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Musculoskeletal models used in gait analysis require coordinate systems to be identified for the body seg-
ments of interest. It is not obvious how hindfoot (or rearfoot) axes defined by skin-mounted markers
relate to the anatomy of the underlying bones. The aim of this study was to compare the marker-
based axes of the hindfoot in a multi-segment foot model to the orientations of the talus and calcaneus
as characterized by their principal axes of inertia. Twenty adult females with no known foot deformities
had radio-opaque markers placed on their feet and ankles at the foot model marker locations. CT images
of the feet were acquired as the participants lay supine with their feet in a semi-weight bearing posture.
The spatial coordinates of the markers were obtained from the images and used to define the foot model
axes. Segmented masks of the tali and calcanei were used to create 3D bone models, from which the prin-
cipal axes of the bones were obtained. The orientations of the principal axes were either within the range
of typical values reported in the imaging literature or differed in ways that could be explained by varia-
tions in how the angles were defined. The model hindfoot axis orientations relative to the principal axes
of the bones had little bias but were highly variable. Consideration of coronal plane hindfoot alignment as
measured clinically and radiographically suggested that the model hindfoot coordinate system repre-
sents the posterior calcaneal tuberosity, rather than the calcaneus as a whole.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Musculoskeletal models used in gait analysis require coordinate
systems to be identified for the body segments of interest. These
are necessary for tracking segment motion, calculating joint angles,
and defining muscle attachment points. Bone-embedded axis
systems are typically specified based on palpated anatomical land-
marks or other identifiable features and are assumed to represent
the underlying bony anatomy.

In most multi-segment foot models, skin-mounted markers on
the calcaneus are used to define the medio-lateral, antero-
posterior, and proximal-distal axes of the hindfoot (or rearfoot)
segment and, with tibia- and fibula-based axes, to calculate the
overall motion of the ankle joint complex – a combination of the
relative movements of the tibia, talus, and calcaneus. Given that
the talus is inaccessible and the calcaneus has an uneven coverage
of soft tissue and few easily identifiable surface landmarks, it is not
obvious how the hindfoot axes defined by skin-mounted markers
relate to the anatomy of these two bones.

Previous studies of gait analysis markers on the foot have not
addressed this issue. Often reported are the repeatability and
reproducibility of joint angles when various assessors attach mark-
ers or when foot motion is measured at multiple times and on dif-
ferent days (Deschamps et al., 2011, Table 5). Foot and ankle joint
angles measured using skin- and bone-mounted markers have
been compared (Nester et al., 2007; Westblad et al., 2002), and
the skin motion artifacts of a number of gait markers on the foot
and ankle have been quantified (Birch and Deschamps, 2011;
Maslen and Ackland, 1994; Shultz et al., 2011; Tranberg and
Karlsson, 1998). Only Brown et al. (2009) considered how foot
model segment axes depend on the precision of digitized land-
marks (marker points), but they did not relate their findings to
the shapes of the bones themselves, only to points on the digitized
bones. Furthermore, the calcaneus coordinate system used by
them was constructed from four points on the lower leg and only
one point on the calcaneus. Hence their study did not answer the
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question of how the segment coordinate systems relate to the bony
anatomy. Thus, the aim of the present study was to compare the
marker-based axes of the hindfoot in a multi-segment foot model
to the orientations of the talus and calcaneus as characterized by
their principal axes of inertia.

2. Methods

Twenty adult females (age 26 ± 6 yrs, height 1.68 ± 0.07 m,
weight 57.0 ± 7.0 kg) with no known foot deformities participated
in the study, which was approved by the National Health Service
(England) Research Ethics Committee. Radio-opaque markers
(Type 2223 monitoring electrodes, 3M Healthcare, Neuss, Ger-
many) were placed on the participants’ feet and ankles at the mar-
ker locations specified for a multi-segment foot model used widely
in clinical gait analysis (Stebbins et al., 2006) by a senior staff
member who routinely participated in an audit of inter-rater reli-
ability as part of the annual accreditation process of our gait labo-
ratory. CT images (GE 64-slice Light-speed VCT scanner, 100 kV,
110 mA) were acquired as the participants lay supine with their
feet in a semi-weight bearing posture, achieved using a custom-
built rig (based on Wolf et al., 2007) that applied 40% body-
weight to each foot. Standard bone and soft tissue scan algorithms
(slice thickness and distance both 0.625 mm) were used to scan
each foot separately.

The spatial coordinates of the markers (þx medial for right foot,
þy posterior, þz proximal) were obtained from the CT images
using Mimics software (version 12.11, Materialise, Leuven, Bel-
gium). The coordinates were used to define unit vectors in the
directions of the anteroposterior (beAP), mediolateral (beML), and
proximodistal (bePD) axes of the hindfoot segment of the foot model
(Fig. 1). The long-axis of the foot (beHT) was taken to lie along a line
connecting a marker on the posterior distal end of the calcaneus
(labelled ‘HEE’) to one on the dorsum of the foot between the heads
of the second and third metatarsals (denoted ‘TOE’). To assess the
inter-observer variability of the electrode marker-points (n = 39
feet), three raters following a standardized protocol identified the
electrode coordinates on three separate foot images with full foot
model marker sets (Stebbins et al., 2006). Intra-observer variability
was evaluated using the marker coordinates found by one rater on
one foot image on three separate occasions.

To characterize the orientations of the talus and calcaneus in
three dimensions, local coordinate systems fixed in the bones were
required. Since both bones lack clearly identifiable landmarks from
which anatomical planes and axes can be defined, it was decided
instead to use the principal axes of inertia of the bones derived
Fig. 1. The unit vectors (be) in the anteroposterior (AP), mediolateral (ML), and
proximal-distal (PD) directions of the hindfoot coordinate system in the Oxford
multi-segment foot model (Stebbins et al., 2006), along with the gait markers used
to define them (HEE = posterior distal end of calcaneus; PCA = posterior proximal
end of calcaneus, STL = sustentaculum tali, LCA = lateral calcaneus; MID = midpoint
of line segment connecting STL and LCA).
from the CT scans. Segmented masks of the tali and calcanei were
created using a thresholding algorithm supplemented with manual
editing and exported in STL format. Each surface mask was com-
posed, on average, of just over 11,000 triangles. SolidWorks (Das-
sault Systèmes SolidWorks Corp., Concord, Massachusetts, USA)
was used to create 3D bone models. The unit vectors of the princi-
pal axes (bei; i = 1, 2, 3) of each bone (t – talus, c – calcaneus) were
obtained using the mass properties tool and assuming constant
density (also done by Ledoux et al., 2006).

To compare the bony alignment of the feet in the present study
to previous work, nine angles between various unit vectors pro-
jected into the three standard anatomical planes were calculated
(Fig. 2 and Tables 1–3). These were intended to replicate as closely
as possible typical angular measurements made on plane radio-
graphs or CT scans and used clinically. To compare the model hind-
foot axes to the principal axes of the calcaneus, the long axis of the
foot, and the standard anatomical directions, six other angles
between unit vectors projected into the anatomical planes were
calculated (Table 4).

To investigatewhether the alignment of themodel hindfoot axes
was related to the orientations of the talus and calcaneus, unbiased
estimates of Pearson’s correlation coefficient (Olkin and Pratt, 1958)
were calculated for the angles in Tables 1–3 in relation to those in
Table 4. Also foundwere the p-values for testing the hypothesis that
therewasno relationshipbetween thepair of angles in question. The
level of significance was taken to be a ¼ 0:05. All angle and statisti-
cal calculations were performed in Matlab (version R2017a, The
MathWorks, Inc., Natick, Massachusetts, USA).

For comparison of the model hindfoot axes and the principal
axes of the bones in three dimensions, an equivalent angle-axis
Fig. 2. Standard anatomical plane views of a right foot as defined in the CT images,
with two of the principal axes of the talus (be1t , be3t) and calcaneus (be1c , be2c) and the
long axis of the foot (beHT) shown. Top left – transverse view from above. Top right –
coronal view from behind. Bottom – sagittal view from medial side.



Table 1
Typical angular measurements, calculated using the unit vectors of the first principal axes of the calcaneus and talus (be1c , be1t) and the long axis of the foot (beHT) projected into the
transverse plane. *Angle is positive when axis points laterally compared to beHT. yMeasurements made on CT scans. �Measurements made on plane radiographs (anteroposterior
view).

Transverse plane
x; y

Based on projections
of unit vectors

Number of feet Mean ± Std Dev Typical values from the literature

Anteroposterior talocalcaneal angle be1t ,be1c 39 21.5� ± 5.0� 20.1� ± 2.1� (Seltzer et al., 1984)y

20.9� ± 9.2� (Richardson et al., 1992)y

21� ± 5� (Ippolito et al., 2004)y

21.1� ± 5.5� (Lamm et al., 2016)�

21.3�, based on (Thomas et al., 2006)�

23� ± 4� Ippolito et al., 2004)�

Between calcaneus and foot long axis* be1c,beHT 18 1.7� ± 2.8� 5.1� ± 6.3� (Thomas et al., 2006)�

Between talus and foot long axis* be1t,beHT 18 �17.8� ± 5.9� �16.2� ± 7.3� (Thomas et al., 2006)�

Table 2
Typical angular measurements, calculated using the unit vectors of the first principal axes of the calcaneus and talus (be1c , be1t) and the long axis of the foot projected into the
sagittal plane (bey). All measurements from the literature were made on plane radiographs (lateral view).

Sagittal plane
y; z

Based on projections
of unit vectors

Number of feet Mean ± Std Dev Typical values from the literature

Lateral talocalcaneal angle be1t , be1c 39 34.8� ± 4.0� 45.9� ± 7.5� (Thomas et al., 2006)
Calcaneal inclination be1c, bey 40 19.6� ± 3.6� 19.6� ± 6.2� (Thomas et al., 2006)

17.9� ± 5.3� (Lamm et al., 2016)
Talar declination be1t, bey 39 15.2� ± 5.0� 26.4� ± 4.1� (Thomas et al., 2006)

Table 3
Typical angular measurements, calculated using the unit vectors of the principal axes of the calcaneus and talus (be2c , be3t) projected into the coronal plane and a vertical axis (bez).
*Calcaneus relative to the talus. §Angle greater than 90� indicates a valgus configuration. yMeasurements made on CT scans. �Measurements made on plane radiographs (multiple
types of frontal view).

Coronal plane
x; z

Based on projections
of unit vectors

Number
of feet

Mean ± Std Dev Typical values from the literature

Coronal talocalcaneal angle* be3t , be2c 39 16.9� valgus ± 9.3� 12.5� valgus ± 3.8� (Richardson et al., 1992)y

Hindfoot/rearfoot alignment angle be2c, bez 40 24.6� valgus ± 7.7� Relative to tibial long axis:
9.1� valgus ± 4.8� (Burssens et al., 2018)y

5.6� valgus ± 5.4� (Williamson et al., 2015)�

5.2� valgus ± 1.6� (Seltzer et al., 1984)y

1.7� valgus (Lamm et al., 2005)�

1.5� valgus ± 3.4� (Lamm et al., 2016)�

1.5� valgus ± 2.1� (Ikoma et al., 2013)�

0.8� valgus ± 3.2� (Burssens et al., 2018)y

6.0� varus ± 4.6� (Johnson et al., 1999)�

Relative to vertical:
1.6� ± 3.7� to 5.4� ± 4.8� valgus (Robinson et al., 2001)�

2.7� varus ± 5.3� (Van Bergeyk et al., 2002)y

9.3� varus ± 5.8� (Van Bergeyk et al., 2002)y

Subtalar vertical angle§ ? be3t, bez 39 97.8� ± 6.3� (range 83�–109�) 94.6� ± 10.5�, based on (Van Bergeyk et al., 2002)y

96.1� ± 5.7� (Burssens et al., 2018)y

97.8�, based on (Colin et al., 2014y)
98�, range 85�–114� (Krähenbühl et al., 2016)y
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representation was used (see, for example, Craig, 1986). The model
hindfoot coordinate system was defined as (beAP, beML, bePD). So that
the general anatomical directions of the hindfoot and bone axes
would be consistent, the calcaneus coordinate system was defined
as (be1c, be3c, be2c) and that of the talus as (be1t, be2t, be3t), with unit vec-
tor directions corrected as necessary to ensure right-handed Carte-
sian axis systems.
3. Results

There was good inter- and intra-observer repeatability for iden-
tifying the radio-opaque marker coordinates compared to the res-
olution of the CT scans, with an inter-observer within-observation
standard deviation of 0.40 mm and an intra-observer within-
observation standard deviation of 0.18 mm. Displacement of at
least one marker, usually on the heel, in the CT foot-loading rig
meant that the foot model hindfoot axes could not be calculated
for some feet.

The first principal axis was always directed along the long axes
of the bones (anteroposteriorly). The angle between the first prin-
cipal axis of the calcaneus and talus was 141.0� ± 2.8� (range
137.1�–146.6�). For the calcaneus (Fig. 3), the second and third
principal axes pointed approximately in the inferior-superior and
mediolateral directions, respectively; the opposite was true for
the talus (Fig. 4).



Table 4
Angles between foot model hindfoot axes (beAP, bePD) and calcaneus principal axes (be1c , be2c) or reference axes (beHT, bey , bez), projected into the three standard anatomical planes. Sign
convention: transverse plane, angle is positive when axis points laterally compared to the reference axis (be1c or beHT); sagittal plane, angle is positive when axis points proximally
compared to the reference axis (bey or be1c); coronal plane, angle is positive when axis points laterally (varus) compared to the reference axis (bez or be2c), with all axes positive in the
proximal direction.

Plane Angle (�) Based on projections
of unit vectors

Number of feet Mean ± Std Dev Range

Transverse
x, y

Between hindfoot anteroposterior axis and foot long axis beAP, beHT 18 2.5� ± 11.9� (�29.6�, 23.1�)
Between hindfoot anteroposterior axis and calcaneus long axis beAP, be1c 18 0.9� ± 12.2� (�30.2�, 23.2�)

Sagittal
y, z

Between hindfoot anteroposterior axis and a horizontal axis beAP, bey 18 0� by definition –
Between hindfoot anteroposterior axis and calcaneus long axis beAP, be1c 18 �20.1� ± 3.4� (�25.5�, �11.8�)

Coronal
x, z

Between hindfoot proximodistal axis and a vertical axis bePD, bez 18 �4.0� ± 10.8� (�35.7�, 8.6�)
Between proximo-distal axes of hindfoot and calcaneus bePD, be2c 18 19.2� ± 9.8� (0.2�, 34.1�)
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The alignments of the principal axes of the talus and calcaneus
relative to each other and to the standard anatomical directions
were either within the range of typical values reported in the imag-
ing literature (Tables 1–3) or differed in ways that could be
explained by the slight variations in how the angles were defined.
The only exception to this was the hindfoot (or rearfoot) alignment
angle (Table 3).

In the transverse plane, the angles between the model hindfoot
anteroposterior axis and the calcaneal and foot long axes had little
bias, but high variability (Table 4). In the sagittal plane, the model
hindfoot anteroposterior axis was by definition parallel to the
plantar plane and was always rotated downwards relative to the
calcaneal long axis (Table 4). In the coronal plane and similar to
Fig. 3. Example of the calcaneus of a right foot, with principal axes be1c, be2c, and be3c po
calcaneal tuberosity. (b) View along second principal axis from above. (c) View along first
the transverse plane, there was high variability in the angles
(Table 4). The model hindfoot proximodistal axis aligned more clo-
sely to a vertical anatomical axis than to the most proximally
pointing principal axis of the calcaneus. There were significant cor-
relations between seven of the 54 pairs of angles (Table 5), six of
them involving the talus. There were no significant correlations
between the model hindfoot axes and the planar talocalcaneal
angles.

In three dimensions, the model hindfoot axis system was
rotated on average by nearly 30� relative to the principal axis sys-
tems of both the calcaneus and the talus (Table 6). The directions of
the equivalent axes of rotation implied that the model hindfoot
axis system was inverted and rotated downwards and slightly
sitioned at the centre of mass. (a) Coronal view. Dashed lines show the posterior
principal axis from behind. (d) View along third principal axis from the lateral side.



Fig. 4. Example of the talus of a right foot, with principal axes be1t, be2t, and be3t positioned at the centre of mass. (a) View along first principal axis from behind. (b) View along
second principal axis from the medial side. Dashed line shows the tilt of the talar neck. (c) View along third principal axis from above.
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internally relative to the calcaneus principal axes. It was slightly
inverted and rotated upwards and externally relative to the talus
principal axes.
4. Discussion

This study compared the marker-based axes of the hindfoot in a
multi-segment foot model (Stebbins et al., 2006) to the orienta-
tions of the talus and calcaneus. Even for the normal, healthy feet
considered here, the model axis orientations were found to be
highly variable in relation to the underlying bony anatomy and
to diverge from the bone axes in three dimensions (Table 6) and
in two of the six planar projection angles considered (Table 4).
One of these angular differences (sagittal plane) was easily
explainable, but the other (coronal plane) required more thorough
investigation.
4.1. Principal axes of the bones – comparison to previous work

The agreement between the alignments of the principal axes of
the talus and calcaneus relative to each other and to the standard
anatomical directions (Tables 1–3) suggests that, in general, the
feet included in the study were normal and that their positions
in the CT scanner were close to the ones they adopted in a standing
posture.

The approximate orientations of the principal axes of the bones
in the anteroposterior, superior-inferior, and medio-lateral direc-
tions agreed with the results of Stindel et al. (1999a, Table 8),
who studied magnetic resonance images rather than CT scans.
The angle between the major (first) principal axes of the calcaneus
and talus found in a related study by the same group (Stindel et al.,
1999b) was very close to that of the present work (144.5� ± 2.5�
compared to our 141.0� ± 2.8�).

In the transverse plane – or anteroposterior (AP) radiography
view (Table 1), the talocalcaneal angle was in good agreement with
several other studies. The close and consistent alignment of the
calcaneal axis with the long axis of the foot was not surprising,
since it is generally agreed that the long axis of the calcaneus nor-
mally extends along the line of the 4th metatarsal (Coughlin et al.,
2013). That the long axis of the talus pointed medially to the long
axis of the foot was consistent with description of the talar axis
normally extending along the first metatarsal (Coughlin et al.,
2013).

In the sagittal plane – or lateral radiography view (Table 2), the
calcaneal inclination agreed closely with Thomas et al. (2006),
whilst the talar declination was around 10� lower than what they
reported. This mismatch in declination can be explained by the dif-
ference in how the talus axis was defined: using the talar neck only
(Thomas et al., 2006) versus representing the entire talar body by
the first principal axis. Taking into account the entire body would
likely lead to a more shallow declination (Fig. 4b and the images of
the talus in Bonnel et al. (2011) illustrate this clearly.). The lateral
talocalcaneal angle being lower than that of Thomas et al. (2006) is
consistent with this explanation.

In the coronal plane – or frontal radiography view (Table 3), the
talocalcaneal angle was in reasonable agreement with the litera-
ture. The subtalar vertical angle, derived from the most vertical
principal axis of the talus, was in very good agreement with previ-
ous work, despite a difference in how the angle was defined. On CT
scans, the angle was measured relative to vertical using a line
across the posterior facet of the subtalar joint. All studies, including
the present one, found a slight valgus orientation of the (distal)
talus on average.
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It was in the hindfoot alignment in the coronal plane (Table 3)
where the results of the present study diverged most from the lit-
erature. This was very likely because the most vertical principal
axis of the calcaneus and the hindfoot axis identified radiographi-
cally in the other studies represent very different things. The prin-
cipal axes (Fig. 3) relate to the distribution of bone mass over the
entire bone volume, whereas the radiographic measures rely
mainly on identifying the medial and lateral edges of the posterior
calcaneal tuberosity (Fig. 3a) to define the hindfoot axis, although
the precise definition varies from study to study (see references in
Table 3).

Most previous imaging work (Table 3) agreed on there being a
hindfoot valgus relative to the tibia long axis, despite variations
in how the images were acquired and measured. Also, as Slullitel
et al. (2017) and others have pointed out, it is difficult to measure
hindfoot alignment in the coronal plane radiographically because
of the superposition of the calcaneus and the rest of the foot. Pro-
cedural differences between the previous studies in Table 3
included the x-ray view used (hindfoot alignment view, long axial
view, or other) or CT slice considered, the foot alignment, the
amount of weight-bearing, whether the stance was relaxed or in
a calcaneus-neutral position, the size of sample measured, the pre-
cise definition of the hindfoot axis, and the reliability and repeata-
bility of the measurement itself.
4.2. Multi-segment foot model axes

Given the discussion above comparing the principal axes of the
bones to previous work, it is now easier to explain the discrepancy
between the calcaneal second principal axis and the model hind-
foot proximo-distal axis in the coronal plane. Similar to imaging
measurements of the hindfoot/rearfoot alignment angle (Table 3),
the model hindfoot axis definitions (Stebbins et al., 2006) are based
partly on points located on the posterior calcaneal tuberosity.
These define a noticeably different vertical orientation for the
hindfoot than that of the calcaneus taken as a whole (Fig. 3a). That
the model hindfoot axis alignment with the vertical (Table 4) was
within the range of hindfoot alignment angles measured in the
imaging studies (Table 3) is therefore not unexpected. The large
ranges of nearly all the angles in Table 4 can be explained by the
irregular shape of the calcaneus and its variation across the popu-
lation (Bruckner, 1987), the range of static weightbearing hindfoot
alignments seen in adults (Waldecker et al., 2012), and the known
difficulties of measuring the alignment angle reliably (Haight et al.,
2005; Menz, 1995).

There were no correlations (Table 5) between the foot model
angles (Table 4) and any of the talocalcaneal angles (Tables 1–3),
all of which were within normal ranges. Whether this would still
be true for feet with deformity cannot be judged from the present
results. Six of the seven significant correlations in Table 5 relate to
the talus, with half of these involving the subtalar vertical angle (as
defined by ? be3t, bez in the coronal plane). In some sense, this is to
be expected, since the frontal plane position of the calcaneus (rep-
resented here by the angle between bePD and bez) is usually taken to
be indicative of the alignment of the subtalar joint (Menz, 1995).
That the alignment of beAP in the transverse plane is also correlated
with the subtalar joint angle (Table 5) can be explained by the fact
that any rotation of the talus or the calcaneus about an axis in the
anteroposterior direction (perpendicular to the coronal plane)
would be expected to cause the alignment of the bone to change
in both the coronal and transverse planes. This is because the long
axes of these bones are unlikely both to lie in a sagittal plane.

The two correlations involving beAP and be1c in the sagittal plane
(Table 5) must be interpreted in the knowledge that, by definition,
beAP ¼ bey. The correlation between beAP, be1c and be1t, bey in the sagittal



Table 6
The equivalent angles and axes of rotation for the model hindfoot axis system (beAP, beML, bePD) compared to the principal axis systems of the calcaneus (be1c, be3c, be2c) and talus (be1t,
be2t, be3t). Positive x, y, and z directions are, respectively, medially (for a right foot), posteriorly, and proximally, as shown in Fig. 2.

Number of Feet Equivalent Angle (�) Equivalent axis components

Mean ± Std Dev Range bex bey bez

Hindfoot/Calcaneus 18 28.7 ± 6.0 (16.7, 40.7) 0.591 ± 0.228 �0.617 ± 0.329 0.073 ± 0.346
Hindfoot/Talus 18 28.7 ± 9.9 (18.2, 48.0) �0.540 ± 0.168 �0.080 ± 0.339 �0.666 ± 0.364
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plane implies that be1c and be1t are related. This makes sense, since
any change in the calcaneal pitch must be accompanied by an
adjustment in talar declination so that both the hindfoot and fore-
foot remain in contact with the ground. The correlation between
beAP and be1c in the sagittal plane and the talar alignment in the
transverse plane (defined by be1t, beHT) could relate to the need to
maintain congruity in the subtalar joint.

4.3. Implications of the results

The model hindfoot coordinate system appears to represent the
posterior calcaneal tuberosity, rather than the calcaneus as a
whole. This is most likely because the anterior portion of the calca-
neus is inaccessible and markers must be placed on the heel, where
the main shape feature is the posterior tuberosity.

Imaging of the foot with the motion-tracking markers attached,
as done in the present work with CT and in the foot model of
Kidder et al. (1996) with plane radiographs, could be used to rea-
lign the marker-based coordinate systems with those of the bones
or anatomical planes or to quantify any misalignment. Given the
present results and that clinical and radiographic measures of
hindfoot coronal alignment are known to differ (Lamm et al.,
2005; Slullitel et al., 2017), disparities are to be expected. In a clin-
ical situation, however, adding imaging to a gait assessment would
have to be balanced against the additional time and expense
involved, although it could be justified for feet with deformity. If
a calcaneal osteotomy is being considered, then knowledge of the
orientation of the entire bone, rather than just the coronal plane
alignment of the posterior calcaneal tuberosity as indicated by
the gait markers, could help to refine the surgical procedure.

Being aware of the variability of the model hindfoot coordinate
system alignment with the underlying anatomy and taking practi-
cal steps to limit this is also important. Clear marker placement
protocols and proper instruction in marker placement for new clin-
ical gait practitioners are essential, and particular attention should
be paid to intra- and inter-rater reliability of marker placement.
Use of a calcaneal marker placement device (Deschamps et al.,
2014) or heel alignment device (Simon et al., 2006) could also be
of benefit. It is interesting to recall that, in defining a coordinate
system for the calcaneus, Brown et al. (2009) chose to use points
on the tibia and fibula, with only a single point on the heel, in order
to reduce errors in axis alignment.

In multi-segment foot models, the third rotation in the Euler
angle sequence for the ankle (inversion-eversion or abduction-
adduction, depending on the model) takes place about an axis of
the hindfoot coordinate system. The results of the present work
imply that the orientation of this axis relative to the standard
planes of the foot or to the bony anatomy of the calcaneus and
talus is likely to be subject-specific.

4.4. Limitations

The present work has its limitations, including the relatively
small cohort and the inclusion of normal adult female feet only.
Ideally, a much larger sample and one more representative of the
patient groups seen in clinical gait laboratories would be studied.
Although participants were measured in a simulated weight-
bearing position, their body position in the CT scanner was supine
and their foot alignment was not fully standardized. For some par-
ticipants, there was an unfortunate loss of data due to markers on
the heel being displaced due to contact with the back of the foot-
loading device. These drawbacks could be overcome by use of an
upright weight-bearing CT scanner (as in Burssens et al., 2018;
Colin et al., 2014), which might also give a more extended view
of the tibial shaft so that the model hindfoot axis alignment with
the tibia in the coronal plane could be measured. The relationship
between the foot model axes and the bone axes was considered
here only in a single static position. Of course, this could change
over a gait cycle due to movement of the markers over skin and
other soft tissues. Measuring multiple static foot positions, track-
ing the foot using bone-mounted motion capture markers during
gait, or imaging the feet during walking with bi-planar x-ray fluo-
roscopy would give a more complete picture of how the foot model
axes relate to the underlying bony anatomy. Finally, the use of a
single foot model (Stebbins et al., 2006) in the present study was
not seen as a limitation, since the marker locations on the hindfoot
are similar to those used in other multi-segment foot models
(Kidder et al., 1996; Simon et al., 2006; Leardini et al., 2007;
Saraswat et al., 2012).
5. Conclusions

The foot model hindfoot axis orientations relative to the princi-
pal axes of the talus and calcaneus had little bias but were highly
variable. Consideration of coronal plane hindfoot alignment as
measured clinically and radiographically suggested that the model
hindfoot coordinate system represents the posterior calcaneal
tuberosity, rather than the calcaneus as a whole.
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