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Abstract

Introduction Surgical treatment of bi-condylar tibial plateau fractures is still challenging due to the complexity of the frac-
ture and the difficult surgical approach. Coronal fracture lines are associated with a high risk of fixation failure. However,
previous biomechanical studies and fracture classifications have disregarded coronal fracture lines.

Materials and methods This study aimed to develop a clinically relevant fracture model (Fracture C) and compare its
mechanical behavior with the traditional Horwitz model (Fracture H). Twelve samples of fourth-generation tibia Sawbones
were utilized to realize two fracture models with (Fracture C) or without (Fracture H) a coronal fracture line and both fixed
with lateral locking plates. Loading of the tibial plateau was introduced through artificial femur condyles to cyclically load
the fracture constructs until failure. Stiffness, fracture gap movements, failure loads as well as relative displacements and
rotations of fracture fragments were measured.

Results The presence of a coronal fracture line reduced fracture construct stiffness by 43% (p =0.013) and decreased the
failure load by 38% from 593 + 159 to 368 + 63 N (p=0.016). Largest displacements were observed at the medial aspect
between the tibial plateau and the tibial shaft in the longitudinal direction. Again, the presence of the coronal fracture line
reduced the stability of the fragments and created increased joint incongruities.

Conclusions Coronal articular fracture lines substantially affect the mechanical response of tibia implant structures spe-
cifically on the medial side. With this in mind, utilizing a clinically relevant fracture model for biomechanical evaluations
regarding bi-condylar tibial plateau fractures is strongly recommended.

Keywords Bi-condylar tibial plateau fracture - Coronal fracture line - Horwitz fracture model - Coronal fracture model -
Mechanical test - Interfragmentray displacement

Introduction

Bi-condylar tibial plateau fractures are challenging traumas
due to their complex fracture geometry and accompanying soft
tissue injury [1, 2]. These fractures mainly occur in young
patients as a result of high-energy trauma and generally require
open reduction and internal fixation [3, 4]. Healing complica-
tions for these fractures have been reported from 14% up to
! Laboratory of Biomechanics and Experimental a staggering 42% [5-10]. The main goal of operative treat-
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of the knee joint and the anatomical axes [2]. For planning
and achieving suitable treatment, it has been recognized that
providing a three-dimensional representation of the fracture by
CT imaging plays a critical role [1, 11-14]. This is particularly
important for articular fractures in the coronal plane as they are
difficult to detect on bi-planar radiographs and complicated to
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characterize by two-dimensional fracture classifications such
as Schatzker or AO/OTA [15]. The AO/OTA and Schatzker
classifications are the most common taxonomies of tibial
plateau fractures due to their simplicity, while they disregard
injury patterns observed in the third dimension [16].

The clinical relevance of these coronal fractures was identi-
fied by Barei et al. as a fracture pattern that separates a pos-
teromedial fragment from the tibial plateau [11] and which
has a prevalence of almost 50% in complex tibial plateau frac-
tures [1, 11, 17]. The detection of this fracture line is clinically
important because lateral locking plates, which are a common
fixation method for this fracture, may not effectively stabi-
lize the posteromedial fragment and supplemental implants
may be required [5, 6, 11, 18-20]. To adequately describe the
personality of complex tibia plateau fractures, various three-
dimensional classification schemes such as the “three-column”
concept were developed to refine the traditional planar clas-
sifications as a guide for surgical planning [21]. Recently,
an extension of the Schatzker classification was introduced
in which the fracture type and the mechanism of injury were
described based on plain radiographs as well as CT data were
utilized to provide complemental third-dimensional infor-
mation about the location of the main fracture planes [22].
Although the clinical relevance of the posteromedial frag-
ment and the dependency of treatment plans on identifying
fracture locations has been recognized, there is still a lack of
understanding regarding the biomechanical implications of the
posteromedial fragment, in particular with respect to its ade-
quate stabilization [1]. Previous biomechanical studies on bi-
condylar tibial plateau fractures have largely been based on the
model developed by Horwitz et al. [23] to simulate a Schatzker
Type VI fracture. As this model is based on a coronal projec-
tion of the fracture, it completely ignores any coronal fracture
lines and thus the presence of a posteromedial fragment. Yet,
it remains the most frequently employed biomechanical model
[23-35] on which recommendations for fracture fixation of
complex tibia plateau fractures are based upon.

Due to the aforementioned negligence of articular frac-
ture lines, establishing a clinically relevant, biomechanical
fracture model is required to resolve controversies regarding
the ideal fixation method for this complex trauma. The aim
of this study was to develop a biomechanical model for bi-
condylar tibial plateau fractures, which incorporates a coro-
nal fracture line. We hypothesized that our novel coronal
fracture model would exhibit inferior mechanical stability
compared to the traditional Horwitz model.

Materials and methods
This biomechanical study was performed on synthetic bone

analogues which were osteotmized to produce two differ-
ent fracture models: the traditional Horwitz fracture model
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(Fracture H) and a novel fracture which was based on a sys-
tematic review of CT images [1] and included a coronal frac-
ture line (Fracture C). The fracture models were fixed with
locked plating constructs and were quasi-statically as well
as cyclically loaded to determine the mechanical stability as
measured by stiffness, fragment movement and failure loads.

Sample preparation

Twelve synthetic tibial bones (#3406 left large tibia, 4th
Generation, Sawbones, Malmo, Sweden) were prepared
with identical osteotomies using a custom-made jig and an
oscillating saw. For Fracture H, the central triangle of the
proximal tibia was removed to mimic an unstable fracture
situation [23, 34]. The first cutting line started from the
intercondylar eminence and ended at a point on the lateral
cortex located 4 cm distally from the lateral plateau. The
medial cut was made from the intercondylar eminence to
a point on the medial cortex positioned 6 cm distally from
the medial plateau. A final cut was made to connect the lat-
eral and medial cortex points (Fig. 1a). The coronal frac-
ture model (Fracture C) consisted of coronal and sagittal
articular fracture lines. The coronal fracture line was made
in the center part of the medial tibial plateau in the superior
view. The sagittal fracture line split the lateral plateau and
intercondylar eminence of the tibia in the transverse plane.
Then, lateral and medial cuts were made from the Tubercu-
lum intercondylare laterale to the lateral cortex at 4 cm and
on the medial cortex at 6 cm distal from the tibial plateau.
The final osteotomy connected the lateral and medial splits
and the central triangle of the bone from the proximal tibia
was removed (Fig. 1b).

Both fracture types were fixed with titanium locking
plates (AxSOS Proximal Lateral Tibia Plate, left, six-hole
length, Stryker, Selzach, Switzerland) by an experienced
orthopedic trauma surgeon according to the manufactur-
ers’ recommendations using locking self-taping screws of
4-mm diameter (four articular screws including two 80-mm
screws for proximal-posterior and proximal-inferior plate
holes, 85 and 70-mm screws for proximal-middle and prox-
imal-anterior plate holes, respectively, one kick-stand screw
with 75-mm length as well as six shaft screws with length
between 20 and 32 mm). A 3D-printed template was used
to ensure that implants were inserted identically in all speci-
mens (Fig. 2).

Experimental setup

The distal end of the tibia was embedded in an aluminum
box to a depth of 50 mm using a three-component casting
resin (RenCast FC 53 A/B + Fiiller DT 082, GoB1+ Pfaff
GmbH, Karlskron/Brautlach, Germany). This box was
clamped to the base of the testing machine (Instron E3000,
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Instron Structural Testing, High Wycombe, UK) to rigidly
fix samples in a vertical position. Loading was introduced
through artificial femur condyles of unilateral knee replace-
ments which were embedded in polyurethane blocks. These
blocks were attached to the actuator of the testing machine
with a hinge joint, which allowed the femur condyles to tilt
in the frontal plane and balance the movement of the tibial
head (Fig. 3a). The testing machine included a Dynacell
load cell (Capacity of + 10 kN, ISO 7500-1 Class 1, Instron
Structural Testing, High Wycombe, UK) and data logging
software (Instron Console V8.4 and Instron Wave Matrix
V1.5, High Wycombe, UK).

To simulate physiological loading conditions, femoral
condyles were positioned in such a way that the equidistant
point and the axis of the testing machine were not aligned,
so the applied load was distributed 40% laterally and 60%
medially on the tibial plateau (Fig. 3b) [35, 36].

Loading scenario

At the beginning of loading, six static displacement-con-
trolled ramps (10 mm/min) up to 250 N were performed.
The first three static ramps allowed the samples to settle,
while the second three cycles were used to measure the ini-
tial stiffness of the tibia-implant constructs. Afterwards, con-
structs were cyclically loaded with a sinusoidal axial load
(2 Hz) between the lower level of 20 N and an incrementally
increasing upper load level. The upper load level started at

Y Axial Force

‘<\Free
M ~ Rotation

250 N and was increased stepwise by 50 N every 500 cycles
to mimic increasing levels of weight bearing. Additionally,
static measurements were taken at maximum loads before
and after increments of 500 cycles (Fig. 4).

All specimens were loaded until mechanical failure (i.e.,
Sawbone breakage, gap closure on the medial side of the
tibia, or implant failure). With a retrospective analysis of
ARAMIIS data, the clinical failure point was defined as > 5°
relative rotations of fracture fragments, > 5-mm fracture gap
displacements for medial- or lateral-shaft gaps, or > 2-mm
displacements of articular gaps on the tibial plateau, which-
ever occurred first [37, 38].

Interfragmentary movement analysis

To track the relative displacement of fracture fragments, an
optical measurement system (ARAMIS 5M, GOM GmbH,
Braunschweig, Germany) with measurement error <0.1%
and 2% for relative translational and rotational movements,
respectively [39], was utilized. ARAMIS system consists
of data capturing and analysis software (GOM Correlate
Professional 2018, GOM GmbH, Braunschweig, Germany)
that utilizes stereo-image based techniques to evaluate the
coordinates and displacements of objects with image cor-
relation from point marker or stochastic pattern recognition.
The global coordinate system was defined using computer-
aided design (CAD) files of the tibial shaft and the best-fit
algorithm included in the GOM Correlate software. Then,

Center of Knee
Condyles

. Center of Load

Fig.3 a Experimental setup for mechanical test in which the high-
lighted local coordinate system indicates degrees of freedom for the
load applicator. b Load applicator and more details about load distri-
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CAD files of other fracture fragments were virtually matched
with the corresponding surface and point components to
track relative displacements between fracture parts (Fig. 5a).

Interfragmentary movements and the relative rotation
of fracture segments with respect to the tibial shaft were
analyzed to elucidate displacement of fracture fragments.
All kinematic data were reported in the anatomic coordinate
system in which x, y and z axes indicate frontal, sagittal and
longitudinal directions, respectively. Moreover, the axial dis-
placement of the loading center was evaluated in the loading
coordinate system (Fig. 5b). Every 100 cycles, ARAMIS
pictures were taken at the maximum and minimum loads to
measure the elastic and plastic deformations of the construct,
respectively. Additionally, a static measurement at the point
of maximum load before and after each 500 cycles was made
to track the elastic deformation of the specimens. To evalu-
ate the movement of the fracture fragments during loading,
a pair of points was considered in the center of each gap to
measure changes in the relative distances of individual gaps
(Fig. 6).

Measurement outputs

From recorded data, the following parameters were
evaluated:

1. Static construct stiffness (N/mm), defined as load
changes between 20 and 250 N divided by the corre-
sponding axial displacement of the loading center in the
static step.

Cyclic construct stiffness (N/mm), which was calculated
by considering in-between ramps between cyclic steps

10

T T T T T T 1

15 20 25 30 35 40 45
Steps

and dividing load changes between 20 and 250 N by the
corresponding axial displacement of the loading center.
3. Interfragmentary displacement (mm), determined as
relative movement between individual fracture gaps and
reported for static loading as well as after 2500 cycles
at the 500 N force corresponding to 20% of maximum
knee contact force [40].
Rotations of fracture fragments around the three ana-
tomical axes with respect to the tibial shaft (degree),
which were evaluated at the maximum load levels during
cyclic steps.
5. Failure load (N) and failure cycles that determine
the load and the number of cycles where the samples
exceeded clinical failure criteria.
Survival curves as a comparison between fracture mod-
els for level of load tolerance regarding clinical failure.

Statistical analysis

Independent ¢ tests were applied to compare mechani-
cal parameters between the two fracture models. The
assumptions of independent ¢ test consisting of independ-
ence, interval scale, normal distribution, as well as homo-
geneity of variances (Levene’s test) were evaluated for
both fracture groups. Normal distributions of data were
assessed with Shapiro—Wilk’s test (p > 0.05) as well as
visual inspection of the histogram, normal Q-Q, and box
plots. For the fatigue tests, Kaplan—Meier survival analy-
ses with log-rank tests were executed (IBM SPSS Statistics
19, Chicago, IL, US).
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C: medial anterior-shaft, medial posterior-shaft, lateral-shaft, side
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Table 1 Comparing mechanical properties between Fractures H and
C (mean + standard deviation, n=06)

Static stiffness  Failure load (N) Failure cycles
(N/mm)
Fracture H 304 +95 593 +159 3517+1493
Fracture C 172450 368 + 63 1433 +656
p 0.013 0.016 0.017
450
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Fig.7 Cyclic stiffness for both fracture configurations (mean =+ stand-
ard deviation, n=6)

Results

In static loading, the axial stiffness of Fracture C was 43%
lower than that of Fracture H (Table 1, p=0.013). During
cyclic steps, depending on the load level, Fracture C was
on average 47-55% laxer than Fracture H (Fig. 7).

To elucidate the effect of the coronal fracture line on
fragment stability, relative displacements and rotations were
evaluated for the key fracture fragments. Although fragment
displacements were evaluated during the whole cyclic test-
ing procedure, we report the displacements after 2500 cycles
at the 500-N load level corresponding to 20% of the maxi-
mum knee contact force (Fig. 8). For both Fractures H and
C, displacements on the medial sites were predominantly
in the longitudinal direction followed by frontal and sagit-
tal displacements. In particular, displacement at the medial
anterior-shaft gap of Fracture C was almost exclusively in
longitudinal direction and exceeded the 5-mm clinical fail-
ure criteria (Fig. 8a). Both coronal gaps of Fracture C were
mainly displaced in the sagittal direction followed by the
longitudinal and frontal movements. The average sagittal
displacements exceeded the 2-mm failure criteria at both
locations in the plateau (Fig. 8b).

As the displacement measurements indicated that the
medial-anterior and medial-posterior fragments of Fracture C
moved in different directions, relative rotations of these frag-
ments were analyzed (Fig. 9). Analysis of the sagittal rotation
revealed that the coronal split mainly destabilized the medial-
anterior fragment which showed larger rotations compared to
its corresponding posterior one as well as the whole medial
segment of Fracture H (Fig. 9a). Regarding the frontal rotation,
unlike the movement of the medial segment in Fracture H, the
coronal split resulted in reversing the rotation of both medial
fragments toward the posterior direction (Fig. 9b). Finally,
for the longitudinal rotation, the coronal split destabilized the
medial-posterior fragment, demonstrating a more than three-
fold increase in internal rotation when compared to its ante-
rior counterpart as well as the medial component of Fracture
H (Fig. 9¢). For both Fractures H and C, interfragmentary
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Fig. 8 Interfragmentary displacements at 500-N cyclic load after 2500 cycles. a Medial-shaft gaps of Fractures H and C. b Coronal gaps of

Fracture C. The dash-dotted lines depict clinical failure criteria

@ Springer



Archives of Orthopaedic and Trauma Surgery

Abduction
12

- - Medial: Fracture H
——Medial Anterior:
Fracture C

——Medial Posterior:
Fracture C

Sagittal
Frontal

12 Longitudinal
Adduction Load (N)

Sagittal Rotation (degree)

Flexion
12
10 - - Medial: Fracture H
8
—~ ——Medial Anterior:
$ Fracture C
E 4
z . ——Medial Posterior:
2 1
_§ i i I + = Fracture C
g o 1 : :
2 _22’0""3QD'--—3.‘;»O____4Q0____qQ»__E_D_ 550 660
E] f f T |
5 4 i |
2 i
&
6
-8 Sagittal
-10
Frontal
-12
b Extension Load (N) Longitudinal

Internal
12
- - Medial: Fracture H

=
°

——Medial Anterior:
Fracture C

——Medial Posterior:
Fracture C

N
S
w
S
S
w
v
o
IS
S
S
»
G
S
"
=
5}
«
@
S

600

Longitudinal Rotation (degree)
b & A N o N B oo
I
I
|
1]

—-
5}

Sagittal
Frontal

Longitudinal

-12
External

Load (N)

Fig.9 Relative rotations of the medial fragments for Fractures H and C with respect to the tibial shaft. a Sagittal rotation. b Frontal rotation
(dash-dotted circle indicates destabilization of diagonal screw). ¢ Longitudinal rotation. Dash-dotted lines demonstrate clinical failure criteria

movements of the lateral-shaft and medial-lateral gaps were
almost negligible compared to those of the medial-shaft and
coronal gaps. Moreover, the movements of these two gaps and
relative rotations of lateral fragments were similar in both frac-
ture models.

Shapiro—Wilk’s test (p>0.05) as well as visual inspection
of the histogram, normal O—Q, and box plots indicated that for
both Fractures H and C, the parameters of mechanical stabil-
ity (i.e., static stiffness, failure load, and failure cycles) were
approximately normally distributed. According to the clinical
failure criteria, Fracture C failed earlier and at lower load lev-
els compared to Fracture H which tolerated 60% higher load
levels (p=0.016). Failure cycles of Fracture H samples were
almost 2.5 times that of Fracture C (Table 1, p=0.017). The
survival analysis revealed that the survival rate of Fracture H
was almost 2.5 times that of the Fracture C group. While none
of the Fracture C samples survived the clinical failure criteria
until 2500 cycles or 500-N load, half of Fracture H specimens
survived 2500 cycles (Fig. 10, p=0.006).

Discussion
Articular fracture lines in complex tibial plateau fractures

which result in a coronal split have been widely ignored in
previous biomechanical studies and fracture classifications
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[11]. Thus, we developed a coronal fracture model based
on 3D fracture morphologies [1] and assessed this model
biomechanically. Our study revealed that the presence of a
coronal split generates an unstable posteromedial fragment
which is inadequately stabilized with unilateral plating from
the lateral aspect. The coronal split reduced the stiffness and
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decreased the strength of fracture fixation and resulted in
increased fragment displacements during loading.

The biomechanical assessments revealed that Fracture H
was almost two times stiffer and tolerated 1.5 and 2.5 times
higher load level and cycles, respectively, as compared to
Fracture C (Table 1). Also, the survival rate of the Fracture
H group was nearly 150% higher than that of Fracture C.
Thus, the coronal fracture line remarkably destabilized the
fracture fixation construct.

To further understand the effects of coronal fracture
lines, the rotations of fracture fragments relative to the
tibial shaft and interfragmentary displacements were ana-
lyzed. Interfragmentary movements (especially on the artic-
ular surfaces) are considered an important clinical param-
eter because an articular subsidence of more than 2-3 mm
remarkably increases knee joint pressure and may result in
osteoarthritis [41, 42]. Moreover, malalignment is an impor-
tant factor in evaluating treatment outcomes of tibia plateau
fractures and rotations of joint lines more than 5° are con-
sidered fixation failure [37, 43, 44]. Thus, interfragmentary
displacements of the medial and plateau fracture gaps were
analyzed to assess a risk of bone non-union and osteoarthro-
sis, respectively. The relative rotations of medial fracture
fragments with respect to the tibial shaft are also indicative
of limb malalignment. To the best of our knowledge, this
was the first study in which 3D displacements of fracture
fragments have been evaluated for complex tibial plateau
fractures. To build upon previous investigations regarding
bi-condylar tibial plateau fractures, which only evaluated the
facture fragment subsidences [23-31, 33, 45] or the frontal
intra-articular gap movements [35], we presented a compre-
hensive 3D kinematic evaluation of all fracture fragments to
illuminate the effects of coronal fracture lines.

During cyclic loading, the medial-anterior segment of
Fracture C mainly moved in the longitudinal direction and
exceeded 5-mm clinical failure which is indicative of a high
risk for bone non-union. At the same time, the medial-poste-
rior portion separated from the anterior one in the posterior
direction with sagittal displacements exceeding 2 mm which
indicates a risk of knee osteoarthritis (Fig. 8).

Due to the vertical nature of the coronal fracture line,
the medial segments of Fracture C were subjected to higher
shear forces [11]. Therefore, compared to Fracture H, the
medial segments of Fracture C, especially medial-posterior
one, demonstrated higher instability (Fig. 9). From sagit-
tal rotational disparity between the two medial fragments,
it can be concluded that coronal fracture line results in an
articular step-off which may lead to knee osteoarthritis.
Since sagittal rotations occurred due to screw bending, the
coronal split mainly destabilized the anterior fragment per-
haps due to the inclusion of fewer screws in comparison to
its posterior counterpart. Regarding the frontal rotations, the
contact between the load applicator and the coronal edges

of the medial fragments in Fracture C resulted in reversing
the movement of these fragments compared to Fracture H.
For Fracture C in the 500-N cyclic load level, the diago-
nal screw which is the only connection between the medial
fragments and mainly passes through the medial-posterior
segment, lost its connection with the anterior one. Thus,
medial-anterior fragment rotated in frontal direction, while
the medial-posterior part remained stable. Importantly, lon-
gitudinal rotations demonstrate that the medial-posterior and
medial-anterior fragments of Fracture C tilted away towards
the posterior direction of the transverse plane. This separa-
tion resulted in higher loading on the medial-posterior part
and consequently more longitudinal rotation compared to
the medial-anterior one. It should be noted that for Fracture
C there is a risk of malalignment in frontal and transverse
planes due to exceeding the clinical failure criteria for sag-
ittal and longitudinal rotations of the medial-anterior and
medial-posterior fragments, respectively.

These biomechanical findings demonstrated that disre-
garding the coronal fracture line will result in overestimation
of structural rigidity of tibial plateau fracture constructs.
Also, the relative displacement of fracture fragments was
considerably affected by the presence of a coronal split.
While the medial fragment of Fracture H displaced mainly
in the frontal plane, the coronal fracture resulted in rotational
instabilities of both medial fragments. Therefore, with the
presence of the coronal split, there is a risk of non-union at
the tibial medial side as well as malalignment of the tibial
plateau and eventually osteoarthrosis. With kinematic evalu-
ations in mind, these consequences are likely to occur at
lower load levels in Fracture C than in Fracture H. Notice-
ably due to higher relative rotations for the medial-posterior
fragment and interfragmentary movements over 5 mm for
medial anterior-shaft gap, an additional medial fixation could
provide higher stability for Fracture C. These conclusions
agree with previous clinical studies that have demonstrated
higher clinical failure rates at the medial side of complex
tibial plateau fractures [1, 2]. Also, it has been clinically [2,
11, 17, 19, 20] or biomechanically [45] observed that lateral
locking implants may not adequately stabilize the postero-
medial fragments of bi-condyla tibia plateau fractures and a
supplementary medial implantation will be required.

Considering the clinically observed importance of pos-
teromedial fragment for bi-condylar tibia plateau fractures,
developing a biomechanical fracture model including the
coronal fracture line is highly demanded [11]. Contrary to
previous experimental studies, which applied loads only
on the medial tibial plateau [23, 29, 32-34, 45], our load
applicator was designed to simultaneously apply axial
forces on both tibial plateau surfaces and distribute it
40% laterally and 60% medially, corresponding to physi-
ological conditions [35, 36]. This load applicator with the
adjustable position of the medial and lateral indenters can
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be used even for cadaveric samples with various plateau
widths. Moreover, using artificial femur condyles pro-
vided a more physiological contact pressure on the tibial
plateau as compared to previous biomechanical studies
[35]. Furthermore, like some of previous investigations
[23, 26, 31], the fracture model of this study presented a
highly unstable situation by removing the central triangle
of bone from the proximal tibia. Comparing mechanical
behaviors of the Horowitz fracture model among previous
experimental studies [23, 26, 29, 31, 33, 35] is difficult due
to some distinctions regarding sample types (composite
or cadaveric bones), loading and boundary conditions as
well as loading scenarios. In this regard, only the study
of Lasanianos et al. [35] was almost similar to ours. The
static stiffness of Fracture H was found to be 304 + 95 N/
mm which is in the same range of their reported value (400
+ 64 N/mm) [35]. The mentioned research group obtained
higher static stiffness values for specimens fixed with lat-
eral locking plates. A reason for this could be that the
fracture model of their study was stiffer due to preserving
the middle fracture gap. Also, a different distal boundary
condition was assumed in their experimental setup. Failure
load of Lasanianos et al.’s fracture model was almost three
times that of Fracture H reported in the current research,
since we assumed the clinical failure criteria which is in
contrast with their mechanical failure criteria. Among pre-
vious biomechanical studies, only the investigation of Yoo
et al. [45] considered a Horwitz fracture model consist-
ing of the posteromedial fragment. However, their frac-
ture model was different than our coronal fracture model
developed based on the clinical review of Pétzold et al.’s
study [1]. Fracture C includes a sagittal articular fracture
line in addition to the proximal fracture gap that is located
laterally compared to that of Yoo et al.’s fracture model.
They reported failure load of the Sawbone samples fixed
with the tibial less invasive stabilization system (LISS) to
be 1680+ 179 N that is almost 4.5 times that of Fracture
C. This difference could be due to their stiff fracture model
in which the middle fracture gap was preserved as well as
the lateral articular split was not included. Additionally,
they utilized a hemispherical impactor for exclusive load-
ing on the medial tibial plateau, although our loading was
performed with a dual applicator which simultaneously
applies the axial force on both tibial plateaus. Moreo-
ver, their failure criteria were different than our clinical
ones. Regarding the loading scenario, an incremental
cyclic loading until failure was considered in this study.
Unlike previous studies, in which the testing protocol did
not include the incremental cyclic loading [23-35], the
maximum load level of our gradual fatigue test increased
stepwise by 50 N every 500 cycles. We believe that this
progressive cyclic loading can simulate daily living activ-
ities of patients during the healing process, since after

@ Springer

surgery incremental weight bearing on the injured limb
is recommended.

Naturally, this study had some limitations which should
be taken into consideration. First, artificial fourth-generation
Sawbone samples were used for mechanical testing. Due to
their material properties, their failure behavior might poten-
tially differ from failure in human bone specimens. That is
why we focused the failure analysis on relative movements
between fragments rather than catastrophic failure of the
fracture fixation construct. Also, Sawbone provided con-
sistency in material, geometry, and mechanical properties,
which increases the power to detect differences between
groups. Second, the two fracture models were compared
only under axial and bending loading conditions. The load
applicator used in this study provided the sagittal rotational
degree of freedom and consisted of femoral components of
unilateral knee joint replacements which applied physiologi-
cal pressure to the tibial plateau surface with distribution
of 60% on the medial side and 40% laterally. In addition,
the loading scenario only included axial knee joint forces,
although for more realistic loading, the effect of muscle
forces should also be considered. Moreover, instead of
simulating the ankle joint, specimens were fixed distally to
the testing machine directly, resulting in a somewhat over-
constrained loading condition. Furthermore, to evaluate
displacements and rotations, the fracture fragments were
assumed as rigid parts. This assumption could be used due
to high stiffness of the Sawbones which makes local defor-
mations of segments negligible. Additionally, we simulated
a hypothetical, unstable bi-condylar tibial plateau fracture in
both fracture models by removing the central triangle of the
proximal tibia as well as the side gap from the medial tibia.
Last but not least, only one particular implant configuration
with single lateral plating has been considered. With a more
stable configuration like double medial and lateral platting
which stabilizes the posterior fragment, the destabilizing
effect of the coronal fracture is most likely less pronounced.

Conclusion

The outcomes of this study emphasize that it is mandatory
for biomechanical simulations regarding complex tibial pla-
teau fractures to be based on a clinically relevant fracture
model such as ours (Fracture C) due to its ability to mimic
native mechanical behavior more accurately than the tra-
ditional Horowitz model. The observed instability on the
medial side of the coronal fracture model suggests that lat-
eral plating alone provides insufficient mechanical fracture
stabilization. We intend to pursue future research in this
endeavor to propose the best fixation method for our novel
fracture model.
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