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Background: Talus cartilage injury leads to changes in biomechanics of the ankle joint and ultimately affects ankle joint
function, but which talus cartilage defects require surgery is still uncertain. This research used a finite element
method to simulate the effect of different depth of talus cartilage defects on the stress and stability of the an-
kle joint in a certain area.

Material/Methods: A three-dimensional finite element model with different depths of osteochondral defects was created to simu-
late and calculate joint stress and displacement of the articular surface of the distal tibia and the proximal ta-
lus while the ankle joint was in the push-off, midstance, and heel-strike phases.

Results: The equivalent stress of the proximal talus did not change significantly at a defect depth of 1 mm, whereas
the equivalent stress of the upper talus increased significantly at a defect depth of >3 mm or more, reaching
a maximum value at a defect depth of 10 mm. The equivalent stress of the tibial cartilage and the equivalent
stress and displacement in the corresponding forces in the midstance phase and heel-strike phase were sig-
nificantly different from those in the normal group, but the difference in stress in each defect group was not
obvious.

Conclusions: The effect of cartilage defects of the talus on biomechanics of the ankle is clear, especially in the midstance
and push-off phases. When the defect reaches the subchondral bone (at a depth of 3 mm), the most obvious
change in ankle joint stability occurs, and it does not increase linearly with the increase in depth of the defect.
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Background

Ankle sprains are common joint injuries. Every day, 27,000 such
injuries occur in the United States and osteochondral lesions
occur in up to 70% of sprains and fractures involving the an-
kle [1,2]. Therefore, talus osteochondral injuries are common
ankle injuries requiring clinical attention. Cartilage injuries of
the talus include cartilage injuries and subchondral bone in-
juries, and the avascular characteristics of the talus cartilage
prevent it from naturally healing after injury. Therefore, when
appropriate treatment is not provided, talus bone cartilage in-
juries gradually progress, and the area and depth of damage
will gradually increase and develop into ankle arthritis, seri-
ously impacting a patient’s quality of life [3,4]. At present,
the treatment goal for talus injuries is controversial. Although
immediate functional recovery and pain relief are important,
long-term outcome should also be fully considered in the treat-
ment process [2]. Factors that affect repair of the talus carti-
lage include the defect area, location, and depth. Many stud-
ies have noted that the defect area in the talus cartilage is an
important factor, and choice of treatment is based on the de-
fect area of the cartilage. Currently, however, research is in-
sufficient on the effect of the depth of talus cartilage defects
on repair outcome [5,6].

Biomechanical studies on human or cadaver specimens are
relatively difficult because of the impact of technical, ethical,
cost, and equipment issues. With development of comput-
er technology, three-dimensional (3D) finite element analy-
sis has become a common form of biomechanical simulation.
Compared with a conventional specimen model, it has the
characteristics of more accurate model research, lower exper-
imental cost, unlimited experimental conditions, and repeat-
able row height. With finite element analysis, an object is di-
vided into finite elements, which are each assigned material
properties and boundary conditions. Simple equations mod-
eling these elements are then constructed and then solved
to calculate the internal stress on the entire object being an-
alyzed. In the equations, stress is the force in per unit area,
the unit is N/m? or Pa, and displacement is the deformation
that occurs under loading. Therefore, to understand the influ-
ence of osteochondral defect depths on ankle mechanics, this
study used a 3D finite element simulation of cartilage defects
of different depths in the talus ankle joint, considering the an-
kle’s motion mechanics and gait cycle. The landing phase is the
moment when the heel touches the ground, which is the be-
ginning of the supporting phase; in the neutral phase, stress
increases in Zone 4 and reaches the maximum value of sup-
port. The ground phase is the beginning of the swing period.
These three phases represent the support and swing in the
gait cycle, and are the three positions that best reflect normal
gait and pathological function. By constructing a finite element
model of the ankle joint, this research group selected normal

Li) etal:
Finite element analysis of the effect of talar osteochondral defects...
© Med Sci Monit, 2020; 26: €921823

cartilage, and 1-, 3-, 5-, and 10-mm defect depth to conduct
a 3D finite element analysis to assess ankle joint biomechan-
ics and stability influence.

Material and Methods

Software and hardware

1) CT scanner: 64 slices, SIEMENS, US;

2) Hardware on the computer used for the simulation: Intel(R)
Core(TM) i7-7700K 4.20 GHz, 32G;

3) Operating system on the computer used for the simulation:
Windows 7 Professional (64 bit);

4) Software used for the simulation:

[) Geomagic 2012, reverse engineering software, Geomagic,
us;

I) Solidworks 2014, CAD modeling software, Dassault, France;

1) Ansys Workbench 18, general finite element calculation
software, Ansys, US.

Modeling process

Processing of computed tomography (CT) files and 3D solid
reconstruction

An image of the right ankle joint of an adult man in a neu-
tral position was obtained by CT and input into the 3D recon-
struction software Mimics in the Dicom format to obtain a
clear skeleton outline. After mask processing, the image was
read in Geomagic in the STL format, reverse engineering re-
construction was completed, and 3D graphics in the IGES file
format were generated (Figure 1).

Construction of the working condition model

After the foot skeleton and foot contour were built, all liga-
ments were connected with lines in the physiological position,
and a complete foot model was generated. Using anatomical
data from the joint surface, cartilage boundaries were estab-
lished, and cartilage joints were built with Geomagic with an
offset thickness of 1 mm. According to requirements of the
analysis, only the fibula and tibia of the calcaneal talus, as well
as the related cartilages and ligaments, were required to be
retained; thus, a relatively complete 3D finite element model
of the ankle joint of a normal adult was built. On the basis of
the normal model, the talar cartilage was divided into nine re-
gions by the nine-grid partition method. Studies have shown
that Area 4 is the most common area for talar cartilage inju-
ries [7]. In this study, defects in the cartilage and subchondral
bone in Region 4 of the talus were simulated. The existing lit-
erature does not include studies of the depth of finite ele-
ment and talus injury. Therefore, when conducting the finite
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Figure 1. Diagram of image processing with Geomagic.

Figure 2. Location and depth of osteochondral loss.

element analysis, we started with an experimental measure-
ment depth of 1 mm and increased from there step by step.
When we reached 5 mm, we found that increased stress was
not linear related with depth, so we added an additional set of
10-mm-depth experiments to verify. Therefore, a defect area
with a size of 8x8 mm was set, with cartilage and subchon-
dral bone missing at 1, 3, 5, and 10 mm downward (Figure 2).

Meshing
The assembled solid model was imported into Ansys Workbench,

a Boolean operation was carried out, material parameters were
assigned, contact was defined, and then the grid division

This work is licensed under Creative Common Attribution-
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process was completed. The solid unit comprised Solid 187
and Solid 95, the ligament was a Link180 unit, and its non-
linear characteristics were set under tension without pres-
sure (Figure 3).

Material parameters
All kinds of tissue materials involved in this model were sim-

plified into isotropic homogeneous elastic materials. Material
parameters are listed in Tables 1 and 2.

€921823-3

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



CLINICAL RESEARCH

Li) etal:
Finite element analysis of the effect of talar osteochondral defects...
© Med Sci Monit, 2020; 26: €921823

Mesh
2018/5/217:57

L[]
0.00 40.00 80.00 (mm)
— I I
20.00 60.00
Figure 3. Meshing.
Table 1. Properties of bone and cartilage materials.
Modulus of elasticity Poisson’s
Material .
- (1)) ratio
Bone 7300 0.3
Cartilage 12 0.42

Contact settings

Contact between the components was set according to the ac-
tual condition. The cartilage was bound to the corresponding
bones, and the friction coefficient between the articular sur-
faces of the cartilage was 0.01.

Table 2. Material properties of ligaments.

Ligament Modulus of elasticity (MPa)

Moment
Time: 10.s
2018/5/811:37

Moment: 12.497 N mm
Remote Force: 747.98 N

Y

2

0.00 50.00
— —
25.00 75.00

100.90 (mm)

Figure 4. Diagram of constraint and load.
Applying loads and constraints

Grid direction of the corresponding sites of the calcaneus
and scaphoid were constrained so that the degree of free-
dom was 0. Three gait patterns were selected for analysis ac-
cording to previous studies, as shown below, and it was as-
sumed that the body weight was 600 N and the foot length
was 25.4 cm (Figure 4). After the model was created, we veri-
fied that it was similar to those used in previous studies [8,9].

Experimental groups and data acquisition process

After the above model was created, five groups were estab-
lished for the experiment: the normal talus osteochondral group

Poisson’s ratio Sectional area (mm?)

AtiF — anterior tibiofibular ligament; PtiF — posterior tibiofibular ligament; AtaFi — anterior talofibular ligament; PtaFi —posterior
talofibular ligament; CaTi — calcaneofibular ligament; AtiTa — anterior tibial ligament; PtiTa — posterior tibial talus ligament;

TiCa - tibiocalcanean ligament; TiNa — tibionavicular ligament.
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Table 3. Pressure on the ankle joint surface and displacement of the talus in the heel-strike, midstance, and push-off phases.

Contact pressure

Heel-strike phase Midstance phase

Push-off phase

Displacement of the talus

Heel-strike phase Midstance phase Push-off phase

Equivalent stress of upper talus

Heel-strike Midstance  Push-off  Heel-strike
phase phase phase phase
Normal 2.106 4.4531 3.1456 1.6477
881 2183 61385 43914 22682
8x8x3 3967 11657 11395 22993
8x8x5 48589 12185 1171 22767
8x8x10 48782 13166 12815 22621

Equivalent stress of tibial cartilage

Equivalent stress of talus cartilage

Midstance  Push-off Heel-strike Midstance  Push-off
phase phase phase phase phase
2.479 2.2873 2.2804 2.7872 2.4853

55435 37991 24564 57413 52679
55473 37808 24583 57256 52857
55437 38008 24571 57183 52519
55379 37733 24376 57011 52039

and groups with defect depths of 1, 3, 5, and 10 mm. In each
group, the finite element method and the above model were
used to simulate stress on the ankle joint when it was in the
push-off, midstance, and heel-strike phases to determine the
contact pressure on the joint surface, equivalent stress of the
cartilage of the proximal talus and distal tibia in each phase,
and displacement of the talus. Stress, contact state and dis-
placement of each component of the ankle joint in the differ-
ent groups were observed to determine their maximum values
and location. Maximum pressure was recorded as the experi-
mental data and analyzed to obtain the column diagram, and
the changes in pressure were discussed.

Results

Useing a 3D finite element simulation of osteochondral de-
fects at different depths of the talus, the following was found:
1. Contact pressure of the articular surface in the heel-strike
phase increased with increasing osteochondral defect depths,
but the stress did not change significantly. In the midstance
and push-off phases, stress increased, but the change was
not obvious, and pressure in the midstance phase slight-
ly increased with increasing depths of the defect, but the
difference was not obvious. Stress was at the highest lev-
el (6.2716 MPa) in the push-off phase when the defect was
1 mm, gradually decreased when the defect was 5 mm, and
increased when the defect was 10 mm, but the differences

were not obvious. Sstress reached a maximum of 6.4983 MPa
when the defect was 10 mm (Table 3).

2. Equivalent stress at the proximal talus reached its maxi-
mum value when defect depth was 10 mm in the heel-strike,
midstance, and push-off phases (4.8782 MPa, 13.166 MPa,
12.815 MPa, respectively), and maximum stress value occurred
when the depth was 10 mm (13.166 MPa). When the defect
was 1 mm, the stress change was not obvious; when the de-
fect was >3 mm, equivalent stress on the proximal talus in-
creased significantly, and equivalent stress on the upper ta-
lus increased as the depth of the defect increased (Table 4).

3. Equivalent stress on the tibial cartilage in the heel-strike
phase was not significantly different between the defect and
normal groups, but there were significant changes in stress
in the midstance and push-off phases. There was no signifi-
cant change in stress between the defect groups. The chang-
es in stress in the talus cartilage were similar to the equiva-
lent stress on the tibial cartilage, and the peak value in stress
occurred when the defect depth was 1 mm (5.7413 MPa).
Displacement of the talus increased in both the midstance
and push-off phases, but there was no significant difference
in displacement among the defect groups (Tables 3, 4).

Discussion

The main findings of this study are that intra-cartilage defects
(1 mm) can have a significant effect on ankle joint contact
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pressure and, tibial and talus cartilage, and and that stress
is on the upper end of the talus is equivalent in the neutral
and off-ground phases. When the depth of the defect reaches
the subchondral bone, the impact on the ankle joint increas-
es significantly, but as the depth of the defect deepens fur-
ther, its impact does not increase linearly. Cartilage defects of
any depth will cause harm to the ankle joint. When the dam-
age reaches the subchondral bone (3 mm), the stability of the
ankle joint changes most obviously. Afterwards, as the depth
of the defect increases, its impact does not increase linearly.

The ankle joint bears a heavy load in the human body. Any in-
jury to its anatomical structure will damage its stability. Talus
osteochondral injuries are common ankle joint injuries that af-
fect the ankle joint considerably [10]. Changes in intra-articu-
lar biomechanics after osteochondral injuries of the talus con-
tribute to progression of ankle arthritis and ultimately affect
the function of the ankle joint [11,12]. Currently, clinical treat-
ment options for talus cartilage injury include surgery treatment
and conservative therapy. The choice depends on the patient’s
age, symptom severity, and type of lesion [13]. Conservative
therapy typically is used for Hepple modified magnetic reso-
nance imaging (MRI) type | and milder type Il injuries, which
involve a smaller lesion area, stable exfoliated bone mass, and
non-displaced talus cartilage [14], whereas surgery is require
for Hepple type Ill to V injuries with severe symptoms, when
conservative treatment for 3 to 6 months for talus cartilage
injury with acute separation and displacement is ineffective,
or the area of injury is large [15,16]. Reports in the literature
underscore the fact that the area of the talus cartilage defect
is an important influencing factor [17-19], and that a lesion
range of 15 mm, lack of fracture displacement, and locaton of
injury in the anterolateral talus [20,21] often suggest a better
prognosis. In contrast, the prognosis is poor when the range
is larger than 15 mm, the lesion is located on the medial side,
and there is subchondral cystic degeneration and intra-articu-
lar osteophyte formation [22]. Study of the effect of the depth
of the talus cartilage defect on repair is still insufficient [5,6].

In our study, through finite element simulation of talus carti-
lage defects at different depths, we found that with increase
in the defect depth, equivalent stress at the upper end of the
talus increased nonlinearly in the landing, neutral, and off-
ground phases. The increase in equivalent stress in the ankle
joint articular surface and tibial and talus cartilages in the three
phases was not obviously related to the increase of the defect
depth. This result suggests that once a defect occurs, it signif-
icantly increases stress in each joint surface in the neutral and
ground phases of the ankle joint. At the same time, different
defect depths have different effects on the increase in stress
increase on each joint surface during different phases. Even
a defect with a depth of 1 mm will significantly increase the
equivalent stress on articular cartilage surfaces of the tibial
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and talus cartilages, and this increase in equivalent stress is
not significantly related to the defect depth. The fundamen-
tal reason for this result in our analysis is that the change in
equivalent stress depends on the size of the defect area and
the strength of the applied pressure. In this experiment, the de-
fect area was relatively fixed, as was the equivalent stress on
the articular cartilage. There was no obvious positive corre-
lation between the increase and the defect depth. This was
consistent with our previous observations in clinical cases.

The equivalent stress at the upper end of the talus increas-
es with the depth of the defect, and although that change is
nonlinear, we suspect that it is due to deformation of the car-
tilage when the normal joint is loaded, and the arched fiber
structure carries the pressure along the direction of the col-
lagen fiber. Relying on calcified cartilage with lower hardness
than subchondral bone, it is dispersed to subchondral bone
through fluctuation in the tidal line and deformation of the os-
teochondral interface. In this process, cartilage can only cush-
ion 1% to 3% of the pressure, and normal subchondral bone
can absorb about 30% of the joint load [23]. A deeper defect
affects the subchondral bone structure and joint load of the ta-
lus. As the depth of the defect increases, the equivalent stress
on the upper end of the talus increases accordingly. Currently,
first-line treatment of talus cartilage injury is still mainly that
used for arthroscopic micro-fractures [24]. Previous data, such
as the 3D geometric profile of the ankle established using MRI
and x-ray, also have found that the depth of the patient’s de-
fect is an important prognostic factor for stage 1 osteochon-
dral lesions of the talus (OCLTs), and can be used as the ba-
sis for preoperative surgical decision-making [25]. Although
the depth of talus cartilage injury is still somewhat controver-
sial for predicting treatment prognosis, our research results
show that once a talus cartilage defect occurs, regardless of
its depth, it will significantly increase stress in the talus, there-
fore, suggesting a need to actively and effectively treat and
reduce the volume of talus lesions. We need to give full con-
sideration to treating OCLTs [2].

The change in equivalent stress in the proximal talus in the
three gait phases of the talus cartilage defect model was a very
significant finding, and one on which we would like to focus.
Compared with normal cartilage, equivalent stress in the an-
kle joint increases at as the depth of talus cartilage defect be-
comes larger, especially in the neutral and off-ground phases.
That can trend can continue to increase by a factor of two,
whereas in the ground phase, the impact is relatively small.
Although there are various methods for observing and analyz-
ing gait, including video capture in the laboratory or wearable
inertial sensor devices [26], a single gait cycle is still divided
into support and swing phases, and the heeling ground, neu-
tral, and ground-free phases are taken as the landmark events
in the gait cycle [27]. The landing phase, the moment when
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the heel touches the ground, is the beginning of the support
phase. At that time, the front articular surface of the talus
(7/8/9 area, Figure 3) is in contact with the tibia, and the area
of the talus defect we selected was 4 (Figure 3). Zone 4 is lo-
cated more posteriorly and medially, and the stress is smaller,
so the stress changes at the heel period are not obvious. In
the neutral and off-ground phases, however, the stress in the
talus Zone 4 increases and reaches its maximum in the neu-
tral phase. Location of stress in the talus during movement of
the ankle joint is different. We believe that is the main rea-
son that the biological stress caused by the defect of the ta-
lus cartilage increases in three different phases.

In our study, we also studied the relationship between depth
of talus defect and displacement of the talus. The distance of
talus displacement indicates the stability of the ankle joint,
which is one of the important factors in ankle joint biomechan-
ics. Although several non-traumatic causes of OCLTs have been-
are recognized, its occurrence is still mostly related to ankle
sprains and fractures [28]. This study found that compared with
normal cartilage, changes in talus movement at various depths
of talus cartilage defects mainly occur in the neutral and off-
ground phases, and have little effect on ground-phase talus
displacement. As the depth of talus cartilage defect increas-
es gradually, talus displacement increases slowly and there is
a nonlinear positive correlation between the two. It has been
suggested that once a defect in talus cartilage is found, it may
cause ankle instability. We speculate that the reason may be
related to the anatomy of the anterior wide and narrow talus.
When in the ground phase, the ankle joint is in the dorsal ex-
tension position, and the ankle joint is relatively stable; while
in the neutral and off-ground phases, the stability of the an-
kle joint is reduced, so the biomechanical impact of the talus
cartilage defect is more obvious. From the perspective of the
depth of the defect, an intra-cartilage defect (1 mm) can have
a significant impact on the stability of the ankle joint. When
the subchondral bone (3 mm) is reached, the stability of the
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ankle joint changes most significantly, and when the depth of
the defect increases, the impact doesl not increase linearly. That
finding shows that the influence of osteochondral defects on
the stability of ankle joints has little to do with the depth of
the defect. Any depth of cartilage defects will cause harm to
the ankle joint. After the defect reaches the subchondral bone,
the harm to the ankle joint is more obvious. Therefore, for any
depth of talus cartilage defect, the impact on joint stress and
stability should be considered in decision-making about tar-
geted treatment so as to reduce damage caused by the defect
to the ankle joint. If the defect depth reaches the subchon-
dral bone or a deeper level, bone grafting should be actively
considered to restore the smoothness of the articular surface
of the talus, reduce changes in ankle joint stress, and reduce
damage to the ankle joint in later weight-bearing activities.

Currently, application of a 3D finite element model has led to
advances in research and progress in study of biomechanics
of the foot and ankle, but there are still certain deficiencies.
The mechanical properties of the talus during gait are quite
complicated. Although our model can simulate the anatomy
of the talus and surrounding structures more realistically and
accurately, we are studying ways to improve the model ma-
terials and simply the finite element model. The next step in
our research is to further verify the results of this experiment
in clinical or cadaver samples.

Conclusions

With the use of a finite element model, we have demonstrat-
ed the effect of cartilage defects of the talus on the biome-
chanics of the ankle, especially in the midstance and push-off
phases. When the defect reaches the subchondral bone (at a
depth of 3 mm), the most obvious change in the stability of
the ankle joint occurs, and the effect does not increase linear-
ly with the increase in depth of the defect.
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