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Abstract

Purpose The coupled behavior of talocrural joint motion is primarily determined by the morphological features of the
talar trochlea and tibiofibular mortise. Features of the radius of curvature of the talocrural joint, however, remain unclear.
The objectives of this study were to evaluate the radius of curvature at the mid, medial, and lateral regions of both the talar
trochlea and the tibial plafond, and to estimate subject-specific kinematics of the talocrural joint.

Methods Computed tomography images of 44 subjects with healthy talocrural joints were assessed by creating three-
dimensional bone models. The radii of curvature of the anterior and posterior regions at the mid, medial, and lateral regions
of both the talar trochlea and the tibial plafond were calculated. Hypothetical dorsiflexion and plantarflexion axes of the
talocrural joint were estimated from the shape of the talar trochlea. Orientations and distances of these axes were calculated.
Results At both the talar trochlea and the tibial plafond, the anteromedial and posteromedial radii exhibited the largest coef-
ficients of variation. The anterior-to-posterior radius ratio (APRR) of the medial talar trochlea significantly correlated with
the mid APRR, anterior medial-to-lateral radius ratio (MLRR), and posterior MLRR of the trochlea (r=0.45, 0.52, — 0.60,
respectively, and all P <0.01).

Conclusions The asymmetric shape of the medial talar trochlea seems to determine a fixed or changing axis of rotation at
the talocrural joint. This subject-specific rotational axis of the talocrural joint should be considered in the management of
patients with ankle injuries.

Keywords Talus - Tibia - Radius - Image-based bone models - Translation - Sliding

Introduction

The talocrural joint produces six degree-of-freedom cou-
pled motions during ankle dorsiflexion and plantarflexion
[5-9, 19]. Although these coupled motions result from the
interaction between the morphology of the articular surface,
ligament constraints, and total force through the adjacent
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joints, the basic passive kinematic patterns are primarily
determined by the morphology of the articular surface of
the talar trochlea and tibial plafond.

The axis of rotation at the talocrural joint is considered to
orient due to the asymmetric shape of the medial and lateral
talar trochlea [7, 15]. In particular, the lateral radius is larger
compared with the medial radius at the anterior talar trochlea
[4, 11], which orient the talocrural joint axis downward and
laterally during ankle dorsiflexion [9]. On the other hand,
at the posterior talar trochlea, 60% of the talus exhibits the
larger medial radius compared with the lateral radius, while
the remainder exhibits the smaller medial radius [11]. This
bilateral asymmetry of the posterior talar trochlea is consid-
ered to orient the talocrural joint axis downward and medi-
ally or laterally during ankle plantarflexion [9].

In addition to the orientation of the axes, the positional
change of the axis of the talocrural joint, which should
induce the translation and sliding motion of the talus, is
considered to occur due to the asymmetry between the
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anterior and posterior radii of the talar trochlea. In fact, the
asymmetry between the anterior and posterior radii at the
mid-region of the talar trochlea should induce anteropos-
terior translation of the talus relative to the tibial plafond
throughout the range of motion of the ankle by separating
the dorsiflexion and plantarflexion axes at the central level
of the talar body. At the medial and lateral talar trochlea,
the asymmetry between anterior and posterior radii should
produce the anteroposterior sliding motion of the medial
and lateral compartments of the trochlear surface throughout
ankle dorsiflexion and plantarflexion motions. However, the
features of asymmetry between the anterior and posterior
radii at the mid, medial, and lateral talar trochlea remain
unclear. Furthermore, although such translation and sliding
motion of the talus at the talocrural joint would be permitted
by the structural feature of the tibial plafond, the quantitative
values of the normal radii of the mid, medial, and lateral
tibial plafond have not been assessed in relation to the coun-
terparts of the talar trochlea.

The features of the radii at the talar trochlea and tibial
plafond are crucial to understanding the subject-specific
kinematics of the talocrural joint, which provide essential
information for the management of patients with various
ankle injuries. The purposes of the present study were (1)
to assess normal variants in the radii of the six regions at
both the talar trochlea and tibial plafond and (2) to estimate
subject-specific orientations of the dorsiflexion and plantar-
flexion axes of the talocrural joint and the distances between
these axes from the morphology of the talar trochlea.

Materials and methods
Subject selection

Subjects presenting with foot or ankle symptoms who under-
went foot and ankle-computed tomography (CT) scans and
were diagnosed with no talocrural pathology between Janu-
ary 1, 2006, and August 31, 2017, were identified within
the Hokkaido Obihiro Kyokai Hospital (HOKH) and Sap-
poro Medical University Hospital (SMUH) databases. Sub-
jects below 20 years of age and patients with any talocrural
pathology (fracture, osteoarthritis, osteochondral lesion,
and others) were excluded. History of the subjects’ previous
ankle injury was unknown. After exclusion, 44 talocrural
joints (22 right and 22 left joints) in 8 women and 36 men
[mean age 48.0 (SD 18.0) years; age range 23—84 years]
were enrolled in this study. CT images collected from
HOKH were acquired using an Aquilion Multi-detector CT
scanner (Toshiba Medical Systems, Otawara, Japan). The
acquisition parameters were: tube voltage 120 kVp, tube cur-
rent 10-500 mA, rotation time 1.00 s per 360°, pitch 53.0,
collimation 32 mm, matrix 512 X 512 pixels, slice thickness
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0.5-2.00 mm, field of view 240 mm. CT images collected
from SMUH were acquired using an Aquilion PRIME CT
scanner (Toshiba Medical Systems, Otawara, Japan). The
acquisition parameters were: tube voltage 120 kVp, tube cur-
rent 100 mA, rotation time 0.5 s per 360°, matrix 512X 512
pixels, slice thickness 1.00 mm, field of view 240 mm.
Approval of this study was obtained from the ethics commit-
tee of the Obihiro Kyokai Hospital (#2017-12) and Sapporo
Medical University Hospital (#29-2-46).

Reconstruction of the three-dimensional bone
models

Three-dimensional (3D) bone models of the talocrural joint
were reconstructed from the CT images by one experienced
physical therapist (S.N.) possessing 7 years’ experience
with 3D reconstruction and morphometric analysis of the
foot and ankle joints. The CT images were segmented by
standardized thresholding to separate the bone contrast from
the surrounding contrast levels (threshold values, minimum
226; maximum 2312) using Mimics (version 9.0, Materi-
alise Inc., Leuven, Belgium). The 3D geometric models of
the distal tibia and talus were reconstructed from the CT
images, and the wrapping processing was done on the mod-
els. Morphometric analysis of the distal tibia and talus was
then performed using 3-matic (version 9.0, Materialise Inc.,
Leuven, Belgium).

Tibial plafond radius of curvature

To measure the radius of the tibial plafond, an anatomi-
cal coordinate system (ACS) was defined as follows: four
anatomical landmarks on the tibial plafond were identi-
fied (Fig. 1). First, the tibial plafond origin (O,) coincided
with the center of inertia of the region of the tibial plafond
(Fig. 1). The three orthogonal planes were then created as
follows: the transverse plane of the tibial plafond was defined
as a plane orthogonal to a line orthogonal to the extracted
surface of the tibial plafond (Fig. 2a). A plane perpendicular
to the transverse plane and parallel to the line connecting
anteromedial and anterolateral edges of the tibial plafond
was defined as the coronal plane (Fig. 2a). The sagittal plane
was defined as a plane perpendicular to both the transverse
and coronal planes (Fig. 2a). The XY Z, axes were defined
as shown in Fig. 2b.

The tibial plafond radii of curvature were measured as
follows: first, the three near-coronal sections were created
through the tibial plafond (Fig. 3). Then, the five near-
sagittal sections perpendicular to the transverse plane were
defined through the tibial plafond as anteromedial, pos-
teromedial, anterolateral, posterolateral, and mid-sagittal
sections (Fig. 3). In the anteromedial section, a circle pass-
ing through the anteromedial top and mid-medial top and
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Fig. 1 Anatomical landmarks and origin of the tibial plafond. The
anteromedial, posteromedial, anterolateral, and posterolateral edges
were identified. The tibial plafond origin (O,) coincided with the
center of inertia of the region of the tibial plafond that was manually
extracted by tracking the visible borders of the subchondral bone sur-
faces (dotted line)

the midpoint of these two tops projected onto the tibial
plafond contour (anteromedial midpoint) was created, and
the radius of this circle was calculated as the anteromedial
radius (Fig. 4a). Second, in the posteromedial section, a
circle passing through the mid-medial top and postero-
medial top of the tibial plafond and the midpoint of these
two tops projected onto the tibial plafond contour (pos-
teromedial midpoint) was created, and the radius of this
circle was calculated as the posteromedial radius (Fig. 4b).
Third, in the anterolateral section, a circle passing through
the anterolateral top and mid-lateral top and the midpoint
of these two tops projected onto the tibial plafond con-
tour (anterolateral midpoint) was created, and the radius
of this circle was calculated as the anterolateral radius
(Fig. 4a). Fourth, in the posterolateral section, a circle
passing through the mid-lateral and posterolateral top and
the midpoint of these two tops projected onto the tibial
plafond contour (posterolateral midpoint) was created, and
the radius of this circle was calculated as the posterolateral
radius (Fig. 4b). Finally, in the mid-sagittal section, a cir-
cle passing through the most anterior and superior points
and the midpoint of these two tops projected onto the tibial
plafond contour (anterior midpoint) was created, and the
radius of this circle was calculated as the mid-anterior
radius (Fig. 4c). The mid-posterior radius was measured
via the same procedure (Fig. 4c).

The anterior-to-posterior radius ratios (APRRs) of the
medial, lateral, and mid-tibial plafond were defined as the
ratio of the anteromedial to the posteromedial radius, ante-
rolateral to the posterolateral radius, and mid-anterior to
the mid-posterior radius, respectively. The medial-to-lateral
radius ratios (MLRRs) of the anterior and posterior tibial
plafond were calculated as the ratio of the anteromedial to

Transverse plane
Coronal plane

Sagittal plane

y (b)

Fig.2 Three-orthogonal planes (a) and the anatomical coordinate
system (b) of the tibial plafond. The X, axis was defined as the line
perpendicular to the sagittal plane and passing through O,, pointing

laterally. The Y}, axis was defined as the line perpendicular to the cor-

onal plane and passing through O, pointing anteriorly. The Z, axis
was formed as the cross-product of the X, axis and Y, axis, pointing
downward

the anterolateral radius of curvature and the posteromedial
to the posterolateral radius of curvature, respectively.

Talar trochlea radius of curvature

The process of measuring radii of curvature of the talar
trochlea followed a previously described procedure [11].
Briefly, at first, an ACS of the talus was embedded as
follows: the transverse plane was parallel to both the line
passing through the superior edges of the facets of the
medial and lateral sides of trochlea and the line passing
through the anterior and posterior edges of the medial
facet of the trochlea. The coronal plane was parallel
to the line passing through the anteromedial and ante-
rolateral edges of the trochlea and perpendicular to the
transverse plane. The sagittal plane was perpendicular to
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Fig.3 Three near-coronal sections and five near-sagittal sections
through the tibial plafond. Three near-coronal sections were cre-
ated to individually contain anteromedial and anterolateral edges of
the tibial plafond, midpoints of the anteromedial and posteromedial
edges and anterolateral and posterolateral edges, and posteromedial
and posterolateral edges. On each of the three near-coronal sections,
the most superior points at the medial and lateral edges of the tibial
plafond were identified and defined as the anteromedial top, mid-
medial top, posteromedial top, anterolateral top, mid-lateral top, and
posterolateral top. An anteromedial section was defined to contain the
anteromedial top and mid-medial top (a). A posteromedial section
was then defined to contain the mid-medial top and posteromedial top
(b). An anterolateral section was defined to contain the anterolateral
top and mid-lateral top (a). A posterolateral section was defined to
contain the mid-lateral top and posterolateral top (b). A mid-sagittal
section was created by cutting the tibial plafond along the Y,Z, plane

both the transverse and coronal planes. The talar origin
(0,) was determined following the process reported in
a previous study [19]. The X,Y,Z, axes were defined as
shown in Fig. 5. Then, five near-sagittal sections were
determined: the anteromedial, posteromedial, anterolat-
eral, posterolateral, and mid-sagittal sections (Fig. 6). On
each near-sagittal section, anteromedial, posteromedial,
anterolateral, posterolateral, mid-anterior, and mid-pos-
terior circles were created, and radii of curvature of each
circle were calculated (Fig. 7). The APRR and MLRR of
the talar trochlea were calculated in the same way as the
counterpart of the tibial plafond.
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Fig.4 Five near-sagittal sections and radii of curvature of the tibial
plafond. On each section, anteromedial, posteromedial, anterolateral,
posterolateral, mid-anterior, and mid-posterior radii of curvature were
calculated

Orientation of dorsiflexion and plantarflexion axes

The dorsiflexion axis was defined as a line through the
centers of the anteromedial and anterolateral circles of the
talar trochlea. The plantarflexion axis was defined as a line
through the centers of the posteromedial and posterolateral
circles of the trochlea. To assess the orientation of the dorsi-
flexion and plantarflexion axes, the inclination and deviation
angles of these axes were calculated following a previously
described procedure [11]. The inclination angle was defined
as the angle between the dorsiflexion or plantarflexion axis
and XY, plane (Fig. 8a). The deviation angle was defined as
the angle between the dorsiflexion or plantarflexion axis and
X,Z, plane (Fig. 8b).
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Fig.5 The anatomical coordinate system of the talus. The X, axis
was defined as the line perpendicular to the sagittal plane and pass-
ing through O,, pointing laterally. The Y, axis was defined as the line
perpendicular to the coronal plane and passing through O,, pointing
anteriorly. The Z, axis was formed as a cross-product of the X, axis
and Y, axis, pointing downward
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Fig.6 Five near-sagittal sections through the talar trochlea. The
anteromedial section contained the anteromedial and mid-medial tops
(a). The posteromedial section contained the mid-medial and postero-
medial tops (b). The anterolateral section contained the anterolateral
and mid-lateral tops (a). The posterolateral section contained the mid-
lateral and posterolateral tops (b). All sections were perpendicular to
the transverse plane. The mid-sagittal section was created by cutting
the talar trochlea along the Y,Z, plane
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Fig. 7 Radii of curvature of the talar trochlea. The anteromedial cir-
cle contained the anteromedial and mid-medial tops and anterome-
dial midpoint (a). The posteromedial circle contained the mid-medial
and PM tops and posteromedial midpoint (b). The anterolateral cir-
cle contained the anterolateral and mid-lateral tops and anterolateral
midpoint (a). The posterolateral circle contained the mid-lateral and
posterolateral tops and posterolateral midpoint (b). The mid-ante-
rior circle contained the most anterior point, most superior point,
and midpoint of the most anterior and superior points of the troch-
lea (¢). The mid-posterior circle contained the most posterior point,
most superior points, and midpoint of the most posterior and superior
points of the trochlea (c)

Distance between dorsiflexion and plantarflexion
axis

The distance between dorsiflexion and plantarflexion axes
was assessed at the medial, mid, and lateral parts, respec-
tively (Fig. 9). The medial distance was measured from
the anteromedial center to the posteromedial center of the
talar trochlea. The mid distance was defined as the dis-
tance between intersection points of the dorsiflexion and
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Fig. 8 Inclination (a) and deviation (b) angles of the dorsiflexion and
plantarflexion axes. The direction of the axis is represented by the
normal vector n. A positive value of the inclination angle indicates
an inferiorly oriented axis in a lateral direction, and a positive value
of the deviation angle indicates a laterally oriented axis in a posterior
direction

plantarflexion axis with the Y,Z, plane. The lateral distance
was measured from the anterolateral center to the postero-
lateral center of the talar trochlea. The absolute values of
distance between dorsiflexion and plantarflexion axes were
normalized using the anteroposterior diameter of the talar
trochlea (the distance from the most anterior point to the

Fig.9 The dorsiflexion and
plantarflexion axes (a) and the
distance between these axes (b).
The intersection points of the
dorsiflexion and plantarflexion e
axes with the Y,Z, plane were
identified (b). The distance
between these intersection
points was defined as the dis-
tance between dorsiflexion and
plantarflexion axes (b)

X'A/I\Y, Plantarflexion axis
Z

(a)
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Dorsiflexion axis

most posterior point on the talar trochlea) for the following
correlation analysis.

Statistical analysis

All measurements were performed twice by one observer
(S.N.). The average of two trials was used for statistical
analysis. Measurement repeatability of the tibial and talar
radius, orientation of the dorsiflexion and plantarflexion
axes, and distances between these two axes was exam-
ined using the intraclass correlation coefficient (ICC) and
the standard error of measurement (SEM). Intra-observer
repeatability for the two measurements in 44 subjects was
assessed by ICC model 1,1. Inter-observer repeatability was
assessed in 25 randomly selected subjects using ICC model
2,1 by two independent physical therapists (S.N., T.K.).
The repeatability was assumed to be good for ICC >0.75,
moderate for ICC of 0.50-0.75, and poor for ICC <0.50,
using previously established criteria [13]. The radii of
curvature of the six regions at the tibial plafond and talar
trochlea were independently analyzed using the Friedman
test (factor: region). When main effects were found, multi-
ple comparisons using the Wilcoxon signed-rank test were
performed. In addition, the Wilcoxon signed-rank test was
used for the comparison of the radii of curvature at each
region between the tibial plafond and talar trochlea. Corre-
lations among the APRRs and MLRRs of the talar trochlea
were assessed using Spearman’s rank correlation coefficient.
Correlations between the MLRRs of the talar trochlea and
orientation angles of the dorsiflexion and plantarflexion axis
were assessed using Spearman’s rank correlation coefficient.
Correlations between the APRRs of the talar trochlea and
normalized distances between the dorsiflexion and plantar-
flexion axis were also analyzed using Spearman’s rank corre-
lation coefficient. The distance between the dorsiflexion and
plantarflexion axes at three parts (medial, mid, and lateral)
was analyzed using the Friedman test (factor: part). When

Dorsiflexion axis

Medial distance
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main effects were found, multiple comparisons using the
Wilcoxon signed-rank test were performed. The statistical
significance level was set at P value <0.05 for all analyses,
while Bonferroni correction was used where appropriate.
All statistical analyses were performed using SPSS software
version 19.0 (SPSS Japan Inc., Tokyo, Japan).

Results
Intra-observer and inter-observer repeatability

Good intra-observer repeatability (ICCI1,1 >0.75) was
found in all measurements except for the mid distance
between dorsiflexion and plantarflexion axes (Tables 1,
2, 3). Although the ICC1,1 for the mid distance between
dorsiflexion and plantarflexion axes was moderate, good
intra-observer repeatability was found when the average of
two trials was used for the analysis. Good inter-observer
repeatability (ICC2,1>0.75) was found in all measurements
except for the posterolateral radius of the tibial plafond and
the lateral distance between dorsiflexion and plantarflexion
axes (Tables 1, 2, 3).

Tibial and talar radii of curvature
On the tibial plafond, anteromedial and posteromedial radii

exhibited the largest coefficient of variation (Table 1). At
the anterior tibial plafond, the anteromedial radius was

Table 1 Radii of curvature of the tibial plafond

significantly larger compared with the mid-anterior and ante-
rolateral radius by a mean difference of 10.3 (SD 15.5) and
9.2 (SD 14.8) mm, respectively (P <0.001; Table 1). At the
mid tibial plafond, the mid-anterior radius was significantly
smaller compared with the mid-posterior radius by a mean
difference of 4.7 (SD 6.8) mm (P <0.001; Table 1).

On the talar trochlea, anteromedial and posterome-
dial radii also exhibited the largest coefficient of variation
(Table 2). The anterior radius was significantly smaller
compared with the posterior radius at all the medial, mid,
and lateral talar trochlea by a mean difference of 6.9 (SD
5.5) mm, 3.2 (SD 2.6) mm, and 2.6 (SD 4.0) mm, respec-
tively (P <0.001; Table 2). At the medial talar trochlea, the
APRRs in 40 (91%) samples were less than 1.0. At the mid
talar trochlea, the APRRs in 38 (86%) samples were less
than 1.0, and the remainder (14%) were more than 1.0. At
the lateral talar trochlea, the APRRs of the talar trochlea
in 29 (66%) samples were less than 1.0, and the remainder
(34%) were more than 1.0. At the anterior talar trochlea,
the anteromedial and mid-anterior radius was significantly
smaller compared with the anterolateral radius by a mean
difference of 5.5 (SD 2.8) and 4.7 (SD 2.4) mm, respec-
tively (P <0.001; Table 2). At the posterior trochlea, the
mid-posterior radius was significantly smaller compared
with the posteromedial and posterolateral radius by a mean
difference of 2.9 (SD 4.4) and 4.1 (SD 3.9) mm, respectively
(P<0.001; Table 2). The anterior MLRRs of the talar troch-
lea in 42 (95%) samples were less than 1.0. The posterior
MLRRs of the talar trochlea in 25 (57%) samples were less

Variable Mean (SD) Range

CV (%)

Intraobserver Interobserver

ICC1,1 (95% CI) SEM ICC2,1 (95% CI) SEM

Radius of curvature

Anteromedial radius (mm) 33.9 (14.5)%" 13.4-86.6 429

Mid-anterior radius (mm) 23.6 (5.2)F 15.3-47.1 22.2
Anterolateral radius (mm) 24.7 (4.6) 16.4-41.9 18.6
Posteromedial radius (mm) 29.5 (11.0) 15.2-64.4 37.1
Mid-posterior radius (mm) 28.3(6.9) 18.3-56.8 24.4
Posterolateral radius (mm) 25.5(5.0) 14.4-39.1 19.5

Anterior-to-posterior radius ratio

Medial trochlea 1.24 (0.62) 0.45-3.01 49.8

Mid trochlea 0.86 (0.20) 0.53-1.59 23.8

Lateral trochlea 1.00 (0.24) 0.67-1.77 24.3
Medial-to-lateral radius ratio

Anterior trochlea 1.40 (0.62) 0.55-3.22 44.2

Posterior trochlea 1.19 (0.43) 0.57-2.35 36.4

0.974 (0.953-0.986)  0.39
0.975 (0.955-0.986)  0.13
0.909 (0.840-0.949)  0.43
0.971 (0.948-0.984)  0.32
0.958 (0.925-0.977)  0.29
0.917 (0.854-0.954)  0.43

0.789 (0.581-0.901) 1.83
0.946 (0.879-0.976)  0.34
0.777 (0.555-0.895) 1.15
0.892 (0.773-0.951) 1.26
0.949 (0.888-0.977)  0.41
0.689 (0.345-0.859) 1.74

CV coefficient of variation, /CC intraclass correlation coefficient, SEM standard error of measurement

*P <0.001 compared with the mid-anterior radius
TP <0.001 compared with the anterolateral radius
#P <0.001 compared with the mid-posterior radius
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Table 2 Radii of curvature of the talar trochlea

Variable Mean (SD) Range CV (%)

Intraobserver Interobserver

ICC1,1 (95% CI) SEM ICC2,1 (95% CI) SEM

Radius of curvature
Anteromedial radius (mm) 17.9 3.0)* 1 13.2-26.4 16.7
Mid-anterior radius (mm) 18.7 2.2)%% 152-249  11.7
Anterolateral radius (mm) 23.4(2.8)" 182-29.7 121
Posteromedial radius (mm) 24.8 (5.0)1 15.8-47.9 20.3
Mid-posterior radius (mm) 21.9 (2.3)** 17.8-27.9 10.7

Posterolateral radius (mm) 26.0 (4.1) 18.2-36.6 15.7
Anterior-to-posterior radius ratio

Medial trochlea 0.74 (0.16) 0.37-1.12 21.5

Mid trochlea 0.86 (0.11) 0.67-1.18 13.2

Lateral trochlea 0.92 (0.14) 0.67-1.25 15.5
Medial-to-lateral radius ratio

Anterior trochlea 0.77 (0.11) 0.59-1.04 14.3

Posterior trochlea 0.97 (0.20) 0.55-1.82 20.9

0.941 (0.894-0.967) 0.18 0.940 (0.870-0.973) 0.21
0.956 (0.922-0.976) 0.10 0.895 (0.778-0.952) 0.26
0.958 (0.924-0.977) 0.12 0.931 (0.850-0.969) 0.22
0.967 (0.941-0.982) 0.17 0.958 (0.908-0.981) 0.23
0.982 (0.967-0.990) 0.04 0.892 (0.772-0.951) 0.27
0.948 (0.907-0.971) 0.22 0.891 (0.771-0.950) 0.45

CV coefficient of variation, /CC intraclass correlation coefficient, SEM standard error of measurement

*P <0.001 compared with the anterolateral radius
**P <0.001 compared with the posterolateral radius
TP <0.001 compared with the posteromedial radius
#P<0.001 compared with the anterolateral radius
8P <0.001 compared with the mid-posterior radius
P <0.001 compared with the posterolateral radius
1P <0.001 compared with the mid-posterior radius

Table 3 Orientation of the dorsiflexion and plantarflexion axes and distances between these axes

Variable Mean (SD) Range CV (%)

Intraobserver Interobserver

ICC1,1 (95% CI) SEM ICC2,1 (95% CI) SEM

Dorsiflexion axis

Inclination angle (°) 13.4 (6.9) —-1.7t027.4 51.8

Deviation angle (°) 6.9 (5.0) —3.1t016.7 729
Plantarflexion axis

Inclination angle (°) 3.2 (13.3) —45.3t036.0 418.4

Deviation angle (°) 4.6 (5.3) —7.1t015.7 113.5
Distances

Medial distance (mm) 7.1 (49" 0.91t030.1 69.7

Mid distance (mm) 52 (3.1) 0.7t0 17.3 59.8

Lateral distance (mm) 4.7 (2.8) 1.1to 12.5 59.8

0.886 (0.802-0.936) 0.82 0.842 (0.668-0.929) 1.10
0.890 (0.808-0.938) 0.58 0.936 (0.862-0.971) 0.33

0.953 (0.917-0.974) 0.64 0.926 (0.840-0.966) 0.99
0.939 (0.891-0.966) 0.33 0.901 (0.791-0.955) 0.56

0.857 (0.753-0.919) 0.74 0.887 (0.761-0.948) 0.60
0.748 (0.583-0.854) 0.84 0.870 (0.730-0.940) 0.47
0.848 (0.739-0.914) 0.45 0.713 (0.450-0.863) 0.76

CV coefficient of variation, /CC intraclass correlation coefficient, SEM standard error of measurement

*P <0.001 compared with the mid distance
TP <0.001 compared with the medial distance

than 1.0, and those in the remainder (43%) were more than
1.0. Correlation coefficients among MLRRs and APRRs
in the talar trochlea are presented in Table 4. The medial
APRR correlated with mid APRR, anterior MLRR, and pos-
terior MLRR (r=0.45 and P<0.001, r=0.52 and P<0.01,
r=—0.60 and P <0.001, respectively; Table 4).
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The difference of radii of curvature at each region
between the tibial plafond and talar trochlea are shown in
Fig. 10. At the medial region of the talocrural joint, the
anteromedial and posteromedial radius of the tibial plafond
was significantly larger compared with the counterparts of
the talar trochlea by a mean difference of 16.0 (SD 14.8) and
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Table 4 Correlation coefficients between medial-to-lateral radius ratio and anterior-to-posterior radius ratio of talar trochlea

Anterior-to-posterior radius ratio

Medial-to-lateral radius ratio

Medial trochlea Mid trochlea Lateral trochlea Anterior trochlea Posterior trochlea
r value P value r value P value r value P value r value P value r value P value
Anterior-to-posterior radius ratio
Medial trochlea - - 0.45 <0.01 0.05 >0.05 0.52 <0.01 -0.60 <0.001
Mid trochlea 0.45 <0.01 - - 0.17 >0.05 0.13 >0.05 -0.27 >0.05
Lateral trochlea 0.05 >0.05 0.17 >0.05 - - -0.40 <0.01 0.50 <0.01
Medial-to-lateral radius ratio
Anterior trochlea 0.52 <0.01 0.22 >0.05 0.40 <0.01 - - 0.04 >0.05
Posterior trochlea -0.60 <0.001 -0.27 >0.05 0.50 <0.01 -0.22 >0.05 - -
[mm] Table 5 Correlation coefficients between medial-to-lateral radius
70 ratio and orientation angles of rotational axis
60 c Medial-to-lateral radius ratio  Inclination angle =~ Deviation angle
rvalue P value rvalue P value
50 =
X I Anterior trochlea -093 <0.001 -0.60 <0.001
40 o ’ Posterior trochlea -098 <0.001 0.67 <0.001

'%%E L.

AL MA AM PL MP PM

Fig. 10 Radius of the tibial plafond and talar trochlea at each region.
A significant difference was found between the tibial plafond and
talar trochlea at the anteromedial, mid-anterior, posteromedial, and
mid-posterior regions. AM anteromedial, MA mid-anterior, AL ante-
rolateral, PM posteromedial, MP mid-posterior, PL posterolateral.
*P<0.001

4.7 (SD 9.4) mm, respectively (P <0.001). At the mid region
of the talocrural joint, the mid-anterior and mid-posterior
radius of the tibial plafond was also significantly larger com-
pared with the counterparts of the talar trochlea by a mean
difference of 4.9 (SD 4.9) and 6.4 (SD 6.3) mm, respectively
(P <0.001). In contrast, at the lateral region, there were no
differences of the radius between the tibial plafond and talar
trochlea (P> 0.01).

Spatial position of dorsiflexion and plantarflexion
axis

The orientation angles of the dorsiflexion and plantarflex-
ion axis and the distances between these axes are shown in
Table 3. The inclination and deviation angles of the dorsi-
flexion axis were positive values in 42 (95%) and 41 (93%)

samples, respectively. The inclination angle of the plantar-
flexion axis in 26 (59%) samples represented a positive value,
while the remainder (41%) represented a negative value. The
deviation angle of the plantarflexion angle in 34 (77%) sam-
ples represented a positive value, while the remainder (23%)
represented a negative value. The inclination and deviation
angles of the dorsiflexion axis were negatively correlated
with the anterior MLRR of the talar trochlea (r=—0.93 and
P<0.001, r=—-0.60 and P <0.001, respectively; Table 5).
The inclination and deviation angles of the plantarflexion axis
were strongly correlated with the posterior MLRR of the talar
trochlea (r=—0.98 and P<0.001, r=—0.67 and P<0.001,
respectively; Table 5).

The medial distance between the dorsiflexion and plantar-
flexion axes was significantly larger compared with the mid
and lateral distance by a mean difference of 1.9 (SD 2.7) and
2.4 (SD 5.7) mm, respectively (P <0.001). The normalized
medial distance was strongly correlated with the medial APRR
of the talar trochlea (r=—0.90 and P <0.001; Table 6). The
normalized mid distance was significantly correlated with
the mid APRR of the talar trochlea (r=—0.37 and P<0.05;
Table 6). The normalized lateral distance was significantly cor-
related with the lateral APRR of the talar trochlea (r=—0.71
and P <0.001; Table 6).
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Table 6 Correlation coefficients

. N Anterior-to-posterior
between anterior-to-posterior

Normalized medial distance Normalized mid distance

Normalized lateral

) X 1 : radius ratio distance
radius ratio and rotational axis
distances r value P value r value P value r value P value
Medial trochlea —-0.90 <0.001
Mid trochlea —-0.37 <0.05
Lateral trochlea —-0.71 <0.001
Discussion hand, six (14%) subjects represented the larger mid-anterior

Three principal findings were obtained in this study. First,
the medial talar trochlea exhibited the largest difference
between the anterior and posterior radius, followed, in order,
by the mid and lateral trochlea. Second, the tibial radius
was significantly larger compared with the talar radius at
the medial and mid region of the talocrural joint. Third, the
medial APRR of the talar trochlea exhibited large individual
variability and was correlated with the mid APRR, anterior
MLRR, and posterior MLRR.

Several limitations of this study might affect the gener-
alization of the three principal findings. First, the use of
CT data to reconstruct 3D bone models would be a major
confounding factor, as these models reflect only bone sur-
face without cartilage layer. Although, to the best of our
knowledge, cartilage thickness of the tibial plafond has not
been reported, the thickness of the articular cartilage layer
of the talar trochlea does not significantly vary between the
medial, lateral, and central regions [1, 2]. In addition, the
differences of the thickness of the articular cartilage between
anterior and posterior regions of the talar trochlea are less
than 0.6 mm [2]. Therefore, the use of 3D bone models
without the articular cartilage layer are unlikely to affect
the principal findings of this study. Second, using CT images
that were acquired with the slice thickness of 2.0 mm in
two subjects (4.5%) might have affected the accuracy of the
measurements of the radius of curvature. However, the CT
images of the remainder (95.5%) were acquired with the
slice thickness of 0.5-1.0 mm, and the radius of curvature
at both the tibial plafond and talar trochlea found in this
study was reasonable according to the results in other stud-
ies [11, 14, 16, 18]. Third, this study enrolled 8 women and
36 men, and the relatively small number of female subjects
may affect the generalization of the findings.

The present study revealed that the anterior radius was
significantly smaller compared with the posterior coun-
terpart at the mid talar trochlea. This smaller mid-anterior
radius compared with the mid-posterior radius of the talar
trochlea would induce the anterior and posterior transla-
tion during ankle dorsiflexion and plantarflexion motion,
respectively. In fact, the mid distance between hypothetical
dorsiflexion and plantarflexion axes was negatively corre-
lated with the mid APRR of the talar trochlea. On the other

@ Springer

radius compared with the mid-posterior radius of the talar
trochlea. Such larger mid-anterior radius compared with
the mid-posterior radius of the talar trochlea would produce
posterior and anterior translation during ankle dorsiflexion
and plantarflexion, respectively. This opposite direction of
the anterior and posterior translation at the talocrural joint
during ankle dorsiflexion and plantarflexion among subjects
has also been observed in a previous study [9].

At the medial talar trochlea, the anterior radius was sig-
nificantly smaller compared with the posterior radius, simi-
lar to the mid talar trochlea, and in agreement with a previ-
ous study [11]. Moreover, this relationship was applicable to
almost all subjects (91%). The smaller anteromedial radius
compared with the posteromedial radius would induce the
posterior and anterior sliding of the medial talar trochlea
relative to the medial tibial plafond during ankle dorsiflexion
and plantarflexion, respectively. In fact, the medial distance
between the hypothetical dorsiflexion and plantarflexion
axes was negatively correlated with the medial APRR of
the talar trochlea.

In addition to the medial trochlea, the smaller anterior
radius compared with the posterior radius was also found at
the lateral trochlea. The anterolateral radius was smaller than
the posterolateral radius in 29 (66%) subjects, which would
produce the sliding motion into the posterior and anterior
direction of the lateral talar trochlea relative to the lateral
tibial plafond during ankle dorsiflexion or plantarflexion,
respectively. In contrast, a larger anterolateral radius com-
pared with the posterolateral radius was found in 15 (34%)
subjects, which would induce the sliding motion of the lat-
eral talar trochlea into the anterior and posterior direction
during ankle dorsiflexion and plantarflexion, respectively.
Actually, the lateral distance between the hypothetical dor-
siflexion and plantarflexion axes was negatively correlated
with the lateral APRR of the talar trochlea. Although the
variation in the sliding direction of the lateral trochlea was
inferred as mentioned above, the degrees of the sliding
motion of the lateral trochlea would be considerably small
compared with the medial trochlea according to the smaller
lateral distance between the hypothetical dorsiflexion and
plantarflexion axes (Table 3). Therefore, the lateral talar
trochlea would represent nearly pure spinning motion dur-
ing ankle dorsiflexion and plantarflexion motions.
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The tibial plafond covers two-thirds of the talar troch-
lear surface at the talocrural joint [3], and a larger radius
of curvature of the tibial plafond than that of the talar
trochlea has been observed at the lateral view of the ankle
joint [16, 18]. The present study found that the tibial radius
was significantly larger compared with the talar radius at
both the mid and medial region of the talocrural joint. The
larger tibial radius at the mid and medial region of the
talocrural joint would permit the anteroposterior transla-
tion of the talus and the anteroposterior sliding motion of
the medial compartment of the talar trochlea at the talocru-
ral joint through the ankle range of motion. In particular,
the largest gap of the radius between the tibial plafond
and talar trochlea was found at the anteromedial region
of the talocrural joint. This large gap would enable the
combined motion of anterior rolling and posterior sliding
at the talocrural joint during ankle dorsiflexion.

Our results indicate that the orientation patterns of the
axis of rotation of the talocrural joint could be inferred
by the asymmetry between anterior and posterior radii of
the medial talar trochlea. Among the six regions of the
talar trochlea, the anteromedial and posteromedial radius
exhibited large individual variability, which resulted in
the large variation in the medial APRR. The medial APRR
then correlated with the mid APRR, anterior MLRR, and
posterior MLRR. This indicates that the variation in the
medial radius of the talar trochlea would determine the
arthro-kinematics of the talocrural joint. In particular,
when the medial APRR was small, the mid APRR and
anterior MLRR were small whereas the posterior MLRR
would be large. This type of the talus should exhibit the
long mid and medial distances between the dorsiflexion
and plantarflexion axes, the dorsiflexion axis orientating
downward and laterally on the coronal plane and the plan-
tarflexion axis orientating downward and medially, indi-
cating a changing axis of rotation of the talocrural joint
throughout the ankle range of motion [9]. Therefore, the
talus that exhibits an extremely small anteromedial radius
compared with the posteromedial radius, that is, a small
medial APRR, would produce the large external rotation
during both ankle dorsiflexion and plantarflexion and large
anteroposterior translation of the talus with the large slid-
ing motion of the medial talar compartment. On the other
hand, the talus that has the anteromedial radius equivalent
to the posteromedial radius, that is, a large medial APRR,
should exhibit short mid and medial distances between the
dorsiflexion and plantarflexion axes, the dorsiflexion and
plantarflexion axis orientating slightly downward and lat-
erally on the coronal plane, indicating a fixed axis of rota-
tion of the talocrural joint throughout the ankle range of
motion [9]. Therefore, the talus that exhibits a large medial
APRR would produce a nearly pure sagittal backward rota-
tion during ankle dorsiflexion and internal rotation during

ankle plantarflexion, with few anteroposterior talar transla-
tions throughout the ankle range of motion.

In clinical settings, the subject-specific kinematics of the
talocrural joint could be inferred by observing the asym-
metry between the anterior and posterior radii of the medial
talar trochlea using the lateral ankle view of the standard
radiographic images. This would enable therapists to restore
innate arthro-kinematics of the talocrural joint. For example,
ankle range of motion is restricted postoperatively in patients
with several ankle injuries, such as ankle fracture, ankle liga-
mentous injury, and osteochondral lesion of the talus. In
these situations, if the patients exhibit a small anterior radius
compared with the posterior radius at the medial trochlea on
the lateral view of the ankle radiographic image, the anter-
oposterior translation of the mid talus and the sliding of the
medial talar trochlea would need assistance from a therapist
using manual therapy to improve the ankle dorsiflexion and
plantarflexion range of motion. In addition, the postoperative
timeline of exercise prescription for the patients with osteo-
chondral lesion of the talus would need to be appropriately
determined considering the individual asymmetry of the
medial talar trochlea. Particularly, stage III osteochondral
lesions of the talus are more likely located at the central third
region of the medial trochlea [12]. After transplantation for
this kind of osteochondral lesion, patients whose talus has a
smaller anteromedial radius compared with the posterome-
dial radius would be susceptible to the shearing force at the
site of the graft during weight-bearing ankle dorsiflexion
and plantarflexion motion due to the larger talar transla-
tion and sliding relative to the tibial plafond. Therefore, for
these patients, the starting period of such weight-bearing
ankle motion should be delayed compared to patients whose
talus has equivalent anteromedial and posteromedial radius
to allow healing at the site of the graft. Furthermore, the
detailed information about the radius of curvature at both
the talar trochlea and tibial plafond would be beneficial for
optimal design of total ankle replacements. In the future, the
interaction between the asymmetric shape of the talar troch-
lea surface and kinematics of the talocrural joint should be
demonstrated. Subsequently, the effects of the morphology
of the talocrural joint surface on the mechanism of lateral
ligamentous injuries [10], osteochondral lesions of the talus
[17], and ankle osteoarthritis [14] should be determined.

Conclusions

The degrees of symmetry between anterior and posterior
radii of the medial talar trochlea correlate with the asymme-
try between both medial and lateral radii of the anterior and
posterior talar trochlea. The asymmetric shape of the medial
talar trochlea seems to determine the fixed or changing axis
of rotation at the talocrural joint. This subject-specific
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rotational axis of the talocrural joint should be considered
in the management of patients with several kinds of ankle
injuries.
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