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Abstract

Purpose Traditional studies of syndesmosis injury and
screw stabilization have been conducted in cadaveric mod-
els, which cannot yield sufficient and exact biomechani-
cal data about the interior of the ankle. The purpose of this
study was to evaluate the effects of inferior tibiofibular
syndesmosis injury (ITSI) and screw stabilization on the
motion of the ankle with finite element analysis.

Methods Three-dimensional models of the ankle complex
were created with CT images of a volunteer’s right ankle
in three states: normal, post-ITSI, and stabilization with a
screw 2.5 cm above (parallel to) the ankle. Simulated loads
were applied under three conditions: neutral position with
single foot standing, internal rotation, and external rotation
of the ankle.

Results Compared with the normal state, ITSI increased
the relative displacement between the lower extremes of
the tibia and fibula in the anteroposterior and mediolat-
eral directions and the angular motion of the tibia, fibula,
and talus at internal and external rotations (ERs). How-
ever, when stabilized with syndesmotic screws, the range

Q. Liu - G. Zhao - J. Ma

Department of Joint Surgery, Hong-Hui Hospital, Xi’an Jiaotong
University College of Medicine, 76 Nanguo Road, Beilin District,
Xi’an 710054, China

B.Yu
Department of Orthopaedic Trauma, Nanfang Hospital, Southern
Medical University, Guangzhou 510515, China

Z.Li - K. Zhang (><)

Department of Orthopaedic Trauma, Hong-Hui Hospital, Xi’an
Jiaotong University College of Medicine, 76 Nanguo Road,
Beilin District, Xi’an 710054, China

e-mail: smu-liugh@163.com

@ Springer

of motion (ROM) and all these parameters significantly
decreased.

Conclusion 1TSI can lead to internal and ER instability of
the ankle joint. Screw stabilization is effective in control-
ling the instability, but may reduce markedly the ROM of
the ankle joint. Through this study, it can be proposed that
the screws should be removed once the healing is gained in
order to restore normal function of the ankle joint as soon
as possible.

Keywords Syndesmosis - Ankle - Finite element
analysis - Internal fixation - Biomechanics

Introduction

The inferior tibiofibular syndesmosis is an important struc-
ture of the ankle mortise for weight transmission and walk-
ing [4, 7, 24]. Its injuries were reported to have accounted
for about 1-11 % of all ankle lesions [6, 14]. However, in
populations actively involved in sporting activities, the fig-
ure may be considerably higher.

There were different views on the effects of inferior
tibiofibular syndesmosis injury (ITSI) on the ankle stabil-
ity. Some reported that ITSI patients might develop sub-
sequent chronic ankle instability [7], leading to persistent
ankle pain and later traumatic arthritis, as well as complica-
tions such as anterior impingement syndromes of the ankle
[9]. Likewise, Teramoto et al. [28] displayed that the injury
led to inversion instability of the ankle joint. However, in a
traditional biomechanical study by Boden et al. [4], disrup-
tion of the syndesmosis did not cause ankle instability if
no medial injury was involved. Rasmussen et al. [23, 24]
reported that cutting the syndesmosis increased only the
external rotation (ER) instability.
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Syndesmotic injuries are graded from I to III, and thera-
peutic methods are varied accordingly [2]. Most syndesmo-
sis injuries may be treated nonoperatively though recovery
is frequently prolonged. Fixation of the distal fibula to the
tibia is preferred for such severe injuries as studied in the
present study, because it can maintain anatomical reduc-
tion and allow patients to resume weight-bearing activities.
Of many methods to stabilize the disrupted syndesmosis,
placement of a fully threaded transverse syndesmotic screw
is recommended by AO as the ‘gold standard’ treatment
[26]. It has been advised that the screw should be posi-
tioned between 2 and 3 cm proximal to the tibial plafond
[25], but there has still been no consensus on issues regard-
ing the syndesmotic screwing, such as optimal number of
cortices, size of the screw, position of the foot during screw
insertion, use of one or two screws, position of the screw(s)
relative to the tibiotalar joint, use of bioabsorbable screws,
time to weight bearing, or removal or not of the screw
before weight bearing [29, 30].

Traditional research methods cannot reveal the force
transmission mechanism at the interior of the ankle. For
example, cadaveric specimens often have great individual
differences and cannot display physiologic function. The
finite element (FE) model studies have been recognized
as reliable complementary tools for quantitative evalua-
tion of biomechanical performance of tissues, organs, and
articular joints [31]. Therefore, it is necessary to conduct
FE analysis to explore the effects of ITSI and screw sta-
bilization on the interior motion of the ankle. As the first
attempt of such FE analyses, the present study aimed at
exploring just the influence of screw stabilization on the
motion of ankle joint using the 316 stainless steel screws
of ¢ 3.5 mm in fixation through the center of tibia and
fibula on both sides. The biomechanical data from our FE
models might provide theoretic evidence for clinical treat-
ment of ITSIL.

Materials and methods
Numerical approach and material models

The geometrically accurate FE model was obtained from
3D reconstruction of the CT images of a male volunteer’s
right foot and ankle (30 years, height 172 cm, body mass
60 kg) in the neutral unloaded position. This volunteer was
free from previous trauma or any other abnormalities exam-
ined by radiograph. Cross-sectional CT images were taken
with intervals of 0.6 mm from the plane 20 cm above the
ankle down to the sole of the foot. Prior to radiography and
CT scanning, informed consent was obtained from the vol-
unteer after institutional review board (Hong-Hui Hospital,
Xi’an Jiaotong University College of Medicine) approval.

Highly accurate boundary surfaces were fit to every
bone using several automated and manual techniques
available in Mimics (Materialise, Leuven, Belgium).
Thresholding segmentation and region growing tools were
used to reconstruct the 3D structures of the tibia, fibula,
and talus of the ankle joint. Then, the data were exported
in point cloud file format and transferred into SolidWorks
2009 (SolidWorks Corporation, Concord, MA, USA) to
form geometric models, which were assembled together
to construct the ankle complex with the tibia, fibula,
talus, calcaneus, and navicular. The coordinate axes of the
assembly were aligned so that the X axis pointed medially,
the Y axis pointed posteriorly (toe to heel), the XY plane
paralleled to the sole, and the Z axis pointed upward (heel
to knee). Then, the data were imported into the Simulation
module to establish a FE model of the ankle. Simulation
allowed for the application of 3D contacts, springs, forces,
and torques.

A new static example was created based on the assem-
bly in the Simulation module. The bony structures were
idealized as homogeneous, isotropic, and linearly elas-
tic, with Young’s modulus and Poisson’s ratio assigned as
7,300 MPa and 0.3 [10], respectively. The parameters were
selected according to cortical and trabecular elasticity [15].
Interactions among the five bones were defined as contact
surfaces, which allowed relative articulating movement.
Contact options were set as surface to surface and no pen-
etration. Contacts between articular surfaces were consid-
ered frictionless, and gravity was considered negligible in
the model, to simulate the lubricating nature of articular
cartilage surfaces.

Linear and tension-only springs were used depending
on their geometries to simulate ligaments’ connection.
Attachment points on the bones were identified based on
anatomical atlases [1], published data (Interactive foot
and ankle, Primal Picture Limited, UK), and dissection.
A total of 31 springs were included to simulate connected
structures such as periarticular ligaments and the crural
interosseous membrane. The distance between insertion
sites in the neutral position (NP) were taken as initial
ligament lengths. Ligaments with relatively big diameter-
to-length ratios were represented by multiple elements
according to literatures [16], to simulate the recruitment
of ligament fibers under different loading conditions.
Material properties of each ligament were determined
by extensive references to literatures: The medial, lat-
eral collateral ligaments of the ankle and the interosse-
ous talocalcaneal ligaments were referred to the data by
Siegle et al. [27]; the distal tibiofibular syndesmosis liga-
ments were referred to the data by Hoefnagels et al. [13]
and Beumer et al. [3]. Other ligaments of which related
data were not found in literature or varied greatly were
all assumed to have a stiffness value between 70 and
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Fig. 1 Three models of intact
ankle (a), syndesmosis injuries
(b), and screw fixation (c¢) were
established, respectively

90 N/mm [17]. The crural interosseous membrane was
represented by four springs (with a stiffness of 400 N/
mm, determined by the lengths of the tibia and fibula,
along with stiffness data found on the interosseous mem-
brane of the forearm [21]). A pre-stretch (implemented
by a reduction in zero-load length of 2 %) was applied to
each ligament to represent in situ levels, and a pre-stretch
value of 0.5 % was applied for the springs representing
the interosseous membrane [17].

The ITSI model was simulated by suppressing the
springs representing the anterior and posterior tibiofib-
ular ligaments, the interosseous tibiofibular ligament,
along with the distal interosseous membrane closest to
the tibiotalar joint. The fixation model with screw was
established for the final simulation. The screw was
assumed as a simple cylinder with the threads ignored. A
¢ 3.5-mm hole was generated on the plane 2.5 cm above
the ankle mortise, in parallel to ankle articular surface
and through the center of the fibula and tibia diaphysis.
The cylindrical surfaces of the hole were connected to
a 316 stainless steel pin on both sides, and the cylinder
was fixed on the fibula and tibia to simulate the effect
of the threaded section. Young’s modulus and Poisson’s
ratio of the screw were defined as 1.9 x 10° MPa and
0.3, respectively.

Boundary conditions

Loadings at NP with single foot standing, internal rotation
(IR), and ER of the ankle were simulated in all models. The
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calcaneus and the navicular were fixed, and central points of
the upper sections of the tibia and fibula were fixed while the
remaining bones were free to move. A vertical force of 600 N
was applied to the upper section of the tibia to simulate one
foot balanced standing bearing a body mass of 60 kg. Then,
a 67 N of compression load and a 2.7 N m of clockwise or
counterclockwise torsional force were applied to the proxi-
mal tibia, to simulate internal and ER of the ankle, with the
longitudinal axis of the tibia set as the rotation axis.

Mesh generation and solution

After these boundary conditions were set, the models were
meshed with second-order 10-node tetrahedral elements by
high-quality grid generation tool in the Simulation (Fig. 1).
Grid density was set to “good,” grid parameters to “nor-
mal grid,” overall size to 2.8 mm, tolerance to 0.1 mm, and
node of Jacobi to 4. Iteration computation was run by the
Simulation automatic solver. All models mentioned above
were in complete parallel.

The maximum displacement of the tibia and the fibula
on the plane 1 cm proximal to the tibia plafond (Fig. 2) was
measured in the anterior/posterior and medial/lateral direc-
tions [12]. Rotation angles of the bones were obtained by
engineering graph generated in SolidWorks. More specifi-
cally, after the reference plane was paralleled to the tibio-
talar joint surface and perpendicular to the longitude axis
of the tibia which was determined as the rotation axis, the
rotation angles were measured of the tibia, the fibula, and
the talus, respectively (Fig. 3).
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Fig. 2 The tibiofibular clear
space of unloading model meas-
ured in this study [the distance
between the lateral border of the
posterior tibial tubercle and the
medial border of the fibula (a),
10 mm proximal to the distal
tibial articular surface (b)]

Results

Three models were established with a total number of
elements ranged from 59,651 to 63,299 and nodes from
91,869 to 96,966, with 9 loadings conducted.

Translations of the tibia, the fibula, and relative to the tibia,
in the anterior/posterior and medial/lateral directions

The maximum displacement values were compared among
the models of ITSI, screw fixation, and the intact ankle.
The translations of the fibula relative to the tibia increased
significantly in contrast to the intact ankle in the medial/
lateral and anterior/posterior directions after ITSI. The
maximum translations were 4.6 mm in the medial/lateral
directions and 2.0 mm in the anterior/posterior directions
during the loading in the IR of the ankle. The translations
were reduced significantly in various directions after screw
stabilization of the syndesmosis (Fig. 4).

Rotation angles of the tibia, the fibula, and the talus,
relative to the global coordinate system

Rotation angles of bones were calculated based on the
angles between the unloading model and each loading
model. It was shown that each bone rotation angle has
changed significantly in ITSI, along with the increase of
the range of motion (ROM). In the IR of the ankle, the ER
angles of the tibia and the talus increased from 7.1° and
1.8° preinjury to 12.4° and 3.7° postinjury, respectively,
while the rotation angle of the fibula changed from 3.4° ER
to 1.1° IR. In the ER of the ankle, the IR angles of the tibia,
the fibula, and the talus increased from 3.9°, 0.4° and 2.1°

to 5.5° 1.1° and 2.4°, respectively. However, after screw
stabilization of the tibiofibular syndesmosis, the rotation
angles of both tibial and talus significantly decreased in
comparison with the injury model. Compared to the intact
model, the rotation angle of the talus increased in the IR
and decreased in the ER of the ankle. The rotation angle of
the fibula tended to be close to that of the tibia. The relative
rotation angles of the tibiotalar joint increased from 5.3° in
the intact model to 8.7° in the injury model and decreased
to 1.8° in the screw fixation model in the IR of the ankle,
and increased from 1.8° in the intact model to 3.1° in the
injury model and decreased to 0.6° in the screw fixation
model in the ER of the ankle (Fig. 5).

Discussion

The main finding of this study is that ITSI would lead
to the increasing movement of the distal tibia and fibula.
The anterior/posterior and medial/lateral displacements
of the tibia and the fibula increased in coronal and sagit-
tal planes of the human body during three loading condi-
tions. Although the absolute distances in the inferior tibi-
ofibular joint were widened during loading at standing in
the NP and IR of the ankle, the tibiofibular clear space
(TFCS) approached and exceeded the 6 mm criterion
that was proposed by former researchers [12]. Besides,
absolute distances were narrowed in the loading at ER of
the ankle. This may be explained by the differences in
research methods adopted. Furthermore, the results also
indicated that the TFCS was associated with the loading
state at the foot and ankle, which should be recognized in
clinic.
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Fig. 3 Angles measured between the horizontal line and the straight line of tibia, fibula, and talus on the ankle plane in models before loading
(a) and during internal rotation of the intact ankle (b), tibiofibular syndesmosis injury (c), and syndesmosis screw fixation (d)

Moreover, the present study showed that severe ITSI  the ankle ROM was augmented. Therefore, severe syndes-
would cause the rotation angle of each bone of the ankle = mosis injury causes not only ER instability of the ankle but
joint to increase in the internal and ERs of the ankle, so that  also IR instability. Our study also demonstrated that after
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ankle, tibiofibular syndesmosis injury, and screw fixation
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tibiofibular syndesmosis injury, the rotation angle of the
talus increased by 1.9° and 0.3° during the IR and ER of
the ankle, respectively, which were close to the results of
the biomechanical study by Dolzynski et al. [8].

In an ideal treatment to ITSI, the implant should both
stabilize the syndesmosis and allow physiologic micromo-
tion as well as early mobilization, but this is hard to achieve,
because instability at the injured site does not benefit early
repair of soft tissues [5, 20, 22]. Effective conventional
fixation for a period of time, however, can compromise the
measure to promote scar healing of the syndesmosis. The
present study showed that movements of the distal tibia and
fibula decreased significantly in the anterior/posterior and
medial/lateral directions after fixation with a syndesmosis
screw. Absolute displacements were both <0.3 mm between
the distal tibia and fibula. In addition, the rotation angles of
the tibiotalar joint at the internal and ERs were significantly
reduced. Meanwhile, the rotation angle of the fibula tended
to be close to that of the tibia. Therefore, screw stabiliza-
tion can provide a mechanically stable condition for the
healing of the syndesmotic ligament complex.

However, a likely complication is that screw stabiliza-
tion will still affect the ROM of the ankle joint even after
the syndesmosis has gained healing in the long run. Moore
et al. [19] and Hamid et al. [11] stated that retention of syn-
desmotic screws, even with mechanical failure, did not pose
a clinical problem and weight bearing could be allowed at
6—10 weeks without routine removal of screws. Since the
ultimate goal of treatment is to restore the joint function,
we propose that the screws should be removed once the
healing is gained in order to restore normal function of the
ankle joint as soon as possible.

Despite some valuable results here obtained, the present
study has limitations inherent in the modeling simplifica-
tions derived from several factors. Firstly, it is difficult
in determining the typical values for mechanical charac-
terization of materials when dealing with human tissues.
Secondly, experimental studies have provided scarce data
about characteristics of the ankle joint that can be used in
our FE models. Thirdly, because a large number of non-
linear problems are involved in the modeling and calcula-
tion, the convergence of results is also hard to control. As
a result, bones are considered homogeneous, isotropic,
and linearly elastic. Ligaments are represented as linear
springs, in an attempt to replicate the behavior associated
with the linear region of ligament tensile behavior. Articu-
lar cartilage deformation is neglected as the bones are rep-
resented by rigid objects; cartilage function is incorporated
by neglecting friction in the model. These and other limita-
tions of the present models, such as simplified screw geom-
etry, the parameters of the models’ grid, must be taken
into account before a direct translation of these data into a
clinical situation. However, the results of this research were
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mainly obtained by calculating the data of displacement
distribution from the models, which are relatively closer to
the actual ones than the stress values. The latter are influ-
enced greatly by such factors as the grid size of a model
and generally present a qualitative result. The displace-
ment values of each bone might reflect more accurately the
motion of the ankle joint. In our previous work [18], the
FE models established had been compared with Liacouras
and Wayne’s for the purpose of model validation. Overall,
the findings of this study are helpful in guiding the clini-
cal diagnosis and management of tibiofibular syndesmosis
injuries.

Conclusion

The present FE analysis shows that severe syndesmosis
injury causes not only ER instability but also IR instabil-
ity of the ankle. Therefore, reduction and operative stabi-
lization are necessary. Although a transverse syndesmotic
screw can effectively control excessive abnormal activity of
the distal tibia and fibula following tibiofibular syndesmo-
sis injury, the screw fixation affects the physiologic normal-
ity of the joint, leading to decreased magnitude of displace-
ment at the lower extreme of tibia and fibula and decreased
ROM of the articulation.
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