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Abstract

Purpose Anterior knee pain is a major reason for unsat-
isfied patients after total knee arthroplasty (TKA). Since
malposition and increased retropatellar peak pressure are
supposed to contribute to pain, we conducted this in vitro
study to analyse the influence of mediolateral tibial compo-
nent position on tibiofemoral and patella kinematics as well
as retropatellar pressure.

Methods Eight fresh frozen cadaver specimens were
tested after a fixed-bearing TKA. To evaluate the influence
of mediolateral tibial component position, special inlays
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with 3 mm of medialization and lateralization were con-
structed. For the analysis, a weight-bearing knee rig under
a loaded squat from 20° to 120° of flexion was used. Tibi-
ofemoral and patella kinematics were measured with an
ultrasonic-based three-dimensional motion analysis system.
Additionally, retropatellar pressure distribution was regis-
tered with a pressure-sensitive film.

Results  Alteration of mediolateral tibial component posi-
tion by 3 mm did not reveal a significant influence on ret-
ropatellar peak pressure (7.5 £ 2.5 vs. 7.2 + 2.6 MPa).
Regarding tibiofemoral kinematics, 3-mm medialization of
the tibial baseplate significantly increased lateral femoral
rollback and femorotibial external rotation. Medialization
of 3 mm also significantly increased the relative medial
patella shift and decreased lateral patella tilt.

Discussion Medialization of the tibial baseplate came
along with more lateral rollback and external femorotibial
rotation. For the positioning of the tibial baseplate, rota-
tional alignment seems to be more important than mediolat-
eral orientation. Since retropatellar peak pressure remained
rather unchanged, the tibial baseplate should be placed by
the surgeon looking for a maximal tibial coverage without
overhang.

Keywords Total knee arthroplasty - Mediolateral
malalignment - Retropatellar pressure - Tibial component -
Knee kinematics

Introduction

For patients with advanced osteoarthritis of the knee, total
knee arthroplasty (TKA) is the surgical therapy of choice
[2, 5]. Since decades, this is a routine procedure with con-
tinuous improvements regarding implant design, material
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choice as well as surgical technique [28]. It is still not pos-
sible, however, to recreate the natural kinematics of the
knee, leaving up to 18 % of patients unsatisfied after receiv-
ing a TKA [9, 30, 40]. Some 9 % of TKA revisions are per-
formed due to knee pain [31]. Besides aseptic loosening,
polyethylene (PE) wear, and instability, anterior knee pain
is one of the main causes for post-operative pain affecting
up to 12 % of patients [6, 37, 38]. This high number is sup-
posedly caused by an increased post-operative retropatellar
pressure [12, 19].

Since post-operative knee kinematics influences stabil-
ity, aseptic loosening due to PE wear, and anterior knee
pain, positioning of the implants is crucial for a successful
TKA [14, 22, 26, 42].

For the tibial component, sizing is often difficult result-
ing in frequent (61 %) mediolateral oversizing [4, 13] lead-
ing to post-operative pain and decreased flexion [3, 21]. On
the contrary, a reduced coverage of the medial proximal
tibia with missing medial cortical support can lead to local
bone resorption [15].

To our knowledge, there are neither in vitro nor clini-
cal studies on the impact of mediolateral positioning of
the tibial component. It was hypothesized that according
to the functional medial displacement of the tibial tubercle
[10, 29, 36], a slight lateralization of the tibial component
would lead to a medial shift of the patella along with a
decreased retropatellar pressure and superior patella track-
ing [1, 39].

Therefore, the purpose of this study was to examine the
in vitro influences of a medialization and lateralization of
the tibial baseplate on tibiofemoral and patella kinematics
as well as retropatellar pressure after TKA using a knee rig
model on cadaver specimens. The results can give guidance
to surgeons on intraoperative tibial component alignment.

Materials and methods

For this in vitro study, eight fresh frozen human knee speci-
mens (age 58.9 £ 11.7 years (range 47-82); 3 females, 5
males; height: 176.9 £ 5.9 cm; weight: 81.5 £ 10.6 kg)
were used. Exclusion criteria were severe bone deformity
like valgus or varus deviations >10°. The specimens were
prepared preserving the surrounding soft tissue (includ-
ing capsule, ligaments, and tendons) and shortened 20 cm
proximal and 15 cm distal to the joint line. Onto which
the prepared tendons metallic finger traps (Biihler-Instru-
mente Medizintechnik GmbH, Tuttlingen, Germany) were
fixed using suture material (FibreWire, Arthrex, Munich,
Germany). Additionally, the fibula head and the proximal
tibia were connected with a 4.5-mm screw. Afterwards,
the shortened ends of the tibial and the femoral bone were

embedded into metallic pots using epoxy resin (Rencast
FC53, Huntsman, Basel, Switzerland).

Radiographs in anterior—posterior, sagittal, and sun-
rise view were taken from all specimens before and after
the implantation. Preoperative radiographs were used to
determine the degree of osteoarthritis and to exclude bone
deformities. The post-operative radiographs ensured the
correct positioning of the prostheses.

Implantation

For the experiments, a fixed-bearing, cruciate-retaining
TKA (Columbus CR Aesculap, Tuttlingen, Germany) was
implanted together by the two first authors A.S. and A.F.
using a subvastus approach. To achieve ligament balancing,
a tibia-first technique was performed. All tibial components
were aligned to the medial third of the tibial tuberosity as
this was identified as the best rotational positioning [23].
The tibial baseplate of the Columbus CR knee system has
a symmetrical shape. All tibial baseplates were positioned
in a manner to maximize tibial coverage without overhang
[24].

The medialization and lateralization of the tibial com-
ponent was achieved by constructing different inlays using
CAD data of the prosthesis and a CAD-Software (Catia
V5 R19, Dassault Systems, France). The original inlay
was defined as the neutral position. Additionally, two inlay
variations with 3-mm medialization and 3-mm lateraliza-
tion were produced out of the original ultra-high molecu-
lar weight polyethylene (UHWPE) by the manufacturer
(Fig. 1). The inlays were made of standard UHWPE. The
connection mechanism to the tibial baseplate and poly-
ethylene was identical to the standard inlay (snap-fit
mechanism).

3 mm medial position
Neutral position
3 mm lateral position

Fig. 1 Frontal view of the tibial component with three different used
inlay variations. Original inlay, medialization (red), and lateralization
(green)
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Biomechanical test set-up

Before mounting the specimens onto the knee rig, the unre-
surfaced patella was prepared by removing osteophytes. A
pressure-sensitive film (K-Scan 4000, Tekscan Inc., Bos-
ton, USA) with a resolution of 62 sensels per cm? (totally
572 sensels) and a maximum pressure capacity of 1500
PSI (~10 MPa) was used to measure retropatellar pressure
distribution. The film was fixed to the retropatellar sur-
face with subcutaneous 1.0 suture material after gluing a
peace of 0.125-mm Teflon tape (PTFE-tape) on the sensor
to avoid shear forces. Before the measurements, the sensor
film was calibrated according to the manufacturer’s instruc-
tions by applying a two-point load using a material testing
machine (Z010, Zwick, Ulm, Germany).

The measurements were taken using a well-established
knee rig with six degrees of freedom (DOF) [32-34]. The
knee was flexed from 20° to 120° and extended back once
again to 20°. The motion was mediated by a linear drive
(Driveset M150, Systec GmbH, Muenster, Germany) with
a constant velocity of 3°/s. The flexion angle was measured
by two angle sensors (8820 Burster, Gernsbach, Germany)
incorporated into the “hip unit” and the “ankle unit” of the
knee rig. The rectus muscle force was induced using a sec-
ond linear drive (Driveset M180, Systec GmbH, Muenster,
Germany). A force sensor (8417-6002 Burster, Gernsbach,
Germany) was installed near the tendon to measure the
actual rectus force. Other muscle forces (medial vastus,
lateral vastus, semitendinosus, and biceps femoris muscle)
were simulated passively with 2-kg weights attached to
each tendon.

The originated ground reaction force was detected by a
force moment sensor (FN 7325-31 FGP Sensors, Cedex,
France) with six DOF installed under the ankle unit. To
achieve a constant ground reaction force of 50 N, the two
linear drives (for motion generation and rectus force sim-
ulation) were operated by a LabVIEW code (version 8.6,
National Instruments, Austin, TX, USA) on a personal
computer using Real-Time and PID-Control Packages.

The tibial baseplate position on the tibiofemoral and
patella kinematics was evaluated with an ultrasonic-based
three-dimensional motion analysis system (Zebris CMS 20,
Isny, Germany). Three miniature transmitters were attached
to the femur, the patella, and the tibia (Fig. 2), to register
the rotation and translation of the femur, the patella, and
the tibia with a resolution of 0.1° and 0.1 mm. Sufficient
measurement reliability for kinematics and retropatellar
pressure was assured by test-retest analysis; the accuracy
of the measurement system has been described in a former
study [32]. To describe the relative motion of the patella,
the definitions of Bull et al. [7] (flexion, rotation, tilt, and
shift) were utilized. This study was approved by the ethical
committee of University of Munich (LMU).
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Fig. 2 Prepared knee specimen with miniature transmitters of femur,
patella, and tibia mounted in the knee rig

Statistical analysis

Absolute values (at 20° and 120° of flexion) and peak val-
ues of the kinematic data, rectus muscle, and retropatellar
pressure were presented using mean =+ standard deviation.
Measurements with neutral tibia as well as tibial medializa-
tion and lateralization were compared using mixed effects
models with a random intercept per specimen. The results
of the mixed effect models were illustrated as the mean of
the regression coefficients and a 95 % confidence interval.
For the analyses, SPSS software (SPSS release 21.0, IBM,
New York, USA) was used. Results with p < 0.05 were con-
sidered statistically significant.

Results

Simulated medialized and lateralized baseplate position
had no significant influence on the ground reaction force.
In contrast, the regression coefficient of the mixed effects
model in relation to the rectus muscle force was altered
significantly even though differences in average absolute
values were within 30 N (medialization 685.6 £ 55.7 N
vs. lateralization 711.2 + 72.7 N). Regarding the ret-
ropatellar peak pressure, the mediolateral position of the
tibial component had only a minor effect with no sig-
nificant difference concerning the regression coefficient
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Table 1 Results of mixed effect models

Parameter 3-mm medialization Neutral 3-mm lateralization Significance level
Quadriceps muscle force —9.8N (—16.6 N; —3.0N) ON 55N (=1.3N;12.3N) p<0.01
Ground reaction force —0.0N (—0.4N;04N) 0N 02N (—=0.3N;0.6N) p=ns.
Femorotibial rotation (+internal) —2.5° (—2.8°, —2.2°) 0° 0.2° (—0.1°; 0.6°) p<0.01
Translation of the femur (4-anterior) 0.0 mm (—0.4 mm; 0.4 mm) 0 mm 1.5 mm (1.1 mm; 1.9 mm) p<0.01
Patella flexion —0.2° (=2.1°;1.7°) 0° —0.2° (=2.2°,1.7°) p=n.s.
Patella rotation (+lateral) 0.1° (—=0.1°;0.3°) 0° —0.3° (—0.5°, —0.1°) p <0.01
Patella tilt (+lateral) —0.2° (—0.4°; —0.0°) 0° 0.2° (0.0°; 0.4°) p<0.01
Patella position (+lateral) 0.2 mm (0.0 mm; 0.4 mm) 0 mm —0.4 mm (—0.6 mm; —0.2 mm) p<0.01
Retropatellar peak pressure 0.1 MPa (—0.1 MPa; 0.2 MPa) 0 MPa —0.1 MPa (—0.2 MPa; 0.1 MPa) p=ns.

Illustrated are mean of regression coefficients and in brackets the 95 % confidence interval; non-significant differences were indicated as n.s.
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Fig.3 Course of patella shift of the different tested tibial variants
during one loaded squat from 20° to 120°

(Table 1). Compared to the retropatellar peak pressure
of 7.3 £ 2.6 MPa in the neutral position, medialization
of 3 mm led to a minor increase (7.5 &+ 2.5 MPa), while
lateralization of 3 mm showed a slight decrease in values
(7.2 &+ 2.6 MPa). The highest peak pressure differences
were measured in high flexion angles (>80°).

Even though the retropatellar peak pressure remained
rather unchanged, there was a significant difference in
patella kinematic regarding regression coefficients of
patella shift, patella rotation, and patella tilt (Table 1).
Regarding patella shift at 120° flexion, the neutral position
revealed a relative medial shift of 2.7 &= 2.6 mm compared
to the position in 20° of flexion. Medialization of the tibia
component increased relative shift to 4.3 + 1.8 mm starting
from a more lateral position, while lateralization decreased
the relative shift to 1.6 & 2.7 mm (Fig. 3). For patella rota-
tion and patella tilt, the clinical relevant differences in

absolute values in high flexion were only small. At 120°
flexion, the mean difference in patella rotation between the
three variants was 0.4° and regarding patella tilt also 0.4°.
Patella flexion remained unchanged in all three variants
(regression coefficient n.s., Table 1).

Similar to patella kinematics, the mediolateral position
of the tibial component led to a significant alteration of the
regression coefficient of the mixed effects model concern-
ing the kinematic of the femorotibial joint (Table 1). Espe-
cially for the lateral compartment, the rollback increased
with 3-mm medialization by an average of 2.3 mm and
decreased with 3-mm lateralization by 1.5 mm compared to
the neutral position in 120° flexion. In contrast, the altera-
tion of rollback for the medial compartment was smaller
in magnitude and in pointed in the opposite direction
(Fig. 4). In 120° flexion, lateralization revealed 1.9 mm and
medialization 1.2 mm less rollback of the medial condyle
compared to the neutral position. Consequently, the medi-
alized version revealed significantly more femorotibial
external rotation in the tibia during one loaded squat with
7.0° £ 3.1° compared to the neutral version (4.1° £ 2.3°)
and the lateralized version (3.9° 4= 2.3°) (Table 1).

Discussion

The most important finding of this study was that the medi-
olateral position of the tibial component has no significant
influence on retropatellar peak pressure. These measure-
ments were contrary to the expected mechanical changes.
Theoretically, a lateralization of the tibial component
should lead to a kinematically derived medialization of
the tibial tuberosity. This should consequently medialize
the patella and reduce retropatellar pressure [10, 36]. This
relationship could not be confirmed with the measurements
taken in this study. Even though the mediolateral position
of the patella was more lateral in extension when using a
medialized tibial baseplate, the increased relative medial
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3 mm
medial position

neutral position

3 mm
lateral position

lateral medial

Fig. 4 Translation of the epicondylar axis upon different flexion
angles displayed on the tibial baseplate. 7op 3-mm medialization of
tibial component. Middle Neutral position of tibial component. Bot-
tom 3-mm lateralization of tibial component

patella shift resulted in a similar patella position for all
three tested variants in clinical more relevant flexion of the
knee (Fig. 3). A reason for the increased relative shift could
be observed in the elevated femorotibial external rotation
of the medialized baseplate. Combining these kinematical
effects could be used to explain the rather unchanged ret-
ropatellar pressure.

The influence of the mediolateral tibial baseplate posi-
tion on the kinematic of the tibiofemoral joint was also
unexpected. In particular, the increased lateral rollback

@ Springer

combined with an enlarged femorotibial external rota-
tion for the medialized variant is in tendency closer to the
kinematical findings in a normal tibiofemoral joint [11].
Regarding absolute values, the rollback at the lateral com-
partment of the knee after a TKA with medialized base-
plate was 9.7 &+ 4.7 mm. This was still much smaller than
previously determined in the normal active arc of flexion of
the knee, which was found to be roughly 15 mm [11] but
similar to measurement taken on a medial stabilized TKA
[27].

An explanation for the kinematic alteration associated
with the mediolateral baseplate position is difficult to find.
However, ligament tension can alter knee kinematics [35],
and a possible reason could be seen in the modified ten-
sions of the collateral ligaments. Similar to measurements
of ligament tension in malrotated tibial components [25],
medialization of the baseplate could lead to increased ten-
sion of the medial collateral ligament and reduced tension
of the lateral collateral ligament [20]. This shift of ten-
sion could stabilize the medial more than the lateral com-
partment, leading to a pronounced lateral rollback and an
increased femorotibial external rotation.

However, there are references reporting better clinical
results in regard to external femorotibial rotation with flex-
ion after TKA [22]. It is not evident if a more natural kin-
ematic movement of the tibiofemoral joint after TKA also
reveals superior clinical results [16, 18]. A disadvantage
of a medialized tibial baseplate is the increased tension of
the medial collateral ligament as well as a potential medial
overhang resulting in possible sources for post-operative
pain [4]. Therefore, surgeons should place the tibial base-
plate without overhang [24] and an adequate rotational
alignment [23, 34].

Compared to previous studies with the same knee rig,
it becomes evident that mediolateral position of the tibial
component has less influence on retropatellar peak pres-
sure than the rotation of the femoral or tibial component.
A comparison with the measurements taken by Steinbriick
et al. 2015 [34] on tibial components with 3° external
and 3° internal rotation is especially interesting. Regard-
ing maximal retropatellar peak pressure, the difference
between 3° internal and 3° external rotation was 0.7 MPa
(8.5 & 2.3 vs. 7.8 & 2.5 MPa). This result is more than
two times higher compared to 3-mm medialization and
3-mm lateralization which resulted in a value of 0.3 MPa
(7.5 &£ 2.5 vs. 7.2 &+ 2.6 MPa). Even though the patella
significantly shifted medially during flexion with medi-
alization of the tibial baseplate, the effect on the clini-
cal more relevant [12, 19] retropatellar peak pressure was
only minor. Together with findings of the former study [34]
detecting no significant influence of rotational alignment
on patella shift, it seems that patella shift has less influence
on retropatellar peak pressure. This applies at least for the
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range of patella shift measured in this study (2.7 mm, range
1.6 vs. 4.3 mm).

A further aspect is patella tilt. External rotation as well
as lateralization of the tibial component resulted in a sig-
nificant lateral patella tilt. Both alterations should theoreti-
cally provoke an indirect medialization of the tibial tuber-
osity. Other than expected, not a medial but a lateral tilt of
the patella was measured with the lateralized tibial base-
plate. These findings are also supported by Nagamine et al.
[29]. In their study, a medial transfer of the tibial tubercle
by an average of 9.5 mm in a TKA model with 8.0° inter-
nal rotation of femur component also led to a more lateral
patella tilt.

Looking at the results of the femorotibial rotation before
and after TKA in a former study [32], a lower femorotibial
external rotation after TKA could be demonstrated, which
is also in accordance with in vivo studies [8, 17]. The
kinematics of the medialized tibial component was more
comparable to a natural knee in the same rig with a higher
degree of external femorotibial rotation with flexion.

Similar to all in vitro studies with cadaver specimens
examined in a knee rig, this evaluation has the limitation of
a simulated load squat. In such a set-up, most activities of
daily living, such as walking, rising from a chair, or climb-
ing stairs, cannot be simulated. But nevertheless the results
of this simulation can provide evidence about the influence
of implant position on kinematics and retropatellar pres-
sure during daily activities. We tested all modifications of
implantation in between one specimen, and due to paired
observations, statistical significance is supported. Although
a higher number of specimens might have supported our
results substantially.

Additionally, the results of this study only apply to TKA
with fixed-bearing inlays. The results cannot be transferred
to other TKA designs. In particular, posterior stabilized
TKA would result in a different rollback and therefore dif-
ferent tibiofemoral and patella kinematics [41].

For reducing the risk of post-operative pain and local
bone resorption, surgeons should place the tibial baseplate
with regard to a maximal tibial coverage without overhang
and an adequate rotational alignment to the medial third of
the tibial tuberosity.

Conclusion

In conclusion, medialization of the tibial baseplate revealed
more lateral rollback along with an external femoroti-
bial rotation, which supposedly replicates more natural
kinematics. Although a medial positioning of the tibial
baseplate cannot be advised as retropatellar peak pres-
sure remains unchanged, a risk of tibial malpositioning is
predominant. For the positioning of the tibial baseplate,

rotational alignment seems to be more important than
mediolateral orientation.
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