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�� Knee

Biomechanical effect of tibial slope on 
the stability of medial unicompartmental 
knee arthroplasty in posterior cruciate 
ligament-deficient knees

Aims
Unicompartmental knee arthroplasty (UKA) has become a popular method of treating knee 
localized osteoarthritis (OA). Additionally, the posterior cruciate ligament (PCL) is essential 
to maintaining the physiological kinematics and functions of the knee joint. Considering 
these factors, the purpose of this study was to investigate the biomechanical effects on PCL-
deficient knees in medial UKA.

Methods
Computational simulations of five subject-specific models were performed for intact and PCL-
deficient UKA with tibial slopes. Anteroposterior (AP) kinematics and contact stresses of the 
patellofemoral (PF) joint and the articular cartilage were evaluated under the deep-knee-bend  
condition.

Results
As compared to intact UKA, there was no significant difference in AP translation in PCL-
deficient UKA with a low flexion angle, but AP translation significantly increased in the PCL-
deficient UKA with high flexion angles. Additionally, the increased AP translation became 
decreased as the posterior tibial slope increased. The contact stress in the PF joint and the 
articular cartilage significantly increased in the PCL-deficient UKA, as compared to the intact 
UKA. Additionally, the increased posterior tibial slope resulted in a significant decrease in 
the contact stress on PF joint but significantly increased the contact stresses on the articular 
cartilage.

Conclusion
Our results showed that the posterior stability for low flexion activities in PCL-deficient UKA 
remained unaffected; however, the posterior stability for high flexion activities was affected. 
This indicates that a functional PCL is required to ensure normal stability in UKA. Additional-
ly, posterior stability and PF joint may reduce the overall risk of progressive OA by increasing 
the posterior tibial slope. However, the excessive posterior tibial slope must be avoided.
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Article focus
�� The effect of tibial slope on the stability of 

medial unicompartmental knee arthro-
plasty (UKA) in posterior cruciate liga-
ment (PCL)-deficient knees.

Key messages
�� The tibial slope affects the posterior kine-

matics and contact stress on a knee joint 

in the PCL-deficient UKA. The proper 
slope of the posterior tibia helps the 
stability of PCL-deficient UKA under deep-
knee-bend condition.

Strengths and limitations
�� This study showed that the posterior 

tibial slope has a significant impact on 
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the posterior kinematics and contact stress in PCL-
deficient UKA.
�� We did not compare the actual clinical data for AP 

translation and contact stress.

Introduction
Unicompartmental knee arthroplasty (UKA) has been 
proven as a suitable surgical technique to treat unilat-
eral osteoarthritis (OA) of knee joints, and this method 
has recently become popular.1-4 A greater postoperative 
range of motion (ROM) and the preservation of normal 
kinematic functions relative to total knee arthroplasty 
(TKA) are the functional advantages of UKA.5-9 However, 
less than 10% of all primary knee arthroplasties are 
performed using UKA, even if half of these patients are 
potential candidates for UKA.5

In general, the ideal patient for medial UKA is the 
patient suffering from medial unicompartmental knee 
OA with four major intact ligaments in the knee joints.10 
In addition, a preserved ROM, comparable young age 
(more than 60 years), and low weight and activity levels 
are considered to be indicators for medial UKA.11-15 In 
addition, the medial UKA with deficient cruciate or 
collateral ligaments could lead to secondary opposite 
compartmental OA and early loosening of the implant.10 
Therefore, many orthopaedic surgeons do not perform 
medial UKA if the ligaments are unstable; however, there 
is no general consensus on whether or not this is the 
appropriate practice.10

In the native knee, the anterior cruciate ligament (ACL) 
and the posterior cruciate ligament (PCL) are essen-
tial to maintaining the kinematics and stability in knee 
joints.16 During neutral tibial rotation, the ACL and PCL 
are the primary restraints for the anterior and posterior 
drawers, respectively.16 During mid-flexion, the ACL and 
PCL provide knee joint stability, and during high flexion 
the PCL is responsible for posterior femoral rollback.16-18 
Ventura et al19 showed that UKA combined with ACL 
reconstruction is an effective therapeutic option for the 
treatment of combined medial unicompartmental knee 
OA and ACL deficiency, and confirms subjective and 
objective clinical improvement up to eight years after 
surgery. However, long-term results suggest that an 
insufficient PCL may promote the development of OA in 
knee joints due to excessive displacements between the 
tibia and femur. As the number of people undergoing 
UKA increases, high flexion activities must be carefully 
considered.20-22

A previous study has evaluated the effect of the tibial 
slope on knee stability.23,24 It has been shown that an 
increased tibial slope in UKA can increase anteroposterior 
(AP) tibiofemoral (TF) translation as well as the risk of ACL 
injuries.25

However, a majority of these studies focused on the 
effect of the posterior tibial slope on the ACL in deficient 
UKA.25-27 To the best of our knowledge, very few studies 
have focused on the effect of the slope on the PCL. In 

addition, finite element (FE) analysis can be used to 
evaluate biomechanical effect in PCL-deficient UKA with 
respect to posterior tibial slope. Using FE analysis for 
accurate in silico evaluations of UKA is valuable for clinical 
assessment.28,29

Therefore, the purpose of this study was to evaluate 
the biomechanical effect on PCL-deficient knees in medial 
UKA, with respect to different posterior tibial slopes. It was 
hypothesized that an increased posterior tibial slope facili-
tates positive biomechanical effects in PCL-deficient UKA.

Methods
Computational model.  A previously validated FE model of 
an intact knee joint was employed in this study to address 
our two main research questions (Figure  1).30–33 First, 
what biomechanical effect can the PCL-deficient UKA pro-
vide as compared to the intact PCL and the intact UKA? 
Second, how does an increased posterior tibial slope af-
fect the kinematics and contact stress of the patellofem-
oral (PF) joint and tibial cartilage? The computational 
models of the intact knee consisted of subject-specific 
geometries of the bony structure, articular cartilage, and 
menisci obtained from the CT and MRI images of four 
male subjects (Subject 1: age 36 years, height 178 cm, 
mass 75 kg; Subject 2: age 34 years, height 173 cm, mass 
83 kg; Subject 3: age 32 years, height 182 cm, mass 79 kg; 
Subject 4: age 34 years, height 173 cm, mass 71 kg) and 
a female subject (Subject 5: age 26 years, height 163 cm, 
mass 65 kg). The bony structures were modelled in rigid 
body. In addition, the major ligaments were modelled us-
ing non-linear and tension-only spring elements.34,35 ACL 
was assumed to be normal. The interfaces between the 
cartilage and the bones were modelled to be complete-
ly bonded. The contacts between the femoral cartilage 
and the meniscus, the meniscus and the tibial cartilage, 
and the femoral and tibial cartilages were modelled for 
the medial and lateral sides in six contact pairs.36 A fixed-
bearing UKA (Zimmer, Warsaw, Indiana, USA) was virtual-
ly implanted in the medial compartment of the modelled 
intact knee models. The bone models were imported and 
appropriately positioned, trimmed, and meshed using 
rigid elements via surgical techniques.37 The neutrally 
aligned tibial baseplate was defined as a square (0°) in-
clination in the coronal plane, with a 5° posterior slope. 
This is because the subject's anatomy posterior tibial 
slope was 5°. The rotating axis was defined as a line par-
allel to the lateral edge of the tibial baseplate and pass-
ing through the centre of the femoral component peg. A 
neutral femoral component distal cut that was perpen-
dicular to the mechanical axis of the femur and parallel 
to the tibial cut was reproduced. Based on the neutral 
position, the tibial tray and bearing were rotated about 
the axis, and five posterior tibial slopes were modelled 
while maintaining 0° in the coronal plane without chang-
ing the height of the joint surface, from 1° to 9° with 2° 
increments in posterior tibial slope (Figure 2). In addition, 
the PCL-deficient model and the posterior tibial slopes of 
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Fig. 1

Finite element models in analysis for a) intact and b) unicompartmental knee arthroplasty (UKA) model.

Table I. Material properties of implant.

Material Young’s modulus, MPa Poisson’s ratio

CoCr alloy 220,000 0.30

UHMWPE 685 0.47

Ti6AI4V alloy 110,000 0.30

CoCr, cobalt chromium; Ti6AI4V, titanium alloy; UHMWPE, ultra-high 
molecular weight polyethylene.

models 1°, 3°, 5°, 7°, and 9° were included in this simu-
lation. The polyethylene (PE) insert and the femoral com-
ponent and tibial baseplate were modelled as elastoplas-
tic and linear elastic isotropic materials, respectively.31,38,39 
The materials of the femoral component, PE insert, and 
tibial baseplate corresponded to a cobalt chromium alloy 
(CoCr), ultra-high molecular weight polyethylene, and a 
titanium alloy (Ti6Al4V), respectively (Table I). The femo-
ral component came into contact with the PE insert. The 
selected coefficient of friction between the PE and metal 
corresponded to 0.04.39

The FE simulation included three types of loading 
conditions corresponding to the loads utilized in the 
model validation experiment and the predictions of 
loading scenarios during daily activities. Under the first 
loading condition, an axial loading of 1,150 N was applied 
to the model to determine the contact stresses and 
compare them to those reported in a published FE knee 
joint study.34 In addition, the validation of the UKA model 
with posterior tibial slope 50 was performed at flexion 
angles of 0°, 30°, 60°, and 90° by using a passive flexion 
simulation. The anterior and posterior drawer loads of 
130 N were separately applied to the tibia at the knee 
centre in a manner similar to that in a previous experi-
mental study.40 The third loading condition, which corre-
sponded to the deep-knee-bend loading, was applied to 
evaluate knee joint mechanics. A computational simula-
tion was performed to utilize an AP force applied to the 

femur, based on the compressive load applied to the hip 
with constrained femoral internal-external (IE) rotation, 
free medial-lateral translation, and knee flexion based on 
a combination of vertical hip and quadriceps loads. Thus, 
a six-degrees-of-freedom TF joint was developed.41,42 A 
proportional-integral-derivative controller was incorpo-
rated into the computational model to control the quad-
riceps in a manner similar to that utilized in a previous 
experiment.18 A control system was utilized to eval-
uate the instantaneous displacement of the quadriceps 
muscles to match the same target flexion profile as in the 
experiment. Furthermore, IE and varus-valgus torques 
were applied to the tibia, and the remaining tibial degrees 
of freedom were constrained. The FE model was analyzed 
using ABAQUS software (version 6.11; Simulia, Provi-
dence, Rhode Island, USA). The kinematics and contact 
stress of the articular cartilage in the TF joint were evalu-
ated. The kinematics were based on Grood and Suntay’s 
definition of a joint coordinate system.43

Statistical analysis.  In this study, we had performed the 
test to divide into 11 timepoints (0.0 to 1.0 phases) for 
single cycles of the deep-knee-bend loading conditions. 
To evaluate the models with various degrees of poste-
rior tibial slope, each model’s condition was compared 
to the UKA’s intact model in a pairwise manner using 
non-parametric repeated-measure Friedman tests at each 
phase of the cycle. This study used a Mann-WhitneyU test 
with Holm correction for the posthoc comparisons, to 
control the familywise error rate for the tests conducted 
within each phase of the cycle. Statistical analyses were 
performed using SPSS for Windows (version 20.0.0; IBM, 
Armonk, New York, USA). Statistical significance was set 
at p < 0.05 for all comparisons.

Results
Validation of intact and UKA models.  For the validation of 
the five intact models, the contact stress acting on the 
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Fig. 2

Depiction of the posterior tibial slope of 1˚, 3˚, 5˚, 7˚, and 9˚.

Fig. 3

Comparison of a) the anterior tibial translation and b) the posterior tibial translation for finite element method (FEM) and experiment study.

menisci was compared with previous results.34 The mean 
contact stresses on the medial and lateral menisci were 
3.1 MPa (SD 0.4) and 1.53 MPa (SD 0.6), respectively, 
under an axial load of 1,150 N. These values were within 
a mean 4% of the contact stresses reported in a study 
conducted by Peña et al,34 i.e. 2.9 MPa and 1.45 MPa, 
respectively. These minor differences can be attributed 
to the variations in geometry, such as the differences in 
the thicknesses of the cartilage and meniscus. However, 
the general agreement between the validation results 
and the results of previous studies proved the potential 
of the FE model to produce reasonable outcomes. The 
data from the UKA FE model with posterior tibial slope 50 
was compared with previous experimental data for val-
idation. In the anterior drawer test at 130 N, the mean 
of anterior tibial translations in the UKA model were 6.3 
mm, 9.6 mm, 8.4 mm, and 8.4 mm, and those in the 
posterior drawer test were 6.0 mm, 4.2 mm, 3.6 mm, and 
4.8 mm at knee flexion angles of 0°, 30°, 60°, and 90°, 
respectively (Figure 3).

These results showed a good agreement with the 
results from previous experimental data within the 
ranges of values under anterior and posterior drawer 
loading conditions.
Comparison of the kinematics and the contact stress in 
the intact and PCL-deficient UKA models during the deep-
knee-bend condition.  The kinematics and contact stress-
es of the PF joint and the articular cartilage obtained via 

the UKA and PCL-deficient UKA models were compared 
with respect to different posterior tibial slopes.

Figure 4 presents the posterior kinematics in the intact 
PCL and PCL-deficient UKAs, with respect to different 
posterior tibial slopes under the deep-knee-bend loading 
conditions. It can be seen that there is no significant 
difference in AP translation between the intact and PCL-
deficient UKAs for low flexion activities. However, signifi-
cantly increased AP translation was observed in the 
PCL-deficient UKA for high flexion activities. In the PCL-
deficient UKAs, AP translation decreased as the posterior 
tibial slope increased and vice versa.

Figure 5 shows the contact stress of the PF joint and 
the articular cartilage in the intact PCL and PCL-deficient 
UKAs, with respect to different posterior tibial slopes 
under the deep-knee-bend loading conditions. There 
was a significantly increased contact stress on the PF joint 
and the articular cartilage in the PCL-deficient UKA, as 
compared to the intact PCL UKA. In addition, the contact 
stress on the PF joint significantly decreased as the poste-
rior tibial slope increased.

Discussion
The most important finding of this study was that there 
was a significantly increased AP translation in the PCL-
deficient UKA, as compared to the intact PCL UKA. In 
particular, it was found that the deficiency of the PCL 
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Fig. 4

Comparison of the anteroposterior (AP) translation in the intact model and posterior cruciate ligament (PCL)-deficient unicompartmental knee arthroplasties 
(UKAs), with respect to different posterior tibial slopes under the deep-knee-bend conditions. *p < 0.05.

may affect posterior stability in UKA for the high flexion 
activities. In addition, the contact stress on the PF joint 
and articular cartilage significantly increased for PCL-
deficient UKA. This may increase the overall risk of 
progressive OA on the PF joint and the articular cartilage 
after UKA. Posterior stability can be ensured as the AP 
translation decreased on increasing the posterior tibial 
slope in the PCL-deficient UKA, and this may increase 
the overall risk of progressive OA as the contact stress 
on the PF joint decreased. However, an increase in the 
posterior tibial slope caused the contact stress on the 
articular cartilage to increase. Therefore, our hypothesis 
was partially accepted.

To the best of our knowledge, this study is the first 
attempt to investigate the effect of PCL-deficient UKA on 
knee joint mechanics. The intact and UKA models are the 
foundation of this study and involve a series of validation 
steps. The results exhibit a good agreement with those 
of a previous computational study.34 In addition, the 
UKA models were validated based on a previous exper-
imental study.40 Therefore, the UKA models used in this 
study and the following analyses are considered to be 
reasonable. Furthermore, the contact stress on the artic-
ular cartilage and the kinematics are consistent with the 
results reported in previous studies.44,45 In addition, this 
study has two strengths compared to other studies. First, 
in contrast to those of previous UKA studies, the tibia, 
femur, and related soft tissues were included in the FE 
model. Second, in contrast to current biomechanical UKA 
models, the model used in this study included the deep-
knee-bend loading as opposed to simple vertical static 
loading conditions.

The PCL is the primary restraint to AP translation of 
the tibia relative to the femur.46 This restraining function 

is most pronounced at a flexion angle of 90° as the 
secondary restraints to posterior tibial displacement, such 
as the posterolateral corner structures and the postero-
medial capsule, become lax and cannot serve as effective 
checkreins during flexion.47

At full extension and low flexion, there was no signifi-
cant difference in the PCL-deficient knee joints for the TF 
kinematics. As PCL is a functional restraint to AP trans-
lation during flexion, a limited effect of the deficient 
PCL might be observed during the low flexion activity.10 
However, AP translation significantly increased in the 
PCL-deficient UKA, as compared to that in the intact 
condition, as flexion angle increased. Thus, it was proved 
that PCL injury significantly influences posterior stability 
during high flexion in UKA.44 Our results showed that 
an increased posterior tibial slope maintained posterior 
stability in PCL-deficient UKA. This implies that decreased 
posterior tibial slope maintains anterior stability in the 
ACL-deficient UKA.25 Theoretically, an increased poste-
rior tibial slope may impart translational stability to PCL-
deficient UKA.

The PF joint plays an important role in the function 
of a knee joint, especially during high flexion activities. 
The malfunctioning of PF joints has been associated with 
problems related to the extensor mechanism in UKA. In 
particular, high PF contact forces have been associated 
with wear and loosening as well as anterior knee pain 
and cartilage degeneration.48 Our results showed that the 
mean contact stress on the PF joint was higher in the PCL-
deficient UKA compared with the intact PCL UKA. In addi-
tion, the contact stress on the PF joint decreased as the 
posterior tibial slope increased. In this study, an increase 
of 9° in the posterior slope led to a mean 15% decrease 
in the contact stress on the PF joint. Increasing the tibial 
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Fig. 5

Comparison of the contact stress on a) patellofemoral (PF) joint and b) articular cartilage in the intact unicompartmental knee arthroplasty (UKA) and 
posterior cruciate ligament (PCL)-deficient UKA models with respect to different posterior tibial slopes under the deep-knee-bend conditions. *p < 0.05.

posterior slope induced a more posterior position of the 
femoral component. A more posterior contact position in 
the TF joint leads to an increase in the quadriceps lever 
arm, which improves the movement efficiency, thereby 
reducing the contact stress on the PF joint. Therefore, 
increasing the tibial posterior slope can be expected to 
reduce PF contact stress required to perform deep-knee-
bend activity. In addition, such a decrease of contact 
stress on PF joint was found more in high flexion activity.

These results of the contact stress on the articular 
cartilage are noteworthy. The contact stress significantly 
increased in PCL-deficient UKA, as compared to that in 
intact PCL UKA, similar to the PF joint. There was no 
significant difference in the contact stress on the articular 
cartilage of the PCL-deficient and intact PCL UKA during 
low flexion activities. This indicates that the deficiency 
of PCL does not affect the contact stress on the articular 
cartilage during low flexion activities, which is similar to 
the results reported in a previous study.10

However, unlike the contact stress on the PF joint, the 
increase in the posterior tibial slope caused the contact 
stress on the articular cartilage to increase. This was 
similar to the result of a previous study.49 Our results 
showed that posterior stability can be ensured and 
the contact stress on the PF joint can be decreased on 
increasing the posterior tibial slope in the PCL-deficient 
UKA. However, this may increase the contact stress on 
the articular cartilage. As the data were obtained under 
the deep-knee-bending condition, we advise caution 
when extrapolating the data to other functional activi-
ties. However, we believe that these findings might be 
useful for the design of improved treatment protocols 
for PCL-deficient UKA. As we did not detect any differ-
ences in the biomechanical effects between the intact 
and PCL-deficient UKA under the deep-knee-bend 
between flexion angles of 0° and 60°, our findings 
suggest that rehabilitation exercises might be safely 
performed in this ROM. However, subjects suffering 
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from PCL deficiency should avoid repetitive deep-knee-
bend activities.

There are a few limitations to this study. First, although 
we performed statistical analysis for five subjects, the knee 
joint models do not capture the variations in bony and 
articular morphologies as well as ligament shapes and 
mechanical properties across a population. However, the 
computational simulation is advantageous for the evalu-
ation of the effects of the UKA with deficient PCL on the 
posterior tibial slope for the same person, and elimination 
of the effects of other variables such as weight, height, 
bony geometry, ligament properties, and component 
size.50 Second, the biphasic properties of the articular 
soft tissue were not modelled; however, the response of 
nearly incompressible elastic materials can be equivalent 
over short loading periods.51 Finally, this computational 
simulation only considered the deep-knee-bend loading 
condition, and future studies should focus on models 
incorporating actions such as rising/sitting on chairs, 
climbing/descending stairs, or gait cycle. However, the 
simulation was performed under the deep-knee-bending 
condition because this included a wide range of flexion-
extension and significant muscular endeavour around 
the knee joint.50

In conclusion, our result showed that the posterior 
stability in low flexion activities for PCL-deficient UKA 
is not affected; however, the posterior stability in high 
flexion activities was affected. This indicates that a func-
tional PCL is required to ensure normal stability in UKA. 
In addition, posterior stability and PF joint may reduce 
the overall risk of progressive OA by increasing the poste-
rior tibial slope. However, this increases the contact stress 
on the articular cartilage. Therefore, excessive posterior 
tibial slope must be avoided.
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