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Abstract

Background: A complete definition of anatomical reference systems (ARS) for all bones of the foot and ankle
complex is lacking. Using a morphological approach, we propose new ARS for these bones with the aim of being
highly repeatable, consistent among individuals, clinically interpretable, and also suited for a sound kinematic
description.

Methods: Three specimens from healthy donors and three patients with flat feet were scanned in weight-bearing
CT. The foot bones were segmented and ARS defined according to the proposed approach.

To assess repeatability, intra class coefficients (ICC) were computed both intra- and inter-operator.

Consistency was evaluated as the mean of the standard deviations of the ARS position and orientation, both within
normal and flat feet.

Clinical interpretability was evaluated by providing a quantification of the curvature variation in the medial-
longitudinal and transverse arches and computing the Djiann-Annonier angle for normal and flat feet from these
new ARS axes.

To test the capability to also provide a sound description of the foot kinematics, the alignment between mean
helical axes (MHA) and ARS axes was quantified.

Results: ICC was 0.99 both inter- and intra-operator.

Rotational consistency was 4.7 + 3.5 ° and 6.2 +£4.4° for the normal and flat feet, respectively; translational
consistency was 44 +4.0 mm and 54 + 2.9 mm for the normal and flat feet, respectively. In both these cases, the
consistency was better than what was achieved by using principal axes of inertia.

Curvature variation in the arches were well described and the measurements of the Djiann-Annoier angles from
both normal and flat feet matched corresponding clinical observations.

The angle between tibio-talar MHA and ARS mediolateral axis in the talus was 12.3 + 6.0, while the angle between
talo-calcaneal MHA and ARS anteroposterior axis in the calcaneus was 17.2 + 5.6, suggesting good capability to
represent joint kinematics.
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Table 1 List of geometrical features to be identified for each bone, together with the corresponding parameters required by the
proposed numerical routine

Bones Features Parameters
Tibia Cylinder fitted on the tibial plafond, i.e. the surface articulating with the talus excluding the  Centre of medial base of the
medial malleolus. cylinder
Centre of lateral base of the
cylinder
Circumference fitted on the most proximal cross-section available of the diaphysis Centre of the circumference
Fibula Plane fitted on the fibulo-talar articular surface Normal to the plane
Centroid of the selected articular
surface
Circumference fitted on the most distal cross-section of the diaphysis Centre of the circumference
Talus Cylinder fitted on the superior aspect of the trochlea tali, i.e. excluding the medial and Centre of medial circumference
lateral facies malleolaris )
Centre of lateral circumference
Calcaneus Sphere fitted on both the anterior and middle talar facets Centre of the sphere
Sphere fitted on the posterior talar facet Centre of the sphere
Plane fitted on the surface articulating with the cuboid Normal to the plane
Navicular Sphere fitted on the articular surface between the navicular and talus Centre of the sphere

Medial cuneiform

Intermediate

cuneiform

Lateral cuneiform

Cuboid

Plane fitted on the anterior surface articulating with the first metatarsal

Plane fitted on the lateral surface articulating with intermediate cuneiform and second
metatarsal

Plane fitted on the anterior surface articulating with the second metatarsal
Plane fitted on the posterior surface articulating with the navicular

Plane fitted on the medial surface articulating with the medial cuneiform
Plane fitted on the lateral surface articulating with the lateral cuneiform
Plane fitted on the anterior surface articulating with the third metatarsal

Plane fitted on the posterior surface articulating with the navicular

Plane fitted on the medial surface articulating with lateral cuneiform and second metatarsal

Plane fitted on the lateral surface articulating with the cuboid
Plane fitted on the anterior surface articulating with the fourth and the fifth metatarsal

Plane fitted on medial surface articulating with lateral cuneiform and navicular

Normal to the plane

Normal to the plane

Normal to the plane
Normal to the plane
Normal to the plane
Normal to the plane
Normal to the plane
Normal to the plane
Normal to the plane
Normal to the plane
Normal to the plane

Normal to the plane

model of the bones, ARS were computed automatically - the x axis is normal to the plane defined by z axis
and the centre of the circumference fitted on the most
portion available of diaphysis,

through a Matlab routine provided with this paperAdd-
materiat

itional
definition).

Our approach relies on right-handed reference system - the y axis is orthogonal to x and z axes, pointing

numerical routine for the ARS proximal

anteriorly;

for both right and left feet. As a general rule, the x axis proximally (Fig.1).
points anteriorly, the y axis proximally and the z axis
points to the right, thus laterally for right feet and medi-

pointing

ally for left feet. Talus

For brevity, the ARS definition is presented here only- The z axis is coincident with the axis of the cylinder
for representative bones. The complete list of ARS defin-fitted on the trochlea tali, pointing to the right;
ition is provided in the supplementary material(Add- - the origin is at the midpoint of the height of the
itional material: full list of ARS definitions). same cylinder;

- as for the y axis, the talus principal axes of inertia are

Tibia computed; the axis forming the smallest angle with the
- The z axis is coincident with the axis of the cylinder tibia x axis is chosen and its cross product with the z
fitted on the tibial plafond, pointing to the right; axis is taken, pointing proximally.

- the origin is at the midpoint of the height of the - the x axis is orthogonal to the y and z axes, pointing
same cylinder; anteriorly (Fig.2).
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Fig. 1 Definition of the tibia ARS: a) cylinder fitted on the tibial plafond and the z axis; b) origin; ¢) x axis definition; d) final ARS. In this and
following figures a left foot is considered; the portion of articular surfaces used for the fitting of geometrical feature is represented in red; the
construction curves are in green; the final x, y, and z axes of the ARS are in blue, represented by one, two and three arrows respectively

\

Calcaneus - the x axis is defined as the axis through the origin

- The origin is coincident with the bone centroid; and the centre of the sphere fitted on articular surface
- the x axis is parallel to the line through the centers between navicular and talus, pointing anteriorly;

of the spheres fitted on articular surfaces (see Talile - as for the y axis, the navicular principal axes of iner-

pointing anteriorly; tia are computed; the axis forming the smallest angle

- the z axis is defined as the cross product between the xwith the talus z axis is chosen and its cross product with
axis and the normal to the plane fitting to the articulating the x axis is taken, pointing proximally;
surface between calcaneus aadboid, pointing to the right. - the z axis is orthogonal to the x and y axes, pointing
- the y axis is orthogonal to the x and z axes, pointingto the right (Fig.4).
proximally (Fig.3).

Navicular Intermediate cuneiform
- The origin is coincident with the bone centroid,; - The origin is coincident with the bone centroid,;
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Fig. 2 Definition of the talus ARS: a) cylinder fitted on trochlea tali; b) origin; c) final ARS

- the x axis is the mean between the normal to the pathological feet of the presently proposed ARS (flat feet
plane fitted on the anterior surface articulating with the dataset).
second metatarsal and the normal to the plane fitted on After a thawing period of 36 h, each specimen was
posterior surface articulating with the navicular; casted with the knee in fully extended position (Fig.a),

- as for the y axis, the mean between the normal toleaving the foot and ankle free to move. Afterwards, each
the plane fitted on the medial surface articulating with casted specimen was positioned within the acquisition
the medial cuneiform and the normal to the plane fitted bore of a WBCT scanner (FigZ b) based on conebeam
on the lateral surface articulating with the lateral cunei- technology (OnSight Extremity System, Carestream®,
form is computed; its cross product with the x axis is Rochester, NY-USA; 884-by-884-pixel resolution, 0.26
taken, pointing proximally; mm isotropic voxel size, 0.26 mm slice thickness and

- the z axis is orthogonal to the x and y axes, pointing 230 x 230 mm field of view). Each leg was axially loaded
to the right. by half the donor weight; this was achieved by few iron

- the y axis is orthogonal to x and z axes, pointing disks connected with a rope, hanging from the femur
proximally (Fig.5). neck. Each leg was kept vertical by a wooden rig, at-
tached to the CT frame, constraining the leg axis to re-
main vertical, without affecting the remaining degrees of
freedom. The foot and ankle were scanned in this neu-
tral configuration.

Patients were scanned with the same WBCT. The pa-
tient stood with one leg within the bore, with the foot
and ankle in neutral configuration, while the contralat-
eral leg was flexed and leaning on the outer surface of
the scanner (Fig7 c).

To test the capability of the proposed ARS also to de-
scribe foot joint kinematics and as part of a wider study
on the foot motion, 14 additional WBCT scans were ac-
quired on the same day for each specimen, varying ankle
Data collection dorsi-plantar flexion among five values-@30°, -10°,
We analysed two sets of feet: the first dataset consists d®°,10°, and 20°) and foot prono-supination among three
three fresh-frozen full lower limbs (male; age: 77.7 + 7.8values ¢ 10°, 0°, and10°).. This was achieved through a
years; height: 175.3+5.8cm; weight: 87.0+15.7 Kgdet of wooden wedges (Fid), while the leg was kept
from cadaver dissection with no history of previous vertical and axial load maintained as previously de-
pathologies and was meant to overcome limits due toscribed. A Dicom file was obtained for each scan by im-
ionizing radiation during CT scans (normal feet dataset). posing a slice thickness of 0.26 mm, for a total of 960
The second dataset includes three patients (female/maleCT images. From each of the 45 acquired scans, 3D
1/2; age: 47.3 £ 20.1 years; height: 175.7 + 9.0 cm; weighmodels of all bones from the tibia to the metatarsals
74.7£7.0 Kg) affected by flat feet taken from a previouswere obtained by a semi-automatic segmentation
study 29, to provide an initial exploitation on process (Medical Imaging Interaction Toolkit (MITK

First metatarsal
- The origin O is the centroid of the bone;

- the x axis is the bone first principal axis of inertia,
pointing anteriorly, orientation is determined to
minimize the angle with the medial cuneiform x axis;

- the y axis is the bone principal axis of inertia show-
ing the minimum angle with the medial cuneiform y
axis, pointing proximally;

- the z axis is orthogonal to the x and y axes, pointing
to the right (Fig.6).



Conconi et al. Journal of Foot and Ankle Research (2021) 14:66 Page 6 of 13

Fig. 3 Definition of the calcaneus ARS: a) sphere fitted on anterior and middle talar facets; b) sphere fitted on posterior talar facet; ¢) x axis
definition; d) plane fitted to the calcaneo-cuboidal articular surface; e) definition of the z axis; f) final ARS

software 20032021, German Cancer Research Center -operators were an undergraduate student, a PhD stu-

DKFZ). dent, and a researcher, all with an education in biomech-
anics. The operators were all familiar with foot anatomy
Evaluation of anatomical reference system robustness and with the employed software. All operators were

To test the robustness of the ARS, their repeatability,instructed only using the information and definitions re-
consistency across subjects, clinical interpretability andported here and in theadditional material One operator
optimization for the kinematic description were repeated the ARS definition three times for each speci-

assessed. men. 2-way random effects intraclass correlations coeffi-
cients (ICC) were computed to assess both intra- and
Repeatability inter-operator repeatability 0], on the foot and ankle

Three different operators were enrolled and the ARS ofcomplex as a whole and for each bone. Translational
the three specimens were defined by each of them. Theand rotational variability among the ARS was also



Conconi et al. Journal of Foot and Ankle Research (2021) 14:66 Page 7 of 13

Fig. 4 Definition of the navicular ARS: a) sphere fitted on the articular surface between navicular and talus; b) x axis definition; c) final ARS

N

calculated, defined as the standard deviation among AR&linical interpretability
positions and orientations as reconstructed inter- and The curvature of the medial longitudinal arch was de-
intra-operator. scribed by the dorsi-plantar flexion angle (rotation about
z-axis) of calcaneus, talus, navicular, medial cuneiform,
and first metatarsus. The curvature of the transverse
Consistency arch was described by the pronosupination angle (rota-
The position and orientation of each bone with respect tion about x-axis) of medial, intermediate, lateral cunei-
to the tibia ARS were computed in the neutral configur- form and cuboid. To compare our results with the
ation of the foot and ankle, using a x-y-z cardanic se-clinical literature, the Djian-Annonier angle 48] was
quence. For each bone and component, mean andlso calculated as the spatial angle between the x axes of
standard deviation among the three subjects in each ofhe calcaneus and of the first metatarsal and compared
the two datasets were computed. Consistency was evaluwith average data from the literature3fl].
ated as the mean of the standard deviations on the trans-
lational and rotational components separately. To copeOptimization for the kinematic description
with the lack of reference values for ARS consistency inTo test the capability of the proposed ARS to describe
the foot, reference systems totally based on principal in-the foot kinematics, we focused on three articulations:
ertial axes were also defined for each bone but the tibiathe tibio-talar and talo-calcaneal joints, approximately
and the fibula, whose bone model was limited by their rotating around a single axis and therefore often repre-
different portions, associated to the different sizes of thesented as hinge joints, and the talo-navicular joint, which
subjects. The principal inertial axes of each bone werecan be approximated as a spherical pair. If our morpho-
sorted and oriented to minimize the angle with the cor- logical approach correctly captures the main kinematic
responding axis of the tibia ARS. Consistency analysigharacteristics of each articulation, we should be able to
was repeated for inertial axis reference systems. establish a relation also between the ARS and the mean

-

Fig. 5 Definition of the intermediate cuneiform ARS: a) x axis definition; b) y axes definitions; c) final ARS
. J
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( Y pronosupination, differing by ankle dorsi-plantar flexion.

L The MHA and MPP were calculated from these motions
according to Woltring [32). Tibio-talar MHA was com-
pared with the axis of the cylinder fitted on the talar
trochlea, namely the z axis of the talar ARS, computing
the angle between them. Talo-calcaneal MHA was com-
pared with the axis through the centres of the two
spheres fitting the anterior and posterior talo-calcaneal
articulating surfaces, namely the x axis of the calcaneal
ARS, computing the angle between them. Finally, the
MPP of the talo-navicular motion was compared with
the centre of the sphere fitted on the navicular surface
articulating with the talus, lying on the x axis of the na-
vicular ARS, computing the distance between them.

Results

Fig. 6 Final ARS for the first metatarsus The overall foot and ankle ARS are depicted in Fig.
) To help their observation, ARS are also shown for the
different groups of bones composing the foot and ankle

helical axis (MHA) as well as the mean pivot point compjey: the hindfoot, the midfoot, and the forefoot
(MPP) of joint motion, the former representing the sin- (Fig. 10).

gle axis of rotation for hinge-like joints and the latter

the centre of rotation of spherical-like joints that opti- .

mally describe the real three-dimensional motion of the Repeatability _ _

considered articulations. This would provide an optimal 1he ICC values for intra-operator and inter-operator re-

decoupling of motion components, simplifying the clin- peatability analyses were both 0.99 for the whc_JIe foot

ical interpretation of the joint motion. and ankle compllex. The same values were obtgmed fgr
Joint motion was reconstructed from the 15 scans ac-the ARS of the single bones. The largest translation vari-

quired with different dorsi-plantar flexion and pronosu- ability was 3.5 mm, while the largest rotational variability

pination angles. The rototranslational transformations Was 4.2°, both observed in the intra-operator analysis,
from the neutral to the other 14 ft postures were com- 1OF the fibula.

puted with an automatic ICP registration algorithm for

each single bone. Eight foot motions were then simu-Consistency

lated from these scans: three ankle dorsi-plantar flexionsConsistency in orientation was 4.7 = 3.5° while in pos-
differing by the pronosupination angle, and five foot ition was 4.4+ 4.0 mm for the normal feet dataset. For

N

Fig. 7 The experimental setup for the specimens, casted with the knee at full extension (a) and scanned in WBCT under load (b). Acquisition of
foot scan for a typical patient with flat foot (c)
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Fig. 8 The wedges employed to impose foot posture during CT scanning (a) and their application in two cases: 30° plantar flexion (b) and a
combination of 20° dorsi flexion and 10° supination (c)

the flat feet dataset, consistency in orientation was 6.2+ The estimated Djian-Annonier angle using the pro-

4.4° while in position was 5.4 + 2.9 mm. posed ARS is depicted in Tabld, together with refer-
In comparison, when considering the alternative ana-ence values for both normal and flat feet.

tomical reference systems based completely on the prin-

cipal axes of inertia, consistency in orientation was

o g - Optimization for the kinematic description
+ + .
12.0+12.0% while in position was 4.6+ 4.1 mm fqr theThe angle between the MHA and the z axis of the talar

ARS was 12.3£6.0. The angle between the MHA and
the x axis of the calcaneal ARS was 17.2+5.6. The
orientation of the MHA with respect to the talar and
calcaneal ARS are depicted in FitR.

The mean distance between the centre of the sphere
fitted on articular surface between navicular and talus
and the MPP of the talo-navicular joint motion was
2.7+£0.4mm.

in orientation was 8.7 £ 8.0° while in position was 5.7 =
3.6 mm.

A complete description of the average neutral posture
of the foot and ankle complex for both the normal and
flat feet datasets is reported in thadditional material

Clinical interpretability

The variation in the ARS orientation along the medial
longitudinal arch and the transverse arch are depicted inDiscussion

Fig. 11 for one specimen and one flat foot. The numer- The aim of this work was to define robust anatomical
ical comparison between the two datasets for the tworeference systems for each bone of the human foot and
arches are reported in Tableg and 3. The collapse of ankle complex. To this end, a procedure based mainly
the medial longitudinal arch is well represented by the on morphological fitting of simple geometrical features
dorsi-plantar flexion of the talo-calcaneal group, while on the articular surfaces is presented, also implemented

the first ray dorsiflexed rotating about the talar head.in a complementary software code provided with the
The transverse arch also flattened and lowered. present paper.

Fig. 9 Overall representation of foot and ankle complex ARS for a representative specimen, in ankle neutral posture
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