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Background: Despite intensive research there is no consensus about the talocrural joint axis. The aim of
the present study is a new method to determinate the geometric rotational axis of the talocrural joint.
Methods: We analyzed 98 CT-scans of full cadaver Caucasian legs. We generated three-dimensional
reconstruction models of the talus. A best fitting cone was orientated to the talar articular surface. The
geometric rotational axis was defined to be the axis of this cone.

Results: The geometric rotational axis of the talocrural joint is orientated from lateral-distal to medial-
proximal (85.6° +10 compared to anatomical tibial axis in torsional plane), from posterior-distal to
anterior-proximal (81.43°+44.35 compared to anatomical tibial axis in sagittal plane) and from

Total ankle replacement

Joint axis posterior-medial to anterior-lateral (169.2° +5.91 compared to intermalleolar axis in axial plane).
CT-scan Conclusions: The consideration of our results might be helpful for better understanding of ankle
biomechanics.

© 2018 European Foot and Ankle Society. Published by Elsevier Ltd. All rights reserved.

1. Introduction

A thorough knowledge of anatomy and biomechanics of joints is
crucial for implant design and positioning. Mal-positioning has
been shown to be one cause for implant failure [1]. Further on, the
correct placement of the implant may improve function and
reduce pain after joint replacement in patients.

In modern knee and hip arthroplasty kinematic alignment
orientated on the joint axis gained more consideration to improve
the clinical results and reduce the rate of postoperative disorders
and the revision rate [2]. Especially for the knee joint recent
patient-specific implantation techniques tried to consider the
rotational axis and positioned the implants orientated to this axis
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[2,3]. To restore the physiologic joint function the preoperative
determination of joint axis, planning of implant position and a high
intraoperative accuracy of implant placement is necessary.

Ankle arthritis is a limiting and painful disease with an increasing
incidence. In severe cases the preferred treatment options are
arthrodesis or total ankle replacement (TAR) [4]. Until now the
arthrodesis is predominantly used compared to TAR [5]. With the
development of improved implants, the number of performed TAR
rose within the last decades [6,7]. Nevertheless, the revision rate
after TAR remained between 10% and 39% [7,8], which is high
compared to revision rates after total knee or hip replacement [9,10].
Beside the different etiologies of arthritis in the ankle compared to
the other joints, reasons for persistent disorders and higher revision
rate might be an insufficient consideration of the anatomy,
biomechanics and the limited predictability due to use of
conventional radiographs for planning of the prothesis, all potential
leading to a malalignment of the prosthesis [11,12].

The biomechanics of the ankle joint and the complex relationship
to the hindfoot mobility is less understood than in many other joints.
Still there is no consensus about the rotational axis of the talocrural
joint [13-18].

1268-7731/© 2018 European Foot and Ankle Society. Published by Elsevier Ltd. All rights reserved.
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The aim of the present study was to evaluate a new method of
geometrically determining the TJA of the ankle.

2. Material and methods
2.1. Cadaver

We analyzed 98 computer tomography (CT) scans of Caucasian
full cadaver legs. The age of the patients averaged 81 (range: 44-104)
years, 50 legs were from female patients, 48 from male patients.
There were no signs of previous trauma, severe deformity or
degenerative changes in the legs. All legs were eligible for analysis
and the anatomical structures could be identified. All cadavers were
fixed by perfusion via the femoral artery using a solution containing
8500 ml ethanol, 750 ml 37% aqueous formalin solution, 250 ml 2-
phenoxyethanol, and 250 ml glycerin. Consecutively the cadavers
had been fixed by immersion in ethanol solution foratleast 1 year.CT
scans were performed in supine position using the Siemens Emotion
16(2007), with an X-ray tube currentof 126 mA, KVP 130 kV.The slice
thickness was 1.5 mm in joint areas of hip, knee and ankle.

2.2. Coordinate system and segmentation

Initially, all scans were imported into the software Mimics®
(Version 20.0, Materialise®, Leuven, Belgium). The data sets were
resliced in accordance to the following coordinate system: the
torsional plane is containing the tips of the medial (MM) and
lateral malleolus (LM) and the inter-condylar point (IC) located
midway between the most medial and most lateral points of the
tibial condyles. The sagittal plane is perpendicular to the torsional
plane containing the IC and the inter-malleolar point (IM) located
midway between MM and LM. The axial plane is perpendicular to
torsional and sagittal plane. The center of the coordinate system is
the IM. Hence, the y-axis connects IM and IC. The x axis is
perpendicular to the sagittal plane and the z-axis perpendicular to
the torsional plane. (Fig. 1).

These chosen reference points are in accordance with the
recommendations by the International Society of Biomechanics
(ISB) and were used in previous studies [16,17,19-21]. Moreover,
the anatomic tibial axis (ATA) was defined as the line between the
anatomical center of the proximal and the distal tibial plateau. The
inter-malleolar axis (IMA) was defined as a line connecting MM
and LM.

After reslicing, geometric models of talus and tibia with fibula
were segmented automatically via thresholding (Hounsfield
unit=226-3071). Then 3-D-models of the segmented bones were
created via Mimics® (Materialise®, Leuven, Belgium).

The used coordinate system based on the ISB recommendations
is illustrated (MM = most inferior point of the medial malleolus;
LM = most inferior point of the lateral malleolus; IM = the midpoint
of the line connecting MM and LM; MC = most medial point of the
border of the medial tibial condyle; LC = most lateral point of the
border of the lateral tibial condyle; IC=the midpoint of the line
connecting MC and LC) [21]

2.3. Geometric rotational axis

GOM inspect software (Version 8.0, Gesellschaft fiir optische
Messtechnik®, Braunschweig, Germany) enables to create a best
fitting cone to any surface. We applied this tool to the talar articular
surface of segmented tali (Figs. 2 and 3). The talar articular surface
was defined as the area between the transition from convexity and
concavity from talus dome to talus neck anteriorly and to the
processus posterior tali posteriorly. The mediolateral borders were
defined by the shoulders of the talus dome. The reliability of this
method was determined by an independent evaluation by three

Fig. 1. Coordinate system.

Fig. 2. Marked joint surface.
The best fitting cone that connects all marked points (827 points + 286) is applied.

foot and ankle surgeons three times each for ten tali and in
repetition four weeks later. The cone was optimized resulting in
the least possible deviation. The axis of the cone was defined to be
the geometric talar joint axis (GTJA) (Fig. 4).

The GTJA was transferred into Mimics® and the angles between
the GTJA and the anatomic tibial axis (ATA) in torsional and sagittal
plane were evaluated (Fig. 5).In addition, the angle between the IMA
and the GTJAwas determined in the axial plane (Fig.5). Moreover, the
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Fig. 3. Best fitting cone.
The cone is applied to the articular surface of the talus.

Fig. 4. Geometric talocrural joint axis.
The axis of the cone was deemed to be the GTJA. We determined the angles of the
joint axis to the torsional, sagittal and axial plane.

angles between the GTJA and the defined planes themselves
(torsional, sagittal, axial) were evaluated via 3-matic® (Version
10.0, Materialise®, Leuven, Belgium) (Fig. 6 ). All measurements were
compared between male and female legs and depending on the age

in statistical analyses. Regarding the comparison of the GTJA the
angle was measured proximal/medial in torsional plane, proximal/
anterior in sagittal plane and medial/anterior in axial plane.

2.4. Statistical analysis

The statistical analysis was performed with IBM SPSS Statistics®
(Version 24.0, IBM®, Armonk, New York 10504). We used a two-
sided unpaired Student’s t-test for data on interval scale.
Additionally we used the interclass correlation coefficient (ICC)
for assessment of the inter- and intrarater reliability. The values are
expressed as mean with standard deviation, p-values with p < 0.05
being significant.

3. Results
3.1. Reliability of the best fitting cone determination

The reliability of the best fitting cone was established using an
intraclass coefficient of correlation (ICC) analysis. The reliability of
the procedure was determined by multiple repetition of three
different surgeons and the same surgeon giving an ICC of 0.87 for
interrater correlation and an ICC of 0.92 for intrarater correlation.
These ICCs were considered high for the current purposes. The
average number of points for each cone was 827.3 +286.2. The
average maximum distance of the furthest point to the talar
articular surface was 0.41 mm + 0.09.

3.2. Geometric rotational axis

In comparison to the ATA the GTJA is orientated from lateral-
distal to medial-proximal (torsional plane), from posterior-distal
to anterior-proximal (sagittal plane). Moreover, it is orientated
from medial-posterior to lateral-anterior in comparison to the
IMA (axial plane). Noteworthy we found a high variability
especially for the sagittal plane. This orientation is additionally
illustrated in comparison to the standardized planes. (Table 1 and
Figs. 7 and 8).

4. Discussion

Although the TJA is a fundamental component of the
biomechanics of the ankle it is still a subject of discussion. Not
only its orientation is contentious, but also whether there is only
one axis or multiple axes (Table 2). With the present study we
present a new and reproducible method to detect GTJA via 3D-
models based on CT scans.

In the present study we used full leg CT scans. In contrast to other
studies analyzing only the talus or the foot with the distal tibia we
were able to compare the GTJA against the ATA. CT scans were widely
used in previous studies and give detailed information about bony
anatomy and assures measurement in a physiologic range [29-32].
This seems to be reasonable as the cartilage layer of the ankle joint is
very homogenous and thin with a mean cartilage thickness of the
talar articular surface of 1.1 mm and of the tibial articular surface of
1.16 mm [33]. CT scans are not as susceptible as plain radiographs to
ankle position and rotation of the shank [34,35]. Additionally, CT-
scans are to prefer compared to MRI datasets as they are cheaper and
easier to evaluate due to higher resolution. Our coordinate system
was based on ISB recommendations. Thereby we applied a
standardized and validated system as used by several authors
[16,17,19,36]. For segmentation and analyses we used the established
products of Materialise® likewise to previous authors [17,37-39].
This enables to resclice the CT scans regarding to the coordinate
system, generate 3D-models and provides the analyze tools needed
for the present study. Additionally we used GOM inspect, a software



374
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Fig. 5. Geometric talocrural joint axis vs. anatomic tibial axis in torsional and sagittal plane or vs. intermalleolar axis in axial plane.
The assessment is illustrated for the torsional plane (a), the sagittal plane (b) and the axial plane (c); star=GTJA, arrow =ATA, pound =IMA.

a)

Fig. 6. Geometric talocrural joint axis vs. defined planes.

c)

The angles of the GTJA against the torsional plane (a), sagittal plane (b) and the axial plane (c); star=GTJA, arrow = the respective plane were determined.

Table 1
Geometric talocrural joint axis.

All (n=98) Male (n=48) Female (n=50) p-Value
Mean SD Mean SD Mean SD
GTJA to torsional plane 169.16 7.10 168.43 8.81 169.86 4.93 0.32
GTJA to sagittal plane 104.50 6.51 105.21 8.2 103.81 4.27 0.29
GTJA to axial plane 3.78 8.13 3.25 8.63 4.30 7.68 0.53
GTJA-ATA in torsional plane 85.60 9.98 86.38 10.22 84.86 9.79 0.45
GTJA-ATA in sagittal plane 81.43 4435 78.99 45.63 83.78 43.42 0.60
GTJA-IMA in axial plane 169.20 5.91 168.67 6.73 169.7 5.01 0.39
All (n=98) <80 (n=36) >80 (n=62) p-Value
Mean SD Mean SD Mean SD
GTJA to torsional plane 169.16 7.10 167.03 8.76 170.39 5.65 0.02
GTJA to sagittal plane 104.50 6.51 105.07 8.48 104.17 5.07 0.51
GTJA to axial plane 3.78 8.13 2.73 6.66 4.40 8.87 0.33
GTJA-ATA in torsional plane 85.60 9.98 87.13 8.55 84.72 10.69 0.25
GTJA-ATA in sagittal plane 81.43 44.35 74.98 30.58 85.18 50.52 0.27
GTJA-IMA in axial plane 169.20 5.91 167.56 5.68 170.15 5.87 0.04

The results of the evaluation of the GTJA are illustrated. There were relevant differences for the orientation of the TJA to the torsional plane and in the axial plane regarding the

age (p=0.02 and p=0.04). There were no significant differences for gender (p >0

for applying a best fitting cone as used by previous authors [40,41].
Furthermore the cone was directly based on the talar articular
surface without any further manual step. However, the selection of
the articular surface area might be a base for a system immanent
error. This possible error was little as low inter- and intrarater
deviations showed. The transfer of the axis from GOM inspect to the
Materialise® products was done digitally. Likewise the software

.05).

performed the comparison of the GTJA against the defined planes
without any further possibility for system immanent errors. In
contrast the comparison of GTJA against the ATA or IMA was
performed manually resulting in a higher risk for measurement
errors.

Joint axes have been described in different forms. In the knee a
multiple-axis model has been postulated [42,43], but later research



L. Claassen et al./Foot and Ankle Surgery 25 (2019) 371-377 375

Fig. 7. GTJA in comparison to ATA and IMA.

The angles of the GTJA illustrated in the torsional plane (a), sagittal plane (b) and the axial plane (c); continuous line = GTJA, long dashed line = ATA, short dashed line = SD axis,

short-long dashed line =IMA. Additionally MM and LM are illustrated.

\l' el

* 8.13°

Fig. 8. GTJA in comparison to the defined planes.

104.5°+
6.51°

The angles of the GTJA against the torsional plane (a), sagittal plane (b) and the axial plane (c) are marked.

showed, that its movement can better be described and
reproduced by a single-axis model [44].

With our approach we generate a single-axis model of the
ankle, which corresponds with the geometric form of the talus and
is supported by the high congruency of the joint and the isometric
stabilization. Nevertheless, several studies supported the theory,
that a multiple joint axes model can describe the TJA. The main
argument was a different radius of the anterior and the posterior
talar articular surfaces. Thereby different axes depending on the
position of the foot in dorsiflexion or plantarflexion were
hypothesized [13,22,23,27,45,46]. On the other hand there are
studies supporting a single axis model of the TJA. This applies
especially for the physiological range of motion of the talocrural

joint whereas a divergent joint axis beyond the physiological range
of motion was not excluded [14-18]. Hence we cannot prove that
our axis is the real biochemical axis of the talocrural joint.
However, in accordance to the present study most publications
described a distinct variability of the orientation of the TJA [13,15]

The proximal-medial angle compared to the ATA was 85.6°
+9.98°. That is comparable to 82.7° +3.6° detected by Inman,
84.5° £13.9° by Sheehan and 84.4°4+3.9° by Cho [16-18]. Our
results for the sagittal plane are characterized by a high variability.
One reason might be that the respective detected GTJA are oriented
approximately end-on to the sagittal plane. Therefore small
changes of the GTJA lead to large deviations. We detected a mean
angle of 81.43° +£44.35° compared to the anatomical tibial axis.
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Table 2
Summary of previous studies on the talocrural joint axis of the talus and anatomical parameters of the foot.
Author, date n Method Coordinate system Orientation Axis
Barnett and 152 Cadaver, static, NWB n.n. PF: dist. M
Napier med.
[13] DF: dist.
lat.
Lapidus [14] n.  Cadaver, static, NWB n.n. n.n. S
n.
Inman [18] 49 Cadaver, staticc NWB (max PF — DF) n.n. Dist. lat. S
Lundberg 8 X-ray, in vivo, WB (PF — DF 30°-0-30°)  Coordinate system related to MM and LM PF: dist. M
et al. [22] med
DF: dist. lat
Van den 14 Cameras, test movements, in vivo, NWB  x-axis: coincides with TJA, Dist. lat. S
Bogert (PF—DF) z-axis: runs through closest point on subtalar joint axis posterior
et al. [23] Center: closest point to subtalar joint axis
Leardini 7 Stereophotogrammetry, in vivo, WB y-axis between IM and tibial tuberosity, frontal plane connects MM, LM and the head n.n M
et al. [24] (PF — DF) of the fibula
Seiler [25] 22 X-ray, cadaver, staticc NWB n.n. Dist. lat. S
posterior
Parr et al. 58  Surface laser scanner, cadaver, static, ISB n.n. S
[20] NWB
Arndtetal. 3 Cameras, gait analysis, in vivo, WB n.n. Dist. lat. M
[15] (PF — DF 9°-0-9°) posterior
Siegler et al. 15 MRI, movements in vivo (n=7) and in  ISB n.n. n.n.
[19] vitro (n=8), NWB and WB
(neutral —inv)
De Aslaetal. 5 Fluoroscope, test movements (NWB) Axial plane contains both apices of trochlea tali, sagittal plane is lowest fitting arc of n.n. M
[26] and gait analysis (WB) (max PF — DF) the trochlea tali
Imai et al. 10 CT, in vivo, NWB (max PF — DF) y-axis parallel to a line connecting center of heel and second metatarsal, z-axis along n.n. n.n.
[27] tibial shaft through ankle center
Sheehan[16] 25 MR, Simulated toe-raise, in vivo, NWB  y-axis is parallel to the anterior aspect of the tibia in sagittal image, z-axis connects Dist. lat. S
(1-5° less than max PF — DF) most medial and lateral points of tibia in sagittal image, center is the midpoint posterior
between points of z-axis
Kuo et al. 58 (T, cadaver, static, NWB x-axis from calcaneal insertion of achillles tendon to head of second metatarsal, y-axis n.n. n.n.
[28] perpendicular to base plate, Center is geometric center of the talus
Cho et al. 61 CT, cadaver, static, NWB ISB and principle axis according to Beimers et al. and Parr et al. Dist. lat. S
[17] posterior

WB =weight bearing, NWB =non weight bearing, PF = plantarflexion, DF = dorsiflexion, inv = inversion, S =single axis, M = multiple axis.

Measurement of the TJA in the sagittal plane is characterized by
large standard deviations in the literature as well. Translated to our
system van den Bogert et al. evaluated an angle of 83.16°, Arndt
etal. an angle of 56.4-82.5° and Sheehan an angle of 78° (SD =41.7]
as they measured the angle to a line perpendicular to the ATA
[15,16,23]. For the axial orientation of the talocrural joint it is
oriented from posterior-medial to anterior-lateral, compared to
the IMA. We measured the angle between TJA and IMA. We
measured an angle of 169.2° +£5.91°. Van den Bogert et al.
measured an angle of 161.9°. Sheehan measured an angle of
150.8° +£12.2° translated to our system, as an axis rotated
approximately 45° to the IMA was used [16] Our results are
comparable to Parr and Cho comparing the axis orientation in their
results as they used a similar coordinate system. However, they did
not measure the angle in the axial image.

We deem the high variability of the orientation of the
geometrical talocrural joint axis noteworthy. Likewise earlier
studies found high interindividual differences [23,31]. Moreover,
osteoarthritic ankles undergo structural changes, leading to
individual composition of bone and ligaments [32]. The consider-
ation of our results might be helpful for better understanding of
ankle biomechanics.

The present study has the following limitations. The proposed
method is not verified via biomechanic testings. Using CT scans
there are the basic disadvantages of accessibility and the risk of
radiation. Furthermore we are not able to provide information
about dynamic changes of the TJA. Additionally, significant
substance defects of the talar articular surface will affect the
determination of the talocrural joint axis using the proposed
method described in the present study. However, as we used a best

fitting cone small defects will not have a relevant effect. Computer
based algorithm might in the future be able to reconstruct the
initial anatomy of the joint before arthritic changes became
relevant. A similar procedure is performed in TKA, where the
original cartilage thickness is calculated to optimize the fit of the
prosthesis. Momentary yet to be defined deformations might make
this method not applicable in some patients.

5. Conclusion

The study demonstrates the feasibility of a system for
estimating the GTJA in relation to the talar articular surface based
on 3D-models derived from CT-Scans. It shows a new reproducible
model to analyze the axis of the talocrural joint and might further
improve the understanding of the ankle joint. Noteworthy were
high interindividual variations of the orientation of the talocrural
joint. Whereas the results of the present study have to be validated
in biomechanic testings they could contribute to the development
and placement of total ankle arthroplasties.
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