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Abstract

Accurate knowledge of the kinematics of the in vivo Ankle Joint Complex (AJC) is critical for understanding the biome-
chanical function of the foot and assessing postoperative rehabilitation of ankle disorders, as well as an essential guide to
the design of ankle—foot assistant devices. However, detailed analysis of the continuous 3D motion of the tibiotalar and
subtalar joints during normal walking throughout the stance phase is still considered to be lacking. In this study, dynamic
radiographs of the hindfoot were acquired from eight subjects during normal walking. Natural motions with six Degrees
of Freedom (DOF) and the coupled patterns of the two joints were analyzed. It was found that the movements of the two
joints were mostly in opposite directions (including rotation and translation), mainly in the early and late stages. There were
significant differences in the Range of Motion (ROM) in Dorsiflexion/Plantarflexion (D/P), Inversion/Eversion (In/Ev), and
Anterior—Posterior (AP) and Medial-Lateral (ML) translation of the tibiotalar and subtalar joints (p <0.05). Plantarflexion of
the tibiotalar joint was coupled with eversion and posterior translation of the subtalar joint during the impact phase (R*>=0.87
and 0.86, respectively), and plantarflexion of the tibiotalar joint was coupled with inversion and anterior translation of the
subtalar joint during the push-off phase (R*=0.93 and 0.75, respectively). This coordinated coupled motion of the two joints
may be a manifestation of the AJC to move flexibly while bearing weight and still have stability.

Keywords Dynamic biplane radiography - Tibiotalar joint - Subtalar joint - In vivo kinematics - Coupled motion - Bionic
design

1 Introduction

The Ankle Joint Complex (AJC) is generally subjected to a
large mechanical load (impact force) at the moment of touch-
down and subsequently transfers ground reaction forces to
the leg to propel the body forward [1-4]. This requires the
AJC to have flexible motion modulation and the ability to
maintain joint stability [5], and for the AJC to achieve this
dual role, it may heavily rely on the coordinated motion of
the tibiotalar and subtalar joints. A thorough understanding
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of the Three-Dimensional (3D) motion of these two joints in
the hindfoot can guide the diagnosis of ankle-related injuries
and disorders, as well as for the design of prostheses, orthot-
ics, and bionic robotic feet [6].

During the past decades, numerous studies have been
conducted on AJC kinematics. Among them, Optical
Motion Capture (OMC) techniques and multisegmental
foot models have been widely used in related research
[7-13]; however, accurate measurement of the 3D motion
of the tibiotalar and subtalar using the OMC is difficult
to achieve because of the difficulty in placing the corre-
sponding landmarks of the hindfoot [14, 15]. In particu-
lar, the talus is surrounded by ligaments and muscles and
lacks external markers, making it difficult to accurately
measure its movement with skin markers. To overcome the
limitations of skin markers, bone pins with reflex markers
have been imbedded in foot bones to capture individual
bones during in vivo joint motion [16-20]. This method
of measuring foot and ankle kinematics is reproducible
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between subjects [20]. However, this approach is invasive
and requires local anesthesia and surgery on the subject,
and related studies have involved a smaller number of
subjects. Recently, dynamic radiographic imaging sys-
tems were employed to analyze the spatial motion of AJC
under different conditions. Single-plane radiographic sys-
tems (e.g., C-arm) have been widely used to capture joint
motion [21-25], and since it has only one X-ray transmitter
and one receiver, the images obtained from one direction.
Therefore, its limitation in quantifying the out-of-plane
Degrees of Freedom (DOF) restricts a more comprehen-
sive quantification of the in vivo realistic motion of the
target joints.

Biplanar dynamic fluoroscopy systems combined with
model-based 2D-3D registration technology are relatively
advanced devices and methods to reveal the spatial motion of
target joints [26-34], mostly for kinematic studies of ankle
disorders or injuries. For the intrinsic kinematic studies of
the tibiotalar and subtalar in healthy subjects with normal
gait, de Asla et al. recorded three positions in quasi-static
conditions using a dual-orthogonal fluoroscopic system [35].
Furthermore, one study quantified three rotational move-
ments of the ankle using a dynamic biplanar fluoroscopy
system [36]. Roach et al. analyzed the 3D kinematics of the
two joints during the heel-strike and toe-off phases, respec-
tively [37]. Those studies deepen the understanding of the
kinematics of the joint kinematics of the hindfoot. However,
the detailed description of continuous 3D motion (including
rotation and translation) during normal walking throughout
the stance phase of gait is still considered to be lacking.
Moreover, the kinematic coupling of these two joints and
their biomechanical functions need further exploration.

This study aims to provide continuous rotational and
translational kinematic waveforms, as well as Range of
Motions (ROMs) of six DOF, to further reveal the six DOF
kinematic coupling relationship between the tibiotalar and
subtalar, including the relationship between the rotational
motions of the two joints and the relationship between rota-
tion and translation. Further analysis of the biomechanical
functions (joint stability and flexibility) corresponding to
the primary movements with coupled relationships was also
discussed.

2 Materials and methods

Eight healthy adult subjects (age 26.3 + 1.0 years; height
175.6 +4.4 cm; weight 74.1 +£5.9 kg) with no experience of
ankle disease or injury participated in this study, and each
was given a description of the experimental project to be
completed. The Ethics Committee at The Second Hospital
of Jilin University approved this project (No. 2020085).
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2.1 Data collection

A 5.6 m long walkway was provided for subjects to walk
on, and a 50 mm thick high-density polystyrene foam
board was laid on top of the walkway to reduce the occlu-
sion of the plantar by the plane of the walkway in the
radiographs [36, 38]. The subjects walked on the indoor
walkway at their own controlled natural pace, making
sure their right foot landed on the collection area each
time after several exercises. The dynamic biplanar fluor-
oscopy system (Imaging Systems & Service Inc., USA)
(Fig. 1a) worked at 100 Hz to acquire radiographs. A
lead suit was prepared for participants for protection. The
operating parameters of the X-ray tubes were 55 kV and
80 mA, with a high-speed camera exposure time of 1 ms.
The radiograph sequences (Fig. 1c) of the subject's right
foot were acquired from heel strike to toe-off (Fig. 1b),
ensuring that 4 or 5 complete image sequences were
acquired for each subject.

2.2 CT scans and definition of anatomical
coordinate system

Volume image data of the target joints were collected using
a Computed Tomography (CT) scanner (Brilliance iCT 256,
Philips, Netherlands), and the parameters were as follows:
thickness, 0.8 mm; image matrix, 512 X512 pixels. Image
segmentation and model reconstruction were then performed
using OsiriX software (Pixmeo, Geneva, Switzerland) to
obtain 3D volumes and polygonal mesh models for the tibia,
talus, and calcaneus [39—41]. The 3D volumes were used for
model-based tracking and registration, and the polygonal
mesh models were then used to establish the Anatomical
Coordinate System (ACS).

The ACS was defined for each bone based on a combina-
tion of geometry and anatomical landmarks (Fig. 2) using
Geomagic software (Geomagic Wrap, USA) according to
previously published methods [22, 42—44].

2.3 Data processing

Images obtained with a dynamic biplanar fluoroscopy sys-
tem were inevitably distorted due to the conversion of X-ray
to grayscale images involved. All radiographs of the target
joint were undistorted using “standard grid” images and
the distortion-correcting algorithm in XMALab software
(XMALab, Brown University, USA). In addition, a Lego-
based calibration cube (with known geometry) was used to
calibrate the 3D space in order to get data for reconstructing
the virtual 3D environment [45, 46].
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Camera 1

Camera 2

Fig.1 a Ankle motion capture by the dynamic biplanar fluoroscopy system. b Three special states of the foot during stance phase of gait. ¢ The

radiograph sequences from camera 1 and camera 2

Fig.2 An anatomical coordinate system was created for each bone using a combination of geometric shapes and anatomical landmarks

Autoscoper software (Autoscoper V2, Brown Univer-
sity, USA) was used to perform model-based tracking in a
virtual 3D environment to reproduce the realistic motion
of the target skeleton [47-50]. Model-based tracking con-
sists of three main steps: creating Digitally Reconstructed
Radiographs (DRRs) in the virtual 3D environment, then
manually completing the initial frame alignment, and
finally executing an optimization algorithm to track auto-
matically. When each bone is simultaneously registered
to the images of both cameras, an automatic registration
algorithm is executed for all frames (Fig. 3), the 4 x4
transformation matrix corresponding to the DRRs in the
3D environment is then obtained.

2.4 Statistical analysis

The ACSs as shown in Fig. 2 were used for the analysis of
6 DOF motion of joints. X-axis was in the Medial-Lateral
(ML) direction, along which direction ML translation was
reported and around which Dorsiflexion/Plantarflexion (D/P)
occurs. The Y-axis was in the Anterior—Posterior (AP) direc-
tion, along which AP translation was reported and around
which Inversion/Eversion (In/Ev) occurs; the Z-axis was in
the Proximal-Distal (PD) direction, along which PD transla-
tion was reported and around which Adduction/Abduction
(Ad/Ab) occurs. Joint angles and translations were described
as relative motion of the distal bone relative to the proximal
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Camera 1

Camera 2

Heel strike

Mid stance

Push off

Fig. 3 Model-based tracking reproduced the 3D pose of each bone. The illustration shows the registration status of bone models of the tibiotalar
and subtalar joints with biplanar radiography at three moments: heel strike, mid-stance and push off (See Supplementary Material 1 for a video)
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Fig.4 Continuous kinematic waveforms of the tibiotalar and subta-
lar joints. The top row represents three rotations, and the bottom row
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represents three translations. The values of 0% and 100% of the hori-
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zontal axes correspond to heel strike and toe off, respectively. Shaded
regions indicate + 1 standard deviation
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bone. Kinematics data were calculated by the transformation
matrix and correlating it with the ACSs [51]. The data of
each trial for each subject were normalized to 100% stage.

The phase before maximum plantarflexion and the phase
after maximum dorsiflexion were used to define the impact
phase and push-off phases for the coupled motion analysis
[15]. The R? and the slope of the fitted curve indicated the
degree of coupling.

3 Results
3.1 Dynamic Continuous Kinematics

The continuous kinematic waveforms of the tibiotalar and sub-
talar joints of the eight subjects are shown in Fig. 4, demonstrat-
ing the mean dynamic rotational angles and relative transla-
tions with gait percentage. Obviously, the significant changes
in motion at each DOF occurred mainly at the beginning and
end of the phase, except for the D/P of the tibiotalar joint, and
the waveform was relatively flat during the middle phase.
Apparently, in the three rotational DOFs, the two joints move
in exactly the opposite direction (mainly occurring the early
stage and late stage of the stance phase). For joint translation,
the opposite direction of motion was also found, which were
mainly manifested in the AP and ML directions during the early
stage and in the ML direction during the late stage.

3.2 Range of Motion

As shown in Fig. 5a, a bar chart comparing the ROM of the
two joints at six DOF. The D/P and In/Ev ROMs of the two
joints were significantly different (P <0.001 and P <0.01,
respectively). For rotational DOF, D/P of the tibiotalar joint
was more pronounced, while the subtalar joint mainly exhib-
ited In/Ev. For Ad/Ab, the difference in ROM between the
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two joints was small (P=0.15), and the waveform was rela-
tively gentle (Fig. 4c). As shown in Fig. 5b, for translational
movements, the ROM was significantly larger in the AP and
ML directions for the subtalar joint (P <0.05 and P <0.001,
respectively). In addition, for translations in the PD direc-
tion, there was a small difference in ROM between the two
joints (P=0.49).

3.3 Coupled Motion between Two Joints

As shown in Fig. 6, plantarflexion of the tibiotalar joint was
coupled with eversion of the subtalar joint during the impact
phase (average slope: — 1.29, indicating that for every 1° of plan-
tarflexion of the tibiotalar joint, the subtalar joint eversion was
1.29°; average R?=0.87) (Fig. 6a). During the push-off phase,
plantarflexion of the tibiotalar was coupled with inversion of the
subtalar joint (average slope: 2.05, indicating that for every 1° of
plantarflexion of the tibiotalar joint, the subtalar joint inversion
was 2.05°; average R*=0.93) (Fig. 6b). In addition, the plan-
tarflexion of the tibiotalar joint was coupled with the posterior
translation of the subtalar joint during the impact phase (average
slope: — 0.21, indicating that for every 1° of plantarflexion of
the tibiotalar joint, the posterior translation of the subtalar was
0.21 mm; average R>=0.86) (Fig. 6¢). The plantarflexion of the
tibiotalar joint was coupled with the anterior translation of the
subtalar during the push-off phase (average slope: 0.18, indi-
cating that for every 1° of plantarflexion of the tibiotalar joint,
the anterior translation of the subtalar was 0.18 mm; average
R?>=0.75) (Fig. 6d).

4 Discussion
In this study, a dynamic biplanar fluoroscopy system com-

bined with semiautomatic 2D-3D registration technology
was used to measure the complex and subtle 3D kinematics
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[_] Subtalar joint ROM
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—
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Fig.5 Rotational and translational ROM of the tibiotalar and subtalar joints, data are displayed as mean + standard deviation, *p <0.05
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Fig.6 Coupled motion representation of the tibiotalar and subtalar joints during the impact phase and push-off phase. The green and red dots

represent the beginning and end of the corresponding phase

Table 1 ROMs data were compared in this study with those of previous studies, and these studies all used the biplanar fluoroscopy system

Current study Koo et al Roach et al Yang et al Peltz et al

Tibiotalar ~ Subtalar Tibiotalar ~Subtalar  Tibiotalar Subtalar Tibiotalar ~Subtalar Tibiotalar ~Subtalar
D/P (°) 193+46 43+12 185435 6.6+2.8 16.3(13.1,19.5) 8.6(6.1,11.1) 123+28 24+06 282+83 3.6+1.7
In/Ev (°) 7.0+27 129+43 S51+1.1 6.6+45 3.8(255.1) 11.3(9.5,13.1) 38+1.7 94+29 29+12 74+34
Ad/Ab (°) 79+28 56+3.1 86+39 56+27 7.4(4.4,10.1) 12.5(9.8,15.2) 59+23 28+13 7.0+14 45+1.8
AP (mm) 2.0+0.7 34+1.3 - - - - 45+12 19405 - -
ML (mm) 1.8+0.6 4.6+1.2 - - - - 22+0.6 23+0.6 - -
PD (mm) 23+14 1.8+0.7 - - - - 1.2+0.6 1.7+04 - -

Parentheses indicate 95% confidence intervals. Data presented as the mean + standard deviation unless otherwise noted [15, 36, 37, 52]

of the hindfoot joints of healthy adult male subjects. This
includes dynamic continuous motion, ROMs and the associ-
ation of motion of two joints in different directions. Relative
to the other two directions of rotational motion, the tibiota-
lar was mainly responsible for D/P, while the subtalar was
mainly responsible for In/Ev (Fig. 4 and Table 1), which was
consistent with previous studies [15, 36, 37].

@ Springer

Dynamic continuous kinematics waveform shows that the
two joints tend to exhibit opposite trends, including rota-
tion and translation. The opposite trend of the motion of
the two joints may be an important way to regulate joint
movement, to support weight-bearing, motion and stability
of the foot. The two joints exhibit a range of fluctuations
in Ad/Ab, which may come to accommodate variable load
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Fig. 7 Diagram of the relative motion of the joints, with arrows indi-
cating the direction of motion (rotation or translation). The gradi-
ent ramp indicates the degree of closeness of the articular surface. a

distribution and contribute to overall ankle stability and
gait stability. Some conclusions of this study are similar to
those of Roach et al., but there are also essential differences
[37]. They reported that only radiographs of heel strike and
toe-off periods were captured on a treadmill at the speed of
0.5 m/s and 1.0 m/s, and the kinematic analysis was made,
with discontinuous gait. In this study, continuous motion
was captured throughout the stance phase at a natural pace
chosen by the subject.

During the 15-90% phase, the tibiotalar joint changed
dorsiflexion (Fig. 4a), with a slight posterior translation of
the talus relative to the tibia (Fig. 4d). The cross section of
the talus is wide at the front and narrow at the back, while
the entire ankle joint is mortise and tenon construction
(Fig. 7a, b), which makes the articular surface closer, and
the tibiotalar joint becomes increasingly stable. The mor-
tise structure limits the ML translation of the talus, which
minimizes the ML ROM of the tibiotalar joint, as shown in
Fig. 5b and Table 1. The joint motion is accompanied by
a change in the contact pattern of the joint surface, which
allows the talocrural joint to exhibit better stability. During
the early stage and late stage, plantarflexion of the talus is
accompanied by anterior translation (Fig. 4a, d), the pos-
terior end of the talus with a narrower cross-section slides
into the mortise (Fig. 7a, b), and the joint becomes lax and
more flexible. Therefore, it can quickly adapt to the impact
force during the early stage and prepare for the swing during
the late stage.

dorsiflexion lantarflexion

Toe off

inversion

Lateral view of the tibiotalar joint; b Top view of the talocrural joint
(transverse plane); ¢ Anterior view of the subtalar joint; d Medial
view of the subtalar joint

The subtalar joint was almost in an inversion state dur-
ing the entire phase (Fig. 4b). The calcaneus inversion with
respect to the talus will cause the two bones to join more
closely at the mid-articular surface of the calcaneus (Fig. 7c,
d), which will make the subtalar joint more stable. As a
result, the articular surface contact pattern of the two joints
changes (perhaps accompanied by ligament tensioning or
relaxation), causing the tibiotalar and subtalar joints to
appear flexible or stable at a particular stage.

From Table 1, it is evident that the ROMs we provided
have some similarities with the results of the four previous
studies [15, 36, 37, 52]. The ROMs given by different studies
have some variability, as does the kinematic waveform,
which is related to the principle of establishing the
coordinate system and the mathematical calculation method.
In addition, it is also related to the subject's sex and age
and the test conditions. For example, the D/P ROM reported
by Peltz et al. was significantly larger at 28.2 +8.3°, which
may be related to the test being performed under running
conditions. Again, Roach et al. collected heel strike and
push-off phases from subjects without a mid-stance phase,
leading to some discrepancies between the results of that
study and ours.

In addition, we provide translational ROMs in three direc-
tions that differ somewhat from the translational ROMs
reported by Yang et al. (Table 1). Our results show the small-
est ML translation of the tibiotalar joint and the largest PD
translation. This may be related to the fact that the mortise
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structure of the talocrural joint restricts the translation of
the talus in the ML direction, while the joint gaps in the
PD direction provide a cushioning effect when there is a
touchdown impact. In contrast, there is less PD translation
and more ML translation of the subtalar joint. This may be
because the tight joint surface has little clearance in the PD
direction and less restriction in the ML direction. Therefore,
the translation ROMs provided by this study may be more
reasonable.

There was a clear coupling relationship between the
dominant movement of the two joints, and this phenomenon
occurs mainly at the impact and push-off phase. The syner-
gistic relationship between the rotational DOF of the two
joints has been mentioned by Yang et al. [15]. In addition,
we also found that there was a clear coupling relationship
between the rotation and the translation of the two joints;
that is, the plantarflexion of the tibiotalar was coupled with
posterior and anterior translation of the subtalar during the
impact and push-off phase, respectively. Revealing the cou-
pled motion relationship between joints is a step forward for
our understanding of the 3D intrinsic kinematics of the AJC.

There are still some limitations of the study. First, the
imaging area of dynamic biplanar fluoroscopy system is lim-
ited, and the distal tibia is out of view at the end of the toe
off. Thus, the last few frames at push-off are ignored, which
is a common problem of studying the hindfoot kinematics
using the dynamic biplanar fluoroscopy system [37, 49, 50].
Second, this study only involved male subjects, and pos-
sible sex differences in hindfoot joint kinematics should be
considered in further work. Future studies can also focus
on more special motion patterns, such as running at differ-
ent speeds, vertical jumping, and lateral jumping, because
special activities may show foot joint functions more clearly.

5 Conclusion

In conclusion, the results of this study showed that the
rotation and translation of the two joints were in opposite
directions during the early stage and late stage of the stance
phase. Moreover, there was a significant coupling between
plantarflexion of the tibiotalar joint and the In/Ev and AP
movement of the subtalar joint during the impact phase and
push-off phase. The shape of the joint surfaces and the ROM
in the specified directions have a synergistic effect on the
stiffness adjustment of the joints, giving stability and flex-
ibility to both joints in particular phases. This offers a more
comprehensive and precise understanding of the 3D motion
of the two joints, which may provide a detailed reference for
the assessment of postoperative ankle motion rehabilitation
and the design of ankle—foot assistant devices.
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