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Abstract

Background: Medial open wedge high tibial osteotomy is a well-established procedure for the treatment of
unicompartmental osteoarthritis and symptomatic varus malalignment. We hypothesized that different fixation
devices generate different fixation stability profiles for the various wedge sizes in a finite element (FE) analysis.

Methods: Four types of fixation were compared: 1) first and 2) second generation Puddu plates, and 3) TomoFix
plate with and 4) without bone graft. Cortical and cancellous bone was modelled and five different opening wedge
sizes were studied for each model. Outcome measures included: 1) stresses in bone, 2) relative displacement of the
proximal and distal tibial fragments, 3) stresses in the plates, 4) stresses on the upper and lower screw surfaces in
the screw channels.

Results: The highest load for all fixation types occurred in the plate axis. For the vast majority of the wedge sizes
and fixation types the shear stress (von Mises stress) was dominating in the bone independent of fixation type. The
relative displacements of the tibial fragments were low (in um range). With an increasing wedge size this
displacement tended to increase for both Puddu plates and the TomoFix plate with bone graft. For the TomoFix
plate without bone graft a rather opposite trend was observed.

For all fixation types the occurring stresses at the screw-bone contact areas pulled at the screws and exceeded the
allowable threshold of 1.2 MPa for at least one screw surface. Of the six screw surfaces that were studied, the
TomofFix plate with bone graft showed a stress excess of one out of twelve and without bone graft, five out of
twelve. With the Puddu plates, an excess stress occurred in the majority of screw surfaces.

Conclusions: The different fixation devices generate different fixation stability profiles for different opening wedge
sizes. Based on the computational simulations, none of the studied osteosynthesis fixation types warranted an
intransigent full weight bearing per se. The highest fixation stability was observed for the TomoFix plates and the
lowest for the first generation Puddu plate. These findings were revealed in theoretical models and need to be
validated in controlled clinical settings.
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Background

Medial opening wedge high tibial osteotomy (MOWHTO)
is a well-established procedure for the treatment of
unicompartmental osteoarthritis and symptomatic varus
malaligned knees [1,2]. Early weight bearing after correct-
ive tibial osteotomy has been regarded as desirable [2]. In
the last decade there has been a renaissance of MOWHTO
catalysed by the use of angle stabile plates with locking
head screws (LHS) [3-7].

Several fixation types for the MOWHTO are currently
used and several research groups worked on the assess-
ment of their fixation stability in biomechanical experi-
ments [7-12]. The two most frequently used implants are
the Puddu and the TomoFix systems [12]. The Puddu
plate uses the dynamic compression concept, whereas the
TomoFix plate follows the locking compression concept.
Raja Izaham et al. have recently compared fixation stability
of these two systems using FE analysis [13]. According to
the authors, the model of the TomoFix plate fixation
resulted in a higher fixation stability; however, the bone
model in the study was based upon cortical bone proper-
ties only for saving calculation time [13]. Another FE ana-
lysis by Luo et al. compared TomoFix plate, T plate, T + 1
plate, and m plate regarding the occurring stresses and
stability in MOWHTO [14]. The authors concluded that
TomoFix and T plate as the so-called one-leg systems with
LHS can be used for the majority of patients without
heavy bodyweight and poor bone quality. Both FE analyses
simulated only one opening wedge size [13,14].

The use of bone graft to increase mechanical strength
remains controversial; whilst it may increase mechanical
strength, some authors have suggested that opening
wedges can be left unfilled [3], which avoids the risk as-
sociated with gap filling with inert substances [15]. Zorzi
et al. tried to assess the effect of bone graft versus no
graft [16]. There was no significant difference in time to
bone healing between the patient groups, though correc-
tion loss was twice as common in the group without bone
graft (n=2 versus n=1). But the low occurrence rate of
this event did not result in a significant difference between
the groups. According to the authors larger studies are re-
quired for the assessment of correction loss occurrence
rates in patients with and without bone graft filling [16].

FE analysis has gained wide acceptance in orthopaedic
research as a technique which simulates bone-implant
constructs and physiological loads aimed at predicting the
outcome of surgery [13,14]. FE analysis is a numerical
method to solve differential equations by discretization of
the shape of complicated domains into a finite number of
well-defined elements. The contribution of each element
is assembled to form a system of equations that can be
solved numerically using iterative techniques [17].

The current study aimed at FE-based quantitative
comparison of the fixation stability between the most
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frequently used plates with different fixation characteris-
tics. The effect of gap filling was studied for one implant.
We hypothesized that the different fixation devices gen-
erate different fixation stability profiles for various open-
ing wedge sizes in a finite element analysis.

Methods

No ethical committee approval or patient consent was
required for this theoretical study on simulated bone-
implant constructs and physiological loads.

The study was performed based on the FE analysis
method using ANSYS software (Version 14.5, Ansys
Inc.). For the purpose of rational use of computer re-
sources a geometric plane of symmetry and strength of
the “bone-plate” calculation models was assumed. Four
models of fixation were analysed: 1) first generation
Puddu plate, 2) second generation Puddu plate with
LHS, 3) first generation TomoFix plate with LHS with-
out bone graft, and 4) first generation TomoFix plate
with LHS and bone graft (Figure la-c).

The first generation Puddu plate is a stainless steel
plate with an incorporated metallic block for propping
the distracted medial corticalis [12]. The second gener-
ation Puddu plate design differs from the first due to
having LHS holes, through which the screws can be
freely orientated in any direction and then locked into
the plate [18]. The first generation TomoFix plate is a t-
shape plate with three horizontally arranged locking
screw holes in the proximal part and five combination

A,
it

b)

Figure 1 Model of plates. a) First generation Puddu plate, b)
Second generation Puddu plate, ¢) TomoFix plate with locking
head screws.
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holes in the longitudinal part of the plate [3]. The plate
is intended to hold the attained correction without add-
itional bone substitutes filling the osteotomy gap [3].

Modelling of tibia and implants

The plate models were built using AutoCAD (Version
2012, Autodesk) software by constructing separate
cross-sections of bone and plates. The geometry of the
bone cross-sections was based upon a computerized
tomography (CT) scan of a 40-year-old healthy man of
180 cm height and 85 kg weight with an asymptomatic
knee joint. The tibia bone model ended 140 mm below
the joint line. At the following levels, counting from dis-
tal to proximal, bone cross-sections in the frontal and
sagittal planes were determined: h1=0 mm, h2-=
65 mm, h3 = 105 mm, h4 = 120 mm, h5 = 140 mm.

During modelling the real shape of the cross-sections
was replaced by ellipses whose axes were obtained from
the above mentioned CT scan. The bone tissue was
modelled as a continuous piecewise homogeneous iso-
tropic medium. The proportions of cortical layer and
cancellous bone were reproduced in the according
cross-sections based on the measurements from the CT
scan. The thickness of the cortical layer varied from a
maximum of 5.0 mm in the lowest cross-section hO to
1.0 mm in the cross-section h4 at 120 mm. The cortical
layers between the hO and h4 levels were endowed with
the modulus of elasticity E =2 x 10* MPa and Poisson's
ratio v = 0.3 that were constant through the whole length
[13,19]. For the uppermost 20 mm between the h4 and
h5 levels, the cortical layer was not modelled because of
its thinness and its resulting properties being similar to
cancellous bone. The cancellous bone was divided into
three parts with the averaged elastic properties of the
real tibia between hO and hl - E =200 MPa and v=0.3,
between hl and h4 - E=500 MPa and v=0.3, and be-
tween h4 and h5 - E = 800 MPa and v =0.3 [20].

Plates and screws were modelled according to their
real sizes. Screw holes in the plates were identical. Each
hole was supplied with a chamfer for the head of the
screw. The shape of the plates was replaced by a sym-
metric half. The first generation Puddu plate had the di-
mensions 17x47x1 mm. The Puddu plate with LHS
differed from the first generation plate by 1.5 mm thick-
ness and screw holes, which had cylindrical inserts
(Figure 1b). These screw holes were modelled as cylinders
with an outer diameter of 6 mm, an inner diameter of
5 mm, and a height of 0.75 mm on each side of the plate
(Figure 1b). The TomoFix plate had a length of 114 mm;
the width of the top was 34 mm and of the bottom
16 mm; the thickness was 2.5 mm. The metal inset for the
Puddu plates was modelled in the form of a truncated
wedge with the same width as the plate (17 mm), depth
of insertion (starting from the inner surface of the
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plate) - 10 mm, whereas this depth was varying between
3 mm on the outer side of the insert and 8 mm in the
plane of symmetry. The insert for the bone graft for the
TomoFix model was also modelled as a truncated wedge
with a width of 20 mm and a depth between 14 mm on
the outer side and up to 20 mm in the plane of the sym-
metry. Since the insertion was modelled in the form of a
truncated wedge, its height was variable and corre-
sponding to the size of the wedge gap.

The lengths of the screws ranged between 20 and
50 mm, the diameter of the screws was 5.0 mm for the
Puddu plates and 4.0 mm for the TomoFix plates.

The plates were mounted on the bone model with a
2 mm gap to account for soft tissues like periosteum.
The characteristics of the plates and screw material were
E=2x10° MPa and v =0.3. Since the characteristics of
bone grafts may vary between cancellous and cortico-
cancellous bone properties and also between different
patients, the following averaged parameters were se-
lected E = 800 MPa and v =0.3.

The connection between the LHS screws and the sec-
ond generation Puddu and the TomoFix plates was of a
hard type. In the model of the first generation Puddu
plate, the screws and the plate were connected by imper-
fect joints, which were modelled by a reduction in the
local bending stiffness of the screw in its connection to
the plate. This stiffness reduction was achieved by inclu-
sion of an additional insert consisting of a truncated
cone and the cylinder adjacent to the lower base of the
cone. The length of the cone was 1.0-1.5 mm, and the
diameter and length of the cylinder were 0.9 mm and
0.15-0.35 mm, respectively. That way the yielding cap-
acity of the screw with respect to the transverse load
was considerably higher. Since the real magnitude of the
stiffness reduction of the screw fixation in the first gen-
eration Puddu plate is, in principle, unclear, the model
of imperfect joint was regarded as sufficient. The screw-
bone fixation was simulated with a full grip between the
smooth surface of the screw and the smooth surface of
the bone holes in the area of contact.

The bone osteotomy was modelled by a sphenoid gap.
The upper plane of the osteotomy wedge had an angle
of 15° to the horizontal plane. Five following opening
wedge sizes for each of the models were studied: 7.5,
10.5, 12.5, 17.5, and 22.5 mm. The computational
models were fixed on the entire plane of the lower base,
whereas restrictions were imposed for vertical and hori-
zontal displacements. The corresponding displacement
restrictions were imposed in the plane of symmetry of
the model.

The loading was carried out by the application of a
pressure of 0.3 MPa to the entire area of the upper base
of the model. This corresponds to a resultant force of
800 N and resembles full weight bearing.
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The FE models were calculated on the basis of a 10-
node FE in the form of a tetrahedron Solid186, with
three degrees of freedom at each node. Dimensions of
the FE were given along the lines ranging from 8 mm at
the far boundaries to 1 mm in screws and 0.8 mm near
the edge of the holes. To account for structural non-
linearity that occurs in the screw-bone contact area, a
contact pair was created for all screws using the menu
of Contact Manager. 3D contact surfaces were generated
using Targe 170 and Conta 175 for screws and bones, re-
spectively. In total, between 30’000 and 40°000 FE were
used depending on the model for stable calculation of
the results. For the more accurate results, the function
Substep was used for a consistent increase in applied
load during computations. The calculated FE models
and the used coordinate system are shown in Figure 2.

Outcome measures

Outcome measures included: 1) stresses in bone, 2) rela-
tive displacement of the proximal and distal tibial frag-
ments, 3) stresses in the plates, and 4) stresses on the
upper and lower screw surfaces in the screw channels
along the X-axis (Figure 2).

1.2 MPa was used as the maximum allowable threshold
for the stresses on the screw. The value was derived from
the 842 N as the screw extraction strength resulting in a
screw fixation failure [21] applied to a 50 mm long screw
(the maximum screw length modelled) with a diameter
of 4.5 mm (the average of 4 and 5 mm modelled screws).

Results

Stresses in bone

The patterns of stresses in bone were close to uniform
except for zones of stress concentration like sharp cor-
ners and edges (Figure 3). At these points a substantial
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deviation in the values of the stresses was observed. In
general, the pattern of stress distributions in 3D in bone
was similar for all opening wedge sizes and plates. For
the vast majority of the opening wedge sizes and fixation
types the shear stress (von Mises stress), which was act-
ing perpendicular to the weight bearing axis Z, had the
highest magnitudes (Table 1).

For both Puddu plates the compressive stresses in the
Y-axis had the second highest magnitudes (Table 1) oc-
curring in the bone-plate contact point between the
upper tibial fragment and the Puddu plate insert (Figure 4).
In the Puddu plate with LHS, the tensile .0y stresses had
considerably decreased in comparison with the Puddu
plate with simple screws, whereas the magnitude of reduc-
tion varied between 1.5 and 2 times. The compressive
stresses acting in the X- and Z-axes were smaller than
those acting in the Y direction by approximately 50%
and 30%, respectively, with some exceptions at the low-
est and largest wedge sizes (Table 1). For the Puddu
plates, the highest tensile stresses were between 2 and
10 times smaller than the compression stresses. The
highest magnitudes in the first generation Puddu plate
had .0y acting also in the Y-axis at the screw hole just
above the osteotomy, and in the Puddu plate with LHS -
maxOx acting at the conjunction of the tibial fragments
(Figure 4). The magnitudes of stresses for most of the
points in the four fixation types varied with minor
deviations between the studied opening wedge sizes
(Table 1). Larger deviations were seen in minOx, maxOy,
and 0y for the wedge opening of 22.5 mm. An in-
crease in shear stress with an increase of the wedge size
was observable for the Puddu plate with LHS only. For
the first generation Puddu plate, the shear stress magni-
tudes were fluctuating and for both TomoFix plates this
stress was initially slightly increasing with increased

a) b)

Figure 2 Calculation of bone-plate models (a, b, c) and FE model (d).
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Figure 3 The distribution of stresses in the o, plane in the bone in the entire volume (a) and in the zones of stress concentration (b-e)
for the osteosynthesis with the first generation Puddu plate.

Table 1 The stresses in bone at the corresponding points in brackets (s. Figure 4) at different wedge openings

Fixation Wedge max0z minOz maxOx minOx maxOy minOy misO (shear von
opening (tensile (compression (tensile (compression (tensile (compression Mises stress)
(mm) stress) stress) stress) stress) stress) stress)
First generation 75 8.0 (a) -23.7 (b) 15.9 (a) —6.6 (a) 15.1 () —359 (b) 45.8 (b)
Puddu plate 105 36 (a) ~27.2 (b) 114 () ~199 (b) 147 © 407 (b) 396 (b)
125 44 (0 —-280 (b) 116 (a) —224 (b) 129 (0 —40.0 (b) 405 (b)
17.5 4.8 (0) -27.1 (b) 119 (@) =179 (b) 124 (0 —385 (b) 509 (b)
225 30 (0) -269 (a) 11.5 (a) —6.6 (a) 89 (0) -26.1 (b) 29.2 (b)
Second generation 75 33 () -259 (b) 10.8 (a) -153 (b) 6.8 (0) —344 (b) 236 (b)
Puddu plate 105 35 (@) -273 (b) 109 (@) -180 (b) 850 -322 (b) 384 (o)
125 34 () —29.1 (b) 109 (a) -192 (b) 70 (@ -339 (b) 395 (b)
175 33 () -299 (b) 114 (a) -185 (b) 8.1 (0) =312 (b) 40.5 (b)
22.5 26 (0) -26.1 (a) 109 (a) —64 (a) 58 (0 —254 (b) 299 (b)
TomofFix plate 75 7.1 () —23.6(a) 124 (a) —-64 (d) 6.2 (o) -10.6 (d) 254 (a)
with bone graft 105 129© ~299 (@) 888 (@) 59 (d) 54 (0 ~104 (d) 320 (a)
125 6.7 () -299 (a) 9.16 (a) -5.8 (d) 44 (0 —104 (d) 327 (@)
175 7.7 (0) -205 (a) 9.68 (a) —-6.3 (d) 54 (o) -11.1.d) 230 (a)
22.5 5.6 (d) -238(a) 11.0 (@) -6.1 (d) 47 (0 -116 (d) 272 (a)
TomoFix plate 75 21.1 (@) —25.8 (a) 13.2 (a) —7.2 (d) 86 (0) —12.9 (d) 258 (a)
without bone graft 5 780 ~332 () 138 (@) 76 (@) 48 (0 ~134(d) 313 ()
125 6.7 () -327 (@) 139 (@) -73(d) 7.0 (0) —132 (d) 315 (@)
175 6.1 () -314 (@) 114 () —6.5 (d) 75 (0) —14.1 (d) 317 (@)
22.5 14.8 (a) —24.1 (a) 134 (a) -74(0) 5.7 (0) —149 (d) 25.7 (@)
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Figure 4 Localization of the stresses for Puddu (a-c) and TomoFix plates (a, ¢, d) specified in Table 1. a) The point at the conjunction
between the proximal and distal tibia fragment; b) The contact point of the proximal bone fragment and the metal insert; ¢) The point at the
screw hole just above the osteotomy; d) The point at the edge of the most distal screw hole in the distal tibia fragment.

wedge sizes and then slightly decreasing towards the
largest wedge size (Table 1).

There were areas of concentration of tensile and com-
pressive stresses at the screw holes. In the TomoFix
plates the largest magnitudes had compressive stresses
acting in the plate axis (Z) (Table 1). They were located
at the conjunction of the tibial fragments. The compres-
sive and tensile stresses acting in the two other direc-
tions (minOy maxOx) Were at least twice as low, and the
magnitudes of other stresses were even lower. Two ex-
ceptions were tensile stresses (ya.,0,) in the TomoFix
plate without bone graft at the lowest and the largest
opening wedge (Table 1). Where for the Puddu plates,
the highest (compressive) stresses were acting at the
bone-plate contact point between the upper tibial frag-
ment and the plate insert, for the TomoFix plates the
highest (compressive) stresses acted in the conjunction
between the tibial fragments (Table 1).

Displacements

Overall the relative displacement between tibial frag-
ments was low ranging between 0.1 and 24.5 pm for the
different fixation options. Comparably, the lowest rela-
tive displacement had tibial fragments in the Puddu
plate with LHS followed by the first generation Puddu
plate, TomoFix plate with bone graft and TomoFix plate
without bone graft. With an increasing size of the open-
ing wedge the relative displacement tended to increase
for the first three fixation types (Table 2). For the Tomo-
Fix plate without bone graft there was a marginal de-
crease in relative displacement between 24.5 and
22.4 um when increasing the size of the opening wedge
from 7.5 to 17.5 mm. In all fixation options the wedge
opening of 22.5 mm was an exception resulting in a (fur-
ther) decrease of relative displacement.

Stresses in plates

Table 3 shows stresses occurring in the plates. The high-
est stresses were either compressive stresses acting in
the plate axis (Z) or shear stresses (von Mises stress).

For the Puddu plate with LHS and for the TomoFix plate
with bone graft the compression stresses were mostly
higher than the shear stresses. For the Puddu plate with
simple screws and for the TomoFix plate without bone
graft the shear stresses were higher than the compressive
ones.

The compressive stresses were higher as the tensile
stresses in the plates with probably one notable excep-
tion of the largest wedge opening for the first generation
Puddu plate, in which the magnitude of the tensile stress
was about 15% higher than that of the compressive
stress.

Table 2 The relative displacement of the proximal and
distal tibia fragments at different wedge openings

Fixation Wedge opening Relative
(mm) displacement (um)
First generation Puddu plate 75 09
105 1.0
125 1.1
175 14
225 13
Second generation Puddu plate 75 0.1
10.5 0.5
125 0.6
175 1.0
225 09
TomoFix plate with bone graft 75 72
105 86
125 9.5
17.5 108
225 8.1
TomoFix plate without bone 7.5 24.5
graft 105 240
125 235
175 224
22.5 17.1
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Table 3 The stresses in the plates at different wedge openings

Fixation Wedge opening (mm) .40, (tensile stress) i 0, (compression stress) ;0 (share von Mises stress)
First generation Puddu plate 75 10.2 -319 375
105 158 —-38.1 486
125 189 -332 424
175 229 -349 49.7
22.5 343 -289 34.7
Second generation Puddu plate 75 46.2 -553 432
105 459 =525 429
125 455 —485 47.2
17.5 44.1 -434 482
225 559 —69.0 526
TomofFix plate with bone graft 75 350 -94.1 91.8
105 375 —99.1 97.7
125 390 -104.0 102.0
17.5 415 -109.0 108.0
22.5 420 -115.0 110.0
TomofFix plate without bone graft 75 793 —200.0 205.0
105 80.6 -197.0 204.0
125 794 -197.0 205.0
17.5 79.5 -193.0 205.0
225 799 —-200.0 208.0

For the first generation Puddu plate the magnitudes of
compressive and shear stresses were fluctuating with in-
creasing wedge size, but the tensile stresses were clearly in-
creasing. For the Puddu plate with LHS with an increasing
wedge size the shear stresses tended to increase, compres-
sion stresses tended to decrease and tensile stresses tended
to marginally decrease with one exception for the largest
wedge size, in which the compressive and the tensile stress
were the highest, respectively (Table 3). For the TomoFix
plate with bone graft all stresses were increasing with
increasing wedge size. Finally, the TomoFix plate without
bone graft stresses did not seem to depend on wedge size.

The distribution of stresses was clearly non-uniform
(Figure 5). For the first generation Puddu plate, the
zones of concentration of compressive stresses were lo-
cated at the contact points between the metal insert and
cortical bone on the side that is opposite to the plane of
symmetry (Figure 5f). The zone of concentration of
tensile stress was located on the outer side of the plate,
in the opposite of the upper bound of the metal insert
(Figure 5c). The location of points of stress concentration
was valid for all wedge openings except for the largest
wedge opening in which these points changed: the point
of maximum tensile stress was located closer to the edge
of the screw holes (Figure 5d), and the maximum com-
pressive stresses occurred at the boundary between the
plate and the metal insert (Figure 5g).

For the Puddu plate with LHS, the increase in the
magnitudes of the stresses was associated with the nar-
rowing of the zones of stress concentration. In the first
generation Puddu plate the stress concentration zones
were less precisely defined, and in the Puddu plate with
LHS, those zones were narrowed to the boundary be-
tween the cylindrical insert and the surface of the plate.
The maximum compressive stress occurred on the inner
side (Figure 5h) and the maximum tensile stress on the
outer side (Figure 5e) of the plate. In the TomoFix plate
with bone graft, those maximum stresses appeared at
the screw hole just above the osteotomy on the inner
side of the plate (Figure 6). A comparison of the Tomo-
Fix plate fixations with and without bone graft showed
that in the latter case all stresses had almost doubled
(Table 3), but the stress distribution in the plate did not
change.

Screws

It can be seen in Table 4 that in all fixation types the oc-
curring tension pulled the screws and exceeded the al-
lowable values of 1.2 MPa at least on one of the studied
screw surfaces. While the screws in the first generation
Puddu plate exceeded the allowable values of 1.2 MPa
by factor 3.8, the screws in the Puddu plate with LHS
exceeded the threshold by factor 5, the screws in the
TomoFix plate with bone graft by factor 2.2, and the
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-69.0 -55.2 -413 -274 -135 0.3 142 281 420 55.9MPa
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-319 273 226 -179 132 85 -39 08 55 10.2MPa

Figure 5 The distributions of o, stresses in the (a) first and (b) second generation Puddu plates in the entire volume and in zones of
stress concentration (c-h).

d)

a-d

-27.7 -23.7 -19.7 -15.7 -117 -78 -3.8 0.2 42 8.2MPa

e f

41150  -97.2 -79.8 -62.4 -45.0 -27.6 -10.2 72 246 42.0MPa
Figure 6 The distribution of stresses o, in the bone (a-d) and the TomoFix plate (e, f) with bone graft.
.
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Table 4 Stresses along the screw channels in bone
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Fixation Screw channel (from proximal) Surface of the channel ,,,0, (compression stress) ,inOx (tensile stress)
First generation Puddu plate 1 Upper 2.16
Lower 2.07
2 Upper 2,57
Lower 4.6
Second generation Puddu plate 1 Upper 1.50
Lower 6.04
2 Upper 1.47
Lower 5.23
TomoFix with bone graft 1 Upper 0.34
Lower 041
2 Upper 0.78
Lower 2.58
3 Upper 0.28
Lower 1.20
4 Upper 0.55
Lower 1.08
5 Upper 0.34
Lower 087
6 Upper 0.25
Lower 048
TomoFix without bone graft 1 Upper 0.53
Lower 0.58
2 Upper 0.78
Lower 7.15
3 Upper 2.20
Lower 4.70
4 Upper 1.24
Lower 2.10
5 Upper 046
Lower 0.98
6 Upper 0.35
Lower 0.76

Note: the values exceeding the maximum allowable threshold for the stresses on the screw are in bold.

screws in the TomoFix plate without bone graft by factor
6. The stress excess for the screws of the TomoFix plate
with bone graft occurred at one out of twelve surfaces of
the six studied screw channels (Table 4). For the Tomo-
Fix plate without bone graft a stress excess occurred at
five out of twelve surfaces of the six screw channels. For
the first generation Puddu plate a stress excess occurred
at all four screw surfaces of the two screws.

Discussion

The main findings of this study were that for the vast
majority of the opening wedge sizes and fixation types
the shear stress was dominating in the bone independent

of fixation type. With an increasing size of the wedge
the relative displacement of tibial fragments tended to
increase in all fixation types except in the TomoFix with-
out bone graft, in which the relative displacement did
marginally decrease. This was despite the fact that the
thickness of the cortical layer was modelled as increasing
towards distally, which means that larger wedge osteoto-
mies should have had even stronger cortical layer for the
fixation of the distal tibial fragment. The increase of
relative displacement with an increasing wedge size can
be physically anticipated. When analysing the model of
the TomoFix plate without bone graft in more detail, it
became obvious that the displacement of the proximal
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tibial fragment in relation to the plate remained almost
unchanged and the displacement of the distal tibial frag-
ment in relation to the plate increased. This might po-
tentially explain the marginal decrease of the relative
displacement of tibial fragments to each other with an
increasing wedge size. Large opening wedge sizes such
as 22.5 mm are rather rare in clinical practice, consider-
ing the average width of the tibia. When observing the
distribution of stresses in bone and in plates for both
Puddu plates this large wedge size tended to break
ranks. This may potentially be associated with the
change in the point of maximum stress and may mean
rather unfavourable fixation conditions for the plates
due to increased stresses. In a failure analysis of a con-
secutive case series by Nelissen et al. a wedge size over
10 mm showed a significantly higher overall complica-
tion rate [22].

The highest stresses in the plates were either compres-
sive ones acting in the plate axis or shear stresses per-
pendicular to the plate. The magnitudes of stresses
observed in the TomoFix plates were higher than those
seen in the Puddu plates. This observation was also re-
ported in the FE analysis by Raja Izaham et al. [13]. The
observed increase of compressive stresses can be attrib-
uted to the design of the plate, namely to the connection
between the screws and the plate. Those stresses di-
rected in the plate axis represent the major risk for po-
tential hardware failure or instability. This risk is,
however, less pronounced for the TomoFix plate, since it
is fixed in the proximal tibial fragment using four
screws. Similarly, constructs without locking head screws
resist the stresses in the sagittal plane to a lesser extent,
even in the presence of a metal insert.

An excess of the allowable stress on the screw surfaces
occurred in each of the four studied fixation types. The
lowest ratio (1 out of 12 surfaces) was observed for the
TomoFix with bone graft, followed by the TomoFix
without bone graft (5/12) and the Puddu plate with LHS
(3/4). An excess of the allowable stress on all surfaces
(4/4) was seen in the first generation Puddu plate.

The overall stresses in the bone were lower for the
TomoFix plate with bone graft and the Puddu plate with
LHS, followed by the TomoFix plate without bone graft
and the first generation Puddu plate. This shows a
higher fixation stability of the first three constructs and
a lower comparative fixation stability of the first gener-
ation Puddu plate. Compared with the first generation
Puddu plate with imperfect joints connection, the model
of the second generation was 0.5 mm thicker, had lock-
ing head screws with cylindrical insert and a hard screw-
plate connection. This should have contributed to the
higher stability of the second generation Puddu plate.
Similarly, the modelled bone graft with the averaged
parameters of the cortical and cancellous bone in the
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TomoFix plate has contributed to additional fixation sta-
bility of the TomoFix model with bone graft. However,
although the model appears to be rather recommendable
based on the results of the FE analysis, one should bear
in mind donor site morbidity, potential infections or
other complications when using a bone graft [23,24].
Brinkman et al. proposed to use autologous bone but
only for filling gaps >20 mm when a stable fixation can
be warranted [7]. Staubli et al. and Brosset et al.
achieved good clinical results in their case series with
the TomoFix plate and no grafts [3,15]. Also other clin-
ical [25] and biomechanical [8] studies emphasized good
fixation stability of the TomoFix plate. In our model, the
modelled bone graft added mechanical stability; however,
in clinical practice the role of a bone graft may be less
important for adding mechanical stability but rather for
accelerating bone healing. No prospective randomized
trials have yet been published that compare the various
filling materials with no filling at all.

The FE analysis by Raja Izaham et al. compared Puddu
and TomoFix plates with a 10 mm opening wedge [13].
The authors concluded that the rigidity and therefore
stability of the TomoFix system was better than that of
the Puddu plate system [13]. Their modelling methods
were different, however, from those in our study. The FE
analysis by Luo et al. calculated stresses in the TomoFix
plate around 171 MPa, which were comparable to those
in our study (e.g. around 100 MPa for the TomoFix plate
with bone graft and around 200 MPa for the TomoFix
plate without bone graft) [14]. The authors suggested
that a one-leg plate system with locking screws can be
used for the majority of patients without heavy body-
weight and poor bone quality.

The first generation Puddu plate seemed to have the
comparably lowest fixation stability. Although biomech-
anical tests confirmed the adequacy of the fixation and
load stability of the Puddu like plates with an insert and
without locking head screws [9-11], some authors raised
concerns with the first generation Puddu plate in clinical
case series [22,26,27]. On the other hand, the biomech-
anical study by Stoffel et al. concluded that the TomoFix
plate provides superior stability in both compression and
torsion compared to the Puddu Plate and that in the lat-
ter case additional fixation might be required [12].

The stresses in the plates were much higher than those
in the bone but the material properties of plates are also
more robust compared with bone. The maximum stress
up to 208 MPa was observed in the TomoFix plates. The
yielding strength of stainless steel, which is the material
of the Puddu plates, is 750 MPa [14], and that of the
titan alloy used in the TomoFix plate is even higher. Still,
hardware failure is not infrequently reported in the lit-
erature. Spahn et al. reviewed the results of 85 MOWH-
TOs, which were stabilized with either a first-generation
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Puddu plate (n=55) or a C-plate (n =30) [27]. The au-
thors observed nine hardware failures in the Puddu plate
group (two plate breakages, seven screw breakages)
compared with none for the C-plate [27]. Valkering et al.
studied complications after MOWHTO using TomoFix
plates in 40 patients [25]. Only one hardware failure,
which was a screw fracture during implant removal,
occurred [25]. These results are in accordance with the
calculated stresses in the respective plates and screws in
our study.

One of the limitations of the MOWHTO is a relatively
long rehabilitation period with crutches for around 6-8
weeks. A loss of fixation stability during these two
months may compromise healing. A more rigid fixation
type leading to an earlier weight bearing is clearly de-
sired. Brinkman et al. showed in his consecutive series of
14 osteotomies with angle-stable TomoFix fixation that
early full weight bearing, as soon as pain and wound
healing permits (probably two weeks postoperative), has
good clinical outcome without the feared loss of correc-
tion [28]. Similarly, Takeuchi et al. were able to show
good clinical results in 57 osteotomies with TomoFix
plate and an early full weight bearing exercise program
two weeks postoperative [29]. The authors did not ob-
serve loss of correction, but documented a tibia plateau
fracture in one case and a lateral cortical fracture in
another.

Limitations

The plates were compared and studied under full weight
bearing conditions. Although physically active subjects
may develop maximal compression forces in the knee
joint that exceed full weight bearing conditions up to
factor seven [30], from the clinical point of view full
weight bearing is not prescribed at least in the early re-
habilitation stages. Furthermore, 842 N were assumed as
screw extraction strength based on the results of Hearn
et al. [21]. The screw extraction strength required for
screw failure may depend on the biomechanical test set-
tings. To avoid a non-essential complexity of the bone
model, a cortical layer with constant properties between
the levels hl and h4 and no cortical layer between the
h4 and h5 level was assumed. Moreover, for the purpose
of rational use of computer resources a geometric plane
of symmetry of the plate was studied. Similarly, while
assessing the stresses in the screw channels in the
TomoFix plates, only six screw holes (out of the eight
TomoFix screw holes in total) lying in the axis Z were
considered to assess a symmetrical problem.

Conclusions

Different fixation devices generate different fixation sta-
bility profiles for various opening wedge sizes. Based on
the computational simulations, none of the studied
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osteosynthesis fixation types warranted an intransigent
full weight bearing per se. The stresses along the screw
channels exceeded the allowable limit in all devices.
Since the highest load in all fixation types acted in the
sagittal plane, two or more screws are required for
fixation of the proximal tibial fragment. The highest
fixation stability was observed for the TomoFix plates
and the lowest stability for the first generation Puddu
plate without locking head screws. Based on the results
of the current study, the TomoFix plate seems the im-
plant of choice for a rigid fixation. These findings were
revealed in theoretical models and need to be validated
in controlled clinical setting.
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