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ARTICLE INFO ABSTRACT

Keywords: Background: In vivo evaluation of ankle joint biomechanics is key to investigating the effect of injuries on the

A'nkle ) mechanics of the joint and evaluating the effectiveness of treatments. The objectives of this study were to 1)

Kinematics ) investigate the kinematics and contact strains of the ankle joint and 2) to investigate the correlation between the

é‘;;:;ir:ﬁf ;:tzlrrilation tibiotalar joint contact strains and the prevalence of osteochondral lesions of the talus distribution.

Magnetic resonance imaging Methods: Eight healthy human ankle joints were subjected to compressive load and 3 T MRIs were obtained

Osteochondral lesions of the talus before and after applying load. The MR images in combination with digital volume correlation enabled non-
invasive measurement of ankle joint kinematics and tibiotalar joint contact strains in three dimensions.
Findings: The total translation of the calcaneus was smaller (0.48 + 0.15 mm, p < 0.05) than the distal tibia (0.93
+ 0.16 mm) and the talus (1.03 + 0.26 mm). These movements can produce compressive and shear joint contact
strains (approaching 9%), which can cause development of lesions on joints. 87.5% of peak tensile, compressive,
and shear strains in the tibiotalar joint took place in the medial and lateral zones.
Interpretation: The findings suggested that ankle bones translate independently from each other, and in some
cases in opposite directions. These findings help explain the distribution of osteochondral lesions of the talus
which have previously been observed to be in medial and lateral regions of the talar dome in 90% of cases. They
also provide a reason for the central region of talar dome being less susceptible to developing osteochondral
lesions.

1. Introduction 1993; Valderrabano et al., 2006). Additionally, abnormal kinematics

caused by lateral ligamentous laxity or rupture can change the load

The in vivo assessment of the ankle joint kinematics is crucial to
better understand normal and pathological foot motions, to investigate
the effect of injuries on the mechanics of the joint, and to evaluate the
effectiveness of operative treatments, which aim to restore normal mo-
tion to the ankle (Guettler et al., 2004; Hintermann et al., 2002). Lateral
ankle ligament sprains are one of the most common sport injuries and
can change the kinematics of the ankle joint, causing instability and
altering the range of motion (Hirose et al., 2004; Ogilvie-Harris et al.,
1997; Rosenbaum et al., 1998; Valderrabano et al., 2006). Previous
studies have found a link between changes in the kinematics of the ankle
and the development of osteoarthritis (Harrington, 1979; Hintermann
et al., 2002; Hirose et al., 2004; Rosenbaum et al., 1997; Taga et al.,

distribution over the joint, leading to the formation of osteochondral
lesions of the talus (OLTs) and arthritic changes in the ankle (Guettler
et al., 2004; Hirose et al., 2004; O’Loughlin et al., 2010). Therefore, in
vivo evaluation of ankle joint kinematics and joint contact strains will
add information to current body of knowledge and aid clinical decision-
making in terms of treatment plans for patients with ankle injuries. In
clinical practice, the ability to accurately investigate ankle kinematics is
important, specifically where operational treatment involves total ankle
arthroplasty that requires replicating the native joint kinematics. This is
important to implant designers who can adapt designs while developing
joint replacement devices to mimic the kinematics of the native ankle
joint. This will enable them to avoid transmission of abnormal stresses to
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the adjacent joints that can cause premature wear and tear. Addition-
ally, the ankle joint contact strains can serve as functional biomechan-
ical markers for healthy, pathologic, and repaired joints and can
therefore be used to inform clinical treatment strategies such as
repairing lateral ligament injuries to restore physiological ankle joint
kinematics to reduce abnormal stresses on the joint leading to OLTs
(Hong and Calder, 2022; Wainright et al., 2012). The ankle is a complex
structure that experiences complex movements during physiological
activities (Dettwyler et al., 2004; Siegler et al., 1988). Because of this
anatomical complexity, it is technically difficult to quantify the kine-
matics of the ankle, and there is a lack of direct, non-invasive mea-
surement techniques for in vivo quantification of joint contact strains.

The kinematics of the tibiotalar and subtalar joints have been pre-
viously investigated using both in vitro (Siegler et al., 1988) and in vivo
techniques. The most commonly used in vivo technique was the use of
external reflective surface skin markers in combination with tracking
cameras (Di Marco et al., 2016; Lundberg and Svensson, 1993; Mon-
tefiori et al., 2019; Nichols et al., 2017; Scott and Winter, 1991; van den
Bogert et al., 1994). Although using skin markers and tracking cameras
has the potential to measure dynamic motions during gait, there are
some limitations associated with the technique, such as the independent
movement of skin markers from the bone, difficulties in identifying the
joint centre, inability to provide 3D data, and measurement errors due to
the variability in attachment of the markers (Bauman and Chang, 2010;
Di Marco et al., 2016; Gorton 3rd et al., 2009). Additionally, due to the
lack of external landmarks to attach the markers to the talus, it is not
possible to measure motions of the talus and the tibiotalar joint inde-
pendently. To overcome some of these limitations, previous studies have
used markers attached to implanted intracortical bone pins (Arndt et al.,
2004; Arndt et al., 2006). However, the invasive nature of this technique
renders it impractical for clinical applications. Three-dimensional rigid
registration of clinical CT (Beimers et al., 2008) and MRI (Fassbind et al.,
2011; Goto et al., 2009; Sheehan, 2010) have also been proposed to
address in vivo ankle joint kinematics in non-load-bearing conditions.
Rigid registration of MR images can non-invasively quantify 3D kine-
matics of the ankle with an accuracy ranging from 500 to 600 pm (Goto
et al., 2009).

Previous studies combined dual fluoroscopic images with MRI to
approximate the tibiotalar contact strain (Bischof et al., 2010; Caputo
etal., 2009; Li et al., 2008; Wan et al., 2006, 2008). However, it has been
shown that this technique is prone to large errors and variability be-
tween observers (Bischof et al., 2010), and might be harmful to patients
as it involves high exposure to ionising radiation (Mahesh, 2001).
Recently, Pena Fernandez et al. (2020) successfully combined image-
based digital volume correlation (DVC) analysis with weight-bearing
clinical CT to calculate the kinematics of the subtalar joint during
inversion and eversion motions, with a precision ranging from 20 to 250
pm. Although this technique uses images acquired in a full weight-
bearing configuration, the radiation associated with clinical CT is a
limitation that reduces its suitability for widespread use on patients. The
invasive nature of the previously developed techniques and their need
for using hardware that is not readily available in a hospital setting have
hindered the adoption of these techniques in clinical practice. A previ-
ous study by our group identified that implementing DVC in combina-
tion with 3 T T1-weighted MRI could non-invasively measure bone
displacements with random errors below 30 pm, and strains with both
systematic and random errors below 0.02% (Tavana et al., 2020).
Therefore, we hypothesised that MRI-based DVC might enable clinicians
to non-invasively evaluate ankle joint mechanics in clinical settings. The
primary objective of this study is to use this optimised MRI-based DVC
technique for direct, non-invasive in vivo measurements of the trans-
lation of ankle bones, and of joint 3D contact strains under load. Sec-
ondly, we want to investigate the potential correlation between the
tibiotalar joint contact strains in healthy subjects and the prevalence of
OLT anatomical distribution in patients.
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2. Methods

Eight ankles from four healthy asymptomatic volunteers (three male
and one female, mean age 33 years, ranging from 25 to 54 years old)
were examined in this study. A preliminary power analysis was per-
formed using available in vivo ankle kinematics data in the literature to
identify the required number of subjects for this study (Pena Fernandez
et al., 2020). This analysis identified that the sample size of eight ankles
can be considered sufficient for the current study. Subjects were
excluded from the participation in this study if they had any ongoing
ankle pain/instability, apparent abnormalities in the ankle examination,
malalignment, or any ankle surgery. Pregnant women were also
excluded from this study. The study received ethical approval from the
Imperial College Research Ethics Committee (ICREC reference:
17IC4131). All methods were carried out in accordance with relevant
guidelines and regulations. Written informed consent was obtained from
all participants prior to imaging.

2.1. MR imaging and loading rig

MR imaging was conducted using a 3 T Siemens Magnetom Spectra
MRI machine (Siemens Medical Solution, Erlangen, Germany) with a
standard 16 channel high-resolution ankle coil (Siemens Medical Solu-
tion, Erlangen, Germany). Each ankle was scanned once in an unloaded
state and once in a loaded state (50% body weight) using a T1 weighted
MRI sequence (echo time (TE) = 12 ms, repetition time (TR) = 700 ms,
echo train length = 25, bandwidth = 385, flip angle 120°, echo numbers
= 0, number of averages = 0, voxel size = 500 x 500 x 500 pm3, slice
gap = 0%, scan time 3:30 (min:s)) with a 3D fast spin-echo acquisition
mode. The findings by Tavana et al. (2020) identified that the T1
weighted sequence is the optimal MR imaging setting to minimise DVC
deformation and strain measurement errors in human ankle bones. Both
of the unloaded and loaded scans were performed in the supine position
(Fig. 1), without any changes in MRI settings between the two scans. An
MRI compatible rig was used to apply 50% of the volunteer’s body
weight to the ankle being imaged (Fig. 1). The loading rig included a
resizable inelastic vest securely attached to an adjustable strap (5 cm
width) that was predominantly inelastic, but incorporated a small elastic
section (32.5 cm length) with stiffness (k) of 110 N/cm. In the unloaded
state, there was no tension in the elastic part of the strap that was fitted
around the volunteer’s heel. However, in the loaded state, 50% of the
volunteer’s body weight was used to calculate the length by which the
strap needed to be shortened, in accordance with the elastic strap’s
stiffness (k). Since the length of the inelastic strap was reduced (by
shortening the inelastic strap), for obtaining the loaded scan, the
volunteer had to push and hold the strap at the initial (unloaded) length
(by elongating the elastic portion of the strap) during the scanning. To
confirm that the applied load to the ankle was equal to 50% of the body
weight, the loading rig was calibrated with a loadcell in the laboratory
environment on two volunteers (one male and one female). The elon-
gation magnitude of the elastic strap (AL) was measured both before and
after the scanning to ensure the load level was kept constant during the
scan time. These measurements indicated that the pre-scan and post-
scan AL differences never exceed 0.1 mm (~11 N), which was approx-
imately 3% of the applied load, and deemed low enough to have
negligible effect on the outcomes of this study. Additionally, the pre-
scan and post-scan AL differences in the elastic strap were measured
for all ankles during the MRI scanning to ensure this difference did not
exceed 0.3 mm (33N), which was considered as the threshold for
repeating the MRI scan. To reduce the risk of applying uneven load to
the medial and lateral sides of the joint, adjustable inelastic straps were
used on the both medial and lateral sides of the ankle (Fig. 1). This risk
was further reduced by asking subjects to position themselves such that
the load was equally distributed between the left and right sides of their
ankle. In order to avoid applying torque to the ankle joint in the sagittal
plane and to keep consistency in the location of the applied load among
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Fig. 1. Schematic diagram of MRI compatible loading rig used for in vivo measurements of ankle kinematics and tibiotalar joint contact strains. 50% of the vol-
unteer’s body weight was applied to the ankle by pushing the strap (32.5 cm length and 5 cm width) and elongating the elastic strap.

different subjects, the mid-width line of the loading strap was aligned
with the medial malleolus of each ankle. To minimise rigid body
movements between the two scans, key anatomic features of the foot
such as malleolus and metatarsals were aligned using the laser guidance
system that was built into the MRI machine (Fig. 1).

2.2. Image post-processing

Image post-processing was conducted before DVC analysis following
a fixed workflow by a single observer (Fig. 2). Each 3D image data set
included the distal tibia (30.8 & 2.9 mm), talus, navicular, and calca-
neus (Fig. 2(a)) with 16-bit grey levels. Initially, a sample-specific 3D
binary region-of-interest mask was created for each bone individually
and later for the tibiotalar and subtalar joints of each ankle (Fig. 2(b)) by
semi-automatic segmentation, using Mimics (Materialise HQ, v.19.0,
Leuven, Belgium). These masks were used to exclude surrounding tis-
sues (bone and other soft tissues) from the DVC analysis, ensuring that
only the selected tissue was analysed. Segmentation of individual bones
allowed the kinematics of each bone to be calculated separately and
segmentation of the tibiotalar joint allowed cartilage contact strains to
be calculated. Afterwards, rigid body movement of the whole foot be-
tween the two scans was corrected using surface-based registration in
two steps. In the first step, both MR images were imported into a three-
dimensional environment (Fig. 2(c) - left), and the position of each MRI
was individually manipulated in six degrees of freedom to manually
match the outlines of the volume surfaces. In the second step, automatic
rigid registration was conducted (Fiji 1.53c, National Health Institute,
Bethesda, MD, USA) based on an iterative, multivariate, optimisation
algorithm that minimises the Euclidean distance (corresponding to the
square root of summed squares of voxel intensity differences) between
the two scans (Schmid, 2010). The calculated transformation matrix
(three translational and three rotational parameters) between the two
scans was then applied to the target image to correct rigid body move-
ment, resulting in an optimal match of the outer surface of the ankles

from both MRIs (Fig. 2 (d)). Finally, a left-handed orthogonal coordinate
system was created on the anterior-distal corner of the first medial slice.
For both left and right ankles, the positive x-direction was directed
posteriorly, the positive y-direction proximally, and the positive z-di-
rection laterally (Fig. 2(b)). In anteroposterior translations, the negative
values define anterior translations, in mediolateral translations, the
negative values identify medial translations, and in superoinferior
translations, the negative values define inferior translations.

2.3. Kinematics and contact strain measurements

DVC analysis (DaVis 8.4.0, LaVision, Goettingen, Germany) was
conducted on the obtained MR images to calculate the 3D displacement
fields of the talus, tibia, and calcaneus from the unloaded state to the
loaded state. DVC was also used to compute 3D contact strains at the
tibiotalar joint under 50% of body weight. In a previous study (Tavana
et al.,, 2020) we have shown that the combination of Fast Fourier
Transform (FFT), and Direct Correlation (DC) approach (FFT + DC), is
the optimal DVC setting for this application and can provide a notably
lower displacement and strain measurement error in comparison with
separate FFT or DC approaches applied on their own. The FFT + DC
approach implements a predictor-corrector technique that uses the FFT
approach for an initial prediction of large displacements, which are then
refined using the DC approach. DVC analysis was conducted using a
single-pass scheme with a subset size of 16 x 16 x 16 voxels and 50%
overlap (4 mm®). By using this subset size, displacements can be
measured with random errors below 30 pm, and strains can be calcu-
lated with both systematic and random errors below 0.02% (Tavana
et al.,, 2020). After obtaining the displacement fields, vector post-
processing was carried out to detect and remove spurious vectors and
outliers close to the boundary of masks, by using an adapted particle
image velocimetry (PIV) outlier detection technique (removal threshold
= 2, kernel size 5 x 5 x 5, ¢ = 0.1). This technique is described in more
detail by Westerweel and Scarano (2005).
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Fig. 2. Workflow of the imaging and image post-processing: (a) MR images were obtained from each volunteer’s ankle in an unloaded and loaded state (50% body
weight) using a 3 T MRI machine and T1 weighted sequence. (b) Segmentation of the distal tibia, talus, and calcaneus was performed to generate a 3D anatomic
model of the ankle. (c) Volumetric MR images in the unloaded state (red pixels) superimposed on the loaded state (green pixels) were imported into a 3D envi-
ronment to evaluate rigid body movement of the whole foot between the two states and to conduct manual registration, blue arrows point to the mismatch (rigid
body movement). (d) Rigid body movement between the two states was corrected using an optimisation, iterative algorithm. When pixels of the unloaded and the
loaded states were optimally matched, the pixels became yellow. The asterisk denotes a mismatch at the sole of the foot caused by the non-rigid deformations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The refined displacement vectors obtained from DVC analysis were
extracted from DaVis and imported to a custom written MATLAB script
(MathWorks, Inc., Natick, MA) to calculate all components of the Green-
Lagrange strain using a centered finite differences scheme. The contact
strains that were calculated at the tibiotalar joint were projected into a
9-zone anatomical grid system (Fig. 3) previously developed by (Raikin
etal., 2007), using a custom written MATLAB script. Raikin et al. (2007)
developed a 9-zone anatomical grid system in order to standardise
localisation of OLTs on the talar dome, as depicted in Fig. 3. This system
has since been widely used for this application (Raikin et al., 2007; van
Diepen et al., 2020). In this study, the gridding system was used to
visualise strain distribution over different anatomical regions of the talar
dome so that a more precise comparison of strain distribution with
future studies of this nature could be made. The primary outcome
measure of this study was the 3D calculation of ankle joint kinematics
and tibiotalar joint contact strains. The secondary outcome measure was
to investigate potential correlations between the tibiotalar joint contact
strains and distributions of OLTs in the human ankle joint.

Throughout the manuscript, one-way repeated measures analysis of
variance (ANOVA) with Tukey post-hoc tests were implemented to
identify differences in translations between the tibia, talus, and calca-
neus using SPSS statistics 25 (IBM corp., Armonk, NY). Paired-samples t-
test was used to determine differences between the kinematics of the left
and right ankles. A Shapiro-Wilk’s test was implemented to assess
normality in all statistical analyses, and a Levene’s test was conducted to
determine whether the assumption of homogeneity of variance was
legitimate. A measure of effect size (Cohen’s d) (Cohen, 1988) and
power calculation were performed using G*Power (HeinrichHeine-
Universitat Diisseldorf, Germany) (Faul et al., 2007) to identify the
required number of subjects for this study and to investigate the effect of
sample size on the outcome of statistical analysis.

3. Results

Using DVC with a subset size of 4 mm resulted in an average of 527
measurement points in the tibia, 514 measurement points in the talus,
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Fig. 3. The anatomical 9-zone grid system developed by Raikin et al. (2007)
illustrated on the talar dome. The articular surface of talar dome was divided
into nine zones with equal area in an axial plane by using two vertical and two
horizontal lines. Numerical identifiers were assigned to the nine zones, with
zones 1, 2, and 3 positioned on the anterior talus, and zones 3, 6, and 9 posi-
tioned laterally. Zone 5 is defined as the central zone and zone 7 is the most
posterior medial zone.

and 912 measurement points in the calcaneus. Additionally, this subset
size resulted in an average of nine measurement points within each zone
of the 9-zone anatomical grid system. The displacement vectors ob-
tained from the DVC analysis were used to calculate the average total 3D
translation, anteroposterior translation, mediolateral translation, and
superoinferior translation of the tibia, talus, and calcaneus.

3.1. Total three-dimensional translation

The total 3D translations of the tibia, talus, and calcaneus were
measured between the unloaded and loaded states (Fig. 4). The total 3D
translation was significantly different between different ankle bones (p
< 0.05). On average, the total translation of the calcaneus in 3D was
smaller (0.48 £ 0.15 mm, p < 0.05) than the tibia (0.93 + 0.16 mm, d =
2.90, Power 0.99) and the talus (1.03 & 0.26 mm, d = 2.59, Power 0.98),
and no significant difference (p > 0.05) was observed between the mean
3D translation of the tibia and the talus (Fig. 5(a)). In all subjects, the

1.9

1.5

Total 3D translation

0.5

0.1
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largest displacements in the talus were observed in the talar neck and
head (Fig. 4). On average, the absolute differences observed between the
total 3D translations of the left and right ankles within subjects was 0.26
4+ 0.11 mm for tibia, 0.34 & 0.31 mm for talus, 0.13 £+ 0.12 mm for
calcaneus. The total 3D translations of the left tibia were significantly
larger (p < 0.05) than the right tibia; however, no differences (p > 0.05)
were observed in the total 3D translations of talus and calcaneus be-
tween the left and right ankles (Fig. 6(a)).

3.2. Anteroposterior translation

The anteroposterior translation was significantly different between
different ankle bones (p < 0.05). Under the applied load, significant
differences (p < 0.0001, d > 4.19, Power > 0.99) were found in the
anteroposterior translation of the talus when compared to the trans-
lation in both the tibia and calcaneus. All eight tali translated anteriorly,
by on average 0.52 + 0.18 mm. However, the tibia and the calcaneus
translated posteriorly by an average of 0.24 + 0.28 mm and 0.09 + 0.10
mm, respectively (Fig. 5(b)). No statistically significant difference was
found between the posterior movement of the tibia and the calcaneus (p
> 0.05). On average, the absolute differences observed between the
anteroposterior translations of the left and right ankles within subjects
was 0.28 + 0.17 mm for tibia, 0.24 + 0.18 mm for talus, 0.12 + 0.08
mm for calcaneus. No differences (p > 0.05) were observed in the
anteroposterior translation of tibia, talus, and calcaneus between the left
and right ankles (Fig. 6(b)).

3.3. Mediolateral translation

The mediolateral translation was significantly different between
different ankle bones (p < 0.05). The mediolateral translation was sta-
tistically different (p = 0.01, d = 1.42, Power 0.88) between the tibia and
the talus from the unloaded to the loaded state (Fig. 5(c)). The talus
displaced medially by an average of 0.38 + 0.30 mm, whereas the tibia
translated laterally by 0.14 + 0.42 mm. The average of mediolateral
movements among all the calcaneus was slightly lateral by a mean
translation of 0.05 + 0.22 mm, which ranged from 0.19 mm medial
translation to 0.50 mm lateral translation. There was no significant
difference (p > 0.05) in mediolateral translation of the calcaneus when
compared to either the talus or the tibia (Fig. 5(c)). On average, the
absolute differences observed between the mediolateral translations of

Fig. 4. Total 3D displacement from the unloaded state to the loaded state computed using DVC (a). Subject-specific 3D binary masks were generated to calculate the
translations of the tibia (b), the talus (c), and the calcaneus (d) individually. Red vectors identify the total displacements. For the purpose of better visualization, in 2D
views (a,c,d) the vectors are magnified by a factor of five. Vector reference is identified in (a). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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and calcaneus. The bars and error bars represent the average and standard deviation of translation values, respectively.
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S. Tavana et al.

the left and right ankles within subjects was 0.61 + 0.38 mm for tibia,
0.36 £ 0.23 mm for talus, 0.28 + 0.21 mm for calcaneus. A significant
difference (p < 0.05) was found between the mediolateral translation of
the left and right tibia; however, no differences (p > 0.05) were observed
in the mediolateral translation of talus and calcaneus between the left
and right ankles (Fig. 6(c)).

3.4. Superoinferior translation

The superoinferior translation was significantly different between
different ankle bones (p < 0.05). When going from the unloaded state to
the loaded state, significant differences (p < 0.0001, d > 2.86, Power >
0.99) were detected between the superoinferior translation of the
calcaneus when compared to both the tibia and the talus (Fig. 5(d)). The
calcaneus translated superiorly by the average of 0.30 + 0.22 mm,
whereas the tibia and the talus displaced inferiorly by 0.25 + 0.16 mm
and 0.26 + 0.22 mm, respectively. No superoinferior translation dif-
ference (p > 0.05) was seen between the tibia and the talus (Fig. 5(d)).
On average, the absolute differences observed between the super-
oinferior translations of the left and right ankles within subjects was
0.14 + 0.16 mm for tibia, 0.29 + 0.25 mm for talus, 0.33 + 0.27 mm for
calcaneus. No differences (p > 0.05) were observed in the superoinferior
translation of tibia, talus, and calcaneus between the left and right an-
kles (Fig. 6(d)).

3.5. Tibiotalar joint contact strains

The ankle joint contact strains were calculated using non-rigid DVC
analysis on the 3D reconstructed MR images (Fig. 7). The DVC-measured
contact strain at the tibiotalar joint was projected onto the 9-zone
anatomical grid system. The average peak axial strain (eyy) over the
talar dome was —5.06 + 2.31% (Fig. 8(a)). In all ankle joints (n = 8), the
site of peak axial strains were commonly found in the posterior part of
the talar dome, with three peaks in the posteromedial (zone 7), three
peaks in posterolateral (zone 9), one peak in posterocentral (zone 8),
and one peak in the centromedial (zone 4) region (Fig. 8(b)). The
average of the peak of minimum principal strains (maximum compres-
sion) in the talar dome was —7.04 + 2.18% (Fig. 8(c)). Although one
peak (minimum principal strains) was found in the posterocentral area
(zone 8), the areas found to have the highest strains were the medial and
lateral zones (zones 1, 4, 6, and 9) (Fig. 8(d)).

The average of the peak of the maximum principal strains (maximum
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Fig. 7. Minimum 3D principal strain distribution in the tibia, talus, calcaneus,
tibiotalar joint, and subtalar joint superimposed on the mid-coronal slice of a
typical ankle.
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tension) in the talar dome was 6.95 + 2.33% (Fig. 9(a)). Seven out of
eight of the peak strains were in the medial area of the talar dome (Fig. 9
(b)), with three in the anteromedial (zone 1), three in the posteromedial
areas (zone 7), and one in centromedial (zone 4) regions. The remaining
one peak was found to be in the anterocentral (zone 2) region. In the
talar dome, the average of the maximum 3D shear strain, was 6.41 +
2.34% (Fig. 9(c)). Three and four of the peak shear strains were found in
the medial (zones 1 and 4) and lateral (zones 3 and 9) aspects of the talar
dome, respectively, and only one peak was in the anterocentral (zone 2)
region (Fig. 9(d)).

4. Discussion

In this study, we used DVC combined with clinical MRI as a non-
invasive technique to quantify the in vivo ankle kinematics and the
tibiotalar joint contact strains. Previously, it was identified that even in
pure axial loading, joints experience large compressive and shear strains
due to complex rigid body motions (Chan et al., 2016). Hence, it has
been suggested that the evaluation of the principal and shear strains are
required for better understanding of the overall strain environment
within the joint. The present study is the first to use DVC in combination
with clinical MRI to measure kinematics and 3D strain components in
vivo within the human ankle joint. The imaging parameters and DVC
settings were optimised for this specific in vivo measurement, estab-
lishing a framework that can be used in future studies implementing this
technique.

Medical imaging techniques that calculate tissue morphology alone
may not provide direct information regarding the mechanical behaviour
of the tissue, and cannot detect biomechanical changes that can lead to
tissue damage and early-stage degeneration (Griebel et al., 2014; Sub-
buraj et al., 2012). Therefore, in vivo evaluation of ankle joint me-
chanics could aid clinicians to define optimal patient-specific treatment.
The proposed technique in this study is non-invasive, does not involve
any radiation exposure, and does not require complex hardware that is
not readily available in a hospital setting. These advantages overcome
some of the main limitations of the previously developed kinematics and
strain measurement techniques (Caputo et al., 2009; Pena Fernandez
et al., 2020), which increases its suitability for clinical adaption.

As expected, the ankle bones displayed complex and non-identical
movements relative to each other (Fig. 4 and Fig. 5), with approxi-
mately two times larger (p < 0.001) total 3D translation of the tibia and
the talus, compared with the calcaneus (Fig. 5(a)). Generally, a high
level of consistency was observed among ankle movements of different
subjects. Our findings have shown that under compressive load, the talus
translates anteriorly (Fig. 5(b)), which is in line with the findings of
previous in vivo studies that used computational models based on dual
fluoroscopy to capture the joint kinematics (Caputo et al., 2009; Roach
et al., 2016). Under 50% of body weight Caputo et al. (2009) measured
talus anterior movement of 0.3 &+ 0.6 mm (mean =+ SD), which is similar
to those found in the present study (0.52 + 0.18 mm). Significant dif-
ferences (p < 0.001) in anteroposterior movements of the talus in
comparison with both the tibia and the calcaneus were observed in this
study (Fig. 5(b)), which may explain the generation of shear strains and
increased wear on the tibiotalar joint caused by anterior movement of
the talus (Taga et al., 1993). Under 50% of body weight, Caputo et al.
(2009) observed slight lateral (0.1 + 0.6 mm) and slight superior (0.1 +
0.7 mm) translation of the talus, which differed somewhat from those
seen in this study (modest medial (0.38 + 0.30 mm) and inferior (0.26
=+ 0.22 mm) translations). This may be a result of the different loading
conditions used in these studies. In the Caputo et al. (2009) study, vol-
unteers contracted their muscles to maintain balance and stood with
50% of their body weight on a force plate within the beams of fluoro-
scopes, and the in vivo ankle loads mainly included ground reaction and
gravitational forces. However, in the present study, volunteers loaded
their ankle by intensively contracting their muscles (internal muscle
force) and elongating the elastic straps (strap reaction force) (Fig. 1),
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which resulted in inferior translations of both the talus and the tibia
(Fig. 5(d)).

The average peak maximum tensile, compressive, and shear strains
for the tibiotalar joint under 50% of the body weight were calculated as
6.95 + 2.33%, —7.04 + 2.18%, and 6.41 + 2.34%, respectively. The
obtained contact strains in this study were similar to those physiologic
strain magnitudes measured in articular cartilage of the healthy joints
under static loading, which ranged from 2% to 9% (Davis et al., 2021;
Sanchez-Adams et al., 2014; Steinmetz et al., 2015). The distribution of
peak strains over the tibiotalar joint in the present study may explain the
distribution of OLTs in the talus observed in previous studies (Dahmen
et al., 2018; Raikin et al., 2007; van Diepen et al., 2020). Raikin et al.
(2007) evaluated the distribution of 428 OLTs on the talar dome, and
found 62.9% of lesions were located medially, 3.7% of lesions were
located centrally, and 33.4% of lesions were located laterally. A similar
distribution pattern was observed by Dahmen et al. (2018), who found
77% of lesions were medial, 2% were central, and 21% were lateral.
Additionally, a recent systematic review (van Diepen et al., 2020)
assessed the location distribution of 2087 OLTs and reported that 69%,
7%, and 24% of the OLTs were found in the medial, central and lateral
regions, respectively. Our findings showed that 87.5% of the peak ankle
joint contact strains (peak tensile, compressive and shear strains) were
localized at the medial and lateral zones of the talar dome which could
suggest anatomical predisposition of these regions to developing
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Fig. 8. The distribution of axial (eyy) strain (a) and
minimum 3D principal (maximum compression)
strain (c) over the talar dome projected onto the 9-
zone anatomical grid system for a typical subject.
The location distribution of the peak axial (eyy) strain
(b) and minimum 3D principal (maximum compres-
sion) strain (d) from all eight subjects on the 9-zone

Anterior

anatomical grid system. In (b) and (d) solid points
define the locations of peak strains for the left ankle,

and hollow points represent the locations of peak
strains for the right ankle.

|edaie]

|esa1e]

Posterior

osteochondral lesions especially in the presence of ankle instability as
demonstrated by various clinical studies (Dahmen et al., 2018; Raikin
et al., 2007; van Diepen et al., 2020). On top of that, the evaluation of
strain distribution over the talar dome utilizing the 9-zone grid provides
a more standardized scheme for clinicians to correlate sites of strain
concentration to clinical findings of OLT.

Previous studies have shown that the anterior tibiofibular ligament
(ATFL) plays an important role in resisting anterior translation of the
talus (Hollis et al., 1995; Hubbard, 2008; Jones et al., 2007; Lofvenberg
et al., 1994), and that ATFL insufficiency causes a significant increase in
anterior translation of the talus (Caputo et al., 2009), which may pre-
dispose it to OLTs (Taga et al., 1993). Taga et al. (1993) reported in
>89% of patient with injured lateral ligaments, OLTs were found in the
anteromedial region of the tibiotalar joint, and they hypothesised that
there is a link between kinematic alterations and OLTs development.
Other studies (Harrington, 1979; Hintermann et al., 2002) observed
lateral ankle sprains and ligament injuries significantly increase wear on
the medial region of the tibiotalar joint, possibly due to the increased
contact stresses in this region. Anatomical differences among patients
could also be a risk factor, and may affect the mechanism of OLT
development by altering load distributions over the talar dome (Nakasa
et al., 2018). Recently, Hong and Calder (2022) reported on a series of
147 elite athletes’ ability to return to sports after early lateral ligament
repair of the ankle and found that there were only 6.8% of patients with
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OLT compared to the literature ranging from 24% to 55%. They sug-
gested that this notable difference is because the existing literature
reviewed patients with chronic lateral ligament instability while their
cohort of patients had acute lateral ligament injury. Hence, the authors
posit that early lateral ligament repair for Grade III instability restores
the ankle stability and may potentially protect the cartilage from re-
petitive injury due to chronic instability and the restoration of ankle
stability yielded a re-injury rate of 2% in their series. Therefore, it is
apparent that this direct in vivo evaluation of contact strains at the
tibiotalar joint adds to the current body of knowledge by illustrating the
increased strains on medial and lateral zones of the talus which could be
a risk factor to developing osteochondral lesions in cases of ankle
instability or malalignments. Clinically, this information is pertinent for
Orthopaedic and Sports Surgeons as it further highlights the importance
of restoring ankle joint congruency, mechanical alignment and ankle
stability to equalize load distributions over the ankle joint during sur-
gical interventions. Additionally, clinicians can also utilize this MRI-
DVC technique as a non-invasive assessment tool to monitor potential
development of excessive contact stresses in patients with non-surgically
treated ankle lateral ligament instability. Through this, the need for
whether surgical intervention can be performed earlier or the adequacy
of a particular surgical intervention (new ligament repair or recon-
struction technique) in restoring normal joint contact strains can be
assessed.

This study has some limitations that should be acknowledged.
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Fig. 9. The distribution of maximum 3D principal
(maximum tension) strain (a) and maximum 3D
shear strain (c) over the talar dome projected onto
the 9-zone anatomical grid system for a typical
subject. The location distribution of the peak
maximum 3D principal (maximum tension) strain
(b) and maximum 3D shear strain (d) from all eight

Anterior

subject on the 9-zone anatomical grid system. In (b)
and (d) solid points define the locations of peak
strains for the left ankle, and hollow points repre-
sent the locations of peak strains for the right ankle.
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Firstly, there was a limited number of volunteers that participated in this
study (n = 8 ankles, four participants). Although statistical power was
measured to ensure the sample size of 8 ankles was adequate to support
the significant differences presented, the fact that it was from 4 in-
dividuals means generalisation of both the measured kinematics and the
location of peak strains in the 9-zone grid system warrants further in-
vestigations with larger sample sizes. Additionally, the loading scheme
in this study was different from those experienced by the ankle during
daily activities. Due to the inherent limitation of conventional MRI
machines, volunteers were scanned in the supine position, and were not
subjected to gravitational loads. Future studies can implement this
technique in combination with clinical weight-bearing upright MRI
(Alyas et al., 2008) to overcome this limitation. Although care was taken
during the placement of the loading strap to avoid applying torque to the
ankle joint in the sagittal plane, micro-movement of the loading strap
may have caused a small amount of rotational moment in the sagittal
plane, which should be considered while interpreting the findings of this
study. Finally, in this study, the joint kinematics and contact strains
were only quantified for pure axial compression under quasi-static
loading, which limited the generalisability of the findings of this
study. Although axial compression is the major load direction when
standing, to better understand the joint mechanics, future studies should
extend this analysis to investigate other static loading conditions such as
plantarflexion, dorsiflexion, inversion, and eversion. The proposed MRI-
DVC approach is not able to quantify ankle joint mechanics during



S. Tavana et al.

dynamic loading modalities. Combining the DVC technique used in this
study with real-time MRI (Draper et al., 2009) may provide dynamic
information of joint kinematics and strains, and can be also considered
for future studies.

5. Conclusion

This work demonstrated the feasibility of using clinical MRI-DVC as a
novel non-invasive tool for in vivo evaluation of joint mechanics. Clin-
ical MRI-DVC can provide data that can be used to describe the baseline
mechanical behaviour of healthy joints, help clinicians to restore normal
joint contact strains, and monitor the effectiveness of surgical in-
terventions. The findings of this study determined that the medial and
lateral regions of the talar dome experience higher tensile, compressive
and shear strains, which has shown a possible link between the site of
strain concentrations and the distribution of OLTs in the event of ankle
instability or malalignment.
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