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Abstract

Purpose The purpose of this study was to compare the maximum load to failure and stiffness of three medial patella-femoral
ligament (MPFL) reconstruction techniques: (i) suture anchor fixation (SA), (ii) interference screw fixation (SF), and (iii)
suture knot (SK) patellar fixation. The null hypothesis was that the comparison between these three different patella fixation
techniques would show no difference in the ultimate failure load and stiffness.

Methods Reconstruction of the MPFL with gracilis tendon autograft was performed in 12 pairs of fresh-frozen cadaveric
knees (24 knees total; mean age, 63.6 + 8.0 years). The specimens were randomly distributed into 3 groups of 8 specimens;
SA reconstruction was completed with two 3.0-mm metal suture anchors; (SF) fixation was accomplished by two 6-mm
bio-composite interference screws; SK fixation at the lateral side of the patella was accomplished after drilling two semi-
patellar tunnels with a diameter of 4.5 mm. The reconstructions were subjected to cyclic loading for 10 cycles to 30 N and
tested to failure at a constant displacement rate of 15 mm/min using a materials-testing machine (MTS 810 Universal Testing
System). The final load of failure (N), stiffness (N / mm) and failure mode was recorded in each specimen and followed by
statistical analysis.

Results There was no significant difference in mean ultimate failure load among the three groups. The SK group failed at a
mean (+ SD) ultimate load of 253.5 + 38.2 N, the SA group failed at 243 +41.9 N and the SF group at 263.2 +9.06 N. The
SF group had a mean stiffness of 37.8 + 5.7 N/mm. This was significantly higher (p <0.05) than the mean stiffness value
achieved for the SK group 21.4 + 9.5 N/mm and the SA group 18.7 + 3.4 N/mm. The most common mode of failure in the
SA group was anchor pullout, and in the SK group was failure at the graft—suture interface. All the reconstructions in the SF
group failed due to tendon graft slippage from the tunnel.

Conclusion Load to failure was not significantly different between the 3 techniques. However, screw fixation was found to be
significantly stronger than the anchor and the suture knot fixation in terms of rigidity of the reconstruction. From a clinical
point of view, all methods of fixation can be used reliably for MPFL reconstruction, since they were found to be stronger
than the native MPFL.

Keywords Medial patellofemoral ligament - Patellar fixation - Biomechanical evaluation - Human cadaver specimens

Introduction

Anatomy and biomechanics of the medial patellofemoral
ligament (MPFL) have been studied in the last decades [1,
2,4,7,15,17, 18, 20, 23]. MPFL reconstruction is a surgical
option in patients with recurrent dislocations and is currently
the first-choice procedure for patients after more than 1 or 2
episodes of patellar dislocation [8, 9, 11, 22]. A variety of
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surgical techniques for anatomic reconstruction of the MPFL
are available in the literature. However, there is no consensus
as to which technique yields the best clinical outcome [6, 10,
12, 14, 16, 19, 20, 25, 26, 30-32, 34-39].

A two-bundle technique, with free tendon grafts repli-
cates the broad attachment site of the native MPFL (fan-
shaped insertion) on the patella [36, 40, 41]. Although there
are different points of view regarding the graft choice, the
majority of them use gracilis or semitendinosus as the graft
of choice [6, 11, 12, 25, 26, 30-32, 34-38]. The differences
of these surgical techniques, concern patella fixation since
femoral fixation with a bio-composite screw at the Schottle
point allows isometric adjustments of the graft, resulting in
a good clinical outcome [36-38]. Some of the popular tech-
niques include utilization of implants, such as suture-anchors
[10, 19, 30] and interference screws for graft fixation of the
patella [25, 36]. Others describe anatomic hardware-free
patellar fixation, whereby the graft is passed through 2 bone
tunnels in the patella, or a bone bridge is created on the
medial margin of the patella [10, 12, 19, 26, 35].

Several biomechanical studies have been performed to
evaluate the biomechanical properties of these techniques,
but very few of them have been performed on fresh-frozen
human knees [14, 30-32]. However, fixation of the graft in
a hardware-free patellar fixation using two transverse semi-
patellar tunnels has never been studied biomechanically (the
modified Siebold technique) [35].

The purpose of this study, was to evaluate the biomechan-
ics (the ultimate failure load and stiffness) of 3 patellar fixa-
tion techniques for MPFL reconstruction: (i) suture anchor
fixation (SA), (ii) interference screw fixation (SF) and (iii)
suture knot (SK), a hardware-free patellar fixation with two
semi-patellar tunnels. These surgical techniques employ two
points of patellar fixation (upper half of the patella) in an
attempt to best recreate the native MPFL anatomy. The null
hypothesis was that the comparison between these three dif-
ferent patella fixation techniques would show no difference
in the ultimate failure load and stiffness. Furthermore, it
was hypothesized that all methods of fixation would provide
sufficient strength to use them in clinical practice, for MPFL
reconstruction.

Materials and methods

This study was approved by IRB (Institutional Review
Board) of the Medical School of University of Thessaly
as part of the PhD thesis of one of the authors (ID num-
ber 2754). A total of 24 fresh-frozen cadaveric knees
(12 matched pairs; 7 male, 5 female; mean age, 63.66 +
9.0 years) were obtained through an Anatomy Donation
Program and stored at —21 °C. The specimens were thawed
for 24 h before biomechanical testing at room temperature
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(18°). There was no medical history of any bone or soft-
tissue injury, surgery or osteoporosis in any of the 24 fresh-
frozen knee cadavers. The specimens were randomized by
a means random number generator into 3 groups (each with
8 specimens), based on the method used to fix the graft to
the medial patella: SA group, SF group and SK group. The
knees were randomized so that when one cadaveric knee
was assigned to a group, the opposite knee from the same
cadaveric specimen was assigned to another cohort.

The gracilis tendon autograft was harvested, as this graft
has proven clinically to be adequate for MPFL reconstruc-
tion [16, 37]. The anatomical length of the native MPFL
is an average of 53 mm [35]. A running, locking Krackow
suture was placed up to approximately 2 cm from each free
end with a No. 2 non-absorbable suture (Ethibond suture
2). For the SA group, the free ends of the graft were sutured
together to form a loop.

Patellar fixation techniques

A longitudinal incision (2-3 cm) was performed on the
anteromedial side of the patella, the medial aspect of the
patella was exposed to the bone surface after subcutaneous
preparation, without penetrating the 3rd layer (joint capsule)
as Warren and Marshall described [42]. The native MPFL
was removed during this procedure.

In the SK group, two blind transverse 2 cm bone tunnels
with a diameter of 4 mm were created, for graft fixation at
the medial margin of the patella. A guide pin of 2.0-mm with
an eyelet diameter was transversely inserted from the mid-
point of the medial edge of the patella to the lateral border
transversely, with the help of an anterior-cruciate-ligament-
reconstruction tibial-aiming device to avoid breaching of
either the articular surface or the anterior cortex. The direc-
tion of the K-wire was horizontal, perpendicular to the longi-
tudinal axis of the patella and parallel to the coronal patella
plane. A second K-wire was placed 15 mm proximally and
transversely to the first pin with an intervening interval of
15 mm, as checked using a ruler. The two K-wires were
over-drilled with a cannulated 4.5-mm drill bit 2 cm deep, to
create two 2 cm transverse blind bone tunnels at the medial
side of the patella. Finally, the sutures of each free graft end
went through the eyelets of the K-wires and the K-wires were
pulled out with a direction from medial to lateral. Both ends
of the tendon graft were pulled in the 2 tunnels and the graft
sutures were tied together with tension for stable graft fixa-
tion at the lateral patella rim (Fig. 1).

In the SF group, 2 transverse guide pins were drilled
through the proximal half of the patella. The guide wires
were over-drilled with a cannulated 4.5-mm drill to a depth
of 20 mm. The two free sutured graft ends were fixed into
the patellar holes one after another, using a 6-mm inter-
ference screws (Stryker, Mahwah, NJ, USA), achieving
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aperture fixation of the graft in the patella. The distance
between the screws was 15 mm (Fig. 2).

In the SA group, two metal sutures anchors (Stryker,
Mahwah, NJ, USA) with diameter of 3 mm, carrying
#2 Force Fiber sutures, were seated 15 mm apart at the

Fig. 1 Patella fixation technique
for MPFL reconstruction with
suture knot (SK) patellar fixa-
tion (hardware-free) and two
semi-patellar tunnels

proximal half of the medial patella. Tension was applied
to sutures, confirming purchase within the medial margin
of the patella. Finally, the sutures on the anchors were tied
around the graft, securing the graft to the medial patella
(Fig. 3).

Fig.2 Patella fixation technique
for MPFL reconstruction with
interference screw (SF) fixation

Fig. 3 Patella fixation technique
for MPFL reconstruction with
suture anchor (SA) fixation
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Biomechanical testing- patella stabilization custom
device

For the biomechanical testing, the patella was stabilized with
a custom device that would injure neither the patella, nor the
reconstructed MPFL and could not be incriminated for any
possible contribution to a possible patella fracture or failure
of the reconstructed MPFL after exertion of forces.

Two steel plates were used and bolted to build a support
frame. This support frame and in particular the bottom plate,
was fixed in the inferior hydraulic wedge grip. In the upper
plate, we created an oval-shaped hole (long axis 2 cm and
short axis 1 cm) and the inferior surface of the upper plate

Fig.4 Patella and reconstructed
MPFL mounted on the custom
device in the material testing
machine. Red arrows demon-
strating the forces exertion,
which resulted in the removal
of the hook from the cage and
inevitably, the patella was
contrasted to the lower surface
of the upper plate. Blue arrow
is pointing at the upper plate

of the custom device where

the patella was stabilized. The
yellow arrow points at the hook,
which was mounted on the
upper-hydraulic wedge grip of
the testing machine
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was covered by PTFE (Polytetrafluoroethylene). The graft-
loop was placed through the oval hole and was attached to a
hook which was clamped on the upper-hydraulic wedge grip
of the testing machine. With application of an external ten-
sile displacement, the clearance between the frame and the
hook was increased and as result the patella was contracted
to the lower surface of the upper plate. (Fig. 4).

Prior to application of tensile load, the MPFL reconstruc-
tions were subjected to cyclic loading for 10 cycles to 30 N
to reduce the phenomenon of tissue hysteresis and then
tested to failure at a constant displacement rate of 15 mm/
min with a traction line parallel to the anchors, screws and
the tunnel sutures using a materials-testing machine (MTS
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810 Universal Testing System MTS). The ultimate tensile
load was considered to be the peak force. Stiffness is defined
as the slope of the linear region of the load displacement
curve. A Savitzky-Golay method [33], was used to smooth
existing noise, which was present in the experimental data,
based on local least-squares polynomial approximation.
The smoothed data corresponding to the linear region of
the curve were isolated and a linear regression model was
performed as mentioned by Russ et al. [30] using a sub-
routine in MATLAB software. Stiffness was determined by
calculating the slope of the best fit line in the linear part of
the force—displacement graph. Failure mode, ultimate failure
load as well as stiffness were recorded for each cadaveric
specimen.

Statistical analysis

Sample size requirement was calculated to be N =8 for each
group, which corresponds to 0.9 power [24]. SPSS software
was used to statistically compare experimental results. The
level of significance was set at p <0.05.

Results

There was no statistically significant difference in mean
ultimate failure load among the SA group, the SF group
and the SK group (n.s). The SK group failed at a mean
(+SD) ultimate load of 253.5+38.2 N, the SA group failed
at 243 +41.9 N and the SF group at 263.2+9.6 N (Fig. 5).

The SF group had a mean stiffness of 37.850+5.711 N/
mm. Based on the performed post hoc tests, this was signifi-
cantly higher than the mean stiffness value achieved for both
the SK group 21.4 +9.5 N/mm (p <0.05) and the SA group
18.7+3.4 N/mm (p <0.05) (Fig. 6).

Regarding the normality test, for the three groups, the
values of significance level were higher than 0.05 for both
maximum load and for stiffness. This is indicative of the
fact that the obtained results do not approximate a normal
distribution in any of the cases examined.

In the SF group, all the reconstructions failed due to ten-
don graft slippage from the tunnel until final pulling out
of the grafts. The most common reason for failure in the
SA group was anchor pullout, occurring in 7 out of 8 con-
structs. In one specimen in this group, failure occurred in
the graft—suture connection. In the ‘no-implant’ group (SK),
seven of the eight reconstructions failed in the graft—suture
interface, while in the eighth, the bone bridge between the
sutures collapsed. No patella fracture was recorded in all of
the groups during the process.

Discussion

The primary finding of this cadaveric study, was that there
were no statistically significant biomechanical differences
between the SA, SF and SK reconstructions regarding ulti-
mate load to failure. The secondary finding was that, fixation
with interference screws provides significantly increased
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stiffness than the fixation of the graft with suture anchors
and semi-patellar tunnels without hardware.

There are advantages and disadvantages to all patella
fixation techniques. The use of screws and anchors in the
patella fixation is less time-consuming and easier to use than
hardware-free fixation techniques, but it has been accused of
causing pain and irritation at the insertion side [34]. How-
ever, patellar fixation techniques without implants have the
advantage of being less costly. Transverse bone tunnels that
pass completely through the patella hold the risk of causing
patellar fractures, as they act like stress risers [27-29, 34,
39]. A hardware-free technique was chosen for this biome-
chanical study, which has never been studied before. The
advantageous features of this technique, are that it avoids
breaching the anterior cortex of the patella, minimizes the
bone tunnels and utilizes blind transverse tunnels (not trans-
patellar tunnels) minimizing the tunnel size.

Based on the results of this biomechanical study, it is
noteworthy that SK patella fixation technique is reliable and
equal to the other two fixation techniques (SF, SA) regarding
the ultimate load to failure and could offer extra solutions
to surgeons. However, this remains to be proven clinically.

The most common mode of failure in the SA group was
failure of anchors pullout. In the SF group, all the recon-
structions failed due to tendon-graft slippage from the tun-
nel until the grafts final pulling out of the tunnel. In the
SK group, the most common mode of failure was at the
graft—suture connection.

In the literature, there have been a few biomechanical
studies comparing different patellar fixation strategies in the
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MPFL reconstruction, but very few have been performed
on human fresh-frozen knee specimens [14, 30-32]. All
these studies, were carried out with the help of different
approved-material testing systems, which the reconstruc-
tions were mounted on [10, 14, 19, 30-32]. Various ways of
fixing the patella on these systems were used by researchers
in the past. In the present study, Steinman-pins and clamps
were excluded as a method of fixing the patella on these
testing machines, since they would be added as stress risers
and probably injure the reconstructions or possibly cause a
patella fracture. The cement solution was rejected, since it
would cover the fixation point (knot) of the SK patellar fixa-
tion technique, and therefore it could alter the biomechani-
cal properties of the construct. Therefore, we relied on the
construction of an improvised patella fixation device, which
would not have the above limitations.

Gracilis was selected over semitendinosus tendon as a
graft for MPFL reconstructions. Biomechanically, a sin-
gle-strand gracilis construct has a maximum strength of
925+ 127 N while the tensile strength of the native MPFL
is 208 N [3, 13, 21]. In addition, gracilis has a smaller diam-
eter, which implies the creation of smaller tunnels. Different
biomechanical studies measured the mechanical properties
of the native MPFL and ultimate load to failure ranged from
72 to 208 N [13, 21]. The variability of the load to failure
values is partially explained by different experimental condi-
tions under which the ligaments were tested. At this point,
it is important to note that all three types of reconstructions
evaluated in our study outperformed the maximum recorded
value of native MPFL tensile load to failure, as reported
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by other studies [13, 17]. This may indicate that all three
reconstruction techniques are sufficient to recreate the final
load to failure of the native MPFL and thus, they could be
employed for MPFL reconstruction.

Screw stabilization was found to be significantly more
efficient than the other two fixations techniques in terms
of rigidity of the reconstruction. In the present study, stiff-
ness was determined using the least squares polynomial
approximation to fit the force displacement data. Few stud-
ies have examined the stiffness of the native MPFL and even
fewer explained how stiffness was calculated [4, 5, 13, 17].
Criscenti et al. [5] measured the stiffness based on the slope
of the linear region in the force displacement graph. The
stiffness was reported to be 42.5+10.2 N/mm. However,
there is no explanation about the exact method of analy-
sis they used to get the most linear part of the curve and
calculate the slope. On the other hand, LaPrade et al. [17]
measured a mean stiffness of 23 +6 N/mm using a linear
regression model to fit the forced displacement data of the
uniaxial tensile test. Conlan et al. [4] reported that stiffness
of the entire medial soft tissue of the knee restraints to lateral
patellar displacement decreased from 22.5 N/mm to 10.5 N/
mm after cutting of the MPFL. The values of the stiffness of
screw fixation technique of this study far exceeded the values
of the stiffness of the native MPFL according to LaPrade
et al. [17] while the values of the stiffness of the other two
fixation techniques fluctuated at the same levels.

Similar to the present study, Russ et al. [30] evaluated
two commonly used patellar fixation techniques in MPFL
reconstruction, suture anchor fixation on fresh-frozen knee
cadavers versus interference screw fixation. In that study,
fresh-frozen knee cadavers were utilized and semintendi-
nosus was harvested as an autologous graft. The authors
concluded that interference screw fixation was found to be
significantly stronger than suture anchor fixation when com-
paring the ultimate failure load and stiffness. Saper et al. [32]
performed a biomechanical study comparing patella fixa-
tion with classic solid suture anchors versus all-soft suture
anchors fixation. This experimental human cadaver study
displayed no statistically significant difference in biome-
chanical performance between these two fixation techniques.
However, in the aforementioned study, the method mounting
the reconstruction in the testing machine is presented in a
schematic of the test setup without clarifying the method of
fixing the patella to the material testing system.

Lenschow et al. [19] investigated the structural proper-
ties of 5 different fixation strategies for a free tendon graft
at the patella MPFL reconstruction. Their hardware-free
technique is similar to our hardware-free fixation tech-
nique, while the main difference is that the loop of the
graft is fixed in the patella and not in the free ends of the
graft. The models of this experimental study, were porcine
patella and flexor tendons, which do not probably reflect

MPFL reconstruction conditions in humans. The investiga-
tors in this study, mounted the specimens to the base of the
testing frame of the material testing machine using a 5-mm
Steinmann pin that was drilled through the patella increas-
ing stress-riser at the bone bridge without being able to be
sure that it crossed the bone tunnels or the sutures. Never-
theless, the implant free technique had equivocal failure
load when compared with interference screws and suture
anchors but had significantly lower stiffness. They did not
find any difference between suture anchors and interfer-
ence screws in terms of ultimate failure load or stiffness.
Hapa et al. [10] tested four commonly used techniques
for patellar fixation in MPFL reconstruction in a Sawbone
model using bovine tendons. Results of the docking tech-
nique in Hapa et al.’s study cannot be compared with the
hardware-free technique in the present study because it
was a non-anatomic patella fixation technique drilling only
one blind tunnel and using a different suture.
Limitations of this study, like any other cadaveric
biomechanical study, may be attributed to the fact that
specimens were tested at time zero, without taking into
account any time of healing at the bone—graft interface.
Consequently, our conclusions represent biomechanical
properties for constructs in the immediate postoperative
period and cannot be used to determine optimal recon-
struction in the long term. Moreover, the age of the speci-
men donors is another limitation, so data may contain an
age-related bias. In the anchors group, the free ends of the
graft were sutured together; however, it should be noted
that no reconstruction of the MPFL in the anchor group
has failed at this point. Furthermore, the present study
lacked a control group. This study is also limited by the
potential baseline values mismatch of ultimate load to fail-
ure of the native MPFL with the specific testing device
used, compared to previous studies. A final limitation is
the linear testing in which the constructs were applied. In
this way, a worst-case scenario was tested with the tensile
load in line with the suture anchors, screws, tunnels and
sutures, which might not correspond to in vivo conditions.
However, the conditions created to carry out this experi-
ment, were very close to realistic conditions, since human
cadaveric specimens were used and cement, claws, pins or
Steinmann were not utilized for the patella stabilization.

Conclusion

Load to failure was not significantly different between the
three patella fixation techniques. However, interference
screw stabilization was found to be significantly stronger
than the suture-anchor and suture-knot fixation, in terms of
rigidity of the reconstruction.
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