
The Journal of Arthroplasty 29 (2014) 1491–1498

Contents lists available at ScienceDirect

The Journal of Arthroplasty

j ourna l homepage: www.arth rop lasty journa l .o rg
Load Sharing and Ligament Strains in Balanced, Overstuffed and

Understuffed UKA. A Validated Finite Element Analysis
Bernardo Innocenti, PhD a,b, Ömer Faruk Bilgen, MD c, Luc Labey, PhD a, G. Harry van Lenthe, PhD d,
Jos Vander Sloten, PhD d, Fabio Catani, MD e

a European Centre for Knee Research, Smith&Nephew, Leuven, Belgium
b BEAMS Department, Université Libre de Bruxelles, Brussels, Belgium
c Department of Orthopaedia, School of Medicine, University of Uludağ, Bursa, Turkey
d Biomechanics Section, KU Leuven, Leuven, Belgium
e Orthopaedics and Traumatology Department, Modena Policlinic, Modena, Italy

a b s t r a c ta r t i c l e i n f o
The Conflict of Interest statement associated with thi
dx.doi.org/10.1016/j.arth.2014.01.020.

Reprint requests: Bernardo Innocenti, Ph.D., Unive
polytechnique de Bruxelles, BEAMS Department (Bio Ele
Av. F. Roosevelt, 50 CP165/56, 1050 Bruxelles, Belgium.

http://dx.doi.org/10.1016/j.arth.2014.01.020
0883-5403/© 2014 Elsevier Inc. All rights reserved.
Article history:
Received 4 October 2013
Accepted 20 January 2014

Keywords:
UKA
overstuffing
understuffing
tibial stress
collateral ligament strain
The aim of this study was to quantify the effects of understuffing and overstuffing UKA on bone stresses, load
distribution and ligament strains. For that purpose, a numerical knee model of a cadaveric knee was
developed and was validated against experimental measurements on that same knee. Good agreement was
found among the numerical and experimental results. This study showed that, even if a medial UKA is well-
alignedwith normal soft tissue tension andwith correct thickness of the tibia component, it induces a stiffness
modification in the joint that alters the load distribution between the medial and lateral compartments, the
bone stress and the ligament strain potentially leading to an osteoarthritic progression.
s article can be found at http://
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Osteoarthritis (OA) is the most common joint degeneration
disease and affects a large part of the elderly population [1,2]. If
OA is limited to only one compartment of the knee joint, usually
the medial, a Unicompartmental Knee Arthroplasty (UKA) can
relieve joint pain and restore function for properly selected
patients [3,4].

Although several clinical studies suggest that the knee after UKA
can reproduce themotion of the intact knee [3–6], and several authors
have reported excellent results at 10 years of follow-up with modern
designs [5–8], some cases of failure are also described in the literature
[9,10]. In general, besides wear [11,12], four main postoperative
problems are reported in the literature [13,14]: i. loosening of the
prosthesis component (femoral and most frequently tibial), due to
stress shielding in the bone [7,14,15]; ii. malpositioning of prosthetic
components, which could lead to failure in the fixation of the implant
to the bone due to an excessive bone stress and an increase in the
strains in the soft tissues [4,16–18]; iii. medial knee pain, which is
related to bone overload, components malpositioning and soft tissue
tensioning [16,19]; iv. OA progression in the lateral side due to an
altered stress pattern in the bone/cartilage [7,20].

Therefore, the knowledge of the stresses in the bone and strains in
soft structures and the joint after the implantation of a UKA is
important to study the implant behavior in the patient. UKA is a
technically demanding surgical procedure, and care must be taken
with component sizing, bone cuts and postoperative alignment as
overstuffing or understuffing the joint could lead to inferior results
[21–24]. Understuffing and overstuffing can be often seen during
surgery leading to a slackening or a tightening of themedial soft tissue
structure [21–24]. Furthermore such configurations induce an altered
stress distribution in the tibial bone and have an effect on the load
distribution between the medial and lateral side of the knee joint
[9,25].

For these reasons, the aims of this study were:

• to develop, analyze and validate a patient specific finite element
model of an intact knee joint before and after a UKA surgery;

• to investigate the change of stress distribution in the proximal
tibia, strains in the collateral ligaments and the load distribution
between themedial and lateral compartmentwill be investigated
before and after a insertion ofUKA. Threedifferent conditionswill
be investigated: the optimal balanced and aligned UKA config-
uration, achieved using an optimal polyethylene insert thickness,
and several overstuffed and understuffed UKA configurations
achieved using thicker or thinner tibial polyethylene thickness.
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Table 2
Material Properties of the Ligaments.

Ligaments
Young's Modulus

[MPa]
Poisson's
Ratio

Initial
Strain εr

Cross-Sectional
Area [mm2]

LCL 111 0.45 0.05 18
aMCL 196 0.45 0.04 14
pMCL 196 0.45 0.03 14
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Material and Methods

Healthy Knee Model

The healthy knee model geometry was determined on Computed
Tomography (CT) and Magnetic Resonance Imaging (MRI) scans of
one intact fresh-frozen left native knee cadaveric specimen. The
specimen did not display any deformity of the joint. In particular, to
identify the bone, a helical CT scan was used (CT setting: 120 kV,
450 mA, slice thickness of 1.25 mm and a pitch of 0.5 mm/rev) while,
to identify cartilage, menisci and soft tissue insertion points an MRI
was performed (MRI setting: TE: 32 ms, TR: 4450 ms, slice thickness:
2 mm, flip angle 90°, NEX: 2 and FOV: 22 cm). The CT and MR images
were imported in an image processing software (Mimics 13.1,
Materialise, Leuven, BE) to extract the geometry and to generate 3D
models of all the structures [16,26,27]. Two numerical models of the
healthy knee were defined. The first comprised the following
structures: menisci, cancellous bone, cortical bone and cartilage of
tibial and femur. The second one included also the collateral
ligaments. The cruciate ligaments were omitted in the FE models
because the knee was placed in full extension and internal/external
rotation was constrained during the tests.

Linear elasticity was used for all the material models considered in
this study; values were taken from the literature [28,29].

According to literature [30], the cortical and cancellous bone was
considered transversely isotropic (Table1). The articular cartilageand the
menisci were considered linear isotropic with respectively E=12 MPa,
ν=0.45 [31–34] and E=8 MPa, ν=0.45 [35,36]. Because one of the aims
of this study was to analyze the change in strain in the soft tissues after
insertion and malpositioning of the UKA, the anterior and posterior
medial collateral ligaments (aMCL and pMCL) as well as the lateral
collateral ligament (LCL) were incorporated in the FE models of this
study. The behavior of the ligaments was assumed linear elastic isotropic
[26,27,37,38]. Each ligament was modeled as a beam with a specific
cross-sectional area [26,27,39]. An initial preload was set for each
ligament [32–35,40]. The origin and the insertion points of each collateral
ligament were determined from the MR images [41,42]. The full
overview of the properties of each ligament is given in Table 2.

A coefficient of friction of 0.001 was considered for the contact
cartilage–cartilage, while a coefficient of friction of 0.01 was selected
for the interface between the cartilage and the menisci [34,43].

UKA Knee Model

Once the healthy knee model was developed, a fixed bearing
metal-backed UKA (Accuris, Smith&Nephew, Memphis, TN) was
selected and virtually implanted, following the manufacturer's
surgical technique, in the medial compartment of the knee models
(both with and without collateral ligaments). According to the
dimension of the femur and the tibia a size large was chosen for
both the femoral component and tibial tray. Five different configu-
rations were adopted in this study:

- balanced configuration according to themanufacturer's guidelines,
that represents a balanced knee joint, was achieved using a tibial
articular insert with a thickness of 10 mm. Such thickness included
the polyethylene (8 mm) and the tibial tray thickness (2 mm).
This implantation was confirmed by an experienced surgeon.
Table 1
Material Properties for Cortical and Cancellous Bone; the First Axis Was Taken Parallel With

Material Material Model

Young's

E1

Cortical bone Transversely Isotropic 17,800
Cancellous bone Transversely Isotropic 344
- Overstuffed configurations were simulated by implanting tibial
articular inserts with a thickness of 11 mm and 12 mm;

- Understuffed configurations were simulated by implanting tibial
articular inserts with a thickness of 9 mm and 8 mm (Fig. 1).

In Fig. 1 the healthy configuration, together with the UKA balanced
configuration and the overstuffing (12 mm) and understuffing
(8 mm) configurations are shown.

The material of the femoral component, tibial tray and tibial insert
was respectively oxidized zirconium (Oxinium), titanium alloy
(Ti6Al4V) an ultra-high-molecular-weight-polyethylene (UHMWPE).
Similar to the previous selection, also in this case, the materials were
assumed to be homogeneous, isotropic, and linear elastic [19,44,45].
The material properties were: Oxinium: E=97.900 MPa, ν=0.3
[42,45–47]; Titanium: E=117.000 MPa, ν=0.3[39,45]; UHMWPE:
E=685 MPa, ν=0.4 [28,46–48];

A coefficient of friction of 0.04 was considered for the interaction
between the femoral component and the tibial insert [19,29,46,49].
The interfaces between prosthetic components and bone were rigidly
fixed simulating the use of cement [16].

Load and Boundary Conditions

Each knee configuration underwent a vertical compression force,
applied with the knee in full extension, of 2000 N, similar to several
previous studies [28,49,50]. This value corresponds to 2.55 times the
body weight of a person having a mass of 80 kg and it is equivalent to
the maximal axial force during gait [16,51]. In all the tests, the tibial
bone was completely fixed at its distal end [35,45,48].

Finite Element Analysis

Each model was meshed using tetrahedral elements with an
approximate element size of 1 mm. A convergence test was
performed to check the element size mesh quality. Abaqus/Standard
version 6.10-1 (Dassault Systèmes, Vélizy-Villacoublay, France) was
used to perform all the finite element simulations.

For all the defined models (the intact knee and the five replaced
models), the Von Mises stress in the proximal tibia, the strains in the
collateral ligaments and the load distribution between the medial and
lateral compartment were extracted.

Experimental Model for Validation

To allow the validation of the outcomes of numerical models,
experimental tests were performed with the fresh-frozen cadaver
knee on which the numerical model was based. Identical load and
boundary conditions of the numerical model were applied.
the Anatomical Axis of the Bone.

Modulus [MPa] Poisson's Ratio

E2 E3 ν12 ν13 ν23

9600 9600 .30 .30 .55
99 99 .38 .38 .23



Fig. 1. Knee configurations analyzed: (A) healthy configuration, (B) Balanced configuration (insert thickness 10 mm), (C) Overstuffing configuration (insert thickness 12 mm), (D)
Understuffing configuration (insert thickness 8 mm).
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A material-test machine, 858 Mini Bionix R II Test System, was
used to apply the 2000 N compressive load to the same native
knee joint used to define the FE geometries. The load was applied
at a loading rate of 400 N/s in the experiments. Furthermore,
the constraints of the femur and tibia were equal to those in the
FE models.

The native knee joint was loaded and the load distribution
between medial and lateral compartment of the knee joint was
measured simultaneously using Tekscan I-ScanTM model 6900
Fig. 2. Experimental setup.
pressuremeasurement system (I-ScanTM, Tekscan, Inc., South Boston,
MA) [52]. The experimental setup is shown on Fig. 2. To evaluate the
reproducibility of the data, consisting of simultaneous measurements
in both compartments of the knee joint, each specific experimental
setup was recorded five times. After the experiments with the native
knee joint, the experimental implantation of the UKA prosthesis was
performed by an experienced orthopaedic surgeon. The sizes of both
the tibial tray and the femoral component, implanted in the cadaveric
knee, were the same to the one adopted in the FE models.

Subsequently, the balanced knee joint was acquired by implanting
an insert of 10 mm, and the identical measurement protocol was
followed. Next, two configurations of understuffingwere examined by
implanting an 8 mm and a 9 mm tibial insert. Afterwards, over-
stuffing was investigated by incorporation an 11 mm and a 12 mm
tibial insert. This specific sequence of experimental tests was
determined in order to avoid tests wherein the ligaments were
stretched excessively by previous tests.

Results

The relative load distribution between the medial and lateral
compartments of the knee joint was measured in the numerical
models as well as in the experimental tests. The average percentages
of the load, carried by the lateral compartment, in all the different
experimental configurations are shown in blue in Fig. 3. Good
agreement is shown among the experimental results and the ones
of the model with the ligaments. In the experimental tests, the
standard deviation for each specific configuration never exceeded
3.9%. The transferred load (in N) in each compartment of the knee
joint is reported in Table 3.

The strains in the aMCL, pMCL and LCL for all the different
configurations are reported in Fig. 4. The strains in the collateral
ligaments changed considerably especially in the balanced (120%) and
overstuffed configurations (230%) (Fig. 4). The knee varus/valgus
alignment was also measured in this study as the rotational angle of
the femur in the coronal plane. The Valgus deformity angle plot for all
the configurations, reported in Fig. 5, shows that every configuration
after UKA, due to the increase of the stiffness in the medial side
introduced by the present of the device, ended with a valgus
alignment configuration. Valgus alignment was more pronounced
when the thickness of the insert increased.

image of Fig.�2


Fig. 3. Lateral compartmental load percentage for all the configurations under investigation, for the analyzed numerical models, with and without ligaments, and for the
experimental tests.
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Fig. 6 illustrates the Von Mises stresses distribution in the tibial
region of the healthy knee model and how it changes after the
implantation of a UKA. As shown, the stress values in the cancellous
bone in the lateral condyle of the tibia increased after UKA up to 140%.
Moreover, the stresses in the cortical bone of the tibia in the medial
condyle increased as well (115%). On the other hand, the stresses in
the cancellous bone beneath the tibial tray considerably decreased.

Finally, a graphical validation was performed by fitting two photos
of a specific experiment to the final shape calculated in the
corresponding FE model. This was done by taking photos of the
unloaded and loaded configuration of the native knee following UKA
including a 12 mm insert. Fig. 7 illustrates the photos with the
outlined FE models of the unloaded as well as the loaded state.
Discussion

The load distribution between the lateral andmedial compartments
of the knee in the experiments with the native knee approximated the
distribution found in literature. Investigating the contact force distri-
bution in the knee joint, several research papers reported values of
800 N and 1200 N, in the lateral andmedial compartment respectively;
consequently, the distribution of the total force, in these models,
between the two compartments is 40% on the lateral and 60% on the
medial compartment [28,50,53]. We have good agreement with these
results as the average percentage of the load thatwas transferred on the
lateral side in the native knee in this study was 39.5%.

Looking at the load distribution in the experimental test, good
agreement was found among the experimental results and the
numerical one once the ligaments are included in the study, while
the numerical knee model without ligaments overestimated the load
on the lateral side (Fig. 3).

Even though the percentage of the load in the lateral compartment
remained almost constant in the five configurations with the ligaments
included, the absolute values of the load in the lateral compartment
increasedup to125%. The load in themedial compartment raised aswell
in the knee models including the ligaments.
Table 3
Transferred Load (in N) in Each Compartment of the Knee Joint for the Numerical Simulatio

Configuration Medial Side No Ligaments Lateral Side No Li

Native Knee 1373 693
Understuffing 8 mm insert 732 1328
Understuffing 9 mm insert 610 1449
Balanced 10 mm insert 476 1498
Overstuffing 11 mm insert 378 1678
Overstuffing 12 mm insert 263 1791
The deviation of FE models lacking the collateral ligaments
was more expressed when the size of the insert in the FE model
increased. This is clearly reported in Fig. 3. The transferred load in
the medial compartment of the knee models lacking collateral
ligaments decreased due to the increase in valgus deformity
(Fig. 5) as well as the absence of the MCLs to counteract this
deformity. Hence the inclusion of the collateral ligaments in the
numerical models is fundamental in obtaining a physiological
load distribution.

As already reported, every configuration after UKA ended with a
valgus deformity (Fig. 5), even if the balanced native knee model has
a correct alignment (valgus rotation 0°). This phenomenon could be
explained by the difference in stiffness between the medial and
lateral compartments of the knee following UKA. On the lateral side,
the cartilage layer of both tibia and femur has an elastic modulus of
15 MPa. In contrast to the cartilage layers, the tibial articular insert
has an elastic modulus of 685 MPa. Consequently, the Young's
Modulus of medial and lateral compartments differs by more than
one order of magnitude. So the materials in each compartment
deform according to their elastic modulus. This problem is not
present in a TKA because the total articular surface of the knee joint is
restored and the stiffness in both compartments is equal. As a
consequence of the stiffness difference, the valgus deformity induced
a decreased strain in the LCL and an increased strain in the MCLs
(Fig. 4).

The initial strains of the collateral ligaments in the healthy knee
models were taken from literature, and they corresponded to the
physiological strains at full extension [32,33,35,40]. As soon as the
ligaments of the knee are stretched, they contribute to the total force
acting between the femur and tibia. Hence, the total force acting in the
knee joint of the FEmodelswith ligaments exceeds the applied force of
2000 N.

The effects of the collateral ligaments on the load distribution in
the knee models, including a UKA prosthesis, were represented in
Fig. 3. The balanced configuration, in both the experiments and the FE
model, with the tibial insert of 10 mm, had the aim to end with a
balanced knee joint. Due to the difference in stiffness between
n.

gaments Medial Side With Ligaments Lateral Side With Ligaments

1608 746
933 1402
967 1462

1012 1508
1052 1563
1086 1616

image of Fig.�3


Fig. 4. Strain in the collateral ligaments of the knee model for all the investigated configurations during the application of the load.
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cartilage–cartilage interaction and metal–UHMWPE interaction, the
loaded knee was no longer balanced even though the knee joint was
balanced in unloaded state. The deformity induced by loading had two
consequences, as confirmed by the outcomes of the numerical
models: firstly, the percentage of load that was transferred in the
lateral compartment increased; secondly, the strain in the aMCL and
pMCL raised and the strain in the LCL decreased. Hence, when a
surgeon balances a knee during UKA in an unloaded state, the knee
will no longer be balanced once it is loaded.

Godest et al (2002) described the role of the surrounding tension
within the soft tissues and they reported that both the relative
position of the components and the tension of the surrounding soft
tissues have an impact on the results [44]. Moreover, Raminaraka et al
(2005) agreed also that the stresses inside the soft structures as well
as joint bearing forces are required to better understand the
biomechanical behaviour of the knee [40]. This study confirmed the
conclusions of the two previous studies.

This study demonstrated not only that the polyethylene thickness
plays an important role in the knee following UKA, but also that
previous studies, including a UKA prosthesis in the FE models, have to
be critically evaluated. For instance Sawatari et al (2005) performed a
three-dimensional FEA of UKA [54]. In particular they investigated the
influence of the tibial tray orientation in the coronal plane. They
concluded that it was beneficial to place the tibial component with a
slight valgus inclination. However, they did not analyze the stresses in
the lateral compartment of the knee and the ligaments were omitted
additionally in their models.

In case of overstuffing, the unloaded knee was already unbalanced
due to an oversized tibial insert. This was simulated by the
implantation of a tibial insert of size 11 mm or 12 mm. The effects
of overstuffing were clearly noticeable in the results.
Fig. 5. Valgus Deformity Angle of the knee model for all the inv
The valgus deformity due to overstuffing was intensified by the
difference in stiffness of the materials in both compartments.
Although the percentage of load that was transferred through the
lateral compartment in the FE models remained almost equal to the
outcome of the balanced configuration, the absolute values of the
transferred load in the lateral compartment increased (Table 3). On
the other hand, the load on the medial side of the joint rises as well
(Table 3). This was mainly caused by the MCLs, in which the strains
raised sharply. The MCLs extended in contrast to the LCL, whose
length further declined. This was clearly visible in Fig. 4. Additionally,
a graphical validation was performed in case of overstuffing with
12 mm insert (Fig. 7) that also confirm the final valgus deformity of
the knee.

Understuffing was obtained by inserting an undersized tibial
insert. It was simulated by the placement of an insert of 9 mm or
8 mm. Understuffing in UKA is a well-known situation in orthopaedic
surgery; yet, the biomechanical behavior of understuffing had never
been investigated in detail. It has been postulated that a medial
overcorrection leads to an accelerating degeneration in the lateral
compartment and it has been reported that an overall undercorrec-
tion would prevent this [16,55]. It is generally accepted that for a
medial unicompartmental arthroplasty, the knee should be slightly
undercorrected. This concept is supported to some extent by the
results of this study, because the valgus deformity was less
pronounced in the understuffed configurations. However, the load
distribution and the strains in the ligaments did not match the
conditions of the healthy knee, hence, an implantation of a UNI always
alter the biomechanics of the knee joint.

Loosening of the prosthetic components is one of the main three
problems in UKA postoperatively. It is caused by excessive stresses in
both cortical and cancellous bone, which lead to stress shielding. The
estigated configurations during the application of the load.

image of Fig.�4
image of Fig.�5


Fig. 6. Von Mises Stress distribution in the tibia: (A) healthy configuration, (B) Balanced configuration (insert thickness 10 mm).
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main cause of the latter is the large difference in Young's modulus
between the tibial tray material and the surrounding bone. In contrast
to TKA, the interface between tibial tray and tibial bone is significantly
smaller. This implies that the underlying bone stresses are considered
to be more sensitive to component misalignment and malpositioning.
In our FE models of UKA, the stresses in the cancellous bone
underneath the tibial tray declined sharply compared with the
stresses in the healthy knee model, as represented in Fig. 6. This
Fig. 7. Graphical validation, pictures of an experiment with the knee following UKA
(insert 12 mm), together with the outline of the corresponding FE model during a
loaded test.
was due to the high stiffness of the tibial tray which redistributed the
load between cancellous and cortical bone. The tibial tray redirected
practically the entire load on the medial side to the cortical bone just
because the elastic modulus of the cortical bone is much larger than
the elastic modulus of the cancellous bone. The balanced configura-
tion as well as overstuffing and understuffing induced an altered
stress distribution in the tibial bone.

The increased bone stresses in the cortical bone and the decreased
bone stresses in the cancellous bone around the tibial tray could lead
to loosening of the tibial tray and could induce pain. Furthermore, the
developed FE models of this study provided more insight into the
biomechanical processes inside the knee structures after UKA and the
models released information which could not be obtained by
experiments.

Several assumptions were made in the FE models; firstly, the
geometries of the different structures of the developed FE models are
patient specific and originated from CT and MRI images. The
segmentation of the structures in the CT and MRI sequences was
semi-automatic. The dimensions of bony structures approached very
well the physiological dimensions; however the geometries of the soft
structures were more difficult to determine due to the low resolution
of the MRI sequence. The cartilage layers were determined on the
basis of CT and MRI images. In contrast to the cartilage layers, the
geometry of the menisci was less precisely defined. Moreover, the
ligaments were modelled as beams. Secondly, the material models of
the different structures in this study incorporated several assump-
tions, although the behavior of the structures approximated their
natural behavior. The material properties of the bony structures as
well as the soft tissues were assumed linear elastic and homogeneous.
As it is well known, the cortical as well as the cancellous bones contain
spatial inhomogeneities in their properties [28]. Some studies in the
past already incorporated a Neo-Hookean material model to predict
the non-linear stress–strain behavior of the ligaments that undergo
large deformations [33,56]. Finally, the degrees of freedom of the
different parts in the experiments were limited. Only the available
degrees of freedomwere consequently incorporated in the FE models.
Because the knee was placed in full extension and internal/external
rotation was constrained in the experiments, the cruciate ligaments
were omitted in the FE models. With respect to the experiments, two
main limitations need to be highlighted. First, the experimental
analysis was performed on a fresh-frozen cadaver and not on a real

image of Fig.�6
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leg. However, a recent study [57] demonstrated that repeatedly
freezing and thawing tendons between −80° C and room tempera-
ture do not significantly influence their biomechanical properties.
Therefore we believe that the biomechanical behavior of the knee
tissues in a fresh frozen cadaver specimen is quite comparable to that
in a live patient. Secondly, the study refers to a static condition (full
extension) and not to a dynamic condition. The latter is currently
under investigation. However, our results are in agreement with
another recent dynamic study [58] in which subtle but significant
kinematic differences were found between six healthy knees and the
same knees after UKA. Also in this study, the knees showed an
increase in valgus tilt after UKA. Moreover, the authors conclude that
one of reasons of the kinematic changes was probably due to the
mismatch in stiffness introduced by UKA.
Conclusions

In this study a numerical model of an intact cadaveric knee
specimen, was developed and validated with experimental test. It was
used to quantify the tibial stresses and ligament strains induced by a
medial UKA. We found alterations in the tibial stress distribution and
the collateral ligament strains and could explain this by the change in
stiffness between the medial and the lateral compartment in the knee
induced by the UKA; this was found both numerically and experi-
mentally. A considerable increase in medial collateral ligament strain
was observed especially in the balanced and overstuffed configura-
tions. This study may help explain the pain and progression of disease
that can occur following unicompartmental knee arthroplasties.
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