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Abstract
Purpose  Torsional osteotomy of the distal femur allows anatomic treatment of patellofemoral instability and patellofemoral 
pain syndrome in cases of increased femoral antetorsion. The purpose of this study was to investigate the effects of distal 
femoral torsional osteotomy on pressure distribution of the medial and lateral patellar facet.
Methods  Nine fresh frozen human knee specimens were embedded in custom-made 3D-printed casts and tested with a 
robotic arm. Torsional osteotomy could be simulated ranging from increased femoral antetorsion of 25° with a corresponding 
lateralization of the patella to an overcorrected value of 5° of femoral antetorsion. The peak and mean lateral and medial com-
partment pressure was measured in 0°, 15°, 30°, 45°, 60° and 90° flexion beginning with neutral anatomic muscle rotation.
Results  The medial aspect of the patella showed a significant influence of femoral torsion with an increase of mean and peak 
pressure in all flexion angles with progressive derotation from 15° external rotation to 5° internal rotation (p = 0.004). The 
overall pressure difference was highest in near extension and stayed on a constant level with further flexion. On the lateral 
facet, the derotation resulted in decrease of pressure in near extension; however, it had no significant influence on the mean 
and peak pressure through the different torsion angles (n.s.). Unlike on the medial facet, a significant consistent increase of 
peak pressure from 0° to 90° flexion could be shown (p = 0.022) on the lateral patella aspect.
Conclusion  Distal femoral torsional osteotomy to correct pathological femoral antetorsion leads to a redistribution of ret-
ropatellar pressure. External derotation leads to an increased peak pressure on the medial patellar facet and can impair 
simultaneous cartilage repair. However, as the lateral patellofemoral load decreases, it has a potential in preventing patel-
lofemoral osteoarthritis.
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Introduction

Patellofemoral instability includes patella tilt, maltrack-
ing, subluxation and dislocation [31]. The multifacto-
rial cause of patellofemoral instability comprises medial 
patellofemoral ligament (MPFL) disruption, trochlear dys-
plasia, excessive tibial tubercle (TT) lateralization with 
elevated tibial tubercle–trochlear groove (TTTG) distance, 
or patella alta [1, 30]. Another important factor, though 
sometimes underestimated, includes variances of mechani-
cal malalignment such as genu valgum or femoral ante-
torsion [5, 9, 27]. It affects all corresponding static and 
dynamic factors of patellofemoral instability as it is essen-
tial for bony morphology and the resulting muscular strain 
[7, 16, 30]. Distal femoral osteotomy (DFO) procedures 
combined with additional external torsional osteotomies 
have been proved to be a reliable option for correction 
of torsional pathologies in patellofemoral instability [4, 
16, 32]. High success rates with torsional osteotomies are 
reported in the literature [6, 17, 32].

Patellar dislocation and chronic patellofemoral insta-
bility are linked to the development of abnormal contact 
stress and joint degeneration [22, 24]. Frequently, concom-
itant osteochondral injuries, especially cartilage lesions of 
the patellar surface, are present [12, 23, 29]. As a major 
contributor to adverse clinical outcomes, these lesions 
demand a simultaneous treatment. In literature, due to 
the numerous complex variables influencing treatment of 
patellofemoral instability, there is still a lack of high-level 
evidence [21].

Torsional osteotomies are more frequently performed 
in patellofemoral dysbalance in the last few years, so bio-
mechanical analyzation of the mechanical load gives an 
important indication for evaluating treatment options in 
the clinical setting. It is unknown if a torsional DFO leads 
to increased peak contact pressure to the opposing ret-
ropatellar articular cartilage and hence might influence the 
outcome of a cartilage treatment. The purpose of the cur-
rent study was to evaluate the effects of torsional DFO on 
retropatellar contact pressure in human cadaveric knees, 
as there is an enormous lack of evidence in literature. It 
was hypothesized that torsion significantly increases the 
articular contact patterns of the medial patellar facet. On 
the other hand, a reduction of the lateral facet contact pres-
sure would be preferable in cases of early osteoarthritis. 
According to the results found in this study, a guideline 
might be given to the clinician for concomitant patellar 
cartilage therapy.

Materials and methods

To investigate the hypothesis, nine fresh frozen human 
knee specimens (Med Cure, Orlando, USA) were used. No 
ethics approval was required for this cadaver study. The 
mean age was 66.1 ±11.5 (range 43.2–77.4) years; there 
were five males and four females. The knees had no his-
tory of disease or prior surgery. All knee specimens were 
thawed overnight at room temperature.

Prior to testing, every knee underwent a radiological 
evaluation. The mean Caton–Deschamps index of 0.95 
±0.09 (range 0.79–1.06) indicated a physiological patella 
height and the patellar morphology was mainly Wiberg 
type 2. No trochlear dysplasia, osteoarthritis or any patel-
lar deformity was evident.

Each specimen initially consisted of all bone and soft 
tissue transected 20 cm proximal and distal to the joint line. 
The soft tissue was excised leaving capsule, fascia, ligaments 
and tendons intact. The quadriceps muscles were separated 
into five components: rectus femoris, vastus intermedius, 
vastus medialis longus, vastus medialis obliquus and vastus 
lateralis. Additionally, the tractus iliotibialis (ITB) has been 
prepared for testing. The vastus intermedius was elevated 
from the anterior femoral shaft and grouped with the rectus 
femoris. The muscular components and the ITB were each 
stitched to cloth material and additionally fixed with cable 
wires to apply muscle load with a total of 205N [11, 25, 34]. 
The specimens were embedded in 3D-printed castings using 
quick hardening polyurethane resin (RenCast® FC Isocy-
anate/FC 52 Polyol). To ensure correct loading, the tibia was 
potted perpendicular to the joint with the knee in full exten-
sion. The femur was aligned parallel to its anatomic axis. 
Axial rotation of both the tibia and the femur was minimized 
with respect to the epicondyle axis. To realize these orienta-
tion specifications, a cross line laser was utilized during the 
potting procedure. Specimens were kept moist throughout 
the preparation and the experiment by spraying physiologi-
cal saline water occasionally.

A 4041 Tekscan sensor (Tekscan Inc., Boston, USA) 
was used to measure patellofemoral mean and peak contact 
pressure. The sensor was 0.1 mm thick with two separate 
sensors measuring 40.1 × 24.9 mm each, detecting a maxi-
mal pressure of 3.45 MPa. Calibration and equilibration 
were carried out based on manufacturer’s guidelines [3, 8]. 
The sensor was inserted through the suprapatellar recess 
maintaining the medial and lateral capsule and ligaments. 
The two separate sensors covered both the medial and 
lateral patellar surfaces being pasted up to the cartilage 
(Superglue, Pattex©, Düsseldorf, Germany) to prevent it 
from moving during knee flexion.

A six-axis robot arm was used for biomechanical test-
ing (Staubli, RX 90 B, Germany, Bayreuth). The tibia was 
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connected to the tip of the robotic system which consisted 
of a multidimensional force torque sensor (90M40A3, JR3 
Inc., Woodland, USA). The femur and the rotatable load-
ing mechanism were attached to the robot’s base frame 
(Fig. 1). Each of the six different muscle strings were 
positioned and loaded individually in accordance with 
directions and physiological cross-sectional areas regard-
ing the anatomic characteristics [10, 34]. Hyperextension 
of the joint was determined by the system neutralizing the 
applied loads. The resulting pose was utilized to calculate 
the measurement flexion angles. To account for the femur 
mass, half of every specimen’s weight and the connec-
tor’s weight were compensated. All other acting forces and 
moments, except the torque around the fixed epicondyle 
axis, were minimized during all applied motions. The peak 
and mean lateral and medial compartment pressure was 
then measured in 0°, 15°, 30°, 45°, 60° and 90° flexion 
(with an error of less than 0.1°). Before the investigation, 
all specimens were preconditioned by three flexion–exten-
sion cycles from 0° to 90° of flexion.

The study concentrated on the investigation of the peak 
pressure on the medial and lateral patellofemoral compartment 
during torsional adjustment osteotomy of the femur. To mimic 
the torsional osteotomy, a special custom-made loading frame 
was designed to rotate the femur’s muscle strings manually in 

5° steps from 5° external rotation to 15° internal rotation with 
the femur being fixed. Accordingly, a stepwise clinical relevant 
situation could be simulated ranging from increased femoral 
antetorsion of 25° with a corresponding lateralization of the 
patella to an overcorrected standard value of 5° of femoral 
antetorsion with a then medialized patella. The peak and mean 
lateral and medial patellofemoral compartment pressures were 
then measured in 0°, 15°, 30°, 45°, 60° and 90° flexion begin-
ning with neutral anatomic muscle rotation.

Statistical analysis

The statistical analysis is based upon a two-factor analysis of 
variance (ANOVA) with repeated measures. Hereby, differ-
ences between various conditions of angle and rotation were 
tested. The data set is balanced and includes nine specimens 
for which observations are given under each condition. To 
control for possible violations against the sphericity assump-
tion, a Huynh–Feldt and Greenhouse–Geisser correction was 
conducted. For all statistical decisions, a significance level 
of 0.05 was used. Violations against the sphericity assump-
tion seemed to be of minor extent in the overall analysis and 
only have to be taken into account when analyzing differ-
ences under the medial pressure setup. The analysis is con-
ducted with SPSS version 24.0 (IBM, Armonk, New York), 
while the results were additionally recalculated with R ver-
sion 3.4.2 (Austria, Vienna). Given the exploratory nature of 
this study, a priori sample size analysis was not performed.

Results

The medial aspect of the patella (Fig. 2) showed a significant 
influence of external femoral derotation with an increase 
of peak pressure with progressive derotation from 15° 

Fig. 1   Experimental arrangement of the robotic knee simulator. The 
femur (F) and tibia (T) were potted in custom-made 3D casts. The 
femur and the rotatable loading frame were attached to the robot’s 
base frame. The tibia was connected to the robot’s tipcylinders using 
a bone cement compound. A pressure-sensitive sensor foil was 
inserted through the suprapatellar recess and fixed with glue. The 
rotation angle was set by prefabricated fitting (an enlarged detail of 
the rotation frame)

Fig. 2   Peak medial patellofemoral joint contact pressures (in MPa), 
n = 9, from 0° to 90° flexion, for five different torsion angles with 15° 
simulating increased femoral antetorsion to − 5° simulating overcor-
rected femoral antetorsion
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internal torsion to 5° external torsion (p = 0.004) as well 
as a tendency to higher peak pressures in all flexion angles 
(n.s.). Similarly, the mean medial contact pressure increased 
(p = 0.008). Accordingly, a decrease of mean and peak pres-
sure was detected for the lateral facet and femoral external 
derotation from 15° internal torsion to 5° external torsion 
(Fig. 3). The strongest effect was measured between 0° and 
30° of knee flexion. However, the derotation had no sig-
nificant influence through the different flexion angles (n.s.). 
Still, a consistent increase of peak pressure from 0° to 90° 
flexion could be detected (p = 0.022). Retropatellar mean 
pressure was lowest in near extension and increased gradu-
ally with flexion. The mean pressure remained < 0.41 MPa 
for flexion up to 90°.

Discussion

The most important finding of this study was that the patel-
lofemoral pressure at the medial facet increases significantly 
in distal femoral torsional osteotomies. Mean and peak pres-
sure of the medial facet increases highest in 15°–30° flexion 
angles and remains on a constant level with further flexion. 
In simulated increased femoral antetorsion and correspond-
ing lateralization of the patella, the mean and peak pressure 
is higher on the lateral facet compared to the medial facet 
and increases with continuous knee flexion.

Osteotomies around the knee have been utilized inde-
pendently as well as in combination with cartilage repair 
techniques to improve symptoms of cartilage pathology and 
patellofemoral symptoms. In the tibiofemoral joint, both 
opening- and closing-wedge femoral or tibial osteotomies 
have been established as a technique to off-load damaged 
cartilage areas in an attempt to provide symptom relief [14, 
20, 36]. In the setting of cartilage repair, a concomitant 

osteotomy can be used to off-load the repair site and to sup-
port the healing process [2].

In pathologic femoral antetorsion, a distal femoral tor-
sional osteotomy provides significant pain relief as well as 
patellofemoral stability. In a cadaver study of mature femora, 
Lee et al. quantified the impact of femoral antetorsion on 
quadriceps tension and patellofemoral contact pressure [19]. 
Increased femoral antetorsion caused greater lateral contact 
pressure of the patella. The highest pressure values were 
noted between 30° and 60° of knee flexion. Dickschas et al. 
reported significant pain relief and correction of patellar 
tracking with femoral torsional osteotomies in patients with 
additional torsional deformity of the femur causing anterior 
knee pain and patellar instability [6, 35].

Osteochondral fractures are frequent concomitant lesions 
after patellar dislocation [33]. Nomura et al. reported even 
a 95% incidence of cartilage damage with 72% of osteo-
chondral lesions located on the medial patellar facet [28]. 
In chronic patellofemoral instability with lateralized patella, 
OA develops in the lateral patellofemoral joint, mainly due 
to consistent lateral hyperpression [15]. The results of this 
study confirm the influence of lateralized patella and corre-
sponding hyperpression. This suggest a favorable situation 
of torsional osteotomies to reduce lateral facet pressure and 
therefore prevent early OA. In a previous in vitro assess-
ment, equivalent findings of excessive lateral hypercom-
pression in pathologic femoral antetorsion could be demon-
strated [19]. Despite the advantages of torsional osteotomies 
for the lateral facet, this assessment revealed an increase of 
retropatellar pressure of the medial facet in external derota-
tion osteotomy. Elevated intraarticular pressure impairs the 
outcome of cartilage repair techniques. Kuroda et al. demon-
strated the potentially ill effects of overmedialization of the 
tuberosity [18]. In elevated TTTG, cartilage lesions on the 
medial facet of the patella pose a contraindication for medial 
tubercle transposition, as it increases the intraarticular pres-
sure as well. For cartilage lesions of the lateral facet, antero-
medialization of the tibial tubercle is meant to be successful 
in cartilage repair [13].

Analogous to surgical medialization of the tuberositas tib-
iae, the data presented in this study show that torsional oste-
otomies have a significant influence on patellar pressure. This 
suggests that the surgical combination of torsional osteotomy 
and cartilage repair has to take the localization of the cartilage 
defect into account. Located on the medial patellar facet, the 
simultaneous intervention might have negative effects on the 
outcome of cartilage repair. On the other hand, treating carti-
lage lesions of the lateral facet, the outcome might be favora-
ble. Furthermore, the results indicate that external torsional 
osteotomy might delay the development of early OA, espe-
cially of the lateral facet by reducing the intraarticular pressure 
forces. In future cartilage studies involving the patellofemoral 
joint, lesions should be separated by location and evaluated 

Fig. 3   Peak pressure of the lateral patellofemoral joint facet (in MPa), 
n = 9, from 0° to 90° flexion, for five different torsion angles with 15° 
simulating increased femoral antetorsion to − 5° simulating overcor-
rected femoral antetorsion
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separately, to better target available and advancing treatment 
options in this region.

The clinical relevance of the present data is highlighted by 
the fact that torsional osteotomy influences the retropatellar 
pressure dissimilarly regarding the lateral and medial facet. 
As a result, the outcome of simultaneous cartilage repair can 
be impaired at the medial facet, but be favorable on the lat-
eral facet. This poses important information for the orthope-
dic surgeon using simultaneous interventions. Furthermore, 
a torsional osteotomy can reduce a prearthrotic deformity of 
the patellofemoral joint.

Limitations of this study include those inherent to in vitro 
testing. The specimens’ flexion angles were reached by the 
robot neutralizing all measured loads except the torque around 
the epicondyle axis. Care was taken to avoid misalignment of 
that axis, since it would have induced different motions and 
thereby in deviations regarding the pressure measurements and 
the flexion poses. Nonetheless, the flexion poses might differ 
from the ones, which would have been reached by real in vivo 
conditions. Like in other in vitro studies, the specimens were 
elderly and it is unknown if the mean age influences the stud-
ies’ outcome.

Since, among others, Mueller et al. [26] demonstrated 
that the amount of muscle loads does not necessarily affect 
biomechanical experiments, the muscle loads were chosen 
to be static and lower than in vivo, to consider the test setup 
boundaries.

Conclusion

Distal femoral torsional osteotomy increases medial patel-
lofemoral contact pressure and can impair simultaneous 
cartilage repair. However, as the lateral patellofemoral load 
decreases, it has a potential in preventing patellofemoral 
osteoarthritis.
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