<]
TUDelft

Delft University of Technology

Skin marker-based versus bone morphology-based coordinate systems of the hindfoot
and forefoot

Hulshof, Chantal M.; Schallig, Wouter; van den Noort, Josien C.; Streekstra, Geert J.; Kleipool, Roeland P.;
GG Dobbe, Johannes; Maas, Mario; Harlaar, Jaap; van der Krogt, Marjolein M.

DOI
10.1016/j.jpiomech.2024.112001

Publication date
2024

Document Version
Final published version

Published in
Journal of Biomechanics

Citation (APA)

Hulshof, C. M., Schallig, W., van den Noort, J. C., Streekstra, G. J., Kleipool, R. P., GG Dobbe, J., Maas,
M., Harlaar, J., & van der Krogt, M. M. (2024). Skin marker-based versus bone morphology-based
coordinate systems of the hindfoot and forefoot. Journal of Biomechanics, 166, Article 112001.
https://doi.org/10.1016/j.joiomech.2024.112001

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.jbiomech.2024.112001
https://doi.org/10.1016/j.jbiomech.2024.112001

Journal of Biomechanics 166 (2024) 112001

Contents lists available at ScienceDirect

Journal of Biomechanics

o %

ELSEVIER

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

Skin marker-based versus bone morphology-based coordinate systems of
the hindfoot and forefoot

Chantal M Hulshof »>“%" Wouter Schallig®”“%", Josien C van den Noort ™, Geert
J Streekstra ', Roeland P Kleipool ©, Johannes GG Dobbe ', Mario Maas "™, Jaap Harlaar “#",
Marjolein M van der Krogt *“

@ Department of Rehabilitation Medicine, Amsterdam UMC, University of Amsterdam, Meibergdreef 9 1105 AZ, Amsterdam, the Netherlands

b Department of Radiology and Nuclear Medicine, Amsterdam UMC, University of Amsterdam, Meibergdreef 9 1105 AZ, Amsterdam, the Netherlands

¢ Department of Rehabilitation Medicine, Amsterdam UMC, Vrije Universiteit Amsterdam, De Boelelaan 1118 1081 HZ, Amsterdam, the Netherlands

4 Amsterdam Movement Sciences, Rehabilitation & Development, Amsterdam, the Netherlands

€ Department of Medical Biology, Amsterdam UMC, University of Amsterdam, Meibergdreef 9 1105 AZ, Amsterdam, the Netherlands

f Department of Biomedical Engineering and Physics, Amsterdam UMC, University of Amsterdam, Meibergdreef 9 1105 AZ, Amsterdam, the Netherlands
8 Department of Biomechanical Engineering, Delft University of Technology, Mekelweg 2 2628 CD, Delft, the Netherlands

" Department of Orthopedics & Sports Medicine, Erasmus MC, Doctor Molewaterplein 40 3015 GD, Rotterdam, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Multi-segment foot model
Gait analysis

Kinematics

Bone poses

Computed tomography

Segment coordinate systems (CSs) of marker-based multi-segment foot models are used to measure foot kine-
matics, however their relationship to the underlying bony anatomy is barely studied. The aim of this study was to
compare marker-based CSs (MCSs) with bone morphology-based CSs (BCSs) for the hindfoot and forefoot.
Markers were placed on the right foot of fifteen healthy adults according to the Oxford, Rizzoli and Amsterdam
Foot Model (OFM, RFM and AFM, respectively). A CT scan was made while the foot was loaded in a simulated
weight-bearing device. BCSs were based on axes of inertia. The orientation difference between BCSs and MCSs
was quantified in helical and 3D Euler angles. To determine whether the marker models were able to capture
inter-subject variability in bone poses, linear regressions were performed. Compared to the hindfoot BCS, all
MCSs were more toward plantar flexion and internal rotation, and RFM was also oriented toward more inversion.
Compared to the forefoot BCS, OFM and RFM were oriented more toward dorsal and plantar flexion, respec-
tively, and internal rotation, while AFM was not statistically different in the sagittal and transverse plane. In the
frontal plane, OFM was more toward eversion and RFM and AFM more toward inversion compared to BCS. Inter-
subject bone pose variability was captured with RFM and AFM in most planes of the hindfoot and forefoot, while
this variability was not captured by OFM. When interpreting multi-segment foot model data it is important to
realize that MCSs and BCSs do not always align.

1. Introduction

Marker-based multi-segment foot models are often used in many
different clinical populations to quantify foot kinematics during gait
(Leardini et al., 2019). The Oxford Foot Model (OFM) (Stebbins et al.,
2006) and Rizzoli Foot Model (RFM) (Leardini et al., 2007) are among
the most frequently used multi-segment foot models both in research
and practical care (Leardini and Caravaggi, 2017; Leardini et al., 2019).
Recently, the Amsterdam Foot Model (AFM) has been developed, which
is a follow-up of OFM and RFM. AFM is a clinically informed multi-
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segment foot model that is specifically based on minimizing previ-
ously shown measurement errors (Schallig et al., 2022). All these models
use skin-mounted markers placed on bony landmarks to define
anatomical segment coordinate systems (CSs) for the hindfoot and
forefoot that represent the underlying bone or groups of bones and aim
for clinically relevant outcome measures. However, anatomical segment
CSs differ considerably between multi-segment foot models, due to
differences in marker location and definitions to determine the
anatomical segment CSs (Schallig et al., 2020).

Preferably, marker-based CSs (MCSs) follow the underlying bony
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anatomy in order to measure the bone poses and segment kinematics
during standing and gait. A skewed anatomical MCS with respect to the
underlying bony anatomy will result in a different distribution of
measured kinematics over the three anatomical planes for the same 3D
motion. Hence, it is important that the anatomical MCSs are intuitive,
for example by being aligned with the bone poses. Considerable varia-
tions are present in bone morphology and relative foot bone poses be-
tween individuals (Ledoux et al., 2006; Moore et al., 2019). Therefore, it
could be argued that marker models need to be able to follow the bone
poses of individuals and capture these variations to allow for accurate
data collection, proper data interpretation and clinical decision-making.

To our knowledge, only one study compared anatomical MCSs of the
foot with their underlying bony anatomy (Zavatsky et al., 2019). This
study compared the hindfoot MCS of OFM with a bone morphology-
based CS (BCS) based on axes of inertia of the calcaneus and talus
(Zavatsky et al., 2019). The orientation difference between the MCS and
both BCSs was highly variable between subjects, particularly in the
sagittal and frontal plane. Therefore, accurate protocols and thorough
instruction on marker placement are paramount for new clinical gait
practitioners (Zavatsky et al., 2019). Nevertheless, over the whole group
they found that OFM CS was more towards plantar flexion, inversion and
internal rotation relative to the calcaneal bone morphology-based CS.
Generally, clinicians assume that the output of foot models represent the
underlying bony anatomy. Hence, it is important that the anatomical
MCSs are intuitive. However, so far, only the BCS and MCS of the
hindfoot segment of OFM have been compared. A similar comparison for
the forefoot segment of OFM, and hindfoot and forefoot segments of
other foot models (e.g. RFM and AFM) is lacking, while this would
provide insight in the anatomical accuracy of the anatomical marker
CSs. For clinical practice, insights in the relation between BCSs and
MCSs is important to take into account in order to facilitate clinical
decision-making. Therefore, the overall aim of this study was to compare
MCSs based on OFM, RFM and AFM with BCS for the hindfoot and
forefoot. Specifically, we investigated 1) the orientation difference be-
tween MCSs and BCSs and 2) whether the marker models were able to
capture inter-subject variability in bone poses.

2. Methods
2.1. Data collection

A detailed description of the data collection is presented in Schallig
et al. (2021). The protocol was approved by the local medical ethics
committee of Amsterdam UMC, location AMC, Amsterdam, the
Netherlands (registration number: NL66940.018.18). Fifteen healthy
subjects (8 females, age: 24.9 + 1.8 years, height: 176.7 + 7.5 cm,
weight: 73.2 + 12.1 kg, EU foot size: 40.9 + 2.2 (range: 37-44)) with an
asymptomatic right foot and ankle were included. Twenty-four reflec-
tive spherical skin-mounted markers (¢9.5 mm) were placed on the right
foot and ankle, according to OFM (Stebbins et al., 2006), RFM (Leardini
et al.,, 2007) and AFM (Schallig et al., 2022). A custom-made weight-
bearing simulating device (Kleipool et al., 2018) was used in a computed
tomography (CT) scanner (Brilliance 64 CT scanner, Philips Medical
Systems, Best, the Netherlands) to load the foot in a horizontal body
position. Subjects placed their right foot in neutral position (i.e.
approximately 0° ankle dorsiflexion) on a footplate containing three
embedded reflective markers and extended their knee (Schallig et al.,
2021b). The foot was scanned unloaded and loaded with 70 % of sub-
jects” body weight, which is more than sufficient to simulate weight-
bearing (Kang et al., 2017), and this load was measured with a digital
spring balance (Type HCB200K500, KERN & SOHN GmbH, Balingen,
Germany).

2.2. Data processing

CT-scans were processed with custom-made software, for details see
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Dobbe et al. (2019). In the unloaded neutral foot position scan, seg-
mentations were performed of the calcaneus, five metatarsal bones, the
markers on the hindfoot and forefoot segments, and the footplate
markers. The unloaded scan was used for segmentation, because of the
higher scan quality and wider joint spaces compared to the unloaded
condition. Moreover, the registration does barely add any error in
determining bone poses (Schallig et al., 2019). The segmentation pro-
cess was initiated with threshold-connected region growing (Ibanes and
Schroeder, 2003), wherein a starting point was manually identified in
the cortical bone. During this procedure, connected neighbouring vox-
els, with an intensity within a user-defined range, were automatically
incorporated until the selection was considered satisfactory. Next,
remaining gaps were filled and the outline closed with a binary closing
operation (Carelsen et al., 2009). At this point, voxels could manually be
added by using a painting brush. Subsequently, a Laplacian level-set
segmentation algorithm (Ibanes and Schroeder, 2003) refined the se-
lection for a more accurate bone outline. The resulting segmentation was
then used to generate a polygon mesh through the application of the
marching cubes algorithm (Lorensen and Cline, 1987). Each point in this
polygon mesh was assigned a gray level corresponding to the accom-
panying CT image. The segmented bones and markers were subse-
quently registered (i.e. matched) to the loaded scan. In the registration
process, the correlation coefficient between the gray levels assigned to
polygon points during segmentation and a target gray-level image was
optimised using a Nelder-Mead downhill simplex optimizer algorithm
(Nelder and Mead, 1965). This provided the marker and bone positions
and bone orientations in the CS of the CT-scanner. For analyses, we only
used the loaded neutral scan.

Next, the BCS and MCSs were constructed. No gold standard is
available for the definition of BCSs in the foot (Lenz et al., 2021). Axes of
inertia seem appropriate for describing the CSs of bony segments,
because the first axis of inertia mimics the main axis of long bones
(Ledoux et al., 2006; Woodburn et al., 2002), which often aligns with
clinical perception. Furthermore, it is used previously in a comparable
study (Zavatsky et al., 2019) and is an objective and reproducible
method (Lenz et al., 2021). The hindfoot BCS was based on the calcaneal
bone. The inertial axis in the longitudinal direction (x-axis) of the
calcaneus represents the anteroposterior axis of the hindfoot BCS.
However, the other two inertial axes are not towards generally accepted
anatomical directions (Fig. la). In addition, Zavatsky et al. (2019)
indicated that the hindfoot CS of OFM does not represent the whole
calcaneal bone, but only the posterior tuberosity in the frontal plane.
Therefore, for a better comparison, a posterior segment is clipped at 30
% (based on visual inspection of all calcanei) of the calcaneal length
(Fig. 1b) so its inertial axis (largest eigen value) captures the calcaneal
tuberosity orientation, which served as the temporary vertical axis. This
is a temporary axis because it is not necessarily perpendicular to the
anteroposterior axis of the whole calcaneal bone. The mediolateral axis
(z-axis) was determined by taking the cross product of the unit vectors of
the anteroposterior axis and temporary vertical axis. Finally, the final
vertical axis (y-axis) was obtained by taking the cross product of the
anteroposterior and mediolateral axes (Fig. 1c). The forefoot BCS was
based on the five metatarsal bones. Axes of inertia were determined per
metatarsal bone. We averaged the anteroposterior axes (x-axis) and
vertical axes (y-axis) of the five metatarsal bones. The average vertical
axis served as temporary axis. Next, the mediolateral axis (z-axis) was
determined by taking the cross product of the unit vectors of the average
anteroposterior axes and temporary vertical axis. Finally, the final ver-
tical axis (y-axis) was obtained by taking the cross product of the
anteroposterior and mediolateral axes. The MCSs of the hindfoot and
forefoot were determined according to OFM, RFM and AFM definitions
(Leardini et al., 2007; Schallig et al., 2022, 2020; Stebbins et al., 2006)
using custom Matlab scripts (Mathworks, California, United States,
version R2022b). The footplate CS was based on the three footplate
markers and extracted from the custom-made software (Dobbe et al.,
2019).
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A. Axes of inertia of the calcaneal bone B.
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1. Plane perpendicular to the
first axis of inertia (red)

translated to 30% from the
posterior extreme point \

Posterior __w
extreme

N\

Anterior
extreme point

2. Temporary vertical
axis determined by the
inertial axis with the _p
largest eigenvalue of the
posterior 30% calcaneus

axis

Anteroposterior axis

the plane defined by the

vertical axis (of B)

anteroposterior axis and temporary

3. Mediolateral axis perpendicular to

Fig. 1. Method to define a local coordinate system for the calcaneus. A: Axes of inertia of the calcaneal bone, with the vertical (green) and mediolateral (blue) axis
not toward generally accepted anatomical directions. B: Calcaneal bone with the temporary vertical (green) axis based on the axes of inertia of the posterior 30%
calcaneus. C: Calcaneal bone with the vertical (green) and mediolateral (blue) axis toward accepted anatomical directions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Data analysis

Data analysis were performed using Matlab. First, we determined the
rotation matrix that described the orientation of each MCS and BCS
relative to the footplate (F°P®Rp.cvics). The footplate CS (GloPal
Rrootplate) Was used as reference, because we had a standard foot
placement on the footplate. We determined the rotation matrix of the
BCS (°P4Ry ) and the MCS (F1°P2Ryics) relative to the footplate CS for
the neutral loaded scan (similar to Zavatsky et al. (2019)) (Eq. (1)).

oot Global ~Vs [ Global
[['amp meRECS/Mcs} = [ o RFoorplazc] ’L[ o RBCS/MCS} (1)

To obtain the orientation differences in Euler angles for both the
hindfoot and forefoot relative to the footplate, we decomposed the
rotation matrices (F""tp]ateRBcs/Mcs) according to Grood and Suntay
(1983). The first rotation was in the sagittal plane around the

mediolateral (z) axis of the BCS. The second rotation was in the frontal
plane around the floating anteroposterior (x) axis and the last rotation
was in the transverse plane around the vertical (y) axis of the distal
segment. Orientation differences of MCSs and BCSs relative to the
footplate were also quantified as helical rotation angle (¢) to have a
single difference measure independent of decomposition of rotation
matrices. Hence we converted the rotation matrices (PR vics)
into a quaternion, and used the first dimension (quaterniong) to deter-
mine the helical rotation angle (¢) according to Spring (1986) (Eq. (2)).

@ = 2*cos” (quaternion,)) (2)
2.4. Statistical analysis

To compare orientation differences in helical rotation and Euler
angles between MCSs and BCSs, we used one-way ANOVAs with post
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hoc paired t-tests with Bonferonni correction. In order to analyze
whether marker models were able to capture inter-subject variability in
bone poses in 3D, we used linear regression analyses between MCSs
relative to the footplate and BCSs relative to the footplate. A flatter slope
than the identity line indicates that the MCS measured less variation
between subjects compared to the BCS and vice versa for a steeper slope.
All statistical analyses were performed using Matlab.

3. Results
3.1. Orientation difference

BCSs and MCSs of the hindfoot and forefoot of a representative
subject are displayed in Fig. 2 to show a typical example of the orien-
tation of the CSs relative to each other. For the hindfoot, all MCSs had a
different helical rotation angle compared to the BCS (OFM: mean dif-
ference (A) 13°, RFM: A6°, AFM: A13°; p < 0.001, Fig. 3). In the sagittal
plane, all MCSs were more toward plantar flexion compared to the BCS
(OFM: A18°, RFM: A28°, AFM: A14°; p < 0.001). In the frontal plane,
OFM and AFM MCSs were not significantly different from the BCS (p >
0.5), while RFM MCS was in 7° more inversion compared to the BCS (p
< 0.001). In the transverse plane, all MCSs were more towards internal
rotation compared to the BCS (OFM: A8°, RFM: A5°, AFM: A5°%; p <
0.001, Fig. 3).

For the forefoot, OFM and RFM MCSs had a different helical rotation
angle compared to BCS (OFM: A8°, RFM: A31°; p < 0.001, Fig. 4), while
the AFM MCS helical rotation angle was not significantly different (p =
0.376). In the sagittal plane, OFM and RFM MCSs were more toward
dorsal and plantar flexion compared to the BCS (OFM: A28°, RFM: A31°;
p < 0.001), respectively, while the AFM MCS was not significantly
different from BCS (p = 0.999). In the frontal plane, the OFM MCS was
more towards eversion and the RFM and AFM MCSs were more towards
inversion compared to the BCS (OFM: A5°, REM: A10°, AFM: A5°%; p <

— RFM

* -
A A

Fig. 2. Bone and marker coordinate systems of the hindfoot and forefoot of a
representative subject. A. back view hindfoot, B. medial view hindfoot, C. back
view forefoot, D. medial view forefoot. (OFM = Oxford foot model, RFM =

Rizzoli foot model, AFM = Amsterdam foot model, BCS = bone coordi-
nate system).

A.

— OF M
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0.003). In the transverse plane, OFM and RFM MCSs were more towards
internal rotation compared to the BCS (OFM: A7°, RFM: A8°; p < 0.001),
while AFM MCS was not significantly different from the forefoot BCS (p
= 1.000, Fig. 4).

3.2. Inter-subject variability

For the hindfoot, we found no significant association between OFM
MCS and BCS in all planes (Fig. 5). For RFM and AFM MCSs there was a
significant association in the sagittal and transverse plane, while there
was no significant association in the frontal plane. In the sagittal plane,
the coefficient of RFM and AFM MCSs was 0.48 and 0.56, and they
explained 0.307 and 0.519 of the inter-subject variation respectively
(Fig. 5). In the transverse plane, the coefficient of RFM and AFM MCSs
was 0.64 and 0.62, and they explained 0.444 and 0.440 of the inter-
subject variation respectively.

For the forefoot, we found no significant association between OFM
MCS and BCS in all planes (Fig. 6). For RFM MCS there was a significant
association with BCS in the sagittal and frontal plane, while for AFM
MCS there was a significant association in all planes. In the sagittal
plane, the coefficient of RFM and AFM MCSs was 1.31 and 0.77, and
they explained 0.552 and 0.654 of the inter-subject variation respec-
tively (Fig. 6). In the frontal plane, RFM and AFM MCSs coefficients
were 0.40 and 0.44, and they explained 0.325 and 0.565 of the inter-
subject variation respectively. In the transverse plane, the coefficient
of AFM was 0.79 and it explained 0.793 of the inter-subject variation.

4. Discussion

This study provides insight in the comparison between BCSs, as
defined by axes of inertia, and MCSs of two of the most frequently used
multi-segment foot models (i.e. OFM and RFM) as well as a recently
developed multi-segment foot model (i.e. AFM) for both the hindfoot
and forefoot. Our main findings were that in the hindfoot all MCSs were
oriented significantly different compared to BCS. In the forefoot, OFM
and RFM MCSs had significantly different orientations compared to BCS,
while AFM MCS only differed significantly in the frontal plane. Some of
the inter-subject variability was captured by RFM and AFM MCSs in the
hindfoot and forefoot bone poses. OFM MCS was not able to capture
inter-subject variability in the hindfoot and forefoot bone poses.

The vertical axis of our hindfoot BCS followed the posterior aspect of
the calcaneus, aligning with marker models and clinical observations of
the calcaneal orientation in the frontal plane (i.e. varus/valgus)
(Zavatsky et al., 2019). In addition, we replicated the method of
Zavatsky et al. (2019) and determined the hindfoot BCS based on axes of
inertia of the entire calcaneus. For both studies, OFM MCS was oriented
more toward plantar flexion, inversion and internal rotation relative to
the hindfoot BCS (Appendix A). However, our method based on the
posterior aspect did measure the same orientation in the frontal plane as
the marker models. Orientation differences were largest in the sagittal
plane, suggesting that mainly the calcaneal pitch is not represented well
by the marker models. This could be expected based on the marker lo-
cations of the models, which are not related to the calcaneal pitch.
(Leardini et al., 2007; Schallig et al., 2022, 2020; Stebbins et al., 2006).

Orientation differences between MCSs and BCSs of the forefoot have,
to our knowledge, not yet been described in literature. Differences were
again largest in the sagittal plane. These orientation differences can be
explained by the definitions of the anatomical CSs of the models
(Leardini et al., 2007; Schallig et al., 2022, 2020; Stebbins et al., 2006).
In healthy feet the inclination angle of metatarsal bones with respect to
the floor is around 25° according to literature (Cheung et al., 2018) and
18° (SD: 5°) in our dataset. OFM MCSs during total foot contact are
roughly aligned to the floor, hence the forefoot is measured in more
dorsal flexion (Stebbins et al., 2006). RFM MCS defines the anterior axis
of the forefoot from a marker on top of the 2nd metatarsal basis to the
midpoint between the 1st and 5th metatarsal heads, hence the forefoot is
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measured in more plantar flexion (Fig. 2) (Leardini et al., 2007). AFM
MCS uses the midpoints between markers at the metatarsal bases and the
midpoints between the metatarsal heads and therefore closely follows
the inclination angle of metatarsal bones (Schallig et al., 2022). This
explains why the forefoot segments of OFM and RFM MCSs were ori-
ented differently compared to the forefoot BCS, while AFM MCS was
oriented similar as the forefoot BCS.

An orientation difference between a MCS and the corresponding BCS
does not have to be an issue during gait analysis and its interpretation, as
long as the models are sensitive in detecting differences in segment
orientation across subjects and across the gait cycle. The results show
that RFM and AFM MCSs seem able to capture some of the inter-subject
variability in bone orientation of the hindfoot and forefoot. However,
the presented regression coefficients are not equal to one. A coefficient
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Fig. 6. Linear regression equations and explained variances between OFM, RFM and AFM marker-based CSs and the bone-embedded CS for the forefoot. * = sig-
nificant association, depicted as a solid line. Non-significant associations are depicted as a dotted line. (MCSs = marker-based CSs, BCSs = bone-embedded CSs, OFM
= Oxford Foot Model, RFM = Rizzoli Foot Model, AFM = Amsterdam Foot Model).

of one means that the exact same amount of between-subjects variability
is measured in BCS and MCS. This is likely due to the fact that only a part
of the bone(s) in the segment is tracked and important to realize when
interpreting marker-based gait analysis. Nevertheless, RFM and AFM
models do capture some of the variability, while OFM MCS is not able to
capture variability at all. Likely, this is a result of OFM often aligning its
CSs to the floor, while RFM and AFM use more bony landmarks to define
their anatomical CSs (Leardini et al., 2007; Schallig et al., 2022, 2020;
Stebbins et al., 2006). Depending on whether the clinicians would like to
track roughly the foot sole or the foot bones they should choose the
suitable model.

The definition of BCSs of foot segments is challenging, since no gold
standard is available in literature (Lenz et al., 2021). In other parts of the
body, like the femur and tibia, the long axes are more intuitively defined
from joint center to joint center (Tesch, 2014). However, this method is
difficult to apply to the calcaneus. Bony landmarks or geometric shapes
to define the axes of the calcaneus have been used (Parra et al., 2012;

Yamaguchi et al., 2009), but these methods are susceptible to inter- and
intra-user variability (Brown et al., 2020; Lenz et al., 2021). Instead, the
axes of inertia of foot bones in the hindfoot can be determined auto-
matically and reliably (Brown et al.,, 2020). Moreover they are
frequently used in literature (Goto et al., 2009; Mattingly et al., 2006;
Siegler et al., 2005; Zavatsky et al., 2019), which allows for comparison
between studies. Therefore, we chose to use the axes of inertia in this
study, but consensus on the BCSs of the foot and ankle is needed to
progress the field of foot and ankle biomechanics and make better use of
upcoming imaging modalities like weight-bearing CT (Barg et al., 2018)
and dual-fluoroscopy (Ye et al., 2021). Little research has been done on
BCSs of the forefoot, which consists of more bones and joints. Since the
axes of inertia of bones generally mimic the clinical definitions of long
bone axes (Gutekunst et al., 2013), we chose to average the axes of
inertia of the five metatarsal bones.

Although the output of gait analyses are generally joint angles during
walking, in the current study we chose to focus on segment orientations.
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Joint angles in multi-segment foot models are typically calculated by
decomposing the rotation matrix from a proximal to a distal segment for
example with the Grood and Suntay (1983) joint convention. Hence,
orientation differences in the anatomical segment CSs do also affect the
calculated joint angles. However, when calculating joint angles during
gait, other factors like soft tissue artifacts play a role (Schallig et al.,
2021b). Hence, we performed the comparison solely on the segment
orientations to compare MCS and BCS directly.

We should address several limitations of our study. First, we only
included 15 asymptomatic feet, resulting in a small range of bone poses.
Especially in the frontal plane of the hindfoot all models are sensitive to
marker misplacement (Schallig et al., 2021a), leading to measurement
errors around 5°. Given that our small sample mostly exhibited + 5°
varus/valgus bony orientation relative to the footplate, marker models
are likely not sufficiently sensitive to detect differences within this small
range. Future research should investigate the sensitivity of a marker
model to detect differences in a wider range of foot types including bony
foot deformities. In people with foot deformities, we expect orientation
differences to be in the same range of values as asymptomatic feet
because markers are placed according to the bony anatomy. However,
the inter-subject variability might be different due to a wider range of
foot types. Second, we compared the CSs during loading in only one foot
position. Investigating more foot positions would give insight in whether
the orientation differences remain consistent during movement, which is
important knowledge when applying these results to clinical gait anal-
ysis. However, based on the small soft tissue artefacts found in previous
research (Schallig et al., 2021b), we expect no large differences in
orientation difference across the gait cycle (i.e. other foot positions).
Third, for foot loading we used a semi-weight-bearing device. Per-
forming scans with actual weight bearing might be beneficial, however
it has been shown that the 70 % weight bearing that was reached in this
study is sufficient to simulate standing (Kang et al., 2017). Last, we only
included the MCSs of three multi-segment foot models, while more than
40 have been developed (Leardini et al., 2019). However, the two most-
frequently used multi-segment foot models (i.e. OFM and RFM), both in
research and clinical practice, as well as a more recent follow-up model
(i.e. AFM) were used in this study.

Clinically, it is important to realize that MCSs are different from BCSs
when interpreting data from multi-segment foot models. The orientation
differences between the two CSs may lead to motions being expressed in
different planes. These orientation differences can be corrected for by
rotating the MCSs with angular values from radiographs or CT-scans, as
optionally done in e.g. the Milwaukee and mSHCG foot models (Kidder
et al., 2007; Saraswat et al., 2012). This allows for a better alignment
between MCSs with their underlying bone anatomy. However, it re-
quires imaging with radiation, which is not possible in all clinical set-
tings and not preferred in all patient populations (e.g. children).
Additionally, this study shows that multi-segment foot models which use
bony landmarks for their anatomical CSs (i.e. RFM and AFM) are better
able to detect inter-subject variability in bony anatomy compared to
marker models that align their anatomical CSs to the floor or foot sole (i.
e. OFM). In clinical practice, it is important that variations in segment
orientation are detected across patients, as this reflects the differences in
bone poses between patients and is taken into account in clinical
decision-making. When abnormalities in patients are not properly
detected, clinical decision making for certain treatments may be more
difficult or even incorrect clinical decisions might be made.

5. Conclusion

Orientation differences are present between marker-based and bone
morphology-based coordinate systems, leading to motions being
expressed in different planes. Inter-subject variability in bone poses of
the hindfoot and forefoot seem to be captured by RFM and AFM, but not
by OFM. Detecting variations in segment orientation in patients is
important, because it reflects differences in bone poses, which may
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influence clinical decision-making. Hence, when interpreting multi-
segment foot model data it is important to realize that MCSs and BCSs
do not always align.
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