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Finite-Element Analysis of Stress on the Proximal Tibia

After Unicompartmental Knee Arthroplasty
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Background: Because the indications for unicompartmental knee arthroplasty (UKA) are limited, few
patients have undergone the procedure. Therefore, it is difficult to decide the acceptable range of vari-
ation in the details of UKA on the basis of the available clinical data. The objective of this study was to
identify factors that affect the distribution of stress on the proximal tibia after UKA.

Methods: Two-dimensional finite-element analysis of the proximal tibia was used to assess four factors:
1) two types of implants—all ultra-high-molecular-weight polyethylene (UHMWPE) and metal-backed
implants, 2) postoperative alignment, 3) coverage of tibial bone, 4) level of the tibial osteotomy.

Results: In cases of varus alignment, high stress values and large areas of deformation were observed
on and beneath the implant. In cases of valgus alignment, stress was concentrated at the lateral portion
of tibial tray. In comparison with the standard model, stress concentration was greater at the medial
edge of the medial condyle in a narrow-coverage model. Stress distribution for the low-osteotomy-level
model did not differ markedly differ from that for the standard model. Stress distribution was better for
metal-backed implants than for UHMWPE implants.

Conclusions: Proper postoperative alignment must be achieved in UKA. The osteotomy level should be
set at the cancellous bone close to the joint line, and preservation of bone stock should be maximized.

(J Nippon Med Sch 2020; 87: 260-267)
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Introduction
Unicompartmental knee arthroplasty (UKA) is a better
procedure than bicompartmental or tricompartmental to-
tal knee arthroplasty (TKA) because it preserves normal
knee kinematics while maintaining a functional range of
motion and preserving bone stock, the anterior and pos-
terior cruciate ligaments, the patello-femoral joint, and
the opposite compartment. However, despite these ad-
vantages, the efficacy of and indications for UKA are un-
clear. There were reports of good clinical results during
the early development of this procedure’, but other
studies reported less successful results, including deterio-

ration such as implant breakage and loosening™. These

failures result from a number of factors, including poor
patient selection, postoperative malalignment, and use of
implants with inadequate thickness and no metal back-
ing. In recent years, UKA indications have been strictly
controlled and implant designs have been improved, in-
cluding the use of metal backing®, and there have been
many reports of successful outcomes'.

The reasons for mechanical failure of UKA were re-
ported to be 1) technical failure, such as varus position-
ing of the implant and overcorrection of the postopera-
tive leg alignment, 2) poor element design and material,
3) errors in patient selection, such as those with severe

varus deformity, involvement of the patello-femoral joint,
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Fig. 1 Finite-element mesh: a) Varus alignment due to undercorrection (688 nodal
points, 650 elements); b) Neutral alignment (685 nodal points, 644 elements); c)
Valgus alignment due to overcorrection (704 nodal points, 662 elements); d) Non-

linear model using a gap element (neutral alignment, 708 nodal points, 687 ele-

ments).

pan-arthritis  (including rheumatoid arthritis and
chondro-carcinosis), ligament insufficiency, severe obesity,
high activity, and osteoporosis. A study of limb align-
ment in patients undergoing UKA reported positive ef-
fects when the mechanical axis was at the center, or
slightly medial to the center, of the knee’. Many reports
cautioned against overcorrection that leads to excess
loads in the lateral compartment and early failure®. Stress
on an implant with inadequate postoperative alignment
functions as shear stress and loosens both varus and val-
gus knees’.

Because of the limited number of UKA cases, it is diffi-
cult to determine the acceptable alignment range for this
procedure from available clinical data. Use of the finite-
element method (FEM) has made structural analysis pos-
sible under all conditions by means of computer simula-

tion, and the FEM is often used to optimize the structural
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design of implants. Advanced application of FEM has
been used to analyze artificial joints in orthopedic sur-
gery. Many FEM studies, which have mainly focused on
TKA, have shown consistency between simulated results
and actual clinical results.

The present study attempted to identify factors that af-
fect stress distribution over the proximal tibia after UKA.
To accomplish this, an FEM was used to analyze four ele-
ments based on the characteristics of heterogeneous and
anisotropic material properties of cancellous bone in
proximal tibia", namely, 1) two types of implants: all
(UHMWPE)

and metal-backed implants, 2) postoperative alignment,

ultra-high-molecular-weight polyethylene

3) coverage of tibial bone, and 4) level of the tibial os-

teotomy.
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Fig. 2 Mechanical properties of cancellous bone: a) Mean
trabecular orientation. b) Distribution of Young
modulus values for cancellous bone.

Methods

To characterize the stress distribution in the proximal
tibia under load, a two-dimensional FEM was used to
analyze varus alignment with undercorrection (Figure 1
a), neutral alignment (Figure 1b), and valgus alignment
with overcorrection (Figure 1c). The morphology of this
model was obtained by using data from a previous
study”.

Each alignment model underwent two types of analy-
sis—linear analysis of the rigid interface of stable im-
plants, and nonlinear analysis (Figure 1d) with applica-
tion of the gap element in the presence of loosening.
Mean trabecular orientation (Figure 2a) and the distribu-
tion of Young modulus values in the mean trabecular ori-
entation angle of cancellous bone (Figure 2b) were calcu-
lated on the basis of numerical analysis of a soft radio-
graph of a sliced proximal tibia, as previously reported".

Figure 3 shows the material properties of cancellous
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Fig. 3 Material properties of finite-element model.

bone, cortical bone, UHMWPE, and metal (Co-Cr-Mo).

To avoid dispersal of analysis in the nonlinear model,
two truss elements were positioned on the medial and
lateral sides of the tibia, for model stability (Young
modulus, 10-6 MPa). The frictional coefficient of the gap
element was 0, and the Young modulus of the gap ele-
ment was set at 10-6 MPa. The gap element was set only
to transmit compression force. Figure 4 shows the load-
ing and boundary conditions for the model of the proxi-
mal tibia after UKA. The load was applied to the neutral
alignment; vertical stress over the implant was applied to
the varus alignment, and shear stress was applied to the
valgus alignment. The load in nonlinear analysis was in-
creased gradually in 10 steps. The distal ends of all mod-
els were constrained in the X-Y direction, and the side
plate enabling these analyses to consider hoop stress was
applied over cortical bone®”. Cosmos/m (version 2.7) was

used for the analysis.

Results

Stress Distribution in Relation to Postoperative
Alignment

Figure 5 shows the distribution of von Mises equiva-
lent stress values with deformation (x10) in linear analy-
sis, and Figure 6 shows the distribution of von Mises
equivalent stress values with deformation (x10) in non-
linear analysis. Analysis of the varus alignment showed
high stress values and large deformations on and be-
neath implants, which were more obvious for the
UHMWPE implants. Analysis of the valgus alignment
showed stress concentration at the lateral portion of the

tibial tray, which was more obvious in nonlinear analysis.

J Nippon Med Sch 2020; 87 (5)
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Fig. 5 Distribution of von Mises equivalent stress values in linear analysis with deformation (x10) (difference

in alignment).

a) Metal-backed UKA in varus alignment
b) Metal-backed UKA in neutral alignment
c) Metal-backed UKA in valgus alignment
d) UHMWPE UKA in varus alignment

e) UHMWPE UKA in neutral alignment

f) UHMWPE UKA in valgus alignment

Stress Distribution in Relation to Tibia Coverage

Figure 7a, d shows the distribution of von Mises
equivalent stress values with deformation (x10) for nar-
row coverage of the tibia. As compared with the stan-
dard model (Figure 7b, e), the narrow-coverage model
showed greater stress concentration at the medial edge of
the medial condyle. There was no difference in stress dis-

tribution in other areas.

J Nippon Med Sch 2020; 87 (5)

Stress Distribution in Relation to Level of Tibial Os-
teotomy

Figure 7c¢, f shows the distribution of von Mises
equivalent stress values with deformation (x10) for a
low-osteotomy-level UKA. The stress distribution in this
model did not substantially differ from that in the stan-
dard model.

Evaluation of Cancellous Bone Beneath the Implant

Figure 8 shows von Mises equivalent stress values for
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Fig. 6 Distribution of von Mises equivalent stress values in nonlinear analysis with deformation (x10) (differ-

ence in alignment).

a) Metal-backed UKA in varus alignment
b) Metal-backed UKA in neutral alignment
¢) Metal-backed UKA in valgus alignment
d) UHMWPE UKA in varus alignment

e) UHMWPE UKA in neutral alignment

f) UHMWPE UKA in valgus alignment

the element in cancellous bone beneath the implant. As
compared with the metal-backed implant, the stress con-
centration was greater around the peg in all alignments
in the UHMWPE implant (Figure 8a). In the model with
loosening (Figure 8b), stress is concentrated at the medial
side of the peg and the lateral portion of the tibial tray
and stress is lower at the central side of the implant.
Stress was high at the medial edge of the medial condyle
in the low-osteotomy-level UKA and narrow-coverage
UKA.

Discussion
Finite-element analysis has been used in mechanical
analyses of materials and structures since its first use, in
the structural analysis of aircraft by Turner et al., in
1956°. In orthopedics, the FEM was introduced as “a
new method to analyze mechanical behavior of skeletal
parts” by Brekelmans et al." FEM has recently been used
to examine the causes of prosthetic mechanical problems,
such as loosening and sinking of the tibial component of
TKA, and in evaluating and optimizing prostheses de-

signs. Studies comparing various designs agree that
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stress to bone and cement is greater with all-plastic tibial
components than with metal-backed components™. Many
reports have shown that longer central stems decrease

215 and the results

stress on proximal trabecular bone
were similar for components with larger surface areas'.
Clinical results confirm these results of finite-element
analysis in TKA. Therefore, the FEM appears to be effec-
tive in predicting mechanical issues of implants, the fixa-
tion mechanism, and the acceptable range of errors.
Mechanical failure of UKA has been attributed to 1)
technical failure, such as varus positioning of the implant
and overcorrection of postoperative leg alignment, 2) the
design and material of the element, and 3) errors in pa-
tient selection, such as those with severe varus deformity,
involvement of patello-femoral joint, pan-arthritis (such
as rheumatoid arthritis and chondro-carcinosis), ligament
insufficiency, severe obesity, high activity, and osteoporo-
sis, among other conditions”. In the present study, im-
plant design, material, position, and postoperative align-
ment were simulated by a FEM and investigated.
Regarding the implant metal backing and thickness,

Marmor"” and Shurley et al.” reported that a 6-mm tibial

J Nippon Med Sch 2020; 87 (5)
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Fig. 7 Distribution of von Mises equivalent stress values in linear and nonlinear analysis with deformation

(x10) (difference in coverage and level of osteotomy line).

a) Narrow coverage (linear analysis)

b) Standard (linear analysis)

c) Low-level cutting (linear analysis)

d) Narrow coverage (nonlinear analysis)
e) Standard (nonlinear analysis)

f) Low-level cutting (nonlinear analysis)

component without metal backing tended to result in de-
formation and loosening. Knutson et al.” reported that
plastic deformation of a thin tibial component not only
deformed the proximal surface of the component but also
introduced eventual deeper deformation. Using roentgen
stereophotogrammetric analysis, Ryd et al. observed cold
flow in all UHMWPE implants with a thickness of 9 to
12 mm but not in metal-backed implants®. In the present
study, metal backing had advantages in stress distribu-
tion, as was the case in analyses of TKA.

Patients who underwent UKA had good limb align-
ment when the mechanical axis was centered. Alignment
during UKA is corrected by removing osteophytes, bal-
ancing soft tissues, and altering implant thickness. When
the implant becomes too tight because of overcorrection,
extreme pressure is transmitted to the opposite side of
the component, which can result in subluxation. The pre-
sent findings suggest that stress in underlying cancellous
bone is greater with undercorrection than with neutral
alignment and that overcorrection concentrates stress at
the eminence of the tibia and the underlying bone of the
lateral portion of the tibial tray, where bone density is

low. The width of the implant is believed to have almost

J Nippon Med Sch 2020; 87 (5)

no effect on stress distribution, which was confirmed by
finite-element analysis of TKA. Clinically, implant cover-
age has almost no effect on sinking and loosening in
TKA. However, the presence of concentrated stress at the
medial edge of the medial condyle in this study suggests
that loosening from this area is highly likely.

Severe varus deformity is a contraindication for UKA,
as the osteotomy line of the tibia should not reach corti-
cal bone. The present findings indicate that an osteotomy
line close to cortical bone would concentrate stress on
cancellous bone around the cortical shell. Therefore, pre-
served bone stock should be maximized in UKA, as it is
in TKA.

For models with loosening, stress concentration was
observed at the medial side of the peg and lateral region
of the tibial tray. This suggests that if loosening occurs,
loosening and bone destruction will then extend to other
areas. Thus, accuracy in UKA operative procedures and
careful consideration of indications are important.

This study has several limitations. There may be many
factors that remain to be defined with finite-element
analysis. In the present analysis, material connections,

such as prosthesis-bone interfaces and UHMWPE-metal
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Fig. 8 Distribution of von Mises equivalent stress values in cancellous bone beneath implant.

a) Difference in alignment (linear analysis)

b) Difference in alignment (nonlinear analysis)

¢) Difference in alignment (mean + SE)

d) Difference in coverage and level of osteotomy line (linear analysis)

e) Difference in coverage and level of osteotomy line (nonlinear analysis)

f) Difference in coverage and level of osteotomy line (mean + SE)

tray junctions, were assumed to be rigidly bonded. Load-
ing conditions were also defined as static. These condi-
tions are simplifications and not equivalent to actual con-
ditions. Therefore, boundary and loading conditions
should be established in future studies. The highly com-
plicated geometry of the knee joint and component de-
sign should also be simplified in order to aid in mechani-

cal understanding.

Conclusions
A two-dimensional finite-element model was used to
analyze stress distribution in the proximal tibia after
UKA. Stress distribution was better for metal-backed im-
plants than for UHMWPE implants. For UKA, proper
postoperative alignment must be achieved. The osteot-
omy line should be set at cancellous bone close to the
joint line with good mechanical properties. In addition,

preservation of bone stock should be maximized.
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