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the knee while quadriceps muscles and hamstring forces 
were applied.
Results  Maximum peak pressure for internal rotation of 
the trochlea was 7.32 ± 2.31 MPa, in neutral position the 
pressure reduced slightly to 7.31 ±  2.12 MPa and during 
further external rotation of trochlea rotation a decrease 
from 3° with 7.18 ± 2.14 MPa to 6° with 6.22 ± 1.83 MPa 
was observed (p  <  0.01). There was a tendency of lower 
quadriceps force with increasing external rotation of the 
trochlea (p = 0.08).
Conclusions  The implantation of the femoral component 
by 3° internal trochlea rotation to transepicondylar line 
resulted in a highly significant increase of the mean maxi-
mal retropatellar pressure compared to 6° external rota-
tion of the trochlea of the femoral component (p < 0.01). 
A higher retropatellar pressure might lead to anterior knee 
pain after TKA. We recommend an external rotation of the 
femoral component between 3° and 6° to anatomical tran-
sepicondylar line to reduce the maximal retropatellar pres-
sure, but only if adequate soft tissue balancing and stable 
knee kinematics are provided.
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Introduction

Total knee arthroplasty (TKA) is an effective solution for 
osteoarthritis of the knee, although up to 19 % of primary 
TKA patients are unsatisfied postoperatively [1]. 12 % of 
peripatellar complications after TKA without retropatellar 
resurfacing is described [2]; however, revision rates and 
postoperative outcome are similar compared to resurfaced 

Abstract 
Introduction P atellofemoral complications are one major 
concern after total knee arthroplasty (TKA). Anterior knee 
pain is one of these complications and to a high percentage 
responsible for unsatisfied patients after TKA. Malrotation 
of the femoral component can contribute to retropatellar 
peak pressure and consequently to anterior knee pain.
Materials and methods E ight fresh frozen cadavers 
were tested in a force-controlled knee rig after TKA dur-
ing isokinetic flexing of the knee from 20° to 120° under 
constant load. By tilting the trochlea in the material of the 
created femoral component replicas, a rotation of the femo-
ral component by 3° internal, 0° (neutral), 3° and 6° exter-
nal rotation to transepicondylar line was simulated without 
changing flexion or extension gap. Retropatellar pressure 
distribution was measured during flexion and extension of 
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patella [3, 4]. Anterior knee pain is one of the major con-
cerns after TKA; patients are suffering by peripatellar, 
burning pain with higher flexion grades, walking stairs and 
raising from a chair [5].

Excessive postoperative retropatellar pressure is sup-
posed to provoke postoperative patella problems [6–9]. 
In vitro studies with human specimens are a successful 
method to investigate retropatellar pressure distribution [8, 
10], and were also used for this study.

The trochlea of the femoral component is mainly 
involved in terms of patella tracking and patella pres-
sure after TKA [11, 12] and external femoral component 
rotation can reproduce natural kinematics of the patella 
and reduce retropatellar pressure [13, 10, 14]. Clinical 
analysis also showed that internal rotation of the femoral 
component is correlated with anterior knee pain [15–17]. 
However, Miller et al. [18] showed in their study the best 
results regarding patella tracking and forces in neutral 
position of the femoral component to transepicondylar 
axis (TEA).

Hence, there is no standard recommendation of the 
amount of rotation of the femoral component in TKA to 
reduce retropatellar pressure during movement of the knee. 
We, therefore, evaluated retropatellar pressure distribution 
with 3° internal, 0° (neutral), 3° and 6° external rotation 
of the trochlea of the femoral component by aligning it to 
the anatomical transepicondylar axis in a special knee rig 
under force-controlled muscle load in a range of motion of 
20°–120°. In addition, a comparison of the rapid prototype 
replicas and the standard prostheses made of cobalt–chro-
mium alloy were examined to verify differences between 
the both materials for this in vitro knee rig study.

Materials and methods

Prostheses

The study was performed with a posterior cruciate retrain-
ing prosthesis system with a fixed bearing UHMWPE-inlay 
(Aesculap, Tuttlingen, Germany, Columbus CR). Based 
on the CAD-data of the femoral components were modi-
fied on a personal computer by tilting the trochlea of the 
femoral component by 3° internal, 0° (neutral) and 3° 
and 6° external rotation (Catia V5R19; Dassault Systems; 
France). The condyles and all other geometries remained 
unmodified (Fig. 1). Afterwards the manufacturer used the 
CAD-models for producing the femoral components from 
size two to six with a professional 3D-printer (Object Eden 
350, Rehovot Israel). Components were printed in thin lay-
ers of a liquid polymer, which immediately polymerized 
under UV-light. The prostheses were then polished under 
water with fine-grained abrasive paper up to a grain size of 

1,000. The tibial components as well as PE inlays remained 
unchanged, the original materials were used.

Thus, it was possible to use the same bone cuts with dif-
ferent femoral components for an exclusive investigation of 
retropatellar pressure after TKA without influencing tibi-
ofemoral compartments of the knee.

Specimens

Eight fresh frozen knee specimens (age range between 
38 and 68 years, 3 female, 5 male, height: 176 ±  5 mm; 
weight: 75 ± 11 kg) were prepared preserving soft tissues 
surrounding the knee joint. Specimens with serious valgus 
or varus deformity (≥10°) were excluded from the study. 
The osteoarthritis was between 0° and 2° Kellgren and 
Lawrence Score [19]. Fibula head was fixed to tibia with 
a standard 4.5 diameter screw. Metallic finger traps were 
connected to the tendons (Bühler-Instrumente Medizin-
technik GmbH, Tuttlingen, Germany), augmented with 
suture material (FibreWire, Arthrex, Munich, Germany). 
The femoral and tibial bones were embedded into a metal-
lic pot both fixed with epoxy casting resin (Rencast FC53, 
Huntsman, Basel, Switzerland).

Shaping of the patella was performed by removing 
existing osteophytes on the patella circumference and the 
patella remained unresurfaced. As a next step, pressure-
sensitive film (K-Scan 4000, Tekscan Inc., Boston, USA) 
was attached to the retropatellar surface by subcutane-
ous 1.0 suture material. For stable suturing and to avoid 
shear forces, a 0.1 mm Teflon tape was glued on the sen-
sor before. The sensor was conditioned and calibrated with 

Fig. 1   Different trochlear tilting without changing the femoral  
condyles
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a two-point calibration using a material testing machine 
(Z010, Zwick, Ulm, Germany).

Biomechanical test setup

The prepared knee specimens were fixed on a six degree 
of freedom (DOF) knee rig which simulated a loaded squat 
from 20° to 120° of flexion and extension back to 20° with 
a velocity of 3°/s [20]. One linear drive (Driveset M150, 
Systec GmbH, Muenster, Germany) controlled the “hip-
assembly” position related to the “ankle assembly” (Fig. 2). 
In both assemblies, angle sensors (8820 Burster, Gerns-
bach, Germany) were included to measure the flexion angle 
of the knee joint.

The simulation of the quadriceps muscle was performed 
by a second drive (Driveset M180, Systec GmbH, Muen-
ster, Germany), while the actual quadriceps force was 
measured with a force sensor (8417-6002 Burster, Gerns-
bach, Germany) near to the tendon. In addition, lateral vas-
tus and medial vastus muscle, as well as hamstrings (sem-
itendinosus and biceps femoris muscle) were simulated 
with 2 kg weights. The ground reaction force was measured 
by a six DOF force moment sensor (FN 7325-31 FGP Sen-
sors, Cedex, France) under the ankle assembly.

The flexion/extension drive and the quadriceps drive 
were controlled by a personal computer with the help of 
a self-programmed LabVIEW code (Version 8.6, National 
Instruments, Austin, Texas, USA) using Real-Time and 
PID-Control Packages, while a constant ground reaction 
force of 50 N was applied to the specimen.

Test procedure

We implanted TKA through a medial subvastus approach in 
tibia first technique. In coronal plane, the tibial resection was 
perpendicular to the bone axis in neutral rotation using an 
intramedullary rod. Soft tissue balancing was performed using 
a gauge instrument. An intramedullary rod aligned the femoral 
component with a 4°–6° valgus relative to the femoral axis. 
The femoral component was implanted in a neutral rotation. 
The neutral position was defined according to the anatomi-
cal transepicondylar axis of the femur. A K-wire was drilled 
through the anatomical transepicondylar axis and addition-
ally, the Whiteside line was marked with an electronic cauter 
to identify femoral axis properly [21]. Afterwards, the femo-
ral bone cuts were performed according to the defined neutral 
rotation of the femoral component and TKA was implanted.

A 10  mm polyethylene inlay was used in every TKA 
including 3° of posterior slope in the inlay design. All 
knees were operated by the author A.S., who is in his 
eighth post-graduate year and a specialist for orthopedic 
and trauma surgery. All knees were operated under assis-
tance of author A.F., who is the senior attending surgeon of 
knee and hip arthroplasty in our department.

The evaluation after TKA was performed in 0° (neutral) 
rotation of the rapid prototyped femoral component. After-
wards, the femoral components with 3° internal and 3° and 
6° external rotation of the trochlea were implanted and ret-
ropatellar pressure distribution was dynamically measured 
incrementally. The prostheses made of cobalt–chromium 
alloy were also tested to compare differences between the 
different materials in neutral position.

All specimens were x-rayed anterior–posterior, sagit-
tal and sunrise view by fluoroscopy before implantation to 
evaluate the grade of osteoarthritis and patella alignment 
and after TKA to control the correct implantation of the 
prostheses.

Statistics

All results were presented in mean and standard deviation 
(SD). Mixed effects models were applied by utilizing ran-
dom intercept per specimen to compare different trochlear 
rotations (SPSS 21; IBM). Flexion angle and trochlear rota-
tion were assumed as fixed factors. Separate models were 
created for flexion (=0) and extension (=1). p < 0.05 repre-
sents statistical differences.

Results

Trochlear rotation had significant effect on the mean ret-
ropatellar peak pressure after TKA (p < 0.01). The regres-
sion coefficients showed a high retropatellar pressure at 3° 

Fig. 2   Experimental test setup to simulate deep knee flex-
ion— Munich knee rig
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internal rotation and on the other hand, a continuous reduc-
tion of retropatellar pressure from neutral to 6° external 
rotation (see Table  1). The highest peak pressure reduc-
tion was measured in high flexion angles. Therefore, the 
maximum peak pressure for internal rotation of the trochlea 

was 7.32  ±  2.31  MPa. In neutral position, the pressure 
reduced minimally to 7.31 ± 2.12 MPa and during further 
external rotation of the trochlea a decrease from 3° with 
7.18 ± 2.14 MPa to 6° with 6.22 ± 1.83 MPa was observed 
(p < 0.01) (Fig. 3). 

Figure 4 shows a retropatellar pressure distribution of a 
typical specimen with the four different trochlear rotations 
in a flexion angle of 110°. For the internal and neutral posi-
tion the center of pressure occurred within the ridge of the 
patella. After external rotation of the trochlea the center of 
peak pressure drifted to the medial facet of the patella (see 
also Table 1).

After TKA, the tibial rotation altered between the speci-
mens: three specimens showed an internal rotation between 
1° and 7° with flexion, two knees rotated slightly externally 
between 0.3° and 1° and three specimens rotated very little 
between 0.15° internal and 0.15° external rotation. How-
ever, these tibial rotations remained unchanged by using 
the femoral components with different trochlear rotations 
(Table 1, row 3; p = 0.95).

Table 1   Regression coefficients out of the mixed effects models analysis

Trochlear rotation 3° internal 0° neutral 3° external 6° external p value

Max peak pressure (+ increase; − decrease) 0.01 0 −0.09 −0.52 <0.01

Displacement of the center of pressure (+ lateral; − medial) −0.05 0 −0.4 −1.04 <0.01

Rotation tibia (+ external; − internal) 0.05 0 0.234 −0.145 0.95

Quadriceps force (+ increase; – decrease) −0.44 0 −10.53 −2.97 0.08

Fig. 3   Maximum retropatellar peak pressure during simulated squat 
in eight specimens in the Munich knee rig

Fig. 4   Retropatellar pressure 
distribution in a flexion angle of 
110° within different trochlear 
alignments
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There was a tendency of lower quadriceps force with 
increasing external rotation of the trochlea, but without sta-
tistical significance (p = 0.08). The controlled ground force 
also did not alter significantly (p = 0.33).

For the mentioned parameters, no statistical differences 
were found between the usage of rapid prototyped or stand-
ard prostheses made of cobalt–chromium (Fig. 5).

Discussion

Anterior knee pain after TKA is a relevant postoperative 
complication and is causing unsatisfied patients [22]. The 
trochlea of the femoral component is mainly involved in 
terms of patella tracking and patella pressure after TKA 
[11, 12]. Rhoads et  al. [13] showed already 1993 in vitro 
that external femoral component rotation can reproduce 
natural kinematics of the patella. Anouchi et al. [14] under-
lined these findings in their study in the same year. Fuchs 
et al. [10] showed by static measurements in their rig study 
that external rotation can reduce retropatellar pressure. 
Berger et al. [15] showed in their clinical analysis that on 
the other hand internal rotation of the femoral component 

is correlated with anterior knee pain. Barrack et  al. [16] 
underlined these results by their analysis of 102 knees. 
One of the latest studies concerning this issue showed that 
already a slight internal femoral component rotation to sur-
gical TEA can lead to anterior knee pain after TKA [17]. 
However, Miller et al. [18] showed in their study the best 
results regarding patella tracking and forces in neutral posi-
tion of the femoral component to transepicondylar axis. 
Hence, there is no gold standard in terms of the amount of 
rotation of the femoral component in TKA to reduce ret-
ropatellar pressure during movement of the knee. In the 
presented setting, we found a significant decrease of maxi-
mum retropatellar pressure ranging from 3° internal to 6° 
external rotation of the trochlea in a fixed bearing TKA 
system. As we simulated the rotation of the femoral compo-
nent using the same bone cuts, we did not change the flex-
ion and extension gap and soft tissue balancing was equal. 
Hence, retropatellar pressure distribution could be exam-
ined exclusively. On the other hand, by tilting the trochlea 
we did not analyze the effect on TKA kinematics by a real 
rotation of a femoral component, which would result in a 
changing flexion gap. However, a bigger lateral tibiofem-
oral compartment is one of the main causes to rotate the 

Fig. 5   Comparison between the usage of prostheses made of rapid prototyped material and standardized cobalt–chromium alloy
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femoral component externally to provide soft tissue balanc-
ing and stable knee kinematics [10, 13]. We recommend an 
external rotation of the femoral component between 3° and 
6° to anatomical transepicondylar line to reduce the maxi-
mal retropatellar pressure, but only if adequate soft tissue 
balancing and stable knee kinematics are provided.

The data suggest that rapid prototyping material may be 
used as an alternative to the standard prosthesis material for 
retropatellar pressure investigations with reduced weight 
bearing conditions as done in this trial. Due to our find-
ings, however, rapid prototyped prostheses cannot be rec-
ommended for fatigue, biocompatibility, tribology and test 
with loads like in situ. Rapid prototyping with polymers 
is a cheap and simple solution with a high accuracy to get 
prototypes of knee prostheses for in vitro investigations.

A limitation of our study is that we tested only one 
particular TKA design. Consequentially, our results may 
not be transferred to all other implant designs. However, 
Columbus knee system is a product of one major manu-
facturer on the market and currently used for total knee 
replacement [23]. Our results may therefore be transferred 
to similar implant designs. Another limitation is that we 
also could not simulate daily activities like walking stairs 
and rising from a chair with our knee rig, but parts of our 
results of a loading squat might be transferrable to these 
activities.

Further studies must be conducted to analyze the influ-
ence of different modifications in implanting prostheses on 
patellofemoral contact patterns and knee kinematics.
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