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Abstract

Purpose Component malrotation has a major impact on
patellar kinematics in total knee arthroplasty. The influence
of natural rotational limb alignment on patellar kinematics
is unclear so far. Based on recent clinical investigations, we
hypothesized that rotational limb alignment significantly
influences patellar kinematics.

Methods Patellar kinematics of ten cadaveric knees
was measured using computer navigation during passive
motion. Data were correlated with different rotational limb
alignment parameters of preoperative CT scans.

Results Femoral antetorsion showed a significant influ-
ence on patellar rotation, while tibial tubercle—posterior
cruciate ligament distance additionally displayed a sig-
nificant influence on patellar mediolateral shift (p < 0.05).
Femoral posterior condylar angle was sensitive to patellar
epicondylar distance, rotation and tilt (p < 0.05). Patellar
rotation was influenced by five out of eight rotational limb
alignment parameters (p < 0.05).

Conclusions Rotational limb alignment should be
paid more attention in terms of clinical evaluation of
patellar tracking and future biomechanical and clinical
investigations.
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Introduction

One of the main functions of the patella is to centralize the
forces of the different quadriceps muscle bellies to allow
a smooth gliding mechanism and to improve the efficiency
of the extension forces [1, 13]. These biomechanical func-
tions are achieved successfully only if the patellar tracking
in the femoral trochlea groove occurs correctly [17]. Data
on patellar biomechanics have been collected through the
description of patellar tracking, muscle forces and retropa-
tellar contact pressure and shear forces in many recent bio-
mechanical studies under static and dynamic conditions
before and after TKA [3, 7, 11, 14, 17, 20, 22, 26, 27, 34].
Three-dimensional patellar kinematics has also been ana-
lysed using patellar tracking navigation system [2, 22]. All
of these studies were designed to describe patellar kinemat-
ics in the natural knee and to compare different designs of
total knee arthroplasties (TKA). Component malrotation
has a major impact on the patellofemoral joint [5, 21], but
little is known about the influence of natural rotational limb
alignment on patellar kinematics. Recent clinical studies
suggest that transverse plane rotation of the femur and the
tibia may also contribute to patellar maltracking; in addi-
tion, these studies have shown an association between
femoral antetorsion and anterior knee pain [10, 28]. Less
is known about the influence of tibial torsion and further
rotational limb alignment parameters on patellar kinemat-
ics [12]. Based on the above-mentioned investigations, we
hypothesized that rotational limb alignment has a signifi-
cant influence on patellar kinematics. The aim of this study
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was to analyse and quantify a possible influence of differ-
ent rotational limb alignment parameters on natural patellar
kinematics.

Materials and methods

Ten intact lower limbs still attached to the torso of whole
Thiel-embalmed cadavers were used for this investigation.
CT scans of the complete lower limbs were performed pre-
operatively in supine position. The limbs were mounted in
a footrest and rotated approximately 15° externally, to sta-
bilize them during examination. Sections of 1.25 mm thick-
ness of the whole limbs were taken. One CT-experienced
observer measured the different rotational limb alignment
parameters using AGFA Healthcare IMPAX Software
(53227 Bonn, Germany). All knees were free from signifi-
cant arthritic deterioration, and with intact joint capsules,
patellar and quadriceps tendons and cruciate and collat-
eral ligaments. No patellar or trochlear dysplasia, patellar
luxation or subluxation could be detected in the specimens.
Patellar kinematics was analysed using a commercial opti-
cal computer navigation system (Knee Patella Tracking
Software, BrainLAB; Feldkirchen, Germany). The optical
computer navigation system used has been verified to be a
reliable measurement procedure to evaluate three-dimen-
sional tibiofemoral and patellofemoral kinematics with an
accuracy of 0.1 mm and 0.1° [15, 23].

Anatomical preparation and patellar tracking assessment

After a standard midline incision, a medial parapatel-
lar approach was performed. The capsule was marked
at standardized locations to ensure later anatomical clo-
sure. The reference arrays for the navigation system
were attached to the distal femur, proximal tibia and the
patella. For the femoral attachment, an additional, more
proximal incision was performed to avoid soft tissue ten-
sion while flexion. The landmarks for tibiofemoral and
patellofemoral kinematics needed for the navigation
software were registered. The most proximal, distal and
medial point on the patellar articular surface and a point
in the middle of the posterior articular ridge were cho-
sen to track the patella on the registered trochlear groove.
After registration, the arthrotomy was closed carefully
with respect to the markings to achieve anatomical
aligned closure. The limbs were placed onto a continu-
ous passive motion machine to perform a motion cycle
between 30° and 90° of flexion. Due to missing muscle
tone and floppy patellae, values until 30° of flexion were
irregular and excepted from the experimental protocol.
The motion cycle was repeated three times to verify
patellar tracking behaviour.
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Data analysis

The data were analysed using patellar tracking software
(BrainLAB; Feldkirchen, Germany). The motion of the
tracked patella relative to the femur was calculated. Patel-
lar kinematics could be analysed through mediolateral
translation/shift in millimetres (medial: +, lateral: —),
mediolateral tilt in degrees (lateral: 4, medial: —), internal
and external rotation in degrees (internal: +, external: —).
Additionally, the epicondylar distance (mm) describing the
line from the prior chosen most prominent point at the mid-
dle of the posterior articular ridge of the patella perpendic-
ular to the transepicondylar line, which is built by the regis-
tered femoral epicondyles, was measured during the whole
motion cycle (Fig. 1).

CT scan analysis

The transverse CT images were evaluated according to dif-
ferent measurement procedures. The following eight objec-
tive radiological parameters were measured:

1. Femoral antetorsion according to Murphy [25]: Three
transverse sections were used to calculate femoral
antetorsion. The first section defined the centre of the
femoral head. The second section defined the centre of
the base of the femoral neck at the level of the lesser
trochanter, and the third section defined the femoral
posterior condylar line. The first two sections were
superimposed, and a line was drawn connecting the
two centres representing the femoral neck axis. The
angle between the femoral neck axis (FNA) and the
condylar axis (CA) represents the femoral antetorsion.

2. Tibial torsion was measured according to the method
of Jend et al. [19]: A section of the proximal tibia
directly distal to the femorotibial joint and proximal
to the fibula head was used. The tangent to the dorsal
margin of the tibia was taken as the reference in this
section. A section directly proximal to the talocrural
joint was chosen in the distal tibia. A line connecting
the centre of the pilon tibiale and the midpoint of the
fibular incision of the distal tibia was taken as the refer-
ence in this section (upper ankle joint axis).

3. Tibial tubercle—trochlear groove distance (TT-TG) was
measured according to Dejour et al. [6]: to measure the
TT-TG distance, an axial section at the deepest point of
the trochlear was superimposed upon the centre of the
tibial tuberosity, ensuring that the measurement was
performed parallel to the posterior condylar line.

4. Tibial tubercle—posterior cruciate ligament distance
(TT-PCL) was measured according to Seitlinger et al.
[32]: the mediolateral distance between the midpoint
of the insertion of the patellar tendon and the medial
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Fig. 1 Intraoperative patellar
tracking; screenshot of patellar
shift, rotation, tilt and epicondy-
lar distance during flexion
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border of the posterior cruciate ligament parallel to the
dorsal tibia condylar line (tangent to the proximal tibia
below the joint and above the head of the fibula) was
defined as TT-PCL distance.

5. Femoral posterior condylar angle was defined as the
angle between the line drawn from the lateral epicon-
dylar spike to the deepest point of the medial epicon-
dylar sulcus (surgical transepicondylar axis, TEA) and
the posterior condylar line as described by Hauschild
etal. [16].

6. The rotation of the tibial tubercle to the proximal
tibia [31] described by Berger et al. [4] in order to
measure tibial component rotation was measured
as well. To determine rotation of the tibial tubercle,
the geometric centre of the proximal tibia directly
distal to the femorotibial joint and above the fibular
head was located and superimposed to the level of
the tibial tubercle. Then, the geometric centre of the
proximal tibia and the tip of the tubercle were con-
nected, giving the orientation of the tubercle. The
angle between this line and a line perpendicular to
the tangent of the posterior tibial margin of the poste-
rior tibia in the section of the geometric tibial centre
was measured and defined as the tibial tubercle—tibia
angle (TTT).

7. Tibiofemoral rotation angle (TFRA) was expressed
using modified methods of Schneider and Tomczak
[31, 33] as described by Salsich and Perman [30]. The
angle formed by a line drawn tangent to the posterior

femoral condyles and the horizontal section line was
set as angle one. Angle two was determined as the
angle between a line drawn tangent to the posterior
tibia and the horizontal section line. The sections were
chosen as described in points 1 and 2. Angle one minus
angle two equals the TFRA, which represents external
rotation of the tibia relative to the femur.

8. Furthermore, neck-malleolar angle suggested by
Liodakis et al. [24] was used for a second deter-
mination of overall rotational leg alignment. The
difference between the upper ankle joint axis (as
described in point 2)/horizontal section line angle
and the FNA/horizontal section line angle was meas-
ured.

Statistical analysis

Continuous variables are presented as means and standard
deviations. To analyse the impact of knee flexion and rota-
tional limb alignment parameters on patellar mediolateral
shift, epicondylar distance, rotation and tilt, linear mixed
models were used. Flexion was used as a repeated effect,
and the correlation structure between the degrees of flex-
ion was specified as unstructured. All reported p values are
two-sided, and a p value of 0.05 is considered the thresh-
old of statistical significance. Due to the explorative nature
of this study, no adjustment for multiple testing was done.
Data entry and calculations were made with the software
package SPSS 22.0 (IBM, Chicago, IL, USA), and the
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Table 1 Rotational limb alignment parameters presented by means
and standard deviations

Mean SD
Femoral antetorsion® 14.4 6.9
Tibial torsion® 27.9 5.7
TT-TG (mm) 11.8 33
TT-PCL (mm) 18.1 4.7
Femoral posterior condylar angle® 2.0 1.2
TTT® 61.6 3.1
Tibiofemoral rotation angle® 1.0 4.6
Neck-malleolar angle® 9.3 12.9

linear mixed model analyses were undertaken using the
SAS 9.3 procedure PROC MIXED (SAS Institute, Cary,
NC, USA).
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Results

Rotational limb alignment parameters are presented by
means and standard deviations (Table 1). The patellae
displayed an increase in medial shift with increased tibi-
ofemoral flexion in most knees. In contrast, knee #5 and
#9 showed an increase in lateral shift throughout flex-
ion, while in knee #1 and #7, the mediolateral shift of the
patella remained steady (Fig. 2a; Table 2). While an almost
linear decrease in epicondylar distance over flexion excur-
sion was found (Fig. 2b; Table 2), a nearly linear increase
in patellar external rotation could be observed in every
knee (Fig. 2c; Table 2). Except in knee #10, the patellae
tilted more laterally with increased flexion in a nearly lin-
ear behaviour as well. In knee #10, the patella tilted more
medially from 50° to 80° of flexion (Fig. 2d; Table 2).
Femoral posterior condylar angle showed a significant
impact on epicondylar distance, rotation and tilt, but not

b
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Fig. 2 Patellar kinematics presented by a mediolateral shift (millimetre; lateral: —, medial: +); b epicondylar distance (millimetre); ¢ rotation

(degree; external: —, internal: +) and d tilt (degree; lateral: 4, medial: —)
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Table 2 Mean ML-shift, epicondylar distance, rotation and tilt in dependency on flexion presented by mean values
30° 40° 50° 60° 70° 80° 90° p value
ML-shift (mm) —2.1(5.8) —-1.9(5.7) —-1.9(.7) —1.6 (5.6) —-1.4 (5.7 —-1.3(5.5) —1.3(5.6) n.s
Epicondylar distance (mm) 30.4 (3.8) 29.1 (3.5) 27.8(3.4) 26.5(3.3) 25.2(3.3) 23.8 (3.3) 22.3(3.2) <0.001
Rotation (°) 8.9 (17.0) 7.6 (16.5) 6.3 (16.2) 5.0 (15.8) 4.0 (15.6) 3.3(15.5) 2.9(15.1) <0.001
Tilt (°) 204 (12.3) 209 (12.2) 21.2(12.2) 21.6(12.1) 22.1(12.1) 22.6(122) 23.1(12.3) 0.031
Data are presented as mean (SD), n.s not significant
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Fig. 3 Influence of rotational limb alignment parameters on patellar kinematics using linear mixed models; using the example of patellar rota-
tion influenced by a femoral posterior condylar angle, b femoral antetorsion, ¢ TT-TG and d TT-PCL

on mediolateral shift. A decrease in femoral posterior con-
dylar angle resulted in a decrease in epicondylar distance,
an increased internal rotation as well as in an increased
lateral tilt of the patella (Fig. 3a; Table 3). Femoral ante-
torsion showed a significant influence on patellar epicon-
dylar distance and rotation. Increased femoral antetorsion
resulted in an increased patellar internal rotation and a
reduction in epicondylar distance (Fig. 3b; Table 3). With

regard to patellar tilt and shift, no dependency on femoral
antetorsion could be found. TT-TG influenced patellar epi-
condylar distance, rotation and tilt significantly, whereas
no influence on mediolateral shift was seen. A decrease
in TT-TG was followed by an increase in patellar internal
rotation, a decrease in patellar epicondylar distance and lat-
eral tilt (Fig. 3c; Table 3). Furthermore, a significant influ-
ence of TT-PCL on patellar mediolateral shift as well as
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Table 3 Linear mixed models (covariance structure UN) to analyse
the influence of femoral antetorsion, TT-TG, TT-PCL, tibial torsion,
femoral posterior condylar angle, TTT (tibial tubercle-tibia angle),

tibiofemoral rotation angle and neck-malleolar angle on patellar
mediolateral shift, epicondylar distance, rotation and tilt

Predictor ML-Shift (mm) Epicondylar distance (mm) Rotation (°) Tilt (°)

Femoral antetorsion —0.2 (—0.6, 0.0), —0.2 (—-0.4, 0.0), 1.6 (1.3, 1.8), 0.5 (—0.8, 1.8),
n.s p = 0.046 p <0.001 n.s

TT-TG —-0.4(-1.2,04), 0.4 (0.1, 0.7), —3.1(—4.0, —2.3), —2.9 (-5.0, -0.7),
n.s p=0.011 p <0.001 p =0.015

TT-PCL —-0.7 (=12, -0.2), 0.0 (0.0, 0.2), —2.0(=2.1, =2.0), —-0.2(=2.2,1.7),
p =0.008 n.s p <0.001 n.s

Tibial torsion 0.2 (—0.3,0.7), 0.0 (0.0, 0.1), 0.2 (—0.1,0.5), —1.1(=2.6,0.3),
n.s n.s n.s n.s

Femoral posterior condylar angle —0.4 (-2.8, 1.8), 1.1 (0.1, 2.1), —4.1 (=74, -0.8), —8.0 (—13.8, —2.3),
n.s p =0.030 p =0.020 p=0.011

TTT 0.6 (—0.2, 1.5), 0.0 (—0.2,0.1), 0.2 (0.7, 1.2), —1.7 (4.5, 1.0),
n.s n.s n.s n.s

Tibiofemoral rotation angle 0.6 (0.2, 1.0), —0.1(—0.3, 0.0), 0.2 (0.0, 0.5), —1.1(=3.5,0.7),
p = 0.006 n.s n.s n.s

Neck-malleolar angle 0.2 (0.0,0.4), 0.0 (—0.1, 0.1), —0.4 (0.5, —0.4), —0.1(-0.8,0.5),
p = 0.008 n.s p <0.001 n.s

Data are presented as effect estimate (95 % CI)
p value all models are controlled for flexion of the knee

n.s not significant

on patellar rotation could be found. A decrease in TT-PCL
led to increased internal patellar rotation and medial patel-
lar shift (Fig. 3d; Table 3). With an increase in TFRA, the
patella shifted more medially. No significant influence on
remaining patellar kinematic parameters could be found for
this rotational limb alignment parameter. The neck—malle-
olar angle showed a significant influence on patellar medi-
olateral shift and rotation. With increased neck—malleolar
angle, the patella shifted more medially and rotated more
externally. No influence on epicondylar distance and tilt
was seen. Moreover, no influence of tibial torsion and tibia/
tibial tubercle rotation on patellar kinematics was found.
All significant values are presented in Table 3.

Discussion

The most important finding of the present investigation was
that rotational limb alignment parameters have a significant
influence on natural patellar kinematics. Using one measure-
ment method, different rotational limb alignment parameters
could be screened and their influence on patellar kinematics
quantified. In the natural knee, the mediolateral shift of the
patella from 30° to 90° of flexion ranged within 2 mm. The
mean tilt was within 4°, while the mean patellar rotation was
within 7°. In their investigation, Nha et al. [26] found a mean
patella shift within 3 mm, a mean tilt within 6° and a mean
total excursion of patellar rotation of 8° during full range
of weight-bearing flexion. These relatively small patellar
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motion results can be confirmed, even though the mean total
excursions in this study were smaller. This finding could be
a result of the passive motion cycles instead of active ones.
Patellar rotation and epicondylar distance showed a nearly
steady and similar behaviour in every knee, whereas patellar
tilt and mediolateral shift displayed a diverse motion excur-
sion in some knees. Lateral tilt and external rotation of the
patella increased continuously with increased tibiofemoral
flexion in all knees, while lateral shift and epicondylar dis-
tance decreased in our investigation. Also, Heinert et al. [18]
described a more lateral tilt and external rotation of the natural
patella in higher flexion angles, but we could not confirm their
findings of an increased patellar lateral shift with increased
flexion. However, similar to our results, Kessler et al. [21]
demonstrated a medial shift with increased tibiofemoral flex-
ion and a nearly steady tilt behaviour in the natural knee in
their biomechanical study. Furthermore, significant influence
of TT-PCL distance on patellar mediolateral shift was found,
while TT-TG distance showed no influence on patellar shift
during whole flexion. Also, Seitlinger et al. [32] postulated in
their radiological investigation that the TT-TG distance does
not necessarily implicate a too laterally placed tibial tubercle
and therefore a certain pathology. Furthermore, Dietrich et al.
[9] demonstrated that the TT-TG distance increases signifi-
cantly at the end-stage extension of the knee; therefore, the
informative value of the TT-TG distance in different flexion
angles is limited. Hence, our findings of missing significant
influence of TT-TG on patellar mediolateral shift during dif-
ferent knee flexion angles support these investigations. Both
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TT-TG distance and TT-PCL distance influenced patellar
rotation significantly. Additionally, patellar epicondylar dis-
tance and tilt showed a dependency on TT-PCL distance. A
significant influence of femoral antetorsion on patellar rota-
tion as well as on epicondylar distance could be displayed.
An increased femoral antetorsion led to an increase in patellar
internal rotation and a decrease in epicondylar distance, but
did not show a significant influence on patellar shift or tilt.
Airanow and Zippel [29] reported a significantly increased
femoral antetorsion and increased TFRAs in patients suffer-
ing from patellar instability compared to healthy individuals
in a CT study. In an MRI investigation, Diederichs et al. [8]
also found that patients with a history of patellar dislocation
have a greater femoral antetorsion compared to healthy con-
trols. Thus, even though no correlation between femoral ante-
torsion and patellar shift or tilt was found, our results high-
light the importance of femoral antetorsion affecting patellar
kinematics and suggest that patellar rotation and epicondylar
distance are reliable parameters to assess patellar kinematics.
Femoral posterior condylar angle showed a significant influ-
ence on patellar epicondylar distance as well as on patellar
rotation and tilt. A decrease in femoral posterior condylar
angle resulted in an increase in patellar internal rotation and
lateral tilt, while epicondylar distance was decreased. Many
recent studies dealt with femoral posterior condylar angle
in relation to femoral component alignment in TKA, but no
study describing the influence of this rotational alignment
parameter on natural patellar kinematics was found. Increased
TFRA led to an increased medial patellar shift. Eckhoff et al.
[10] reported a significantly increased tibiofemoral angle in
patients suffering from anterior knee pain in their CT inves-
tigation. Furthermore, Salsich and Perman [30] reported a
significant influence of TFRA on patellofemoral joint contact
area in individuals with patellofemoral pain. No significant
influence of tibial torsion and tibia—tibial tubercle rotation on
patellar kinematics could be displayed in this investigation.
Also, Diederichs et al. [8] reported no difference in tibial tor-
sion between patients with experienced patella dislocation
and healthy controls. As a very sensitive parameter on rota-
tional limb alignment, patellar rotation should be considered
in further biomechanical studies. In addition, patellar epicon-
dylar distance seems to be a relevant kinematic parameter to
quantify the anterior-posterior position of the patella during
different flexion angles. Already in 1994, Dejour et al. [6]
stressed the importance of the trochlea dysplasia and depth
in knees with symptomatic patellar instability. This study has
several limitations. First, we used Thiel-embalmed cadavers
performing passive knee flexion. The cadaveric knees might
not reproduce the kinematics of the knee from a living per-
son performing an active flexion cycle with the influence of
quadriceps muscle activity. To avoid differences in performed
flexion cycles, a passive motion machine was used and three
motion cycles were conducted. We did not investigate flexion

angles between 0° and 30° of flexion. Therefore, we could
not analyse a possible effect of the tibiofemoral “screw home
mechanism” at early flexion angles and its influence on patel-
lar kinematics. Furthermore, we used computer navigation
system including a patella reference array for collecting kin-
ematic data. Although optical computer navigation has been
verified to be a reliable measurement tool to evaluate three-
dimensional knee kinematics [15, 23], the patella reference
array might have altered patellar kinematics caused by its
own dynamics and centre of gravity. In order to register the
landmarks needed by the navigation software for tibiofemoral
and patellofemoral kinematics, arthrotomy of the knee cap-
sule was necessary. Although the closure and reopening of
the arthrotomy were conducted with great care and standard-
ized locations for suturing the capsule were used, deviations
to intact knees might have occurred. For generating rotational
limb alignment parameters, only ten CT scan measurements
for each parameter were used. However, for the linear regres-
sion models, patellar kinematic values in seven flexion angles
from 30° to 90° were registered. Therefore, to correlate with
rotational limb alignment measurements, seventy values for
each patellar kinematic parameter were applied. Nevertheless,
the results of the present investigation suggest to ascribe more
importance to these rotational limb alignment parameters in
terms of evaluating patellar maltracking of the natural knee
as well as after TKA. Both component rotation and rotational
limb alignment should be considered in diagnostic CT scans
prior indicating a revision of TKA.

Conclusion

Rotational limb alignment has a major impact on patellar
kinematics. Therefore, more importance should be ascribed
to rotational limb alignment parameters in terms of clini-
cal evaluation of patellar tracking and future biomechanical
and clinical investigations regarding post-operative anterior
knee pain in TKA.
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