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Mediolateral femoral component position in TKA significantly
alters patella shift and femoral roll-back
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Abstract

Purpose Increased retropatellar pressure and altered kin-
ematics are associated with anterior knee pain and unsat-
isfied patients after total knee arthroplasty (TKA). Since
malposition of the implant is believed to contribute to post-
operative pain, we performed this in vitro study to evalu-
ate the influence of mediolateral femoral component posi-
tion on retropatellar pressure as well as tibio-femoral and
patella kinematics.

Methods For the test, a fixed-bearing TKA was implanted
in eight fresh frozen cadaver specimens. To determine the
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impact of mediolateral (ML) position, three variants of
femoral components (3-mm medialization, neutral position
and 3-mm lateralization) were produced using rapid proto-
typing replicas. In a knee rig, a loaded squat from 20° to
120° of flexion was applied. Retropatellar pressure distribu-
tion was measured with a pressure-sensitive film. Addition-
ally, an ultrasonic-based three-dimensional motion analy-
sis system was used to register patello- and tibio-femoral
kinematics.

Results ML translation of the femoral component by
3 mm did not lead to a significant alteration in retropa-
tellar peak pressure (medial 6.5 + 2.5 MPa vs. lateral
6.0 + 2.4 MPa). Following the ML translation of the
femoral component, the patella was significantly shifted
and tilted in the same directions. Varying the ML femoral
component position also led to a significant alteration in
femoral roll-back.

Conclusion In day-by-day use, ML position should be
chosen with care since there is a significant influence on
patella shift and femoral roll-back. Retropatellar pressure is
not significantly altered, so there is no clear evidence of an
impact on anterior knee pain.

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

Introduction

For decades, total knee arthroplasty (TKA) has been the
procedure of choice for patients with progressive osteoar-
thritis [1, 5]. Although materials, implant design and sur-
gical techniques were continuously improved, up to 18%
of patients are unsatisfied after TKA [12, 27, 29, 41]. As
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a consequence, chronic pain is the cause of 9% of TKA
revisions [30]. A substantial number of patients with pain
after TKA report anterior knee pain. This isolated condi-
tion affects up to 12% of patients [6, 40] and is associated
with increased postoperative retropatellar pressure [14, 21].

Several studies have proven that component position
influences postoperative knee kinematics with possible
impact on stability, increased PE wear, accompanied by
aseptic loosening, as well as anterior knee pain [17, 18, 23,
24, 26, 35, 36, 42]. Therefore, adequate implant position-
ing is crucial in order to increase the percentage of satisfied
patients. Unfavourable results in vitro as well as in clinical
studies are especially caused by increased internal malrota-
tion of the femoral as well as the tibial component [11, 24,
38, 42]. According to several in vitro studies, the reason is
assumed to be patella maltracking and increased retropatel-
lar pressure [2, 28, 35].

Femoral component size is mainly determined by ante-
rior—posterior (AP) dimension, because this element is
decisive for the flexion and extension gap and hereby for
the joint line [4, 9, 15, 32]. Proper AP sizing though often
leads to an oversized femoral component in mediolateral
(ML) dimension resulting in ML overhang [10, 25]. Addi-
tionally, the recommended slight external rotation (3°) of
femoral component causes a further increase in AP size
[20].

In vitro studies addressing the impact of ML positioning
of femoral component are very rare. Armstrong et al. [3]
examined the influence of ML position on patello-femoral
kinematics. In the given study, only patella shift was sig-
nificantly altered by ML position. The impact of ML posi-
tion on retropatellar pressure and tibio-femoral kinematics
is still not clear. It can only be hypothesized that a mediali-
zation could lead to a relatively more lateral position of the
patella on the trochlear of the femoral component associ-
ated with higher pressure on the lateral retropatellar facet
[2, 31]. This could result in a higher incidence of anterior
knee pain [14, 21]. To our knowledge, there are no in vitro
studies which have investigated this matter. Therefore, the
purpose of this study was to examine the in vitro influ-
ence of a medialized and lateralized femoral component on
tibio-femoral and patella kinematics as well as retropatellar
pressure after TKA using a knee rig.

Materials and methods
Specimens

Eight fresh frozen human knee specimens (age

589 + 11.7 years; height 1769 + 5.9 cm; weight
81.5 + 10.6 kg; 3 females, 5 males) were shortened

20 cm proximal and 15 cm distal to the joint line of the

@ Springer

knee. Specimens with distinct bone deformity like val-
gus or varus deviations >10° were excluded. Surrounding
soft tissue of the knee, like capsule, ligaments and ten-
dons, was preserved. Metallic finger traps (Biihler-Instru-
mente Medizintechnik GmbH, Tuttlingen, Germany) were
attached to the tendons with suture material (FibreWire,
Arthrex, Munich, Germany) to simulate muscle forces. The
fibula head was fixed to the proximal tibia using a 4.5-mm
screw. After preparation, tibial and femoral bone ends were
incorporated into metallic pots using epoxide resin (Ren-
cast FC53, Huntsman, Basel, Switzerland).

To exclude specimens with severe bone deformities and
to evaluate the extent of osteoarthritis radiographs in two
plains with skyline view were taken before implantation.
The same radiographs were performed postoperatively to
ensure the correct positioning of implants.

Prostheses

The in vitro tests were conducted with the cruciate retain-
ing fixed-bearing knee system Columbus CR (Aesculap
AG, Tuttlingen, Germany). The original tibial components
as well as UHWMPE inlays were utilized. To evaluate the
impact of ML femoral component position, the neutral
implant and two modifications with 3-mm medialization
and lateralization were produced for the most frequently
used sizes 2—6 (Fig. 1). For the construction of 30 varia-
tions in total, the manufacturer provided the original CAD
data. The medialized and lateralized modifications were
constructed with the CAD software CATIA V5R19 (Das-
sault Systems, Vélizy-Villacoublay Cedex, France). For the
three variations per size, the femoral cuts and the two fem-
oral posts were maintained at the same place. Therefore,
the trochlea and the condyles were medialized or lateral-
ized relative to the posts.

Afterwards, these femoral models were produced using a
professional 3D printer (Object Eden 350, Rehovot, Israel).

3 mm Lateralisierung
Neutrale Position
3 mm Medialisierung

__laterg,

Fig. 1 Illustration of the three different variations of femoral compo-
nent
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Implants were printed in thin layers (down to approximately
50 um) of a liquid photopolymer resin (Objet VeroBlue
RGD840, consisting of several acrylate oligomers, acrylic
monomer, isobornyl acrylate and a photoinitiator) polymer-
izing under UV light. The resulting components were pol-
ished under water with fine-grained sandpaper (up to grain
size 1000). This method of photopolymerized rapid proto-
typing TKA replicas was already evaluated for in vitro test-
ing by Schroder et al. [33].

Implantation

All implantations were performed by two experienced sur-
geons (A.S. and A.F.) in tibia first technique for ligament
balancing using a subvastus approach. Tibial resection
was perpendicular to the bone axis using an intramedul-
lary rod. As defined as the best rotational position, all tibial
components were oriented to the medial third of the tibial
tuberosity [24]. For the rotational alignment of the femo-
ral component, a K-wire was drilled through the medial
and lateral epicondyle of the femur to define the anatomi-
cal transepicondylar axis. Additionally, the Whiteside line
was marked with an electronic cauter [22]. Afterwards, the
femoral bone cuts were performed parallel to the defined
transepicondylar axis to achieve neutral rotation of the fem-
oral component. The femoral component was positioned
centrally on the femur with the same distance to the medial
and lateral osseous border at the middle of the distal bone
cut using a ruler. The TKA was implanted with a 10-mm
polyethylene inlay in all cases.

Biomechanical test set-up

After removing peripatellar osteophytes, a pressure-sensi-
tive film (K-Scan 4000, Tekscan Inc., Boston, USA) with
a maximal pressure capacity of 1500 PSI (~10 MPa) and a
resolution of 62 sensels per cm? (totally 572 sensels) was
attached to the retropatellar surface for measurement of
retropatellar pressure distribution. To avoid shear forces, a
0.125-mm Teflon tape (PTFE tape) was glued onto the film.
The sensor was fixed to the retropatellar surface with sub-
cutaneous 1.0 suture material. After the tape was glued and
before suturing, the sensor film was calibrated by applying
a two-point load using a material testing machine (Z010,
Zwick, Ulm, Germany).

Measurements were taken using a well-established
knee rig with six degrees of freedom (DOF) [33, 34,
36-38] (Fig. 2). A loaded squat from 20° to 120° of flex-
ion followed by extension back to 20° with a velocity
of 3°/s was mediated by a linear drive (Driveset M 150,
Systec GmbH, Muenster, Germany). Constant angle
velocity was ensured by controlling the linear veloc-
ity of the stepper respecting the first derivation of the

] I T
‘ linear drives H ‘
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J T — . = l hip assembly
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/ (HW knee specimen
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weights /
I _° ~ankle assembly

[ — -

———

T

Fig. 2 Drawing of the experimental set-up with the knee rig to simu-
late a loaded squat

cosine law. For the registration of flexion angle of the
knee joint, two angle sensors (8820 Burster, Gernsbach,
Germany) installed in the “hip unit” and the “ankle unit”
were used. A further linear drive (Driveset M180, Sys-
tec GmbH, Muenster, Germany) was applied to build
up flexion moment inducing the ground reaction force.
The registration of actual quadriceps force was achieved
with a force sensor (8417-6002 Burster, Gernsbach, Ger-
many) installed near the tendon. Additionally, the tension
of the medial vastus, lateral vastus, semitendinosus and
biceps femoris muscle was simulated with 2 kg weights
attached to each tendon. For registration of the generated
ground reaction force, a six-DOF force moment sensor
(FN 7325-31 FGP Sensors, Cedex, France) was mounted
under the ankle unit. The linear drives for motion genera-
tion and for quadriceps force simulation were driven by a
personal computer using a LabVIEW code (Version 8.6,
National Instruments, Austin, Texas, USA) with Real-
Time and PID-Control Packages to maintain a constant
ground reaction force of 50 N.

Kinematics of the tibio-femoral and the patello-femoral
joint were recorded using an ultrasonic-based three-dimen-
sional motion analysis system (Zebris CMS 20, Isny, Ger-
many). The measurement system persists of three miniature
ultrasonic transmitters attached to the femur, the tibia and
the patella. This way it was possible to register the relative
rotation and translation of the three parts of the knee joint
to each other. The definitions of Bull et al. [7] (flexion,
rotation, tilt and shift) were applied to describe the relative
motion of the patella.
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The study was approved by the ethical committee of the
University of Munich (LMU), Germany.

Statistical analysis

The results are given in mean =+ standard deviation. The
impact of mediolateral femoral component position was
statistically evaluated using mixed-effects models with
a random intercept per specimen. The cosine of the flex-
ion angle (FA in radian), the squared cosine of the FA, the
cubed cosine of the FA, moving direction (flexion or exten-
sion) as well as the different femoral component positions
(3-mm medialized/neutral/3-mm lateralized) were assumed
to be fixed factors. After consultation of the Institute of
Medical Informatics, Biometry and Epidemiology (IBE) of
the University of Munich, we decided for a mixed-effects
model with a random intercept per specimen for this study.
For this type of statistical test, a sample size calculation
is not applicable, respectively, common. Therefore, we
did not perform a sample size calculation. For the mixed-
effects models, results were presented as main of regres-
sion coefficients and 95% confidence interval. All statistical
analyses were calculated with SPSS software (SPSS release
21.0, IBM, New York, USA). All differences were consid-
ered significant with p < 0.05.

Results

The maximum quadriceps load was 737 + 67 N for the
lateral, 744 + 72 N for the neutral and 751 + 75 N for the
medial position (n.s.), which resulted in a nonsignificant
different ground reaction force between the variants (n.s.)
(Table 1). The difference regarding retropatellar peak
pressure was also not significant (n.s.). However there
was a slight increase of retropatellar peak pressure after
medialization of femoral component to 6.5 + 2.4 MPa
compared to 6.2 + 2.5 MPa for the neutral position. For
the lateralized variant, the decrease was also only minor
with 6.0 + 2.5 MPa. The differences and absolute values

for retropatellar peak pressure increased with rising flex-
ion angles. Concerning the distribution of retropatellar
pressure, there was not a significant difference between
the three tested variants (Fig. 3).

Regarding patello-femoral kinematics, ML position
of femoral component led to a significant alteration in
patella shift and tilt (Table 1). The differences in patella
flexion and patella rotation were not significant. For the
fully examined loaded squat, the patella was shifted fol-
lowing the translation of the femoral component (Fig. 4).
As a consequence of altered shift, the patella was also
significantly tilted in the same direction in 20° of flex-
ion. With increasing flexion angels, the patella was tilted
medially for all three variants (Fig. 5).

Concerning tibio-femoral kinematics, only translation
of the femoral epicondylar axis, also called “roll-back”,
was affected significantly. Tibio-femoral rotation was not
significantly influenced by ML position of the femoral
component (Table 1). For all three variants, roll-back was
more prominent at the lateral compartment (Fig. 6). Con-
cerning the roll-back of the lateral condyle between 20°
and 120° flexion angle, there were only slight differences
between the three tested variations. Compared to the neu-
tral position with 8.2 + 5.5, 3-mm lateralization revealed
slightly more roll-back with 8.8 + 6.1, 3-mm medializa-
tion, slightly less with 7.2 + 5.7 mm.

lateral

neutral medial

Fig. 3 Retropatellar pressure distribution in 90° flexion angle for the
lateralized, the neutral and the medialized femoral component

Table 1 Results of mixed-

" Parameter
effects models expressed in

3-mm medialization Neutral 3-mm lateralization p value

main of regression coefficients

Quadriceps muscle force in N
and 95% confidence interval

Ground reaction force in N

Translation of the femur (+anterior) in mm —0.2 (-0.8; 0.4)
Femorotibial rotation (+internal) in °

Patella flexion in °©

Patella rotation (+lateral) in®
Patella tilt (+lateral) in ©
Patella shift (+lateral) in mm

Retropatellar peak pressure in MPa

-75(-162;-12) 0 —69(=156;1.9) ns.

0.0 (=0.5;0.5) 0 0.2(=0.3;07) n.s.

0 —12(-1.8;-0.6) p<0.01

0.0 (=0.3;0.3) 0 —-02(=0.5,0.1) n.s.

0.1 (=1.9;2.0) 0 —0.1(=2.0;1.9) n.s.

0.0 (=0.1;0.3) 0 0.1(=0.1;02) n.s.
—-0.4(=0.7,-02) 0 0.5(0.3;0.7)  p<0.0l
—28(=3.0;-2.6) 0 30(2.8;32)  p<001

0.1 (0.0; 0.3) 0 0.0(=0.2;0.1) n.s.
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Fig. 4 Course of patella shift from 20° to 120° flexion angle of the
three different tested femoral components
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Fig. 5 Course of patella tilt from 20° to 120° flexion angle of the
three different tested femoral components

Discussion

The most important finding of this study was the impact
of femoral component ML position on patella shift. The
patella followed directly the ML translation (Fig. 4). In
terms of patella shift, this study could confirm the results
of Armstrong et al. [3]. Therefore, it seems to be obvious

Iatera%

/ —

lateral

neutral

e 20°
60°
90°

= 120°

( —

5mm

lateral

Fig. 6 Posterior translation of the femoral epicondylar axis upon dif-
ferent flexion angles displayed on the tibial baseplate for the lateral-
ized, neutral and medialized femoral component

that the trochlea determines the ML position of the patella.
As a side effect of the altered shift, the patella was also sig-
nificantly tilted in the same direction. The reason could be
seen in the unchanged insertion of the patella tendon and
the quadriceps muscle. This effect was most prominent
between 20° and 40° flexion angle. With more relevant
increase of flexion, the patella tilt of all three variations
assimilated (Fig. 5). Even though these two parameters of
patella kinematics were significantly influenced, retropatel-
lar peak pressure was not significantly altered. There was
only a slight decrease in peak pressure to 6.0 + 2.5 MPa
when testing the variant with 3-mm lateralization of the
femoral component. Therefore, the hypothesis that a medi-
alized femoral component would lead to significantly
increased retropatellar pressure was not confirmed. The
second aspect of the hypothesis with higher pressure at the
lateral facet for a medialized femoral component could also
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not be proven since pressure distribution was unchanged for
all three variants (Fig. 3).

Comparing the results of retropatellar peak pressure with
former studies conducted with the same knee rig under the
same loaded squat reveals a significant influence for rota-
tion of the femoral as well as the tibial component [36, 38].
Regarding maximal peak values, the difference between 3°
internal and 6° external rotation of the femoral components
trochlea was 1.1 MPa (7.3 + 2.3 vs. 6.2 + 1.8 MPa). These
alterations are more than two times higher compared to
medialization and lateralization by 3 mm with an increase
of 0.5 MPa (6.0 + 2.5 vs. 6.5 + 2.4 MPa). ML translations
of the femoral or tibial [34] components have both only a
minor effect on retropatellar pressure. The range of maxi-
mal peak value differences induced by 3-mm medialization
versus 3-mm lateralization is in both cases about the same
(0.5 MPa for the femoral component and 0.3 MPa for the
tibial baseplate). Since decreased retropatellar peak pres-
sure is clinically relevant to reducing anterior knee pain
[14, 21], rotational alignment seems to be more important
than the ML position.

The influence of femoral ML position on tibio-femoral
kinematics with a significant increase in femoral roll-back
especially for the variation with 3-mm lateralization was
unexpected. This effect was more prominent for the lateral
compartment (Fig. 4). The extent of roll-back for the later-
alized variant is in tendency closer to the kinematical find-
ings in the physiological tibio-femoral joint [13]. But the
absolute values of roll-back at the lateral compartment of
the lateralized femoral component were with 8.8 + 6.1 mm
still much less than determined in the native knee with
about 15 mm [13]. A similar extent of roll-back was meas-
ured for a 3-mm medialized tibial baseplate (9.7 + 4.7 mm)
[37] using the same knee rig. But actually it is not proven
that a more natural kinematic of the knee after TKA also
comes along with superior clinical results [16, 19].

A comparison with the variant with 3-mm medializa-
tion of the baseplate is particularly interesting since in both
cases the relative alteration in the femoral and tibial com-
ponent to each other is the same. Hence, the reason for the
increased lateral roll-back seems to be the same for both
variations. An explanation could be seen in modified ten-
sions of the collateral ligaments. Similar to registrations
of ligament tension in tibial components with malrotation,
the lateralization of the femoral component could result
in increased tension of the medial collateral ligament and
reduced tension of the lateral collateral ligament [22]. This
alteration in tension could lead to a stabilization of the
medial rather than the lateral compartment, resulting in a
pronounced lateral roll-back.

Mediolateral position of the femoral component needs to
be chosen with care and translation is limited to some mm.
The main problem is ML overhang. Since AP dimension
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determines the size of femoral component, ML overhang of
>3 mm is common [4, 9, 10, 15]. Especially in women the
incidence can be up to 68% [25]. As a consequence, these
patients have a higher risk of postoperative knee pain. To
reduce the incidence of overhang, several implants with
reduced ML dimensions were introduced [9]. But a clini-
cal benefit of these “gender-specific” implants could not
be proven [8]. Since medialization or lateralization of the
femoral component could lead to increased medial or lat-
eral overhang, there would be a higher risk of soft tissue
irritation and unfavourable postoperative results.

There is one clinical study examining the impact of ML
malpositioning of the femoral component [39]. Against the
hypothesis of the authors medialization of >5 mm resulted
in a better postoperative outcome. The authors tried to
explain these findings by the lateral trochlear orientation
of the femoral component. These results cannot be proven
by this in vitro study since medialization did not lead to
decreased retropatellar pressure or more physiological fem-
oral roll-back.

This study has several limitations. First of all, there are
the typical limitations of all in vitro studies using cadaver
specimens examined in a knee rig. The specimens were
loaded following a simulated squat. With this experimen-
tal set-up, most activities of daily living (e.g. walking, ris-
ing from a chair or stair climbing) cannot be simulated. But
similar to other studies using a knee rig, the influence of
implant position on kinematics and retropatellar pressure
might be transferrable to daily activities.

To evaluate different ML positions of the femoral com-
ponent using the same femoral cuts and femoral pegs, it
was necessary to produce rapid prototyping TKA repli-
cas. Even if the materials are different compared with the
original implant, both prostheses reveal similar in vitro test
results [33].

It must also be taken into account that the results only
apply for TKA with a fixed-bearing design like the one
used for this study (Columbus CR, Aesculap AG, Tuttlin-
gen, Germany). Other TKA designs like mobile-bearing or
posterior stabilized TKA would result in different roll-back
and probably also different patella kinematics.

Conclusion

Mediolateral positioning of the femoral component has an
impact on patellar as well as tibio-femoral kinematics and
should therefore be addressed with care. Since ML posi-
tion has no significant influence on retropatellar peak pres-
sure, the risk of anterior knee pain seems to remain rather
unchanged. ML malpositioning should be limited to avoid
implant overhang resulting in postoperative pain. Adequate
rotational alignments of the femoral as well as the tibial
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component are more relevant during implantation of TKA
to decrease retropatellar pressure and therefore the inci-
dence of anterior knee pain.
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