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Abstract

Background: To maintain the corrected alignment after high tibial osteotomy (HTO), fixation with titanium locking
plate and screws is widely used in current practice; however, screw breakage is a common complication. Thus, this
study was to investigate the mechanical stability of HTO with locking plate and various screw fixations, including
the length as well as the type.

Methods: A finite element (FE) model involving a distal femur, meniscus, and a proximal tibia with HTO fixed
with a titanium locking plate and screws was created. The angle of the medial open wedge was 12°, and bone
graft was not used. Two types of screws, namely conventional locking and far-cortical locking screws, with various lengths
and configurations were used. At the proximal tibia, conventional locking screws with different lengths, 30
and 55 mm, were used; at the tibia shaft, different screw fixations including one-cortical, two-cortical, and far-cortical
locking screws were used.

Results: The use of far-cortical locking screw generated the highest equivalent stress on the screws, which was four
times (from 137.3 to 541 MPa) higher than that of the one-cortical screw. Also, it led to the maximum deformation of
the tibia and a greater gap deformation at the osteotomy site, which was twice (from 0.222 to 0442 mm) larger than
that of the one-cortical screw. The effect of different locking screw length on tibia deformation and implant stress was
minor.

Conclusion: Thus, far-cortical locking screws and plates increase interfragmentary movement but the screw stress
is relatively high. Increasing the protection time (partial weight duration) is suggested to decrease the risk of screw breakage

in HTO through fixation with titanium far-cortical locking screws and plates.
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Introduction

High tibial osteotomy (HTO) with medial opening
wedge is a surgical technique to reconstruct the bony
structure of knees and correct their mechanical axis [1,
2]. This technique may be used to manage the early
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stage of knee osteoarthritis (KOA), particularly in rela-
tively young patients (40-60years) [3, 4]. Currently,
HTO with locking plate and screws is popular because it
efficiently slows the progressive degeneration of the knee
joint and holds the requirement of terminable joint
replacement [5, 6].

To maintain the corrected alignment after HTO, the
use of locking plate and screws helps to establish a strong
support for the osteotomied tibia till bone union [7-9]. In
current practice of HTO, traditional titanium locking plate
and screw fixation yields acceptable outcomes, and
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approximately 90% of the patients who returned to
work or sport did so within 1year [6]. However, some
complications following HTO such as screw breakage
or loss of reduction are not uncommon [10]. To obtain
better results, further studies focused either on the
structural stability established between the bone and
plate or on the creation of beneficial biomechanical
stimuli from interfragmentary movement via flexible/
dynamic fixation were made in the past [11-13]. In
these biomechanical studies, some issues including the
geometry and configuration of plate, the use of wedge
spacer, and even the interfragmentary movement pro-
moting callus formation during bony healing [7, 11,
14-16] were investigated. However, to our note, a more
fundamental factor, the screw, was less mentioned and
rarely investigated. In addition, considering the major
clinical issue about screw breakage, it is worth further
analyzing and demonstrating the screw stress in HTO-
related studies.

Nevertheless, it is difficult to explore the internal
stress of screws, plates, and bones, because no sensor is
sufficiently small to insert into the body without disturb-
ing the responses. By contrast, the finite element (FE)
method, a numerical simulation based on the loading
condition and measured material properties of the bone
and metallic implants, helps to calculate the internal
stresses and has been used in many biomechanical stud-
ies [17-20]. Therefore, this study aimed to explore the
mechanical stability and screw stress of HTO fixed with
titanium locking plate and screws comparing various
lengths and types (flexible or traditional) of locking
screws using the FE method.

Methods

Solid model

An intact solid knee joint model consisting of the tibia,
distal femur, and meniscus was directly created using
open-source computed tomography images of the Vis-
ible Human Project (from National Institutes of Health,
https://www.nih.gov/) in this study. The contours of the
bones in each section were retrieved by examining rela-
tively higher gray values than the surrounding tissues
using the Avizo Version 6 (VSG SAS, Bordeaux, France)
software. Furthermore, the cortical and cancellous bones
were demarcated according to their gray values. The
three-dimensional bone models were created based on
the retrieved contours of each section. The bone models
were then imported into the CAD software SolidWorks
2014 (Dassault Systemes SolidWorks Corp., Waltham,
MA, USA) for creating the meniscus cartilage. The space
between the distal femur condyles and the proximal tibia
was modeled as the meniscus cartilage, and the shape of
the meniscus was modified on the basis of a previous
study [21]. Then, the HTO model with medial open
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wedge and metallic locking plate and screw fixation was
created in SolidWorks, too. Virtual planes were defined to
divide the tibia into two parts, namely the medial wedge
and rest of the tibia. The angle of the medial open wedge
was set to 12°, and the length of the lateral hinge (apex of
the wedge to tibial border) was set to 10 mm [22]. The
volume of the medial wedge was then removed in order to
mimic the open wedge of HTO without bone graft.

The TomoFix plate (TomoFix, DePuy Synthes, Ober-
dorf, Switzerland) and locking screws were used to fix the
tibia with HTO (Fig. 1a). The length and width of the
TomoFix plate were 115 and 16 mm, respectively. The
plate thickness was 3 mm. Two types of locking screws
were used in this study, namely traditional locking screw
and far-cortical locking (flexible fixation) screws. The tibia
shaft was fixed using far-cortical locking and traditional
locking screws, and the proximal tibia was fixed using a
traditional locking screw only. Six types of screw configur-
ation for HTO fixation were analyzed (Fig. 1b—g). Con-
ventional 30- and 55-mm locking screws were used at the
proximal tibia (above the wedge), and three types of screw,
namely one-cortical (30 mm), two-cortical (35-50 mm),
and far-cortical locking screws (35—50 mm), were used for
the tibia shaft (below the wedge). The diameter of the
traditional locking screws was 5 mm. For the far-cortical
locking screw, the outer diameter of the thread part (dis-
tal) was 5 mm, and the diameter of the proximal shaft was
3.5 mm [23]. The bone around the proximal screw shaft of
the far-cortical locking screw within 0.75 mm was also re-
moved. Then, a 0.75-mm gap between the proximal screw
shaft (of the far-cortical locking screw) and the tibia was
created, and the screw shaft did not touch the bone during
the initial unloading state. The screw insertion into the
tibia was mimicked using Boolean operation to ensure
that no space existed between the bone and the thread of
screws. The thread of the screw head and the screw hole
of the plate were simplified as a cylinder.

FE model

The solid model was then imported into ANSYS Work-
bench V 17 (Swanson Analysis Systems, Inc., Houston,
PA, USA) for generating the mesh and simulation. The
ligaments around the knee joint, including medial collat-
eral, lateral collateral, anterior cruciate, and posterior
cruciate ligaments, were modeled using tension-only
springs (Table 1). These springs were created by linking
the origin and inserting sites of the corresponding liga-
ments. The longitudinal stiffness of these springs was set
according to the cross-sectional area, the Young’s modu-
lus obtained from a previous study [24], and the length
in the present model. The elastic moduli of the cortex
and trabecular bone was set to 12 GPa and 430 MPa, re-
spectively [25, 26], and their Poisson’s ratios were set to
0.3. The Young’s modulus and Poisson’s ratio of the
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Fig. 1 a Solid model. Short proximal screw with b one-cortical, ¢ two-cortical, and d far-cortical locking screws. Long proximal screw with e one-
cortical, f two-cortical, and g far-cortical locking screws. h Boundary condition used in this study

meniscus were set to 100 MPa and 0.1, respectively [25].
The metallic implants, including the plate and screws,
were made from titanium, and the plasticity of titanium
was utilized. Hence, the Young’s modulus and Poisson’s
ratio of titanium in the linear elastic phase were defined
to 110 GPa and 0.3, respectively. The yield strength and
tangent modulus in the plastic phase were set to 800
and 1250 MPa, respectively. The material properties of
titanium were defined according to the engineering data-
base in ANSYS Workbench.

The thread part of the screws and the surrounding
bone were assigned bonding contact behavior, as were
the screw head and screw hole of the plate. The contact
between the proximal screw shaft of the far-cortical
screw and the bone nearby (gap distance of 0.75 mm)
was a frictional surface-to-surface contact (if the contact
occurred). Furthermore, the contact behaviors between
the bones at the osteotomy site were frictional. The con-
tact behavior between the meniscus and the distal femur
condyles was frictionless. The friction coefficients of

metal-to-bone and bone-to-bone were 0.3 and 0.45, re-
spectively [27]. A 1500 N (about two times the body
weight) compressive force was applied on the superior
surface of the distal femur to simulate the physiological
load of the knee joint in normal gait [22, 28-30]. The
degree of freedom of the distal femur was set to zero
along the X and Y axes, and movement was allowed only
in the vertical direction (Z axis). The distal end of the
tibia was fixed (Fig. 1h).

Validation

For validation of this FE model, the maximum interfrag-
mentary movements of the FE model with one-cortical
and far-cortical locking screws at the tibia shaft (the
screw length at the proximal tibia was 55mm) were
compared with those of Roderer et al.’s study [11]. The
interfragmentary movement in the FE model and
Roderer et al.’s study was similar (Fig. 2). The differences
of interfragmentary movement between the present FE
model and Roderer et al’s study were just 0.17 mm

Table 1 Material properties of the springs used in this study to simulate ligaments

Ligament Numbers of spring Stiffness (N/mm) Cross section area (mm?) Elastic modulus (MPa)
Medial collateral ligament 2 106 1.54 345
Lateral collateral ligament 2 106 1.54 345
Anterior cruciate ligament 1 175 1.29 345
Posterior cruciate ligament 1 20.6 1.92 345
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Fig. 2 Comparison of interfragmentary movements (mm) with flexible fixation screw (left) and traditional locking screw (right) in the FE model
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(under 1000N) and 0.03mm (under 500N) with the
flexible fixation screw and traditional locking screw,
respectively.

Incidence

Equivalent stress (also formulated in terms of the von
Mises stress) was used as an index for evaluating stress
on the metallic screw and plate, whereas maximum
principle stress was used for evaluating stress on the
bones. The maximum displacement of the tibia and the
deformation of the osteotomy gap were used for analyz-
ing HTO stability.

Results
With identical proximal screw length, the different fix-
ation methods using conventional locking screws on the
tibial shaft, one-cortical and two-cortical, shared similar
gap deformation as well as the tibia displacement (Table 2).
Compared with the conventional locking methods, the
use of far-cortical locking screws resulted in a larger tibia
displacement as well as gap deformation at the osteotomy
site (Table 2 and Fig. 3). The maximum gap deformation
with the far-cortical locking screw was 2.03 (from 0.219 to
0.445) and 2.05 (from 0.216 to 0.442) times that of the
two-cortical screws when the proximal screw lengths were
30 and 55 mm, respectively.

The equivalent stress of the far-cortical locking screws
was higher than that of the conventional locking screws
(Fig. 4), with both one- and two-cortical locking, whereas

the equivalent stress of the plate was slightly lower with
the use of far-cortical locking screw than with the use of
traditional locking screws (Table 2 and Fig. 5). The max-
imum equivalent stress of the far-cortical locking screw
was 530.88 and 541 MPa with short and long screws, re-
spectively, at the proximal tibia. At the proximal tibia, the
far-cortical locking screw also resulted in higher maximum
principle stress of the lateral hinge of the osteotomized
tibia than one- and two-cortical locking screws (Table 2
and Fig. 6). The maximum equivalent stress of the lateral
hinge with far- zcortical, two-cortical, and one-cortical
screw was 73.2, 58.78, and 58.82 MPa, respectively.

Discussion

This study investigated the mechanical responses of me-
tallic implants (namely, the plate and screws) of various
lengths, types, and configurations in HTO. The stress
differences in the plate and screws depending on screw
configurations were demonstrated. Furthermore, this
study indicates the risk factor for screw failure in HTO
with a titanium locking plate and various locking screws.
The results can serve as a reference for surgeons per-
forming HTO. A balance between stability and flexible
fixation is essential.

The far-cortical locking screws and plate can decrease
the stiffness of locking plates and screws and increase
interfragmentary movements at the fracture or osteot-
omy site [31]. Furthermore, they promote callus forma-
tion during the bone healing process because of force

Table 2 Maximum displacement of the tibia, gap deformation, and stress of the implants and bone

Top screws with length 30 mm

Top screws with length 55 mm

One-cortical ~ Two-cortical ~ Far-cortical ~ One-cortical ~ Two-cortical ~ Far-cortical
Maximum displacement of the tibia (mm) 0.58 0577 0.798 0.578 0576 0.789
Gap deformation (mm) 0.224 0.219 0.445 0.222 0216 0442
Peak stress of the plate (MPa) 179.17 180.63 160.88 167 168.26 163.92
Peak stress of the screw (MPa) 135.81 137.51 530.88 137.29 139.78 541
Highest stress of the lateral hinge (maximum principle stress)  58.82 58.78 732 64.25 66.95 66.58
Lowest stress of the lateral hinge (maximum principle stress) ~ —28.05 —26.79 —29.84 - 2253 —294 -31.39
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Fig. 3 Total displacement of the tibia with short (left) and long (right) screws at the proximal tibia
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stimulation at the fracture site. The decreasing diameter
of the proximal shaft of the screw creates a gap between
the screw and the cortex near the plate just after im-
plantation without bone ingrowth (ie., the screw hole is
larger than the screw), which provides increased flexibil-
ity [13]. The FE simulations in this study and Roderer
et al’s study [11] have indicated that gap deformation is
larger at the site when using HTO with flexible fixation

than the conventional locking plate. Therefore, this tech-
nique is regarded as a potential solution for patients
with delayed bone healing or nonunion after HTO.

The flexible fixation plate and screw increase interfrag-
mentary movement, but the high screw stress demon-
strated in the present FE model must not be ignored.
The maximum equivalent stress of the screw in the
far-cortical locking screw and plate system is higher than
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Fig. 4 Equivalent stress of the screws with short (top row) and long (bottom row) screws at the proximal tibia
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Fig. 5 Equivalent stress of the plate with short (left) and long (right) screws at the proximal tibia
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that in the conventional locking screw system. Because
the proximal screw shaft of the far-cortical locking screw
is thinner than that of the conventional locking screw
and the proximal screw shaft does not contact with the
surrounding bone because of a gap 0.75mm, the thin
screw must sustain the complete load. By contrast, the
conventional locking screw is in contact with the tibia at
the anterior region, and hence, the load is shared with
the bones. Therefore, the equivalent stress of the
far-cortical locking screw is higher than that of the con-
ventional locking screw. The peak equivalent stress of

the far-cortical locking screw (541 MPa) is less than the
yield stress of titanium (800 MPa), but not substantially
so. Owing to the high stress of the far-cortical locking
screw, the risk of a far-cortical locking screw breakage is
higher than that of a conventional locking screw after
cyclic loadings. Moreover, the equivalent stress of the
traditional locking screw is much lower than that of the
far-cortical locking screw. Therefore, the risk of screw
breakage is lower for conventional locking screws.

In clinical practice, the breakage of the lateral hinge
during HTO is a matter of concern, and it may be

1 cortical

1 cortical

.

Fig. 6 Maximum principle stress of the lateral hinge with short (top row) and long (bottom row) screws at the proximal tibia
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multifactorial [32, 33]. In the present study, the max-
imum principle stress at the lateral hinge demon-
strated no obvious difference between the different
screw lengths and configurations. Further, based on
the slightly increased maximum principle stress at the
lateral hinge (approximately 24%, from 58.78 to 73.2
MPa), the authors believe the use of far-cortical lock-
ing screw does not play a major role in the breakage
of the lateral hinge.

In Roderer et al.’s study, a dynamic locking screw system
(DePuy Synthes, DePuy Synthes, Oberdorf, Switzerland)
was used to increase the movement possible with the con-
ventional locking screw at the osteotomy site. However,
far-cortical locking screws and plates (MotionLoc Screw,
Zimmer, Warsaw, USA) were used in this study because
the dynamic locking screw system is not available in our
country, and far-cortical locking screws are widespread.
Furthermore, the intended use of dynamic locking screws
and far-cortical locking screws is the same. Hence,
far-cortical locking screw was used to replace the dynamic
locking screw in this study.

We acknowledge some limitations in this study. First,
the stress of the bone developed from the distracting
process of the open wedge is not considered. Second,
the thread at the proximal shaft of the far-cortical screw
is neglected. Because the thread is for screw removal
and does contact with the surrounding bone after fix-
ation, smoothening the screw shaft does not affect the
stability of the tibia in HTO. Third, only the maximum
load in full knee extension was simulated, but the other
knee positions and the muscle force were not consid-
ered. Fourth, all materials were simplified as isotropic
and homogeneous.

Conclusions

The study results suggest that far-cortical locking screws
and plates can increase interfragmentary movement in
HTO; however, the screw stress is relatively high. Increas-
ing the protection time (partial weight duration) is sug-
gested to decrease the risk of screw breakage in HTO
through fixation with titanium far-cortical locking screws
and plates.
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