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Abstract

Purpose When performing unicondylar knee arthroplasty

(UKA), the surgeon can choose between two fundamen-

tally different designs: a mobile-bearing (MB) inlay with

high conformity, or a low-conformity, fixed bearing (FB)

inlay. There is an ongoing debate in the orthopaedic

community about which design is superior. To date, there

have been no comparative biomechanical studies regarding

each system’s effects on the quadriceps force and the

medial contact pressure. The purpose of this study was to

investigate these alterations in vitro before and after UKA

with two prosthesis systems, representing the MB and FB

designs.

Methods FB and MB unicondylar knee prosthesis designs

were tested in sequence under isokinetic extension in an

in vitro simulator. In each case, the required quadriceps

extension force was determined before and after implan-

tation of a medial UKA. Furthermore, the tibiofemoral

contact pressures were evaluated for both prosthesis

designs.

Results The quadriceps force maximum was achieved at

106� and 104� of flexion with the FB and MB designs,

respectively. Implantation of the FB UKA resulted in a

significant increase in the necessary maximum quadriceps

force (p = 0.006). In addition, implantation of the MB

UKA resulted in a significantly higher extension force

(p = 0.03). The difference between the two groups was

statistically significant in deep flexion (p = 0.03), with

higher forces in MB UKA.

Conclusion The MB design showed significantly in-

creased quadriceps extension force compared with the FB

inlay in deep flexion. Although the FB design showed

higher maximum peak pressures concentrated on a smaller

area, the pressure introduction in deep flexion was lower,

compared to MB inserts.

Keywords In vitro kinematics � Fixed bearing � Mobile

bearing � Unicondylar knee arthroplasty � Quadriceps
force � Contact pressure

Introduction

Unicondylar knee arthroplasty (UKA) is an interesting al-

ternative to total knee arthroplasty in the treatment of

unicompartmental knee arthritis. A variety of studies have

reported good joint survival and excellent function fol-

lowing this surgery, especially in young and very active

patients [9, 10, 20, 28]. Several in vitro and in vivo studies

have indicated better and more physiological joint biome-

chanics with the bicruciate-retaining principle of UKA, as

compared with total knee arthroplasty designs.

When performing UKA, the surgeon can choose be-

tween two fundamentally different designs: mobile-bearing

(MB) and fixed bearing (FB) UKA [3]. There is an ongoing

debate in the orthopaedic community about which design is

superior. Six prospective randomised studies [6, 11, 12, 17,

19, 27] and a meta-analysis (level of evidence 1) [26] have

shown no superiority in clinical, radiological or kinematic
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outcomes of one design over the other. Furthermore, a

recent retrospective study focusing on quality of life also

found no differences [2]. These studies have therefore

failed to develop criteria to facilitate decision making when

choosing between MB and FB UKA. We are interested in

decision making—for example, whether more physio-

logical biomechanics and high reflection are of advantage

to young, athletic patients. Only sparse data exist for

in vitro biomechanics: a common reason for the failure of

early UKAs was delamination of the polyethylene bearing

[16, 25]. Burton et al. [5] recently evaluated the effects of

kinematics and femoral lift-off on the wear of FB and MB

UKAs. In this study, the FB design had lower wear than the

MB design under all conditions. In particular, improve-

ments in the material properties of FB inlays make the FB

design an equivalent alternative and highlight the potential

for a longer osteolysis-free clinical outcome with these

devices.

To date, however, there have been no comparative

biomechanical studies of MB and FB inlays with respect to

quadriceps extension forces or tibiofemoral pressures in-

troduction that might influence the referred discussion of

physiological biomechanics and reduced wear. This study

focuses on quadriceps force as an important parameter for

joint biomechanics that is influenced by friction resistance

or changes of the lever arms, for example. In addition,

differences in the tibiofemoral articulation with respect to

pressure distribution patterns were evaluated, as the contact

area and the pressure peaks influence the wear and display

motion pattern.

The purpose of this in vitro study was to investigate the

amount of quadriceps force required to extend the knee

during an isokinetic extension cycle before and after UKA

with two prosthesis systems, representing MB and FB de-

signs. The hypothesis was that the two designs would not

differ significantly with respect to the necessary quadriceps

extension force; however, the pressure introduction onto

the tibial platform is expected to be quite different.

Materials and methods

FB and MB unicondylar knee prosthesis designs were

tested in sequences under isokinetic extension in an in vitro

simulator, which can simulate muscular traction power

using hydraulic cylinders, which cross over the knee joint.

Thus, a knee movement like in a seated leg extension

machine can be simulated. The kinemator (Fig. 1) has been

described and used in a number of previous studies in-

vestigating knee biomechanics [7, 14, 15, 24]. In our study,

12 fresh frozen cadaver knees (64–78 years of age) with

intact soft tissue, no previous surgery and no significant

arthritis were randomised into one of two groups: (1) FB

medial slide (Sigma� High Performance Partial Knee;

DePuy, Warsaw, IN, USA); and (2) MB slide (Oxford�

medial unicompartmental knee, III generation; Biomet,

Warsaw, IN, USA). In each case, the required quadriceps

extension force was determined before and after implan-

tation of a medial UKA. Furthermore, the tibiofemoral

contact pressures were evaluated for both prosthesis

designs.

Analogous to previous studies conducted by our group

[24], the knees were transected 30 cm proximally and

distally to the knee joint line. After removal of the skin and

subcutaneous fat, the remaining soft tissues were pre-

served. In this simulator, the specimens were positioned

with the femur fixed horizontally and the patella facing

downwards. The femoral and tibial bone stumps were fixed

in metal sleeves with bone cement to reproduce the same

positioning before and after removal. The tibia was at-

tached to the simulator at mid-length by means of a linear

rotational bearing, which allowed axial sliding and turning

as well as rotation transverse to the axis of the tibia. The

bearing itself was attached to a swing arm that allowed

motion in the varus/valgus plane.

The resulting arrangement gave complete freedom of

motion of the joint, with the exception of flexion–exten-

sion, which was determined by the position of the swing

arm. The swing arm was equipped with a strain gauge-

based load-measuring device that allowed continuous

monitoring of a torsional moment applied to the tibia. The

tibia was moved through the coordinated activation of three

hydraulic cylinders, which were attached to the specimens’

tendons by special clamps: one to simulate quadriceps

muscle force; one to simulate a co-contraction of the

hamstring muscles; and the third to apply an external

flexion moment.

Fig. 1 An in vitro simulator, which can simulate muscular traction

power using hydraulic cylinders, was used to simulate flexion/

extension motion. 1 Force transducer tibial. 2 Tibia frame. 3 Tibia. 4

Femur. 5 Patella. 6 Femur frame 7 Quadriceps force. 8 Hamstring

force
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The test cycle simulated an isokinetic extension cycle

from 120� knee flexion to full extension. The quadriceps

cylinder thereby applied sufficient force to the quadriceps

tendon in a closed-loop control cycle to generate a constant

knee extension moment of 31 Nm. The hamstrings cylinder

simulated co-contraction of the hamstring muscles with a

constant co-contractive flexion force of 100 N. Initially, the

swing arm was activated to bring the specimen into a posi-

tion of 120� of flexion. The quadriceps cylinder was then

activated in feedback control to provide a constant net joint

extension moment by applying the constant extension mo-

ment at the swing arm. The joint moment was measured by

the load cell in the swing arm, allowing continuous control

of quadriceps force throughout the complete motion to

maintain the nominal extension moment of 31 Nm. This

constant extension moment was resisted by a constant swing

arm flexion moment, which was generated by a third hy-

draulic cylinder, creating an isokinetic extension movement.

After one complete extension cycle, the specimen could be

driven back to 120� of knee flexion without remounting.

Quadriceps force was measured at a frequency of 10 Hz

and with an accuracy of ±0.1 N using a load cell (Hot-

tinger Baldwin Messtechnik GmbH, Darmstadt, Germany)

attached between the tendon clamp and the quadriceps

cylinder. The degree of knee flexion was measured using a

custom-made electronic goniometer attached to the tibial

swing arm at a frequency of 10 Hz and with an accuracy of

±0.05�.
The articulation and pressure distribution between the

femoral and tibial component was displayed using a

33 9 22-mm electronic pressure-sensitive film (K-Scan

4000; Tekscan, Boston, MA, USA). After preconditioning

and calibration of the films, as described previously [1], the

foil was glued directly onto the surface of the inlay in the

FB prosthesis or onto the tibia tray in the MB design. In

addition, a 0.1-mm Teflon film was glued onto the sensor to

protect the film against shear forces. Using the recorded

pressure distribution and the load on each ‘‘sensel’’, the

pressure calibration was computed using Tek-scan! soft-

ware (version 4.23; Tekscan). Area and peak contact

pressures were evaluated, and the centre of pressure as the

geometric centre of the loaded pressure area was used to

follow the tibiofemoral contact pressures during the ex-

tension cycle.

All test cycles were run at room temperature.

Statistics

Because comparisons of these types of prostheses have not

previously been quantified, power analysis was not per-

formed. A D’Agostino & Pearson omnibus normality test

was performed to analyze normality distribution. If nor-

mality test passed, a non-parametric unpaired t test was

performed. If normality test failed, a Mann–Whitney test

was performed to compare results.

The significance level was set to p = 0.05. We used

SPSS version 21 for statistical analysis and randomisation.

Results

The maximum and minimum quadriceps extension forces

for the native knee joints were similar for both groups

(difference not significant, p = 0.273 and p = 0.6, re-

spectively; Table 1). The force maximum was achieved at

106� or 104� of flexion with the FB and MB designs, re-

spectively. Implantation of the FB UKA resulted in a slight

(mean 75 N) but significant increase in the necessary

maximum quadriceps force (p = 0.006). Implantation of

the MB UKA also resulted in a significantly higher max-

imum extension force (p = 0.03); however, the increase in

this case was approximately 158 N, leading to a statisti-

cally significant difference between the FB and MB groups

(p = 0.03, Table 1).

Table 1 The maximum and

minimum quadriceps extension

forces for the native knee joints

were similar for both groups

(difference not significant,

p = 0.273 and p = 0.6,

respectively)

Force (N)* SD p value** P value***

Physiological Group A 1510 176 0.273

Physiological Group B 1543 71

Fixed bearing medial UNI 1585 196 0.006

Mobile-bearing medial UNI 1701 114 0.03 0.03

The force maximum was achieved at 106� or 104� of flexion with the FB and MB designs, respectively.

Implantation of the FB UKA resulted in a slight (mean 75 N) but significant increase in the necessary

maximum quadriceps force (p = 0.006). Implantation of the MB UKA also resulted in a significantly

higher extension force (p = 0.03); however, the increase in this case was approximately 158 N, leading to a

statistically significant difference between the FB and MB groups

* Mean values, with standard deviation (SD)

** p values for comparison to physiological native knee conditions

*** p values for comparison between the 2 groups
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As shown in Fig. 2 and Table 2, there was a significant

increase in the necessary quadriceps force with both im-

plants during the further extension cycle from 120� to 40�
or 30�, respectively, compared with native joint quad for-

ces. However, significant differences between the implant

types could only be detected for deep flexion between 120�
and 90�, to higher values of the MB inlay.

Close to extension (\30� flexion), no difference could

be detected between native joint quadriceps forces and

either UKA scenario.

The contact area and pressure distribution on the tibia

component differed fundamentally between the two UKA

designs. A mean peak pressure of 14.11 MPa (standard

deviation 7.27) was detected across the flexion–extension

cycle in the FB group, compared with 5.78 MPa (standard

deviation 3.47) in the MB group. Furthermore, the peak

pressure curves were different in relation to the maximum

values. The maximum pressure introduction was observed

in deep flexion with the FB inlay and close to extension

with the MB inlay. Analogously to the different peak

pressures, the area contact pressures also differed between

the two systems. With the FB inlay, this was concentrated

to a relatively constant mean value of 0.4 cm2, whereas a

minimum of 1 cm2 across the whole tibial tray surface was

detected in the MB group. According to these findings, the

mean pressure was 6.68 MPa (standard deviation 0.59) for

the FB and 1.0 (0.34 standard deviation) for the MB.

Discussion

The most important finding of this study is that the MB

design showed significant increased quadriceps extension

force compared with the FB inlay in deep flexion. The

hypothesis that the two designs would not differ sig-

nificantly with respect to the necessary quadriceps exten-

sion force has to be rejected.

One general limitation of this in vitro study is that only a

simplified model of the in vivo biomechanics of the knee

joint was used. Unlike the varying peak extension moments

during gait [13], only one constant moment during the

whole extension cycle was simulated. As reported previ-

ously, this was set to 31 Nm and orientated on the mean

extension moment reached by patients over an isokinetic

extension cycle in vivo [22]. As a co-contraction force of

the hamstrings, we choose to apply 100 Nm according to

Durselen et al.’s analysis of the physiological muscle co-

contractions around the knee [8]. This achieves a close to

natural, additional stabilisation of the knee joint. Because

of this simplification, the quantitative results of this study

cannot be directly translated to in vivo conditions. In this

study an isokinetic knee extension was simulated, more

complex movements like gait or squatting cannot be

assessed with this setup. However, the methodology is

suitable to illustrate biomechanical effects and the differ-

ences between the two compared prosthesis designs both
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Fig. 2 There was a significant increase in the necessary quadriceps

force with both implants during the further extension cycle from 120�
to 40� or 30�, respectively, compared with native joint. However,

significant differences between the implant types could only be

detected for deep flexion between 120� and 90�, to the disadvantage

of the MB inlay
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in vitro and in vivo. The second general limitation is the

placement of the Tekscan sensor: for pressure distribution

measurements of the medial compartment, the Tekscan

sensor was put on top of the PE in FB UKA, and un-

derneath it in MB UKA. It seems to be obvious that this

will lead to lower peak pressures in the MB group as the

contact area will be much higher. The third general

limitation is that more complex knee motions as squatting,

gait etc. cannot be assessed with this experimental setup.

Quadriceps force

Quadriceps force is a key parameter in the evaluation of

prosthetic biomechanics, with a low force required to ex-

tend the same extension moment considered to be biome-

chanically advantageous [24]. Furthermore, the

tibiofemoral contact pressure and contact point are of

special interest in the assessment of UKA, as this system is

designed to mimic physiological joint movements with a

physiological femoral rollback due to intact cruciate liga-

ments. Our study evaluated both of these key parameters

for the two available fundamental UKA designs—the FB

and MB inlays—to enable a biomechanical comparison of

the two systems. This study demonstrated that both MB

and FB UKA have an impact on the quadriceps force re-

quired to extend the knee compared with the native situa-

tion. This is consistent with the findings of other studies

evaluating the impact of different prostheses on quadriceps

extension force with the same test setup [21–23].

Although the quadriceps curves of both prostheses were

very similar in our evaluation, our data indicate that the

MB inlay has biomechanically inferior characteristics in

deep flexion, requiring an increased extension force com-

pared with the FB inlay. Similar effects have been

demonstrated for total knee arthroplasties and are often

attributed to changes in the physiological lever arm and

Table 2 There was a

significant increase in the

necessary quadriceps force with

both implants during the further

extension cycle from 120� to
40� or 30�, respectively,
compared with native joint

Force (N)a SD QF % of phys. kneeb p valuec p valued

0� knee flexion

Physiological Group A 615 84

Physiological Group B 914 492

Fixed bearing medial UNI 723 197 118 0.3

Mobile-bearing medial UNI 702 55 99 0.6 0.42

30� knee flexion

Physiological Group A 688 84

Physiological Group B 649 65

Fixed bearing medial UNI 707 86 102 0.6

Mobile-bearing medial UNI 699 91 108 0.03 0.83

45� knee flexion

Physiological Group A 786 79

Physiological Group B 794 84

Fixed bearing medial UNI 843 131 0.05

Mobile-bearing medial UNI 879 111 111 0.03 0.46

60� knee flexion

Physiological Group A 991 111

Physiological Group B 981 96

Fixed bearing medial UNI 1093 166 110 0.04

Mobile-bearing medial UNI 1101 112 112 0.03 0.46

90� knee flexion

Physiological Group A 1377 163

Physiological Group B 1414 111

Fixed bearing medial UNI 1487 243 107 0.06

Mobile-bearing medial UNI 1553 146 110 0.03 0.17

However, significant differences between the implant types could only be detected for deep flexion between

120� and 90�, to the disadvantage of the MB inlay
a Mean values at specific knee flexion angles, with standard deviation (SD)
b Percentage of forces of physiologic knee conditions
c Significance compared to physiologic knee conditions
d Significance compared between the types of replacement
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insufficient restoration of the tibiofemoral trajectories.

However, taking the performed analyses of the tibiofe-

moral contact pressures into account, we consider that this

is not caused by an altered motion pattern with the MB

versus the FB inlay, but might be attributed to the larger

surface friction of the MB on the tibial tray, especially in

deep flexion. In this particular situation, the MB inlay

showed the highest motion relative to the tibia tray. This

would also explain the lower pressure introduction to the

tibia in deep flexion.

Contact pressure

The data presented for the different peak pressures, mean

pressures and contact areas for the two designs are as ex-

pected. The tibiofemoral contact area is concentrated to a

minimum of 0.4 cm2 with the low-conformity FB inlay,

with relative high peak and mean pressure occurring. With

the MB design, these high peaks are prevented by the high-

conformity design of the inlay to the femur. However, it has

to be discussed that the pressure-sensitive films were placed

on top of the FB polyethylene insert and underneath the MB

insert, respectively. This setup leads to the lower peak

pressures recorded on the tibia in the MB group as the

contact area between inlay and tibia is much higher than

between femur and inlay. The intension of this approach

was to display the femoral pressure introduction on the tibia

as well as the contact point that was defined as coordinate of

the peak pressure. This could not be displayed when

recording the insert surface in the MB UKA, because with

the high conformity and the constant movement of the in-

sert, this would be more or less the same during the whole

range of motion. As a result, the pressure shows a better

distribution on the tibial tray. This was shown in a recent

study by Kwon et al. [18], and also by van den Heever et al.

in 2011 [29]. The literature describes high failure rates due

to wear for both the FB and MB prostheses [25]. The initial

consideration supporting the MB design was that the larger

contact area and lower contact pressures would lead to

better wear characteristics. A recent meta-analysis focusing

on the question of reduced polyethylene wear and longer

survival with the MB design did not disconfirm this theory

[30]. However, recent biomechanical analyses have re-

ported higher wear with MB versus FB designs, caused by

back side wear between the tibia tray and inlay [4]. Refer-

ring to our results, this might be a significant problem in

patients who frequently use deep flexion motions, because

of the relevant relative motion of the inlay here.

Transferring our in vitro findings to the in vivo situation,

both the MB and FB UKA designs showed similar effects.

The quadriceps force curve and tibiofemoral contact pres-

sures indicated a closer-to-physiological behaviour of UKA

compared with most of the total knee arthroplasty designs

evaluated in earlier studies by our group. However, the MB

design showed increased quadriceps extension force versus

the FB inlay solution especially in deep flexion. This

seemed to be attributed to high friction forces when ex-

tending the knee from deep flexion. This might result in

higher wear, especially in very active and regularly deep-

flexing patients.

The clinical significance of these data must be evaluated

in further studies.

Conclusions

The MB design showed significantly increased quadriceps

extension force compared with the FB inlay in deep flex-

ion. Although the FB design showed higher maximum peak

pressures concentrated on a smaller area, the pressure in-

troduction in deep flexion was lower, compared to MB

inserts.
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