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ABSTRACT

Background. This study aims to analyse the tibial component using the finite element method by cutting the tibial in
frontal and sagittal planes at an angle between 1.5° (valgus and anterior tilt) and -1.5° (varus and posterior tilt).
Methods. This experimental study used the finite element method as an useful tool for simulating the positioning of the
tibial component in order to create a personal pre-operative planning.

For the finite element method analysis, a geometrical model of a tibia from a cadaver was three — dimensionally scanned
and the tibial component, polyethylene and cement, were three-dimensionally shaped in Computer-Aided Design pro-
gram using material data such as Young modulus (gigapascal — GPa) and the Poisson coefficient. The analysis determined
the equivalent von Mises stress, the maximum displacement of the components and the equivalent von Mises deforma-
tion. The results showed that equivalent tension and deformation have higher values in the tibia and the polyethylene,
which deform faster than cement and the tibial component. In our study, we chose to simulate the tibial resection at a
cutting angle + 1.5° from neutral positioning (which is represented in frontal plane by the perpendicular on the mechan-
ical axis and in sagittal plane by the posterior slope of 7 degree) in frontal and sagittal plane in order to find the minimum
threshold from which the tibial component malalignment may begin to determine unfavourable effects.

Results. Our results have shown detrimental effects begin to appear for the polyethene component at -1.5° in frontal
plane, and the rest of the components at 1.5° in sagittal plane.

Conclusion. This finding leads us to propose preoperative planning based on personal calculus of predefined angles,
which may show the surgeon the optimal implantation position of the tibial component.

Keywords: finite element method, tibial component, total knee arthroplasty,
varus alignment, sagittal alignment

INTRODUCTION

Total knee arthroplasty (TKA) is the most fre-
quently used and effective treatment for advanced
knee osteoarthritis. The implantation of the tibial
component is a decisive factor for TKA’s success,
playing a key role in long-term outcomes (1-3).

the tibial component differs depending on each pa-
tient and anatomical singularities of the tibia. Liter-
ature data frequently describe effects of sagittal or
coronal alignment, implying that component mal-
positioning has been associated with pain, acceler-
ated polyethylene wear, joint instability, and even-
tually to TKA revision (4). Data reveal that, currently

Implant alignment in TKA is crucial for the func-
tional results post-operative. The ideal alignment of

the revision risk of TKA at ten years is 5% (5). The
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positioning of the tibial component is still debata-
ble, especially because the tibia’s morphology is
highly variable (6).

In the field of orthopaedics, the finite element
analysis has become a very useful tool, especially in
calculating stress, strain and deformation for the
prosthetic components (7).

Tumulu et al. (8) studied material-model optimi-
sation of knee prosthesis, while Suh et al. (9) created
a computational study on the effect of malalignment
of the tibial component on the biomechanics of TKA.

The purpose of our article is to conduct compu-
tational simulations using finite element analysis of
the tibial component in coronal and sagittal planes.
We will do this by cutting the tibia in frontal and
sagittal planes at an angle between 1.5° (represents
valgus tilt and anterior tilt from neutral position-
ing) and - 1.5° (represents varus tilt and posterior
tilt from neutral positioning) in order to determine
which tilt has negative consequences over the me-
chanical results in TKA. This experimental analysis
could be implemented in preoperative planning to
help the orthopaedic surgeon achieve better clinical
results.

MATERIALS AND METHODS

This experimental study aims to use the finite el-
ement method as an useful tool for simulating the
positioning of the tibial component in order to cre-
ate a personal pre-operative planning.

For the finite element analysis, we used a three
- dimensional scanner to scan the tibia’s geometri-
cal model of a cadaveric specimen. After scanning,
the surfaces of the model were prepared for export
in Computer-Aided Design (CAD) program through
Computer-Aided Three-dimensional Interactive Ap-
plication (CATIA). The analysis was made through
Abaqus software after the geometrical inadvertenc-
es of the tibia were corrected. The tibial component,
polyethylene and cement were not scanned, instead
were three-dimensional shaped in CAD program ac-
cording to another models.The geometry is the most
important for CAD and is meshed in finite elements
which are attached the material data, the geometri-
cal data, and the type of element used (10-12). The
material data used are the Young modulus (gigapas-
cal —-GPa) and Poisson ratio (Table 1).

TABLE 1. The material data used

Component Young modulus (GPa) | Poisson ratio
Tibia 6 0,3
Polyethylene 10,9 0,46
Tibial component 113,8 0,265
(titanium alloy)

Cement 14 0,1

Legend: GPa — gigapascal
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The tibia’s geometry was sectioned to reduce the
number of finite elements and the time for analysis.
After importing and meshing the joint component’s
elements, the contacts were defined - for our analysis
the “surface on surface” contact. The analysis is com-
posed of three phases: pre-processing, solving and
post-processing. The last phase shows graphically re-
sults of the analysis, which determines equivalent
von Mises tension, maximum displacement of com-
ponents, and equivalent von Mises deformation.

RESULTS

In both the frontal and sagittal plane, the proxi-
mal tibial cut was made at a 1.5° (valgus and anteri-
or) and at -1.5° (varus and posterior), and finite ele-
ment analysis were made at these values.

For the tibia, we obtained the following results:
the equivalent von Mises tension (the maximum
stress comparable with the break limit of the bone),
the equivalent von Misses deformation (compara-
ble with the maximum deformation admitted by a
certain material) and the nodal displacements on
the three directions of the coordinate axes (table 2,
figures 1-4).

TABLE 2. Results obtained for the tibia

Equivalent | Equivalent Nodal
Analysis tension | deformation | displacement
[MPa] [mm] [mm]
Pro:umal tibial cut at 6.18 0.003 0.031
1.5° - frontal plane
PI’O)iIma| tibial cut at 225 0.003 0.628
-1.5° - frontal plane
Pro:(lmal .T.'Ibla| cut at 38.95 0.002 0.291
1.5° - sagittal plane
Proximal tibial cutat| ) g 0.003 0.343
-1.5° -sagittal plane

MPa — megapascal, mm — millimetre

S, Mises
(Avg: 75%)

FIGURE 1. Variation of the equivalent von Mises stress for
tibia in case of proximal resection at 1.5° angle (valgus) in
frontal plane
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S, Mises
(Avg: 75%)
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FIGURE 2. Variation of the equivalent von Mises stress for
tibia in case of proximal resection at -1.5° angle (varus) in
frontal plane
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(Avg: 75%)
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FIGURE 3. Variation of the equivalent von Mises stress for
tibia in case of proximal resection at 1.5° angle (anterior)
in sagittal plane
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FIGURE 4. Variation of the equivalent von Mises stress for
tibia in case of proximal resection at -1.5° angle (posteri-
or) in sagittal plane
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As for the rest (the tibial component, polyethyl-
ene and cement) we calculated only the equivalent
von Mises stress and the main maximum deforma-

tion (tables 3-5).

TABLE 3. Results obtained for the tibial component

Analysis Equivalent Equivalent
tension [MPa] | deformation [mm]

Proximal tibial cut at 1.5° 10 0.00015

- frontal plane

Proximal tibial cut at - 11.8 0.00015

1.5° - frontal plane

Proximal tibial cut at 1.5° 49.3 0.00044

- sagittal plane

Proximal tibial cut at 20.5 0.00018

-1.5° - sagittal plane

MPa — megapascal

TABLE 4. Results obtained for the polyethylene

Analvsis Equivalent Equivalent
¥ tension [MPa] | deformation [mm]

Proximal tibial cut at 11.0310 0.00097
1.5° - frontal plane

Proximal tibial cut at 19.26 0.00225
-1.5° - frontal plane

Proximal tibial cut at 5.12 0.00044
1.5° - sagittal plane

Proximal tibial cut at 6.388 0.00054
-1.5° - sagittal plane
MPa — megapascal
TABLE 5. Results obtained for the cement

. Equivalent Equivalent

Analysis tension [MPa] | deformation [mm)]
Proximal tibial cut at 2.7 0.00020
1.5° -frontal plane

Proximal tibial cut at 3.1 0.00020
-1.5° - frontal plane

Proximal tibial cut at 8.2 0.00032
1.5° - sagittal plane

Proximal tibial cut at 33 0.00020
-1.5° - sagittal plane

MPa — megapascal

In our study, referring to the tibia, the maximum
equivalent tension is obtained in case of proximal
tibial resection at 1.5° angle in sagittal plane (anteri-
or tilt), which is also obtained for the tibial compo-
nent and cement. As to the polyethylene, the maxi-
mum equivalent tension is obtained in case of
proximal tibial cut at -1.5° in frontal plane (varus
tilt). Taking into consideration that the polyethylene
is the component that wears out the most, our anal-
ysis points that the maximum deformation for the
polyethylene occurs in the proximal tibial cut at
-1.5° in frontal plane, suggesting that accelerated
wear happens with varus tilt.

While in the literature data the tibial component
deviation in sagittal plane of + 1.5° it is not consid-
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ered a problem, the finite element method shows
that even such small deviations influence the bone
underlying the prosthetic, respectively the polyeth-
ylene component, even though it has no immediate
effect on the clinical outcomes.

DISCUSSIONS

Total knee arthroplasty (TKA) is a surgical proce-
dure that improves knee function, alleviates knee
pain, and improves patient’s life. The success of TKA
depends on factors like soft tissue balancing,
post-operative alignment and prosthetic compo-
nent implantation. Nowadays, approximately 20%
patients with TKA are dissatisfied with the clinical
results and about 9% have pain because of the tibial
component malalignment (13).

Mangiapani et al. found that TKA alignment is a
relative concept — meaning it defines both the com-
ponent alignment and the limb alignment (14).

Coronal tibial component malalignment is asso-
ciated with higher polyethylene stress and patel-
lofemoral complications, especially clinically - the
varus tibial component alignment is highly dissatis-
fying, with higher stress on the polyethylene than in
valgus tibial component alignment (15,16).

Sagittal alignment in TKA is kinematically im-
portant, mainly because the most common moves
(flexion, extension) occur in this alignment (17).

According to the results we obtained through fi-
nite element analysis, unfavourable effects begin to
appear in case of proximal tibial cut at 1.5°, which
means positioning anterior the tibial component in
the sagittal plane. The results from table 2-5 show
that equivalent tension and deformation have high-
er values in the tibia and the polyethylene, which
deform faster than cement and the tibial compo-
nent.

Gromov et al. studied the tibial angle at a value
between 0° and 7° and found that a value less than
0° and more than 7° has a failure rate of 4,5 % due
to prosthetic knee instability (18).

Some studies support the hypothesis that frontal
alignment in varus is associated with higher failure
rate (tibial component loosening, faster wear of the
polyethylene) and leads to a faster degradation of
the medial knee compartment (19,20). It also gener-
ates unequal distribution of loads at the level of the
two compartments and overall knee instability
(19,20).

Jeffcote et al. concluded that in some models of
tibial prostheses, the valgus alignment determines a
lower contact pressure at the level of the spongious
bone underlying the prosthesis, while Green et al.
claimed that varus tibial component positioning in-
creases the risk of TKA failure (15,19). Moreover,
Green et al. imply that beneath a varus tibial com-
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ponent, the tibial bone subsides (especially in the
medial compartment) due to the compression over-
load with radiolucent tibial lines as corresponding
radiological result (19).

Perillo-Marcone et al. found that the stress that
occurs over the prosthetic underlying bone is taken
by the metallic, polyethene and cement compo-
nents, but even in these conditions the underlying
tibia is subjected to increased loads on repeated
moves, especially due to sagittal malalignment (20).

Berend et al. (21) suggest that a value > 3° in var-
us for the tibial component increases the risk of
TKA failure, but the results of our finite element
analysis show that the degradation of the polyethyl-
ene may start from even lower values (-1.5°). This
fact may have major clinical implications, thus im-
proving the evolutionary course of TKA, especially
in the long-term.

In line with our results, Matsuda et al. also found
that a correlation exists between the varus tibial
component alignment and polyethylene wear be-
cause the varus alignment changes the distribution
of tibial loading (22).

Katimani found that in sagittal plane, the proxi-
mal tibial cut should never be made with anterior
slope, because it could affect flexion and could de-
termine knee instability (23).

In their article, Srivasta et al. (16) conclude that
varus tibial component alignment of a mean 1.3 °
can determine fast polyethylene wear, while Suh et
al. (9) consider that varus alignment increases the
polyethylene wear in the medial compartment lead-
ing to joint instability and eventually to TKA failure.

Our experimental study has limitations. Firstly,
the simulation was made on a tibia in static condi-
tions (tibia from a cadaveric specimen). Because of
this, we were not able to do a simulation during a
gait cycle using the same values of simulation to ob-
serve the wear during a greater pressure loading on
the polyethylene insert.

Second, the tibia was a normal bone (without de-
formities) and without pathological changes such as
osteoporosis. Also, the bone properties and geome-
try were from a single cadaver specimen, so we did
not account for individual variability.

TKA results have improved over time through
technological advances, improved and more dura-
ble prosthetic components, increased surgical expe-
rience, and better operative technique. However,
20% of patients are not satisfied with TKA results,
mainly because of the tibial component alignment.

CONCLUSIONS

In our study, we chose to simulate the tibial re-
section on + 1.5° angle in the frontal and sagittal
planes to find the minimum threshold from which
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the tibial component malalignment may begin to
determine unfavourable effects (which begin for
the polyethylene component at -1.5° in the frontal
plane - varus alignment, and the rest of the compo-
nents at 1.5° in sagittal plane). This finding led to the
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