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Abstract

Purpose To develop and validate a new simulation system
to predict the optimal femoral insertion site of the medial
patellofemoral ligament (MPFL) using preprogrammed
conditions of graft length change.

Methods A computed tomography scan was performed
for constructing bone surface models of the patella and
the femur. Lateral radiographs of the knee and axial radi-
ographs of the patellofemoral joint at knee flexion were
used for constructing a three-dimensional patellofemoral
joint model by 3D-2D image matching at each knee flex-
ion angle. To determine the optimal femoral insertion site,
the following three conditions were devised: (1) MPFL
behaves isometric from 0° to 60°, (2) MPFL is most taut
at full extension, and (3) MPFL is slack at more than 60°
of knee flexion. Every condition was applied to the femo-
ral bone surface model, and the area that fulfilled all three
conditions was defined as the optimal femoral insertion
site of MPFL. Twenty knees of ten healthy volunteers were
assessed to verify the simulation. Comparison between
simulated optimal femoral insertion and anatomical inser-
tion was done.

Results The mean simulated optimal femoral insertion
was close to the anatomical insertion site. There were no
significant differences in the proximal—distal position and
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anterior—posterior position between the simulated insertion
and the anatomical insertion sites.

Conclusion The system can be useful for predicting the
optimal femoral insertion site as a part of a preoperative
plan for MPFL reconstruction, and it may help surgeons to
determine the optimal femoral insertion site during MPFL
reconstruction.

Keywords Medial patellofemoral ligament -
Reconstruction - Simulation - Femoral insertion

Introduction

Anatomical and biomechanical studies have shown that
the medial patellofemoral ligament (MPFL) is the primary
restraint against lateral patellar displacement among the
medial patellar stabilizers [1, 3, 5, 12, 15, 22]. In recent
years, reconstruction of the MPFL with an autologous or
artificial graft has been successfully performed for the treat-
ment of patients with patellar instability [4, 13, 14]. The
attachment site of the graft is one of the important factors
affecting the results of MPFL reconstruction. It has been
reported that the length change pattern of the graft is mostly
affected by the location of femoral fixation, and length
change patterns greatly differ if the femoral fixation point is
moved even by 5 mm from the normal femoral attachment
site [6, 12, 17]. In addition, a malpositioned femoral attach-
ment site can lead to iatrogenic medial subluxation, medial
patellofemoral articular overload, deficits in range of motion
and recurrent lateral instability [2, 6]. Therefore, to obtain
good clinical outcomes after MPFL reconstruction, it is
important to identify the optimal femoral graft fixation site
that provides the desired change in graft length. However,
during the course of surgery, it is not easy for a surgeon to
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determine the optimal femoral attachment site and establish
the desired length change of the graft.

So far there have been no systems that can predict the
optimal femoral graft fixation site before surgery. There-
fore, in this study, new simulation system was developed
to predict the optimal site for femoral insertion of the
MPFL using preprogrammed conditions of the graft length
change. Furthermore, validation of this new simulation sys-
tem was performed. Our working hypothesis was that the
optimal femoral insertion site determined by our new sys-
tem would be the same as the anatomical femoral insertion
site in normal knees.

Our new simulation system will be the first system to
predict length behaviours of the reconstructing MPFL and
the optimal femoral insertion site before surgery.

Materials and methods
Reproducing the patellofemoral joint

A computed tomography (CT; Aquilion™ 64, Toshiba
Medical Systems, Otawara, Japan) scan was performed
for all the volunteers with the knees in full extension. For
creating bone surface models of the patella and the femur,
a section thickness of 1.25 mm was used. The contour of
the patella and the femur was extracted from the CT data
using a free open-source software (3D Slicer, http://www.
slicer.org) [7]. A three-dimensional (3D) mathemati-
cal model was constructed using consecutive CT images,
which consisted of a 3D co-ordinate system and triangular
patches. The 3D model was loaded in MATLAB ® (Math-
Works Inc., MA, USA) for further analysis.

An initial 3D co-ordinate system was defined based on the
direction of scanning and the position of the knee. Therefore,
the anatomical co-ordinate system was reconstructed so that it
could be applied in a simulation programme. The patellar ana-
tomical co-ordinate system was defined as follows: the most
medial and lateral points of the 3D patellar model were deter-
mined in the initial 3D co-ordinate system, and the line joining
these two points was defined as the x axis. The line perpen-
dicular to the x axis and parallel to the line passing through
the most distal point was defined as the z axis. The line per-
pendicular to the x axis and the z axis was defined as y axis.
The origin of the co-ordinate axes was the midpoint of each of
the axes (Fig. 1a). The femoral anatomical co-ordinate system
was defined as follows: the sphere approximations of the pos-
terior condyle were defined according to the medial and lateral
condyles. The line passing through the centres of the sphere
approximations was defined as the x axis. The origin of the
axis was the midpoint of the centres of the sphere approxima-
tions. The line parallel to the bone axis in the distal shaft of the
femur and passing through the origin was defined as the z axis.

The line perpendicular to the x axis and the z axis and passing
through the origin was defined as the y axis (Fig. 1b).

Lateral radiographs of the knee and axial radiographs of
the patellofemoral joint at 30°, 60°, 90° and 120° of knee
flexion were used for constructing the 3D patellofemoral
joint model. 3D-2D image matching was semi-automati-
cally performed by using biplane radiographs using MAT-
LAB® at each knee flexion angle. Based on the CT data
obtained at knee extension, the position of the patellofemo-
ral joint at 0° of knee flexion was obtained. The data of the
reproduced 3D patellofemoral motion during knee flexion
were saved in MATLAB® (Fig. 2).

Derivation of the virtual ligament route

To calculate the femoral insertion site of the MPFL, patel-
lar insertion site was defined at the most medial aspect of
the patella. In this study, the distances between the patellar
insertion site and every point on the medial surface of the
femur, at intervals of 1 mm, were calculated at each angle
of knee flexion. To determine the shortest running route
of the virtual ligament, we developed a derivation method
such that the virtual ligament could trace the femoral sur-
face along the shortest route (Fig. 3). By calculating the
length of the virtual ligament during knee motion, each
femoral insertion site provided data regarding the length
change patterns of the ligament.

Programming three conditions of the length change pattern

To calculate the optimal femoral insertion site, three con-
ditions were devised based on previous studies regarding
MPFL length change [1, 15, 17, 20, 23]. First, we defined
the length of the virtual ligament at 30° of knee flexion as
the standard length and expressed the length change under
strain as follows:

¢ = [(L — Lzo)/L3o] x 100

¢ strain of the virtual ligament; L length of the virtual liga-
ment at each flexion of the knee; L, length of the virtual
ligament at 30° knee flexion.

The following three conditions were programmed into
the simulation system:

1. MPFL behaves nearly isometric (<5 %) from 0° to 60°.
g1 < 5(%)

2. MPFL is most taut at full extension.
0<eée <5(%)

3. MPFL becomes slack at more than 60° of knee flexion.

g3 < 0(%)
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Fig. 1 Three-dimensional (3D)
bone models. Each model con-
sists of triangular patches and
an independent 3D co-ordinate
system reconstructed from CT
data. a Patellar bone model. b
Femoral bone model
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Analysing the simulated femoral insertion and anatomical
femoral insertion sites

To analyse the validation of the simulation, we examined
20 knees of 10 healthy volunteers (mean age, 33 years;
age range, 24-45 years). None of these subjects showed
any symptoms or objective pathologic findings related to
the patellofemoral joint. The average height of the volun-
teers was 174.3 cm (range 160-180 cm), and the average
weight was 67.9 kg (range 55-82 kg). The study design
was approved by the Ethics Committee of Kobe University
Graduate School of Medicine, and all volunteers provided
informed consent to participate in this study.

Anterior view Medial view To evaluate the location of simulated femoral insertion

sites, lateral views of the femur were used. To measure the

Fig. 2 Reproduced patellofemoral motion during knee flexion anterior—posterior diameter of medial femoral condyle, a
line between the medial and lateral trochlea and a tangen-

tial line to posterior condyle were drawn parallel to femoral

The simulated optimal femoral insertion sites that ful-  bone axis. The distance between the two lines was defined
filled all three conditions was determined by our new sys-  as the diameter of the medial femoral condyle (c). The
tem and compared with the anatomical insertion sites. proximal—distal ratio (a/c (%)) and the anterior—posterior
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Fig. 3 Derivation of the virtual ligament route. The distance between the most medial aspect of the patella and every point on the medial surface

of the femur was calculated during knee flexion

ratio (b/c (%)) were calculated [21] (Fig. 4). The mean sim-
ulated femoral insertion site was compared to the anatomi-
cal femoral insertion site, which was described by Smirk
et al. to be distal to the adductor tubercle [8, 17]. To verify
the validity of the preprogrammed conditions, the length
change of MPFL at the anatomical femoral insertion site
was examined using the derivation method. All distances
were measured by digital scale with 0.1 mm as the mini-
mum unit.

Statistical analysis

The study aimed to include at least 19 knees, which was
expected to yield power >0.95, based on o < 0.05 and
assuming a large effect size (d = 0.80) using G power 3.1.5
(http://www.psycho.uni-duesseldorf.de/abteilungen/aap/gp
ower3/).

All values were expressed as the mean & SD. Student’s
t test was used to compare the simulated insertion and

anatomical insertion sites for all 20 participants. The length
change pattern of MPFL at the anatomical insertion site
was analysed using the analysis of variance (ANOVA) test
followed by the Tukey’s post hoc procedure. Statistical sig-
nificance was defined by an « level of 0.05 and a S level of
80 %. All statistical analyses were performed using the free
software package G power 3 (http://www.psycho.uni-duess
eldorf.de/abteilungen/aap/gpower3/).

Results

To visualize the results, each condition was applied to the
femoral bone surface model using a colour map (Fig. 5a—
¢). The area that fulfilled all the conditions in the simula-
tion system was defined as the optimal site for femoral
insertion of MPFL (Fig. 6).

When the location was expressed as a ratio relative to the
diameter of the femoral condyle, the mean proximal—distal
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and anterior—posterior positions of the simulated femo-
ral insertion were located at 53.6 &+ 5.4 and 37.7 &+ 3.4 %,
respectively. The mean proximal—distal and anterior—pos-
terior positions of the anatomical femoral insertion were

Femoral bone axis
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Fig. 4 Medial aspect of lateral view in the femoral bone model. The
proximal—distal ratio [a/c (%)] and anterior—posterior ratio [b/c (%)],
which were measured by considering the anterior—posterior diameter
of the medial femoral condyle as a standard. The circle is centre of
the calculated optimal femoral insertion

Fig. 5 Colour maps showing €1(%)
the strain (&) calculated from I
the programmed conditions of

the length change pattern. a The 10
isometricity of the MPFL from

0° to 60°. The blue-coloured

area indicates the highest

isometricity. b The strain of I
the MPFL at full extension. 0
The MPFL is most taut at full
extension. The blue or light-
blue-coloured areas indicate the
strain at full extension. ¢ The
slackness of the MPFL at more
than 60° of knee flexion. The
blue-coloured area indicates the
slackness

@ Springer

located at 54.4 £ 3.1 and 38.9 £ 3.7 %, respectively. There
were no significant differences in the proximal—distal posi-
tion and anterior—posterior position between the simulated
insertion and the anatomical insertion sites.

Next the length of the virtual MPFL at the anatomical
point was examined. The mean MPFL lengths at the ana-
tomical femoral insertion site were 62.4 + 4.6, 61.9 &+ 3.7,
60.0 £ 3.7, 57.3 & 3.8 and 54.0 £ 3.7 mm at 0°, 30°, 60°,
90° and 120° of the knee flexion (Fig. 7). No significant
differences in the length were observed during 0° to 60°
knee flexion. At the anatomical insertion site, the mean
strain between 0° and 30° (¢ = [(Ly — L3p)/Ls] x 100)
was 0.7 £ 3.5 %, and the mean strain between 30° and 60°
(e = [(Lgg — L3p)/Lsp] x 100) was 3.1 &= 2.0 %. The strains
between 0° and 30° and between 30° and 60° were less
than 5 %.

The system can also calculate the length change pattern
at any point on the femur, without any special equipment,
by using only CT and radiography data (Fig. 8).

Discussion

The most important contribution of this study was that a
simulation system that can predict the optimal femoral
insertion site of MPFL, using preprogrammed conditions of
graft length change, was developed.

In recent years, the length change pattern of the MPFL
in anatomical insertion has become clear [9, 10, 17, 18, 20,
23]. The MPFL is a primary passive soft tissue restraint
against lateral patellar displacement from 0° to 30° of knee
flexion [1, 12, 24]. The patella is engaged in the trochlea,
and the MPFL is gradually slack above 60° of knee flex-
ion. An open MRI study conducted by Higuchi et al. [10]

&3(%)
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Fig. 6 Optimal femoral insertion calculated by the simulation sys-
tem. All colour maps were projected and superimposed on the femo-
ral bone model. The area surrounded by the red broken area indicates
the optimal femoral insertion
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Fig. 7 Length change pattern of the MPFL at the anatomical femoral
insertion site. The MPFL was most taut at 0° and nearly isometric up
to 60°. The MPFL length decreased significantly from 60° to 90° and
90° to 120°. There were significant differences in the mean length
between 0° and 90°, and between 0° and 120°

revealed that the length change pattern presented a slight
change up to a flexion angle of 60° and a decrease at over
60° in normal knees. Smirk et al. [17] showed that the
MPFL remained isometric (<5 mm) at 80° and became

slack with increasing knee flexion in cadaveric knees. In
some studies, the length of the MPFL at 120° knee flexion
was approximately 10 mm shorter than that at full exten-
sion [17, 18]. In our study, the conditions for the length
change pattern were formulated and programmed into the
simulation system based on the results of these previous
studies.

In the present study, the simulated femoral insertion
site determined by using the programmed conditions was
almost identical to the anatomical insertion site, suggesting
the validity of our new system. Stephen et al. [20] reported
that the MPFL attachment was 40 % posterior, 50 % from
the distal in relation to the size of the medial femoral con-
dyle in eight cadaveric knees. Nomura et al. reported that
the femoral attachment site was located at 39 % of the
antero-posterior length of the medial condyle from the pos-
terior edge in 20 cadaveric knees [20]. These insertion sites
were close to our simulated femoral insertion site and the
anatomical insertion site in the present study, further sup-
porting the validity of our simulation system.

Several studies have reported the relationship between
the femoral insertion site and the length change of the MPFL
[17, 20, 21]. These studies have shown that proximal mal-
positioning increases the distance between the attachment
points on the femur and the patella during knee flexion and
that only a 5-mm error in the position of the femoral inser-
tion site can dramatically change the length of the MPFL.
Similar to previous studies, we also found that proximal
malpositioning of the femoral point increased the distance
between the attachment points on the femur and the patella
during knee flexion, whereas distal malpositioning caused
an increased length change during knee extension (Fig. 8),
suggesting that caution must be exercised when determining
the femoral insertion site during MPFL reconstruction.

Biomechanical differences between anatomical and mal-
positioned femoral insertion have been reported using nor-
mal knees [6, 19]. And results of these studies have been a
basis of putting the graft at anatomical femoral insertion in
MPFL reconstruction. Bollier et al. [2] reported five cases
of femoral tunnel malpositioning after MPFL reconstruc-
tion. They emphasized that it is important to understand
that most of the previous studies that examined MPFL ten-
sion and length changes had been performed in patients
with a normal anatomy, and that biomechanical properties
may be different in patients with patella alta or trochlea
dysplasia. Servien et al. [16] also referred to useless com-
parison of tunnel positioning in the patients with patel-
lofemoral instability against a standardized ‘normal’ popu-
lation, because patella alta and trochlea dysplasia may alter
the insertions of the MPFL with corresponding alterations
in MPFL kinematics. Additionally, during MPFL recon-
struction in such patients, it is not easy for a surgeon to
determine the optimal femoral attachment site and establish

@ Springer
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Fig. 8 Length change in the distance between the three patellar
attachment sites and the femoral attachment sites in 1 case (45-year-
old male). FA refers to the anatomical femoral attachment of the
MPFL, 1 cm distal to the adductor tubercle. All femoral sites were

the desired length change of the graft. Currently, there has
been no system that predicts the length behaviour of the
MPFL before surgery. Therefore, it would be helpful for
surgeons to predict length behaviours of the reconstructing
MPFL before surgery.

There are a few limitations of the current study. First, we
used 20 knees from 10 volunteers. It might not be appropri-
ate to use bilateral knees of one subject due to anatomical
similarity of the knees. Second, the patellar attachment of
the MPFL was broad, and the MPFL had two functional
bands of fibres [1, 11, 23]. Although the patellar attachment
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Length cixmge of MPFLGum)

Kres flexion angieC ) Kree flaxion angle”)

Krue flexion angiel” )

5 mm apart. The superior bundle is seen at the supra-medial corner,
the inferior bundle is located at the most medial aspect of the patella,
and the medial bundle is located halfway between the superior and
inferior bundles

can be chosen in the simulation system (Fig. 8), the most
medial aspect of the patella was used because of its sim-
plicity in the co-ordinate system. Third, the accuracy of the
simulation system was not evaluated in this study. Fourth,
the femoral anatomical insertion site was determined to be
located distal to the adductor tubercle [17], which may be
different from the true anatomical insertion site. Further
studies using cadaveric knees are necessary to assess the
accuracy of our simulation system.

The clinical relevance of this study is that our new
system is related to preoperative planning for MPFL
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reconstruction. Although this study is the first step to ver-
ify the simulation system using normal knees, our new
simulation system can be applied to patients with patellar
instability as a part of a preoperative plan for MPFL recon-
struction, and it may help to determine the optimal femoral
insertion site during MPFL reconstruction.

Conclusions

New simulation system was developed to determine the
optimal femoral insertion site of the MPFL and calculate
the length change pattern at any point on the femur, without
using special equipment, by using only CT and radiography
data. In normal knees, the mean optimal femoral insertion
site determined by the simulation system using the pro-
grammed conditions was close to the anatomical insertion
site, and the length change pattern at the anatomical inser-
tion site was sufficient under our defined conditions, indi-
cating the validity of system. The simulation system could
be applied to patients with patellar instability as a part of a
preoperative plan for MPFL reconstruction.
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