Gait & Posture 33 (2011) 338-349

Contents lists available at ScienceDirect

il

Gait & Posture |)OSTl.-'H|‘]

journal homepage: www.elsevier.com/locate/gaitpost

Review

Body of evidence supporting the clinical use of 3D multisegment foot
models: A systematic review

Kevin Deschamps *><4* Filip StaesP, Philip Roosen ¢, Frank Nobels , Kaat Desloovere ¢,
Herman Bruyninckx ", Giovanni A. Matricali?

2 Division of Musculoskeletal Disorders, Multidisciplinary Diabetic Foot Clinic, University Hospitals Leuven, Katholieke Universiteit Leuven, Weligerveld 1,
3212 Pellenberg, Belgium

b Department of Rehabilitation Sciences-Research Center for Musculoskeletal Rehabilitation, Katholieke Universiteit Leuven, Tervuursevest 101,

B-3001 Leuven (Heverlee), Belgium

€ Laboratory for Clinical Motion Analysis, University Hospital Pellenberg, KU-Leuven, Belgium

4 Haute Ecole Léonard De Vinci, Insititut d’Enseignment Supérieur Parnasse Deux-Alice, Division of Podiatry, Bruxelles, Belgium

€ Department of Rehabilitation Sciences and Physiotherapy, Research Group: Musculoskeletal Rehabilitation, University Gent, Campus Heymans (UZ Gent),
Blok B3, De Pintelaan 185, 9000 Gent, Belgium

fDepartment of Internal Medicine-Endocrinology, Multidisciplinary Diabetic Foot Clinic, Onze-Lieve-Vrouw Ziekenhuis Aalst, Moorselbaan 164, 9300 Aalst, Belgium
& Department of Rehabilitation Sciences, Katholieke Universiteit Leuven, Weligerveld 1, 3212 Pellenberg, Belgium

" Department of Mechanical Engineering, Katholieke Universiteit Leuven, Celestijnenlaan 300B Bus 2420, Room 01.053, B-3001 Leuven (Heverlee), Belgium

ARTICLE INFO ABSTRACT

Article history:

Received 5 August 2010

Received in revised form 13 December 2010
Accepted 16 December 2010

Background: A critical component in the characterization of foot mechanics during clinical gait analysis is
the quantitative measurement of foot kinematics. Currently, the use of 3D multisegment foot models
(3DMFMs) is popular in gait laboratories as it would seem to be an adequate tool for the in vivo analysis of
dynamic foot kinematics. This systematic review identifies and evaluates current evidence for the use of
3DMFMs in clinical gait analysis.

'lfeyworde Methods: A targeted search strategy traced full papers that fulfilled the inclusion and exclusion criteria.
oot The papers were classified and evaluated for quality using a custom made quality appraisal form.
Kinematics Findings: Fort ipt included yielding a total number of fifteen 3DMFMs. Generall
3D multisegment foot model indings: Forty-one manuscripts were included yielding a total number of fifteen s. Generally,
Motion study procedures and sample selection were adequately described; however, the methodological quality

varied widely. Evidence regarding the repeatability of the identified models also varied widely. Models
facing the highest level of scientific credibility were characterized by adequate repeatability indices
obtained from between-trial, between-day and between and within assessor studies. Generally, the highest
reliability indices were found for the sagittal plane kinematics. Within-subject variability was found to be
the lowest, contrarily, between-subject and between-day variabilities were found to be highest.
Interpretation: Reported repeatability indices such as the coefficient of multiple correlation, standard
deviation and standard error of measurement provide evidence for the continued use of 3DMFMs. While a
number of published models exist, there is no adequate evidence available to support their clinical use.
More reliability and validity studies are needed to confirm adequate measurement properties of 3DMFMs.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The analysis of foot mechanics during walking or other activities
has been a major challenge for many years. Qualitative interpreta-
tions with only moderate scientific evidence are most often used for
current concepts and paradigms of foot function. The inability to
measure in vivo foot kinematics has been a particular problem [1,2].
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Three-dimensional (3D) stereophotogrammetric analysis is the
state of the art method for the analysis of joint kinematics in
humans. Two approaches are generally applied. One approach is
the use of intracortical bone pins with makers on top and can be
considered to be the ‘gold standard’ as it represents the actual
motion of the bones [3,4]. However, the invasive nature limits the
clinical use. Another approach uses skin-mounted markers, arrays
of markers or a combination of both and is the most frequently
used in gait laboratories [5]. During the last decade, a number of
research groups have used the latter approach to model the foot
according to a number of small segments, generally referred to as
3D multisegment foot models (3DMFMs). The fact that these
published 3DMFMs share some fundamental aspects (e.g. marker
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Table 1
Inclusion and exclusion criteria considered for the current systematic review.

Criteria Applied definition

Multisegment approach

An approach using at least three segments (excluding the tibia). Segments are determined based on the strategic placement of a

number of markers and is typically performed in a systematic and rationalized way in order to gain insight in the kinematic

behaviour of the foot.
3D motion analysis of
the foot
segmental or joint angles.
In-vivo/non-invasive
motion analysis
Weight bearing analysis

Collecting kinematic data by recording the motion of markers affixed to a moving person using a motion-caption system. Three-
dimensional coordinates of each marker, obtained by a digitizing procedure, is subsequently used as basis for the calculation of

Kinematic analysis performed on living subjects using surface markers. The markers are directly applied on the skin of the subject
or mounted on top of a rigid plate (clusters). Studies including cadavers or bone pins (invasive) do not fulfil this criterion.
Testing and evaluation of the foot during weight bearing activities such as standing, walking, jumping, descent walking, and

jogging. Focus of these analyses is the weight bearing function of the foot.

Cohorts under investigation

No restrictions were applied regarding the sex or age of the participants.

placement, joint angle calculation, and segment definition) has led
to the general consensus about the appropriateness of representing
the foot as a small number of segments [6,7]. Although this
technique has some weaknesses related to skin motion artifact and
the difficulty of defining specific bones in the foot [8-11], it has the
potential to overcome the weaknesses of the single-segment foot
models, which are often used in clinical gait analysis, associated with
conventional lower limb models [12-15]. The clinical utility of these
3DMFMs has been questioned in the past as the first publications
lacked detailed information for reproducibility or omitted to report
evidence of reliability studies [7]. Currently, 3DMFMs are increas-
ingly utilized, as shown by the increasing number of publications.
This systematic review presents a qualitative appraisal of the
evidence embodying the scientific credibility and clinical utility of
3DMFMs. The scientific credibility of published 3DMFMs is of
primary relevance for clinicians and gait laboratories involved in the
assessment of foot and lower limb dysfunctions.

2. Methods
2.1. In- and exclusion criteria

Studies published in English as full papers on 3DMFMs in healthy and
pathological foot conditions were considered. The definitions of the other inclusion
and exclusion criteria are described in Table 1.

2.2. Search strategy

The review of the literature was performed by selecting articles from Pubmed,
CINAHL, Cochrane Library and Web of Science (until December 2009). Keywords
were selected from MeSH terminology and consisted of the words ‘foot’, ‘motion’
and ‘model’. The search was narrowed by combining the latter terms with following
search strings: ‘kinematics’, ‘locomotion’, ‘repeatability’, ‘multisegmental foot
model’ and ‘foot and ankle modelling’. Electronic searches were performed by one
reviewer (K.D.), references and abstracts of studies were stored alphabetically into a
separate worksheet. Additional relevant papers were identified by examining the
reference lists of papers identified from electronic searching.

2.3. Review process

Duplicate references because of searches in different electronic databases were
removed. Title and abstracts of the retrieved papers were subsequently evaluated
for inclusion by two independent reviewers (G.M. and F.S.). A full text evaluation
was performed if the title and abstract failed to provide adequate information. Any
disagreement between the two reviewers was resolved by a consensus meeting.
Finally, a second manual screening of the reference lists of all included studies was
undertaken by one of the authors (K.D.), to affirm the inclusion of all eligible studies.

2.4. Methodological quality assessment

A systematic evaluation of scientific evidence must be done using a robust
evaluation form based on expert guidelines [16,17]. The evaluation of the scientific
credibility of 3DMFMs was based on quality indicators related to reproducibility,
reliability and external validity. These indicators were tabulated in a quality form

Tnitial search (N=161)

57 papers

/
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Papers accepted on

References needing

thebasis of abstracts full text evaluation

(N=30) N=27)
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v

Consensus meeting
(N=6 excluded)

Fig. 1. Flowchart representing paper selection and reduction.
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(Scientific Credibility Form, SCF). The selection of these indicators was done by
reviewing and selecting those qualitative parameters critical for an adequate 3D
motion analysis research tool. The review by Capozzo et al. [18] was used to
determine pertinent parameters in 3D motion representation, whereas the
quality indicators related to repeatability and reproducibility were derived from
three other papers [19-21]. The paper by McGinley et al. [21] served also as
basis for the determination of quality indicators related to sample selection and
study procedures. The quality indicators, selected by one clinician (K.D.), were
not scored as there currently exists no relevant scoring system. All studies,
including methodological and clinical papers, were qualitatively evaluated with
the SCF.

3. Results
3.1. Review selection and identification

The initial search yielded 161 citations (Fig. 1). Thirty references
were included based on the abstract. For 27 references the full text
had to be reviewed of which 11 papers were included. Continuing
disagreement existed on six papers [8,22-26] which were
discussed during a consensus meeting. Three references
[22,23,25] were excluded as they did not model at least three
segments. The narrative review of Rankine et al. [26] was excluded
as well as the publication by Sawacha et al. [24], as no specific
3DMFM was used. The validity study performed by Nester et al. [8]
was only used as background information for the introduction and
discussion. Manual screening of the reference lists did not provide
additional papers. As a result, 41 studies were identified for
inclusion in the systematic review [27-67].

The references were grouped on the basis of the 3DMFM used.
Fifteen different 3DMFMs could be distinguished (Table 2). The
included studies were evaluated with the SCF in order to screen the
quality indicators for each of the 3DMFMs. Results are summarized

Table 2
Summary of published 3-D multisegment foot models.?

in Tables 3-5. The quality indicators related to sampling methods
are shown in Table 3. Table 4 represents those indicators related to
the study procedures. Marker placement associated with each
model is presented in Additional file 1. Table 5 summarizes quality
indicators assessing the reproducibility and experimental errors
whereas Additional file 2 provides a best evidence synthesis
regarding the reported repeatability of 3DMFMs.

3.2. Sample selection, composition and description (Table 3)

A majority of the papers mentioned the application of in- and
exclusion criteria. Of those that did mention the use of inclusion and
exclusion criteria, only one did not specify the type of criteria (e.g.
presence of deformities, type of disease, and specific ranges of BMI).

Only one study reported the sampling method for recruitment of
the subjects [58] leading to the assumption that mostly a
convenience sample was used. The quality of the demographic
information was poor in 10 studies and not reported in three studies.
This lack of information limits the generalisation to specific
populations. The number of participants in each study ranged from
1 to 153 in the 41 studies. Only two models were used for various
pathologies and by various research labs, namely the Oxford Foot
Model and the Milwaukee Foot Model. The clinical utility of
3DMFMs has been tested in several studies, with a majority of the
papers focusing on tibialis posterior dysfunction. The participants in
these studies varied widely, with studies presenting only one case
[36] or studies including between 14 and 20 impaired persons
[35,57]. Studies including the highest number of participants were
characterized by cohorts of more than 30 [33,63].

In studies with impaired participants other types of assessment
tools or examinations were included (Table 3). Adequate

Specific name

Methodological study

Clinical studies

Modelled segments

Model 1 (Milwaukee Foot Model)

Model 2

Model 3

Model 4

Model 5a: Oxford Foot
Model (2001) (Adults)

Model 5b:0xford Foot
Model (Children) (OFM) (2006)
Model 6

Model 7

Model 8: Heidelberg Foot
Measurement Method (HFMM)
Model 9

Model 10

Model 11
Model 12
Model 13
Model 14
Model 15

Kidder et al. [27]
Myers et al. [28]
Long et al. [29]

Rattanaprasert et al. [36]

Cornwall and McPoil [37,38]

Leardini et al. [39]
Carson et al. [41]

Stebbins et al. [46]
Curtis et al. [47]
Arampatzis et al. [49]

Mac Williams et al. [54]

Simon et al. [55]
Tome et al. [57]
Leardini et al. [60]

Rao et al. [61]

Houck et al. [62]

Jenkyn and Nicol [64,65]
Sawacha et al. [66]
Cobb et al. [67]

Khazzam et al. [30]
Canseco et al. [31]
Khazzam et al. [32]
Ness et al. [33]
Canseco et al. [34]
Marks et al. [35]

Giacomozzi et al. [40]
Theologis et al. [42]
Woodburn et al. [43]
Turner et al. [44]

Turner et al. [45]
Alonzo-Vazquez et al. [48]

Arampatzis et al. [50]
Morey-Klapsing et al. [51]

Morey-Klapsing et al. [52]
Morey-Klapsing et al. [53]

Wolf et al. [56]

Rao et al. [58]
Nawoczenski et al. [59]

Houck et al. [63]

Tibia/hindfoot/forefoot/hallux

Tibia/rearfoot/forefoot/hallux
Tibia/calcaneus/navicular/first metatarsal
Tibia/hindfoot/midfoot/first metatarsal/hallux
Tibia/Hindfoot/Forefoot/Hallux

Tibia/Hindfoot/Forefoot/Hallux

Tibia/Talus/calcaneus/medial forefoot/lateral
forefoot/medial toes/lateral toes

Hallux/medial toes/lateral toes/medial
forefoot/lateral forefoot/calcaneus/cuboid/
talus-navicular-cuneiform/tibia
Tibia/hindfoot/midfoot/forefoot/hallux/first
ray/fifth ray (+functional angles)
Tibia/rearfoot/medial forefoot/lateral
forefoot/hallux (+1 functional angle)
Tibia/Calcaneus/Mid-foot/metatarsus/hallux
(+ functional angles)

Tibia/calcaneus/lateral forefoot/first metatarsal
Tibia/rearfoot/first metatarsal and hallux
Hindfoot/midfoot/medial and lateral forefoot
Tibia/Hindfoot/Midfoot/Forefoot
Rearfoot/calcaneonavicular/medial
forefoot/first metatarsal

2 Each individual 3DMFM was given a random number and studies using the same 3DMFM were grouped together in order to facilitate the synthesis.
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Table 3
Summary of findings regarding quality indicators for sampling methods and description.

Model Study In- and exclusion Type of Sampling  Quality of Pathology specific Number of Assessor

criteria criteria method demographic data information participants (mean age) characteristics

1 Kidder et al. [27] A A NR A NA n=1 HS (25y) NR
Myers et al. [28] NR A NR NR NA n=3 HS (6-11y) NR
Long et al. [29] NR NR NR NR NA n=6 HS (21,2y) Experienced
Khazzam et al. [30] A A NR A CE, AOFAS score, n=34 AJA (56y), NR

SF-36 HS n=25 HS (41y)

Canseco et al. [31] A A NR A CE, AOFAS n=22 (52y), HR NR
n=25HS (41y)

Khazzam et al. [32] A A NR A CE, AOFAS n=22 RA (54y), NR
n=25HS (41y)

Ness et al. [33] A A NR A NR n=34 TPD (52,8y), NR
25 HS (41,3y)

Canseco et al. [34] A A NR A CE, AOFAS n=19 HR (50,5y), NR
25HS (41y)

Marks et al. [35] A A NR A NR n=20 TPD (52,4y) NR

2 Rattanaprasert et al. [36] A A NR P NR n=1 TPD (35y), NR

n=10 HS (30y)

3 Cornwall and McPoil [37,38] A A NR A NA n= 153 HS (26,2y) NR

4 Leardini et al. [39] A A NR P NA n=9 HS NR
Giacomozzi et al. [40] A A NR P MSS n=8 TCC, n=5 HS (27y) NR

5a Carson et al. [41] NR NR NR P NA n=2 HS (26,5y) Two

experienced
Theologis et al. [42] NR NR NR A CE, PPQ n=20 TEV (9,8y), NR
15 HS (10,7y)
Woodburn et al. [43] A A NR A SIP, SIS n=11 RA, n=5 HS NR
Turner et al. [44] A A NR A DAS, LFIS, SIS n=12 RA, n=12 HS NR
Turner et al. [45] A A NR A SIS n=28 RA (58,7y), NR
n=53 HS (55,2y)

5b Stebbins et al. [46] NR NR NR P NA n=15 HS (9,5y) NR
Curtis et al. [47] NR NR at random NR NA n=8 HS (12y) NR
Alonzo-Vazquez et al. [48] NR NR NR A Goniometric n=10 FFV (10,2y), NR

evaluation n=11 HS (9,8y)

6 Arampatzis et al. [49] NR NR NR P NA n=6 HS (21,2y) NR
Arampatzis et al. [50] NR NR NR P NA n=6 HS (21,2y) NR
Morey-Klapsing et al. [51] NR NR NR A NA n=22 HS (26y) NR
Morey-Klapsing et al. [52] NR NR NR A NA n=23 HS (26y) NR
Morey-Klapsing et al. [53] NR NR NR P NA n=24 HS NR

7 MacWilliams et al. [54] A A NR A NA n=18 HS (12,4y) NR

8 Simon et al. [55] A A NR P NA n=10 HS (30y) NR
Wolf et al. [56] A A NR A NA n=18 HS (8,2y) NR

9 Tome et al. [57] A A NR A NR n=14 TPD (56,6y), Single

n=10 HS (51,2y) examiner
Rao et al. [58] A A CS A FFI n=30 MFA (62y), NR

n=20 HS (28y)
Nawoczenski et al. [59] A A NR A NR n=20 HR (49y) NR

10 Leardini et al. [60] A A NR A NR n= 10 HS (25,8y) Experienced

11 Rao et al. [61] A A NR A Neurological n=15 DM (58y), NR

examination n=15 HS(56y)

12 Houck et al. [62] A A NR A NA n=21 HS (22y) NR
Houck et al. [63] A A NR A NR n=30 TPD (59,8y), NR

n=15 (56,5y)

13 Jenkyn and Nicol [64] A A NR A NA n=12 HS NR
Jenkyn and Anas [65] A A NR A NA n= 13 HS NR

14 Sawacha et al. [66] A A NR A Neurological n=10 DMN (61,8y), NR

examination n=10 HS (64y)

15 Cobb et al. [67] A A NR A NA n=11 HS LMF (24,5y), NR

n=11 HS

Abbreviations: A, adequate; NR, not reported; P, poor; NA, not applicable; CE, clinical examination; AOFAS, American Orthopaedic Foot & Ankle Society score; SF-36 HS, short-form
36 health survey; MSS, Mazur Scoring System; PPQ, patient and parent based questionnaire; SIP, sickness impact profile; SIS, structural index score; DAS, disease activity score;
LFIS, Leeds Foot Impact Scale; FFI, foot function index; HS, healthy subject; AJA, ankle joint arthrosis; HR, hallux rigidus; TPD: tibialis posterior dysfunction; TCC, talo-calcaneal
coalition; TEV, talipes equinovarus; RA, rheumatoid arthritis; FFV, forefoot varus; MFA, midfoot arthritis; DMN, diabetes mellitus with polyneuropathy; LMF, low mobile foot.

information about the assessors (e.g. background, experience, and
age) was not available for the majority of the studies. Only two
studies reported the number of assessors [41,66]. Three studies
stated that the assessors were ‘experienced’ [29,41,60], but
without additional information about the background and level
of experience.

3.3. Study procedures (Table 4)

All papers implied a specific measurement protocol with some
using additional devices or methods. Some devices served to

determine the neutral alignment of the foot and lower limb
[36,55,66]. Others were used to test the accuracy of the motion
analysis system (MAS) [54] or to track additional markers in the
laboratory reference frame [39]. Patients were exposed to X-rays
throughout all investigations using the Milwaukee Foot Model. The
latter aimed at increasing the accuracy of the model, as the
orientation of the markers to the bony anatomy was quantified by
standard X-ray measurements.

For the majority of the models an optoelectronic motion
capture system was used for tracking of passive reflecting markers.
Four papers reported the use of an active system [57,61-63] and in



Table 4

Summary of findings regarding quality indicators related to study procedures.

we

Model  Study Use of additional ~ No. of markers Sensors  No. of cameras Complete gait Control of ~ Number of  Speed Spatio-temporal
device (measurement frequency) cycle/stance phase events cycles parameters
1 Kidder et al. [27] Radiography? 9+1 triad Pas Five (60 Hz) CGC NR 5-10 SSP NR
Myers et al. [28] 9+1 triad Pas 15 (120Hz) CGC Software 9 SSP NR
workspace
Long et al. [29] Radiography?® Kidder et al. [27] Pas NR CGC Software NR SSP A
workspace
Khazzam et al., Canseco et al., Radiography? 9+1 triad Pas 15 (120Hz) CGC NR 3 SSP A
Khazzam et al., Ness et al.,
Canseco et al., Marks et al. [30-35]
2 Rattanaprasert et al. [36] Calliper® 10 markers Pas 4 (60Hz) SP FP 5 SSP NR
3 Cornwall and McPoil [37,38] / 4 EMS Electromagnetic SP FS 5 sSSP L
transmitter (60 Hz)
4 Leardini et al. [39] CAST method* 5 rigid plates Pas 2 (100Hz) SP FP 3 SSP NR
Giacomozzi et al. [40] CAST method? 4 rigid plates Pas NR (100Hz) SP FP NR NR NR
5a Carson et al. [41] a jig? 15+2 stick markers Pas 6 (NR) SP FP 10 SSP NR
Theologis et al. [42] Refers to Carson CGC FP 3 SSP A
et al. [41] =
Woodburn et al. [43] / 16 + 2 stick markers  Pas 6 (60Hz) SP FP 5 SSP NR I~
Turner et al. [44,45] / 22 Pas 6 (60Hz) SP FP 5 NR A §_
5b Stebbins et al. [46] / 17 Pas 12 (100Hz) CGC NR 3 SSP NR §
Curtis et al. [47] / 18 Pas NR (NR) CGC NR 3 NR A S
Alonzo-Vazquez et al. [48] / Refers to Stebbins Pas 6 (100Hz) CGC NR 5 NR A *
et al. [46] 1=
6 Arampatzis et al. [49] / 18 Pas 3 (250Hz) Barefoot landing Paromed NR Landing NR 3
insoles 2
Arampatzis et al. [50] / 18 Pas 3 (250]z) Barefoot landing NR NR Landing NR Q
(1.0m, 1.5m, 2m) §
Morey-Klapsing et al. [51] / 17 Pas 4 (120-250Hz) Lateral tilts Platform NR Self-defined NR g
Morey-Klapsing et al. [52] / 17 Pas 4 (120-250Hz) Medial-lateral tilts Platform 3 self-defined NR &
Morey-Klapsing et al. [53] / 17 Pas 4 (120-250Hz) One leg drop landings  FP 3 Landing A w
7 MacWilliams et al. [54] wedges® 19 Pas 6 (60Hz) SP FP 5 sSSP NR T\g
8 Simon et al. [55] Heel alignment 17 Pas 6 (50Hz) CGC NR 8 SSP NR oy
device® w
Wolf et al. [56] / Subset of markers Pas 6 (120Hz) CGC SSP A :.‘S
(Simon et al. [55]) w
9 Tome et al. [57] / 5 rigid plates+1 ACT 6 (60Hz) SP FP 5 SSP NR ©
single IRED
Rao et al. [58] / 5 EMS NR walking and step NR NR NR NR
descent task
Nawoczenski et al. [59] / 3 EMS 100 Hz SP NR 3 SSP NR
10 Leardini et al. [60] / 14 Pas 8 (100Hz) SP FP 3 SSP NR
11 Rao et al. [61] / 9+1 rigid plate ACT 3 (120Hz) SP FP 5 0,89m/s L
12 Houck et al. [62] / 12 ACT Active optical SP FP 5 SSP NR
system (60 Hz)
Houck et al. [63] / 12 ACT 6 (60Hz) Heel rise test FP 6 Heel rise test |
13 Jenkyn and Nicol [64], / 7 rigid clusters ACT 6 (50Hz) CGC NR 5 SSP NR
Jenkyn and Anas [65]
14 Sawacha et al. [66] Footguide?® 13 Pas 6 (60Hz) CGC FP 3 SSP L
15 Cobb et al. [67] / 20+1 cluster Pas 8 (120Hz) SP FP 3-5 NR NR

Abbreviations: Pas, passive; EMS, electromagnetic sensor; ACT, active; CGC, complete gait cycle; SP, stance phase; NR, not reported; FP, force plate; FS, force sensor; SSP, self-selected speed; A, adequate; L, limited.
2 Additional devices used during the testing procedure (e.g. to determine foot position, help with marker placement and anatomical calibration).

> Equipment used to perform error assessment.



Table 5

Summary of findings regarding quality indicators of reproducibility and measurement error.

Model  Study Reproducibility of the model Experimental errors
Modelled  Location and Method of Reference position MAS accuracy Repeatability of
segments orientation of 3D orientation gait measurements
anatomical description
reference frames
1? Kidder et al. [27] 4 L Euler Roentographic correction Residual value, Static and NR
procedure dynamic tests
Myers et al. [28] Static and dynamic tests NR
Long et al. [29] NR Intra- Inter session variability for each subject within-and
between sites)/Intra- inter subject across all sites (CMC)
Khazzam et al. [30] NR intra-subject variation (COV)

2 Rattanaprasert et al. [36] 4 NR jcs? Calliper/positional alignment/ Dynamic test 1 clinician 4 normal subjects 2 separate days/
calcaneal inclination to day-to-day and trial-to-trial reliability (CMC)
compute zero position

3 Cornwall and McPoil [37,38] 4 A jcs? Relaxed position NR Within-subject reliability (SD, SEM, CMC)

4 Leardini et al. [39] 5 A jcs? Standing upright posture Static and dynamic test Intra- and inter-subject repeatability (CMC)
(+considered as offset value)

Giacomozzi et al. [40] Refers to Spot check procedure NR
Leardini et al. [39]
5a° Carson et al. [41] 4 A jcs? Static trial using a jig Calibration residual Systematic/between-trial/between-day/between tester
variability/2 testers, 2 healthy subjects, 4 days (SD)
Woodburn et al. [42] Refers to protocol NR Within-day variability for control group and RA
of Carson et al. [41] group, between-day variability only for control (CMC)
Turner et al. [44,45] Refers to protocol of NR Inter-subject variability of waveforms (mean +SD)
Carson et al. [41]
5b Stebbins et al. [46] 4 A jcs? Static trial NR Within-and between-day repeatability/15 children,
3 test sessions (SD)
Curtis et al. [47] Refers to protocol of NR Intra-rater repeatability (statistic: SD, ICC and TEM)
Stebbins et al. [46]
Alonzo-Vazquez et al. [48] Refers to protocol of NR Inter-subject variability of waveforms (mean + SD)
Stebbins et al. [46]

6¢ Arampatzis et al. [49] 7 P jcs? Mechanic frame/seated position =~ NR Inter-subject variability of waveforms (mean +SD)

7 Mac Williams et al. [54] 9 L Euler Foot in plantigrade position Static test Intra- and inter-subject variability (SD, CMC)

8 Simon et al. [55] 7 A Projection angles  Static trial/using heel NR Inter-tester, inter-day and inter-trial reliability/one
alignment device subject, five testers (SD, CMC)

Wolf et al. [56] Refers to Simon et al. [55], NR Inter-subject variation (SEM)
a sub set of markers
was used

9d Tome et al. [57] 5 L Euler Subtalar neutral position NR Inter-subject variability of waveforms (mean =+ SD)

10 Leardini et al. [60] 5 A jcs? Static trial NR Inter-subject variability of waveforms (mean + SD)

11 Rao et al. [61] 4 A Euler Stance phase mean used NR Inter-subject variability of waveforms (mean + SD)
as off-set

12¢ Houck et al. [62] 4 A Cardan angles Compared RCSP and NCSP NR Reliability of neutral positioning (ICC SEM and

absolute error)

13 Jenkyn and Nicol [64,65] 4 A jcs? Static standing position Camera calibration residual ~ Within- and between subject repeatability (CMC)

14 Sawacha et al. [66] 4 A Cardan angles Footguide NR Inter-trial/Inter-day and Inter-session variability for

healthy and pathological group (SD)

15 Cobb et al. [67] 4 A jcs? Seated position Camera calibration residual ~ Within-session CMC

Abbreviations: L=limited, NR=not reported, A=adequate, P =partial, JCS=joint coordinate system, CMC = coefficient of multiple correlation, COV = coefficient of variation., SD = standard deviation, SEM = standard error of mean,

ICC=intraclass correlation coefficient.

a

b

e

Model 1: Canseco et al. [31], Khazzam et al. [32], Ness et al. [33], Canseco et al. [35], Marks et al. [35] provided no additional information.
Model 5a: Theologis et al. [42] provided no additional information.
Model 6: Arampatzis et al. [49], Morey-Klapsing et al. [51], Morey-Klapsing et al. [53] provided no additional information.
Model 9: Rao et al. [58], Nawoczenski et al. [59] provided no additional information.
Model 12: Houck et al. [63] provided no additional information.
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three studies an electromagnetic system was used [37,38,61]. The
number of markers and cameras used was adequately provided in
all studies. The majority of studies reported a specific gait protocol
with approximately half of the investigators analysing stance
phase of gait and allowing a self-selected speed during walking.
One study selected a fixed walking speed [61] and six studies
focused on other functional tasks such as landing and descent
walking [49-53,58]. In most of the cases force plates have been
used to determine gait events. Nine papers did not clearly indicate
how gait events were determined.

Three trials was found to be the minimum number of
recordings; however, most of the investigators recorded up to
five or 10 trials. With respect to the data analysis, it was often
unclear how many and which trials were used. Some studies
omitted to report the number of trials used [29,40], others only
reported the number of trials recorded [27,28,36-38,43,57,60],
several clearly indicated how many trials were used for statistical
analysis [30-35,39,46] and others specified that a mean or median
was calculated [41,44,45,48,55].

3.4. Reproducibility and experimental errors

3.4.1. Reproducibility (Table 5)

3.4.1.1. Modelled segments/Marker placement (Table 5 and Addition-
al file 1). Most 3DMFMs considered three or four segments
including the hindfoot (rearfoot), midfoot, forefoot and hallux.
An adequate description of the segments and associated marker
placement was reported for all models. MacWilliams et al. [54]
differentiated the highest number of segments (nine segments) in
their 3DMFM.

A majority of the 3DMFMs used at least three non-collinear
markers to represent each segment (Additional file 1). Often single
markers were used exclusively. Some authors used rigid plates
alone, or a combination of both approaches, as it was believed to
facilitate the motion tracking. It should be noted that some
markers were only used during static trials and that Leardini et al.
[39] have complemented their marker set with the CAST method
[68].

The tibia was considered as the proximal segment for the
motion analysis at the ankle being a rigid segment including the
tibia and fibula and marked by three to seven markers [37,38,55].

In a majority of the publications the calcaneus and talus were
modelled as a single segment with both bones represented by
markers placed on the calcaneus. Different marker setups have
been proposed with five markers being the maximum number
used [46]. This segment is often referred as rearfoot or hindfoot.
Five investigators considered the midfoot as a separate segment
and the marker set used for modelling varied considerably
[39,60,64,66] (Additional file 1).

The forefoot was often defined as one rigid segment, including
the five metatarsals. Three studies divided the forefoot into a
medial and lateral segment: Jenkyn and Nicol [64,65] used the first
and fifth metatarsals, Tome et al. [57] the first and second to fourth
metatarsal and MacWilliams et al. [54] omitted to provide
adequate specifications. Arampatzis et al. [49] also modelled the
lateral and medial forefoot, but included bones from the midfoot.

The first metatarsal was considered as an independent segment
by Leardini et al. [60] and Houck et al. [62], while the lateral part of
the forefoot was not considered in these models. A comparable
approach was observed in the publication of Cornwall and McPoil
[37].

The hallux has been considered in a majority of the models
having 1, 2 or 3 degrees of freedom. Due to its relatively small size,
authors have chosen to use only one marker or a triad of markers.
Kinematics of the lateral toes was modelled by two authors [50,54].

In order to facilitate the modelling, it was observed that some
segments of the 3DMFM shared landmarks, such as the lateral and
medial forefoot segments of Jenkyn and Nicol [64], as well as the
forefoot and midfoot by Leardini et al. [60].

3.4.1.2. Location and orientation of anatomical reference frames
(Table 5). The level of description of the location and orientation of
the anatomical reference frames (ARFs) of the modelled segments
varied considerably. Some papers omitted to report the ARF for the
different segments [36,54,57], while others only gave a description
for a minority of the segments [27,49]. However, for the majority of
the models an adequate description of the anatomical reference
frame (including orientation of the x, y, z axes) was provided and
these therefore have the potential to be most reproducible
[39,41,46,55,60-62,64,66]. The use of radiographs (Milwaukee
Foot Model) [27-35] or digitized points [39] has been used to
improve the identification of the ARF. A deviation from the
standard approach of using at least 3 non-collinear markers to
determine the ARF was observed in the Heidelberg Foot
Measurement Method (HFMM) [55]. The HFMM has been called
‘a method’ instead of a ‘model’, because it does not use a formal
definition of segments. A segment is represented as a vector,
determined by at least 2 markers.

Non-uniformity in the definition of the ARFs of the different
segments was observed throughout the 3DMFMs. This phenome-
non was most evident in the midfoot segment [39,60,64], as well in
the forefoot segment [54,57,64] precluding the simple comparison
of the kinematic measurements.

3.4.1.3. Method of 3-D orientation description (Table 5). A descrip-
tion of the method employed for joint angle representation was
provided adequately in all publications. It can be observed from
Table 5 that Cardan/Euler angles or the joint coordinate system
(JCS) are used as method for 3-D orientation description in the
majority of cases.

In the HFMM developed by Simon et al. [55], projection
angles are used to represent the motion between two segments.
Here, motion is described as relative motion between two
simple vectors along a predetermined axis of rotation which
does not necessarily coincide with the standard planes of
reference.

Two distinct approaches were taken to the description of 3-D
motion. In the first approach the motion between adjacent
segments is calculated. This inter-segmental angle is then often
linked to a specific joint and/or to the functional anatomy of the
foot. In the second approach, motion between non-adjacent
segments (e.g. forefoot and tibia, first metatarsal and rearfoot) is
modelled. Such an approach was used exclusively by Cornwall and
McPoil [37], who described the motion of the calcaneus, navicular
and first metatarsal with respect to the tibia. Finally, several
authors have also modelled some ‘clinical’ (sometimes referred as
‘functional’) angles believed to be of clinical interest in underpin-
ning specific biomechanical foot concepts. As such, the medial
longitudinal arch has been modelled by several authors
[46,55,57,60,64]. Focusing on the validation of a multi-segmental
foot model for children, Stebbins et al. [46] expressed the arch
height with respect to the percentage of foot length. Other
functional angles that have been modelled from a clinical
viewpoint are the hallux valgus angle, first intermetatarsal angle,
the planar angle of the first-second and fifth metatarsal, metatarsal
1-metatarsal 5 angle, lateral arch and medial arch inclination
angle [55,60]. Stebbins et al. [46] included the inter-segmental
angle between the forefoot and tibia in order to consider their
findings in light of the conventional lower limb models and
clinically interpret the motion between the hindfoot and tibia and
forefoot and hindfoot.
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3.4.1.4. Reference position (Table 5). The description of the refer-
ence position used to interpret the kinematical waveforms was
generally well detailed; however, a wide variety of methods and
approaches were observed (Table 5). Several authors have defined
the ‘reference’ position of the foot and leg as the simple
comfortable standing position of the participant [36,36,39,60].
In one study [36], the reference position of all segments (with
exception for the hindfoot inversion/eversion) was referenced
using a simple static standing position. For the inclination of the
hindfoot, a calliper was used in order to calculate the angle to
which the hindfoot (bisection line) deviates from a vertical line
which was subsequently used to compute the zero position. From
the reference position, an offset value was calculated and
subsequently subtracted from the motion data. In the study of
Houck et al. [62] the major focus was to evaluate the repeatability
of their protocol developed to determine the zero alignment
(neutral position of the subtalar joint). The positioning of the
subtalar joint in their neutral alignment could be performed in a
good repeatable way in healthy subjects. Others have used an
imposed position (vertical tibia) or complemented their protocol
with specific devices such as a jig or a heel alignment device
[41,46,55]. For these latter models, no offset values were
subtracted from the recorded kinematic waveforms.

3.4.2. Experimental errors/repeatability (Table 5)

3.4.2.1. Motion analysis system (MAS) accuracy. The evaluation of
procedural errors coming from the measurement equipment
varied markedly across the different papers. Four studies have
reported the procedural error related to the reconstruction of
markers [27,41,64,67].

Some authors specifically reported the accuracy of their motion
analysis system. Kidder et al. [27] reported an excellent accuracy
(fraction of the calibrated field of view =0.083%) of their Vicon
motion analysis system under static and dynamic circumstances,
using respectively a rigid steel rod with two markers and a
pendulum. Rattanaprasert et al. [36] used a two-segment model
which was manipulated with wedges in order to simulate
movements in the three planes. Satisfactory results were obtained
as the smallest range of motion was almost 7 times larger than the
mean error. Leardini et al. [39] referred to a previously conducted
stereophotogrammetric system validation study which used a
mechanical simulator for test precision and accuracy (0.3 mm root
mean square for small calibrated field of view). Giacomozzi et al.
[40] tested the precision and accuracy of their MAS using the so-
called spot check procedure and found it to be less than 2 mm.
MacWilliams et al. [54] evaluated model accuracy by applying
wedges under the feet of the participants. An averaged mean error
of 1.4° was found for the three ankle angle settings, whereas for
two separate angles of toe extension, the averaged mean error was
found to be 1.6° 3.3° and 1.8° for respectively the hallux, medial
toes and the lateral toes. Myers et al. [28] used a Biodex System for
dynamic angular testing and a dummy segment for performing the
linear testing. Both tests showed adequate resolution and the MAS
was found to be adequate for motion tracking.

3.4.2.2. Repeatability of kinematic measurements (Table 5). Several
investigators provided some form of reliability index in their initial
investigation (Additional file 2). Most often, coefficient of multiple
correlation (CMC), or coefficient of multiple determination (CMD)
were used in order to examine the consistency across the
kinematic waveforms. Absolute measures of variation to describe
the inter-day [41,46,55,66], inter-trial [55,66] and inter-session
variabilities [41,55,66] of the inter-segmental motion were: the
range of motion, the standard deviation (SD), standard error of the
measurement and the mean.

A ‘best evidence synthesis’ [69] regarding the repeatability of the
reported 3DMFMs is provided, as a meta-analysis of the results was
precluded due to the diversity in the studies (Additional file 2). To
provide a qualitative indication and to simplify the synthesis, three
categories were created. Category A summarizes the models where
only the inter-subject variability of the kinematic waveforms has
been reported (mean and +SD bands) (models 6, 9, 10 and 11).
Category B summarizes the models which report repeatability indices
of one test session only. It should be emphasized that both categories
provide only an indication of the repeatability as they include only
normal subjects. Regarding the models published by Cornwall and
McPoil [37,38] and Cobb et al. [67] respectively model 3 and 15, CMC
and SD values are available for the inter-subject variability. Cornwall
and McPoil [37,38] found CMC values between 0.775 and 0.965 for their
trial-to-trial analysis and SD values less than 0.36°. The segment with
the biggest variation was found to be the first metatarsal (inversion/
eversion). The functional articulations of the model published by Cobb
et al. [67] showed all CMC values above 0.83.

The models 4, 7 and 13 presented evidence not only from inter-
but also from intra-subject (normal subjects) repeatability indices.
Leardini et al. [39] reported intra-subject CMC values between 0.64
and 0.95, MacWilliams et al. [54] reported values 0.57 and 0.93,
whereas for Jenkyn and Nicol [64] reported values between 0.58
and 0.92. Typically, the inter-subject CMC values were found to
show more variability, with CMC values between 0.03 and 0.65 for
model 4, 0.11 and 0.82 for model 7 and between 0.31 and 0.71 for
model 13. Evaluation of these inter-subject CMC values shows that
sagittal plane kinematics is facing the highest repeatability.
MacWilliams et al. [54] also reported SD values for sagittal plane
kinematics. The averaged SD values ranged between 0.8° and 4.0°
for the intra-subject analysis, whereas these values ranged
between 4.8° and 11.1° when inter-subject analyses were
considered.

Houck et al. [62] reported repeatability indices regarding the
reference positioning. These authors not only reported the
between-subject mean kinematic waveforms with their associated
SD, but also estimated the repeatability of positioning the subtalar
jointin its neutral position as the basis for the determination of the
reference position. Intraclass correlation coefficients were found to
be above 0.95 for all segments and the SEM statistic predicted
errors less than 1.4-2.4° in 96% of the cases.

Finally, category C summarizes those 3DMFMs reporting
indices from more than 2 components of variability. Here,
repeatability indices were obtained from multiple test sessions,
different test days and different assessors.

The model proposed by Rattanaprasert et al. [36] was found to
have a good reliability from trial to trial and day-to-day. Here, data
were collected from four normal subjects on two separate days;
however, no specifications were given about the number or the
experience of the assessors. For all segments under investigation,
except the forefoot-rearfoot inversion/eversion, high correlations
were found between trials and between days.

Sawacha et al. [66] quantified the inter-day (1 healthy subject/1
assessor/2 sessions/3 trials), inter-trial (1 healthy subject/1 day/1
assessor/3 trials) and inter-session (1 healthy subject/5 assessors/3
trials) variability for their model. In order to do so, not only the
mean, range and SD were quantified, but also the absolute
variability (Vabs), a measure of discordance described by Noonan
et al. [70] was reported. The latter represents the mean range of
variability of a kinematic variable and is calculated by averaging
the range of values for a specific number of points along the curve.
The inter-trial SD values of all kinematic parameters ranged
between 0.59° and 1.22°, whereas higher SD values were reported
for inter-day comparison (between 0.95° and 2.89°). Repeatability
analyses carried out on patients with diabetes mellitus yielded
comparable results.
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Repeatability indices available for the Heidelberg Foot Mea-
surement Method [55] are related to inter-tester, inter-day and
inter-trial calculations including 10 healthy participants, five
different testers and up to five sessions. Inter-trial CMC values
ranged between 0.834 and 0.993 with associated SD values
between 0.45° and 1.51°. Inter-day CMC values were lower and
ranged between 0.383 and 0.984. Finally, inter-rater CMC values
resulted in even worse results, with CMC values between 0.124 and
0.970. However, inter-rater CMC calculations were found to be
affected by a varying offset rather than a variation in the shape of
the waveforms. Modified inter-rater CMC values were therefore
calculated demonstrating an overall better repeatability (between
0.508 and 0.980). Based on these findings, the authors were
confident that the HFMM could be used for the assessment of
clinical disorders.

Several studies shed some light on the repeatability of the
Oxford Foot Model (model 5a and b).

Carson et al. [41] tested the trial-to trial, day-to-day and
between tester variabilities including two clinicians and two
healthy participants. The between-trial standard deviation was
found to be the highest for the hallux-forefoot sagittal plane
motion and tibia-floor transverse plane rotation (1.45°), however,
both parameters were characterized by a ROM of more than 40°.
Results from the between-tester analysis and between-day
analysis were found to be similar and, as expected, also
demonstrated higher variability. However, this decreased level
of repeatability was primarily caused by a shift in absolute value of
the intersegment angle, rather than a different waveform of the
curves.

Woodburn et al. [43] estimated the within and between day
repeatability from five trials for their healthy volunteers taken on 2
separate days. For their pathological group (11 patients with RA),
only the within day repeatability could be assessed as only one gait
analysis session was arranged for them. In this study, the between-
and within-day repeatability for all segments in all planes
exceeded the 0.8 CMC value, with the exception of rearfoot
internal/external rotation (CMC 0.6777). The studies by Turner
et al. [44,45] have provided additional data supporting the use of
the Oxford Foot Model in patients with rheumatoid arthritis. These
authors reported a distinct kinematic pattern in all segments
which was qualitatively represented with mean kinematic wave-
forms together with SD bands.

Stebbins et al. [46] adapted the Oxford Foot Model (model 5a)
developed by Carson et al. [41] in order to use it with children. The
adaptations were mainly focused on the displacement or the
elimination of single markers and the impact of these changes was
tested in fifteen children three separate occasions. The proposed
modifications did not significantly alter the inter-segmental
motion patterns. A general trend for some offsets in the waveforms
between days was demonstrated. Sagittal plane kinematics was
found to be the most repeatable and the highest variability was
observed in the transverse plane which was comparable to the
results obtained with the classical Oxford Foot Model (2001). Based
on these results, the authors were confident that the original model
could be used in children.

Curtis et al. [47] evaluated the absolute and relative repeat-
ability of the Oxford Foot Model [46] at each stage of the foot roll
over process within a cohort of eight children. Foot motion was
recorded on two separate days and this within a time span of 1
month. It was unclear how many assessors participated to this
study. Kinematic patterns found in this study were consistent with
those initially presented by Stebbins et al. [46], however,
considerable offsets in absolute joint angles were reported.
Repeatability was found to be stable throughout the gait cycle,
with no major alterations occurring at the three functional rockers
of gait. The most repeatable patterns occurred again in the sagittal

plane whereas the transverse plane demonstrated the poorest
repeatability. The absolute reliability was for most of the
parameters <4°, and this for the three rockers. Absolute measures
of hindfoot internal rotation were found to be very variable
(maximum difference 8.6°) but consistent throughout the gait
cycle.

Variability and the repeatability of the Milwaukee Foot Model
were investigated in a multi-center study including six healthy
adults and multiple test sessions [29]. Inter-subject CMC values for
between and within-sessions measurements were found to be
>0.77. A comparable finding was observed for the within-subject
calculations. However, the between-subject comparison was
found to demonstrate the highest variability and this across all
segments and planes of motion. Measurement error associated
with site and session was less than 3.5° in over 80% of position
measurements and less than 2.5° in over 80% of range of motion
measurements. The authors concluded that the results of their
study support the continued use of the Milwaukee Foot Model in
different gait laboratories.

4. Discussion

The present review aimed to inform the healthcare provider
regarding the scientific value of published 3DMFMs. Quality
indicators were predetermined, assessing the reproducibility,
repeatability and external validity of the published 3DMFMs.
Furthermore, the standardization level was investigated. The wide
variety in biomechanical modelling, methods, study participants
and study design precluded a simple synthesis and a more
quantitative assessment of the different models by means of meta-
analysis. A best evidence synthesis was therefore proposed.

A detailed description of a new tool such as 3DMFMs is essential
for allowing an adequate interpretation of the outcome measures
and for reproduction by others. In general, the reproducibility of
the 3DMFMs could be classified as good. A majority of studies
clearly described the anatomical location of the markers, the
anatomical reference frames, reference position and the method of
intersegmental angle calculation. This allows the implementation
in other laboratories in order to further validate the models and
investigate their clinical utility. In five models reproduction was
precluded as no detailed description of the ARF was provided
[27,36,49,54,57].

An adequate description of the study procedures is of primary
importance not only for those who want to reproduce the study,
but also for the clinicians who want to implement a 3DMFM in
their routine clinical practice. Even though a majority of the studies
described to a satisfactory level their measurement procedures,
some important differences were observed. The number of
cameras, the specific motor task under investigation and the use
of additional devices varied between studies. These elements are of
importance if an adequate implementation of a specific 3DMFM is
pursued.

Another noteworthy difference observed in the current review
is the fact that some studies used an electromagnetic system
whereas others used a retro-reflective optical system. At present, it
is unknown which system is most optimal to represent the
anatomical reference frame of a specific segment, especially when
this segment includes different bones or if this segment has a
complex orientation. Moreover, it is unclear which system is
optimal in view of developing a repeatable and reproducible
3DMFM.

Estimating both intrinsic and extrinsic sources of errors
typically encountered in 3D gait analysis forms the basis for the
clinical validation of an assessment tool [20].

The first step in this process relates to estimating the reliability
and measurement accuracy of the MAS used. For gait analysis
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purposes, the system validation protocol often includes static and
dynamic tests. Only a minority of the investigators have recognized
this vital issue and have, as such, reported a system accuracy study
[27,28,36,39-41,54,64,67].

The second step in the validation process of an assessment tool
consists of defining normative values in unimpaired and impaired
persons. In this context, the application of the 3DMFM in a healthy
population not only serves as feasibility test for typical feet, but
also serves to gain reference data and, obviously, gains novel
insight in foot (patho) mechanics. Findings from the literature
demonstrate that the evaluation of healthy subjects has been
successfully obtained for all 3DMFMs. In fact, all 3DMFMs reported
typical kinematic patterns for the inter-segmental angles provid-
ing a discriminative basis for foot pathologies. Some studies have
also found a ‘typical’ kinematical pattern for a number of
pathologies. However, generalisation of results is only possible
when an unbiased sample is used. The majority of the manuscripts
did not stipulate the sampling method, which leads to the
conclusion that a convenience sample was most likely used in
these studies. Convenience sampling is prone to sampling bias and
data from such samples are considered to be of an inferior level
[71]. Full appreciation of the clinical value of the reported
kinematic data also depends on the representativeness of the
sample. Inclusion and exclusion criteria and the sample size
(power) are important factors in this context. Approximately half
of the manuscripts omitted to state clearly their inclusion and
exclusion criteria and in about a third of the studies no more than
10 subjects were recruited [27,28,31,36,39,40,47,49]. Reporting
the power, as performed by Long et al. [29], should therefore be an
element of consideration in future studies. The quality of the
demographic data was only adequate in half of the studies.

Full clinical validation of a gait related measurement tool is
often pursued through an adequate repeatability study, including
appropriate and, ‘clinically relevant’, statistical indices [20,21].
Studies reporting only the kinematic waveforms from one test
session obtained from a small number of subjects can be
considered, from a qualitative perspective, to represent the lowest
level of repeatability. Studies considering the between-trial
variability demonstrated that artefacts from skin movement at
the foot occur in a systematic and consistent way and that they are
of such a magnitude that they do not preclude the clinical utility in
children [46,54], in healthy adults [37,39,41,55,64,67] and in
impaired subjects [43,66]. A minority of studies investigated the
between-day, between-trial, between-subject and between-clini-
cian repeatability.

Most commonly, CMC and ICC values are reported as measure of
waveform resemblances. However, evidence from the literature
leads to the conclusion that such indices have only a limited
significance and should therefore not be used in isolation [21,72].
In fact, it has been recommended to include measures of absolute
measurement error (e.g. SD and SEM), in order to fully appreciate
the reliability of the kinematic data. These absolute measurement
errors are of critical importance in the decision making process, as
it allows differentiation between ‘true’ and ‘false’ differences or
effects. Considering the data from this study, it can be stated that
such repeatability indices are available for only a minority of the
foot models.

5. Standardization

Despite the remarkable progression made in the last two
decades in the area of the kinematic analysis of the foot, it should
be stressed that 3D multisegmental foot modelling, as defined
above, lacks technical uniformity. A lack of uniformity was
observed in the terminology describing the different foot
segments. Full comparison of the motion patterns between models

is often precluded due to non-uniformity in modelling of segments
and a lack of a standard for reporting intersegmental motion.
Development of an adequate reference position (zero position)
method from which joint kinematics can be described has been the
subject of much debate in the literature. The clinical definition
commonly used for a zero position, being ‘an anatomical pose from
which a segment can move in both directions’ [73], is probably too
simplistic with regard to the complexity of the foot. The
aforementioned lack of standardizations is also believed to conflict
with the general opinion (goal) that 3DMFMs should be applicable
to the assessment of both healthy and deformed feet [41,55]. It is
believed that this opinion deserves full credibility and it can be
considered as a logic consequence when international standardi-
zation is pursued. However, the complexity and the enormous
variability in the clinical presentation of foot disorders may cause
that axes for inter-segmental motion do not conform to the
standard anatomical planes. Errors coming from such misalign-
ment will have to be investigated and quantified in order to fully
appreciate the validity of 3DMFMs in the presence of deformity.

Some consensus on terminology regarding shank, hindfoot,
forefoot and hallux has been proposed some years ago by the
attendees of the Special Technical Session of the Gait & Clinical
Movement Analysis Society (GCMAS) in 2003. Researchers should
be encouraged to elaborate further on this topic in order to provide
the international community with adequate guidelines. In this
perspective, it was decided to describe the minimum factors that
should be considered in the development and clinical validation of
a 3DMFM (Additional file 3). Future direction for research should
focus on optimization of current 3DMFMs. This includes the
development of most ‘optimal markers sets’, the development of
clinically applicable reference position(s) and the adoption of an
optimal method for angular calculation. The development of
disorder-specific models, as suggested by some authors [26],
deserves further consideration.

6. Conclusion

Several 3DMFMs have been published and the clinical
implementation of these seems to provide biomechanical param-
eters which can help clinicians in their decision making process.
The systematic errors introduced by skin motion artifact and the
difficulty of tracking specific bones in the foot seem to be
manageable elements, not precluding an enhanced biomechanical
insight. Investigations have demonstrated that a certain number of
intersegmental angles can be measured in a consistent and
repeatable way, even in the presence of foot pathologies. These
findings have therefore provided evidence for the continued use of
3DMFMs.

However, in order to appreciate fully the clinical utility of the
published foot models it is recommended that future studies focus
on robust repeatability studies. Consideration should be given to
between-day, between-trial, between-clinician and between-
subject repeatability (including patient populations). Moreover,
not only correlation indices, but also absolute values of measure-
ment error should be provided. These data will indicate the most
robust inter-segmental parameters which can subsequently be
used in the decision making process.
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