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Treatment of C1.1 (AO-41) tibial plateau fracture: A finite
element analysis of single medial, lateral and dual plating

NORIN FORNA!, FLORIN MUNTEANU?, SINZIANA ANCA BUTNARU MOLDOVEANU?,
LILIANA SAVIN'®, PAUL DAN SiRBU!" and BOGDAN PUHA "

1Department of Surgery II, Faculty of Medicine, ‘Grigore T. Popa’ University of Medicine and

Pharmacy, 700115 Tasi; 2Departrnent of Biomedical Sciences, Faculty of Medical Bioengineering,

‘Grigore T. Popa’ University of Medicine and Pharmacy, 700454 Iasi, Romania

Received September 24, 2021; Accepted October 26, 2021

DOL: 10.3892/etm.2022.11121

Abstract. Bicondylar tibial plateau fractures pose many chal-
lenges in surgical treatment. The aim of the present study was
to analyze three methods of reduction, single medial, single
lateral, and dual plating, for the treatment of a bicondylar tibial
plateau fracture, through finite element analysis (FEA). A
simple metaphyseal fracture, type C1.1 (AO-41) was modeled
on a CT-derived 3D model of the knee. Lateral and medial
proximal tibial polyaxial plates with screws were modeled
and placed accordingly for the three methods of reduction.
Simulation of physiological type loading corresponding to the
maximal weight acceptance phase during a slow walking gait
cycle was performed using FEA. Values of stress and strain
were recorded near the fracture lines. Dual plating provided
a decrease of stress and strain in the tibial plateau area.
However, the differences in the values among the three cases
were small. The stress concentration areas were located in the
vicinity of the fracture, predominantly in the area of the tibial
plateau. Considering the limitations of the present study, the
results revealed that dual plating leads to smaller stress and
strain values near the fracture lines in the tibial plateau area.
However, values obtained for single lateral plating are close in
range. Considering the complexity of the surgical approach for
dual plating, single lateral plating may be a solution for good
reduction with fewer surgical risks and complications. Further
studies on the Cl1.1 fracture (AO-41) are needed to analyze
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the complex issue of reducing and stabilizing such a fracture
and to characterize the postoperative state while providing
predictable parameters for an optimal result.

Introduction

Bicondylar tibial plateau fractures are common injuries of the
lower limb, leading to the destabilization of both the medial
and lateral condyles (1-3). This type of fracture accounts for
up to 39% of all tibial plateau fractures (4). The bicondylar
fracture occurs as a result of significant trauma involving
a high-energy mechanism in which the varus or valgus is
combined with axial loading (3).

The C1.1 (AO-41) fracture, from the AO/OTA classifica-
tion, is a complex variation of bicondylar fractures where the
fracture line is described as having an inverted ‘Y’ trajec-
tory (5). In the case of a bicondylar fracture, the reduction and
fixation techniques usually involve an open reduction and an
internal fixation using a plate and screws that can be applied
laterally, medially, or combined (4). Dual plating is considered
the most stable type of fixation for bicondylar tibial plateau
fractures. However, the surgical approach for dual plating is
complex, involving two incisions and soft-tissue manipulation.
Moreover, for this type of fracture, soft-tissue complications
are an important concern associated with dual plating (4).
Plates with polyaxial stability (PAS) offer the possibility to
adapt the position of the screws to the fracture trajectory. Due
to this, appropriate fixation and stabilization can be achieved
through a single plate with lateral fixation (6).

However, each case of bicondylar fracture must be analyzed
in the context of specific clinical features, considering the
trajectory of the fracture and the affected soft tissues. This
is necessary because no single method can guarantee optimal
results for the full range of possible clinical cases (4). The
selection of an inappropriate treatment for the bicondylar frac-
ture can lead to a reduction in the range of motion of the joint
and joint instability. There are, of course, several other issues
that contribute to poor results in the treatment of bicondylar
plateau fractures. The advanced age of >50 years of a patient
has been associated with poor postoperative results (7-9).
Smoking, the existence of an open fracture, and compartment
syndrome can increase the risk of infection (10,11). In assessing
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the outcome of a fracture at the knee joint, the Rasmussen
and Towa scores are the only tools specifically designed for
this (12,13). However, these tools have not been validated with
a rigorous methodology to assess the results of patients with
bicondylar tibial plateau fractures (4).

The finite element analysis (FEA) method is particularly
advantageous as it allows for the virtual reconstruction of
the anatomical and physiological conditions of this type of
fracture. Bone shape and fracture trajectory, as well as biome-
chanical conditions, such as the force generated by muscle
deformation, which in turn is transmitted through tendons to
the bone, can be simulated (14).

It is quite difficult to make an experimental device, in vitro,
that respects the anatomical and physiological conditions as
can be done in FEA. This method has been widely used in
trauma research in orthopedics, to determine whether there are
stress concentrators in the implants or osteosynthesis used, that
would lead to their deformation or rupture, but also to analyze
the effect of these devices on the bone tissue (14-16). For the
Cl.1 type bicondylar fracture (AO-41), the scientific literature
presents a lack of FEA studies to distinguish between different
simulated scenarios and to analyze the results obtained.

The aim of the present study was to analyze three methods
of reduction, single medial, single lateral and dual plating, for
the treatment of the bicondylar tibial plateau fracture, C1.1
(AO-41), using FEA to determine the stress and strains at the
level of the reduced and stabilized fracture.

Materials and methods

Knee model. For this study, a 3D model of the knee was
obtained using CT images in Slicer3D (http://www.slicer.
org) and 3D modeling with further processing was carried
out using Autodesk ReCap Photo version 2019 and Autodesk
Fusion360 (Autodesk, Inc.). Following the bone reconstruction,
the menisci and cartilage tissue were modeled in Autodesk
Fusion360 (Autodesk, Inc.) (Fig. 1).

Method selection and load simulation. A simple metaphyseal
fracture, type C1.1 (AO-41), according to the AO/OTA classifica-
tion, was modeled, with an inverted Y’ trajectory. For this type
of fracture, three methods of fracture reduction were selected,
single medial, single lateral and dual plating. Proximal polyaxial
tibial plates and screws of 3 mm diameter, with no threads were
modeled and placed accordingly for the three methods of reduc-
tion. To ensure contact areas between the plate and tibia, very
small volumes of material were cut from the plates, following the
contour of the contact surfaces. These volumes were very small
and negligible in terms of plate thickness, having only the role of
providing small contact areas. The positioning of the plates and
screws on the fractured 3D model is presented in Fig. 2.

Load simulation was performed in the Simulation
Mechanical 2017 software (Autodesk, Inc.). Materials assigned
to all parts were considered materials with linear isotropic
and elastic mechanical properties and were characterized by
Young's modulus and the Poisson's ratio, the values of which
are presented in Table I (17-19).

Determining the magnitude of the forces. To obtain the appro-
priate magnitude of the forces applied, the peak value in the

maximal weight acceptance phase that occurs during a slow
walking gait cycle was considered. In a complete gait cycle,
the reaction force has two peaks occurring at weight accep-
tance and push-off, as well as a minimum value in mid-stance.
The first peak was considered for the calculation of the applied
forces. The approximation of the position, as a percentage of
the gait cycle, of this first peak was produced based on the data
reported by Arnold and his collaborators (20). Thus, the first
peak of the ground reaction force occurs at 16% of the gait
cycle at a walking speed of 1 m/sec.

The forces were calculated for an individual with a body
mass of 70 kg. The applied loads were represented by the
forces of the quadriceps muscle (F,), semitendinosus (Fg,)
and semimembranosus (Fg,), medial and lateral gastrocne-
mius (Fg,., Fg), biceps femoris (Fy;), as well as the ground
reaction force (GRF), as revealed in Fig. 3.

The magnitude of these forces was calculated using the
formula:

Fm=Tsx PCSA x VEI\’IGa (1)

where Fm is muscle force, Ts is specific tension, PCSA is
physiological cross-sectional area, and Vg is normalized
value of muscle activity during maximal weight acceptance.

For the specific tension of the muscle, an average value of
22.5 N/cm? was used, and the physiological cross-sectional
area, specific to each muscle, was selected from available data
from the literature (21,22). The normalized value of the muscle
activity, during maximal weight acceptance, was approximated
from the data reported by Arnold and his collaborators (20).

The directions of the muscle forces were established
according to data from the literature (22-26). In the frontal
plane, an angle of 3° between the mechanical and the vertical
axis was considered. In the simulation interface, the direc-
tions of the forces were set to the vertical axis. In the frontal
plane, F, was oriented in the direction of the Q angle (14°),
calculated to the vertical axis, Fy; 11.8° medial, Fg,, 7° lateral,
Fg, 5.1° lateral, Fg, 4.8° lateral, and Fg, 5.3° medial to the
mechanical axis of the tibia (23-27).

For the sagittal plane, the knee was considered to be in
extension, and the anatomical axis of the tibia, which corre-
sponded to the mechanical axis, was vertical. In the sagittal
plane, F, Fg,, and Fg;,, were considered parallel to the tibial
axis and Fy; 7.3° anterior to the tibial axis, Fg,, oriented at 16.1°
and Fg, at 19.6° posterior to the tibial axis (24-26).

Regarding the direction of the GRF, the step size was
extremely small postoperatively. Thus, GRF acted normally
on the tibial surface, the angle between the tibia and the
reaction force being negligible. The magnitude of the GRF
was approximated based on data reported by Arnold and his
collaborators, at maximum weight acceptance (20). Table II
reveals the rounded values of the muscular forces as well
as the GRF. The fibula bone was not included in this study.
However, the contact area between the fibula and the tibia was
considered as the area of application of the force developed
by the biceps femoris muscle, which has its insertion in the
fibula. Constraints were applied to the diaphyseal surface of
the femur, completely restricting the movement of this surface.
The type of contact selected between the simulation elements
was bonded. A descriptive image of the forces and constraints
applied to the 3D model is shown in Fig. 3.
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Figure 1. A 3D model of the knee. (A) Frontal view of the knee model. (B) Exploded view of the knee model. (C) Modeled C1.1 (AO-41) fracture.

Figure 2. Positioning of the plates and screws on the modeled fracture for the
three methods of reduction selected. Frontal plane view of (A) single lateral
plating, (B) single medial plating, (C) dual plating. Medial descriptive view
of (D) single lateral plating, (E) single medial plating, (F) dual plating.

Results

Analysis of maximum principal stress and strain values. In
this study, the values of maximum principal stress and strain
were analyzed (Figs. 4 and 5). Values were recorded at the
cortical level near the fracture lines, in two areas, the central
frontal area (where the fracture lines split) and the tibial
plateau area. To eliminate artifacts represented by high local
values, an average of 3 values recorded in the vicinity of the
area of interest was made. The highest stress and strain values

were recorded near the fracture lines, in the tibial plateau area.
Dual plating led to a decrease of stress and strain values in this
region. In the center frontal area, values were similar between
the three methods of reduction analyzed.

Stress distribution. The distribution of the stress values at the
level of the tibia was also analyzed. For an optimal view of the
stress distribution, the color legend was changed to highlight
the areas of stress concentration. Thus, the upper-stress limit
for this stress distribution was selected as 10 MPa. This value
does not represent the maximum stress obtained but is only
a value selected for a stronger exposure of the high-stress
concentration areas. The stress concentration areas were
located in the region of the fracture, predominantly in the area
of the tibial plateau, as is evident in Figs. 6-8. Small areas of
stress concentration were evident in regions where the forces
were applied and the plates came in direct contact with the
bone. These areas appear in all three cases due to the same
loading applied.

Discussion

The aim of the present study was to analyze the complex
reduction and fixation of the tibial plateau CI1.1 (AO-41)
type fracture, considering three methods of reduction, single
medial, single lateral and dual, by using proximal polyaxial
plates and screws. The results revealed that both stress and
strain increased in the region of the tibial plateau. The stresses
and strains increased due to the forces applied but also the
fixture of the plates. The bone discontinuity caused by the
fracture path caused a large amount of stress on the plate when
loading was applied, which was then transmitted to the bone
tissue near the screws and further along to the fracture lines.
Strain values can be analyzed in relation to the physiological
intervals defined by Frost through the mechanostat theory (28).
The theory defines the mechanism of adaptation of the bone
tissue to the action of a mechanical stimulus that is maintained
in a specific area by the variation of bone mass (29,30). In
other words, the action of a mechanical stimulus leads to a
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Table I. Material properties.

Table II. Rounded values of applied forces (N).

Young's

Material (Refs.) Modulus (MPa) Poisson's ratio

Cortical bone (17) 17,000 0.33
Trabecular bone (17) 5,000 0.33
Cartilage (18) 5 0.46
Menisci (18) 59 0.49
Titanium (19) 110,000 0.3
A B
FSm

[

[

Figure 3. Descriptive image of forces and constraints applied to the 3D model.
(A) Anterior and (B) posterior view. F,, quadriceps muscle; Fg,, semiten-
dinosus; Fg,,, ssmimembranosus; Fg,,, medial gastrocnemius; Fg), lateral
gastrocnemius; Fy;, biceps femoris; GRF, ground reaction force.

remodeling of the bone tissue, for the bone to respond favorably
to the applied loads. The response of bone tissue can be quan-
tified by analyzing the values of the strain generated (28,31).
There are four intervals of bone strain, <1,000 ue (absence of
an applied load, potential for tissue atrophy), 1,000-1,500 pe
(tissue homeostasis), 1,500-3,000 pe (physiological load that
promotes bone remodeling), and >3,000 ue (overload associ-
ated with fractures and bone resorption) (28,31).

The values of strain obtained in both areas were found in
the minimum strain range. Although it is considered that in
the present study the strain was not enough to achieve bone
remodeling, it is noteworthy that the simulation was performed
taking into account forces applied during a smaller walking
speed. However, the average speed for normal walking is
reported at approximately 1.33 m/sec, while slow walking
speed is approximately 0.66 m/sec (32). By decreasing the
walking speed, the muscle forces also decrease, resulting in
lower values of stress and strain. At lower speeds, accelera-
tion is also smaller. The same acceleration can be transposed
to the system of forces in the human body, i.e., the lower the

Fqo Fyp Fy Fie Fo Fom GRF

213 50 13 42 24 62 720

Fq, quadriceps muscle; Fg,, semitendinosus; Fy,,, semimembranosus;
Fgn, medial gastrocnemius; Fg, lateral gastrocnemius; Fy, biceps
femoris; GRF, ground reaction force.

acceleration, the lower the forces exerted by the muscles, and
thus, the stress transmitted to the bone tissue becomes smaller.
In addition, the variation of the GRF in a complete walking
cycle may change and in the context of a fracture, the variation
can also extend to the walking phases. As the speed of move-
ment or the angle of the GRF changes by increasing the step
size, the load on the tibia may increase accordingly.

The variation obtained shows that dual plating leads to
smaller stress and strain values near the fracture lines in the
tibial plateau area. Dual plating is considered to be the most
stable type of fixation for bicondylar tibial plateau fractures;
however, the surgical approach involved is complex and
soft-tissue complications are an important concern associated
with dual plating (4). In the present study, values obtained
for single lateral plating were close in range. Considering the
complexity of the surgical approach for dual plating, single
lateral plating may be a solution for good reduction with fewer
surgical risks and complications.

Moreover, plates with PAS provide the means to adapt
the position of the screws to the fracture trajectory. Thus,
appropriate fixation and stabilization can be achieved through
a single plate with lateral fixation (6).

We observed that the stress concentration areas are located
in the fracture area, more specifically in the tibial plateau
region, in the vicinity of the fracture line. The location of
the stress concentration areas may derive from the loading
generated by the muscular forces and also the type of contact
between the surfaces. The type of contact between the elements
is a limitation of FEA studies as it is difficult to characterize
the contact between the fracture fragments, postoperatively.

For this type of fracture, there is a lack of FEA studies to
help distinguish between different simulated scenarios and to
analyze the results obtained. As aforementioned, the existing
studies describe only from a clinical point of view, the impact
of different methods of reduction and osteosynthesis of simple
metaphyseal fracture of the tibial plateau.

The FEA study by Samsami ef al addresses the bicon-
dylar tibial plateau fracture; however, the fracture trajectory
is extremely different from that of the present study (33).
Additionally, the loading mode differs, forces of 350 N
and 250 N were applied to the tibial plateau region in that
study (33).

Being a type of fracture characterized by increased
heterogeneity from patient to patient, it also has a high risk of
complications of treatment (34). Among the reported compli-
cations, there are associated lesions of the menisci and cruciate
ligaments, vascular or nerve lesions, vicious consolidation,
knee stiffness, and osteoarthritis (4). The heterogeneity of the
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Figure 4. Maximum principal stress recorded at cortical bone level, in the vicinity of the fracture lines, in the center frontal and tibial plateau region.

160.000 Bs ) )
Single medial plating
141.670
138.

140.000 38.330 M single lateral plating
= 120.000 116.000 Dual plating
2 120.
£
£ 100.000-
[}
4
'S 80.000-
g 65.667 66.000
€ 60.000-
E
3
=  40.000-

20.000-

0.000-

Center frontal region Tibial plateau

Figure 5. Maximum principal strain recorded at cortical bone level, in the vicinity of the fracture lines, in the center frontal and tibial plateau region.
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Figure 8. Distribution of the maximum principal stress for dual plating. Descriptive (A) anterior, (B) antero-lateral, and (C) postero-medial view.

fracture is also highlighted by the variety of technical solu-
tions for reduction and stabilization. Normal means are open
reduction and internal fixation in the bicondylar fractures of
the tibial plateau (4,35).

In the context of a lack of FEA studies addressing the
Cl1.1 fracture type (AO-41) and the limitations of the FEA
method, the results obtained in the present study need to
be analyzed together with several aspects. The materials
assigned to the 3D models were considered elastic linear. The
values of the muscle PCSA used to calculate the force were
obtained from cadaveric specimens and may be smaller than
in vivo measured values in patients (22). Furthermore, the

normalized EMG activity values were taken from a gait cycle
of 1 m/sec speed. Although smaller than the average walking
speed, slow walking speed is approximately 0.66 m/sec (32).
A smaller walking speed may lead to smaller applied forces
and thus to decreased stress and strain. Nevertheless, studies
are required to determine the variation of muscle forces in a
slow walking cycle, in the context of a reduced and stabilized
bicondylar tibial plateau fracture. Concurrently, it is necessary
to determine the variation of the GRF that occurs during a
postoperative slow walking cycle, to obtain appropriate refer-
ence values. It is imperative that such studies be conducted on
postoperative patients for the accuracy of data.
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Considering the limitations of this study, the results of the
present study have shown that dual plating leads to smaller
stress and strain values near the fracture lines in the tibial
plateau area. However, values obtained for single lateral
plating were close in range. Considering the complexity of the
surgical approach for dual plating, single lateral plating may
be a solution for good reduction with fewer surgical risks and
complications. Plates with polyaxial stability allow for adapta-
tion of the position of the screws to the fracture trajectory. This
provides the means for appropriate fixation and stabilization
through a single plate with lateral fixation.

The values of strain obtained in both areas are found in
the minimum strain range. Although in the present study, it
is considered that the bone is not loaded enough to achieve
bone remodeling or homeostasis, it is notable that the stresses
transmitted by the plates and screws should not cause associ-
ated trauma but should only stabilize and reduce the fracture
to promote healing.

The present study can be further developed to explore
forces that occur in other moments of a slow walking cycle to
describe the complete loading of the fractured tibia. However,
studies are required to determine the variation of muscle
forces that occur in a slow walking cycle, in the context of a
reduced and stabilized bicondylar fracture at the tibial plateau.

Further studies on the C1.1 fracture (AO-41) are required
to analyze the complex issue of reducing and stabilizing such
a fracture and to characterize the postoperative state while
providing predictable parameters for an optimal result.
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