in pe-

diatric feet, Gait Posture 35 (2012) 547–555, http://dx.doi.org/10.1016/j.gaitpost.

2011.11.022.

[14] K. Chia, M. Sangeux, Quantifying sources of variability in gait analysis, Gait Posture

56 (2017) 68–75, http://dx.doi.org/10.1016/j.gaitpost.2017.04.040.

[15] C. Church, N. Lennon, R. Alton, J. Schwartz, T. Niiler, J. Henley, F. Miller,

Longitudinal change in foot posture in children with cerebral palsy, J. Child.

Orthop. 11 (2017) 229–236, http://dx.doi.org/10.1302/1863-2548.11.160197.

[16] T. Niiler, The problem of multiple comparisons between groups of time dependent

data, Gait Clin. Mov. Anal. Soc. Annu. Meet. (2017).

[17] P. Caravaggi, M.G. Benedetti, L. Berti, A. Leardini, Repeatability of a multi-segment

foot protocol in adult subjects, Gait Posture (2011), http://dx.doi.org/10.1016/j.

gaitpost.2010.08.013.

[18] P. Levinger, G.S. Murley, C.J. Barton, M.P. Cotchett, S.R. McSweeney, H.B. Menz, A

comparison of foot kinematics in people with normal- and flat-arched feet using the

Oxford foot model, Gait Posture (2010), http://dx.doi.org/10.1016/j.gaitpost.

2010.07.013.

[19] M.P. Kadaba, H.K. Ramakrishnan, M.E. Wootten, J. Gainey, G. Gorton,

G.V.B. Cochran, Repeatability of kinematic, kinetic, and electromyographic data in

normal adult gait, J. Orthop. Res. 7 (1989) 849–860, http://dx.doi.org/10.1007/

978-1-4471-5451-8_101.

[20] C. Bishop, G. Paul, D. Thewlis, Recommendations for the reporting of foot and ankle

models, J. Biomech. 45 (2012) 2185–2194, http://dx.doi.org/10.1016/j.jbiomech.

2012.06.019.

[21] G.E. Gorton, D.A. Hebert, M.E. Gannotti, Assessment of the kinematic variability

among 12 motion analysis laboratories, Gait Posture 29 (2009) 398–402, http://dx.

doi.org/10.1016/j.gaitpost.2008.10.060.

K. Nicholson et al.


