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Original Article

Medial Patellofemoral Ligament Augmented With a
Reinforced Bioinductive Implant Is Biomechanically
Similar to the Native Medial Patellofemoral Ligament

at Time Zero in a Cadaveric Model
Sean Mc Millan, D.O., Seth Sherman, M.D., Zachary R. Brown, M.S., Erik Brewer, Ph.D.,

and Elizabeth Ford, D.O.

Purpose: To biomechanically compare primary medial patellofemoral ligament (MPFL) repair (MPFLr) augmented with
a reinforced bioinductive implant (RBI) to the native MPFL ligament and a semitendinosus (semi-T) MPFL reconstruction
(MPFLR) at time zero. Methods: Four fresh-frozen matched pair cadavers (8 knees) were used to biomechanically
compare the native MPFL to augmented MPFLr (n ¼ 4) and semi-T MPFLR (n ¼ 4). The native MPFL (n ¼ 8) was isolated,
preserving the femoral and patellar attachments, and pulled to failure. The semi-T was harvested from 1 of the matched
pairs and whipstitched, as was a 250-mm � 5-mm RBI. A standard double-bundle docking technique was utilized. The
patella was potted and mechanically pulled parallel to the transverse axis until failure in both cohorts. Cyclic creep, load
and displacement at failure, failure mode, and stiffness were recorded. Results: Failure load was highest in the RBI with
repair group (287 � 130 N) compared to the native MPFL (219 � 64 N) and the semi-T group (84 � 29 N). No statistically
significant difference in failure load between the RBI augmentation with repair group and the native ligament (P ¼ .19)
were found. The semi-T reconstruction group failed at the least amount of displacement (7.93 � 3.4 mm) compared to the
native MPFL (20.9 � 9 mm) (P < .01) and the RBI with repair group (33.2 � 17.7 mm) (P < .02). At 10 mm of
displacement, the RBI group (8.3� 1.2 N/mm) demonstrated stiffness in the midrange compared to the native MPFL (14.1
� 7.1 N/mm). Early anchor/tendon pullout failure on the patella side was noted in the semi-T group compared to the RBI
group. One reconstruction was excluded from analysis due to poor bone quality. Conclusions: No statistically significant
difference was seen between the augmented MPFL repair and the native MPFL in load-to-failure testing. The augmented
MPFL repair was observed to have biomechanical properties similar to the native MPFL. MPFLr with RBI augmentation
provided consistent stiffness at clinically relevant displacement. Clinical Relevance: Primary MPFL repair and recon-
structionusing the semi-T graft,while effective, arenevertheless imperfect procedures.MPFL repairhas been shown tohavehigher
instability recurrence rates, while the stiffness profile of MPFLRwith semi-T is higher than the nativeMFPL andmay lead to knee
stiffness, loss of motion, or cartilage damage. The results of this time-zero biomechanical study indicate that the use of an RBI for
augmentationofaprimaryMPFLrepairmaybeaviablealternative to traditionalMPFLrepairor reconstructionusinga semi-Tgraft.

Patella dislocations typically result in disruption of
the medial patella-femoral ligament (MPFL). The

MPFL provides stability against lateral translation of the

patella with the knee flexed at 30�.1,2 It has a native
ligament strength of approximately 200 � 50 N based
upon a cadaver study.3 Injuries to the MPFL may occur
on either the patellar or femoral side of the ligament,
with varying recurrence rates accompanying the site of
disruption in first-time dislocators.2 Recurrent patella
dislocations are commonly treated surgically based
upon the patient’s pathology. Despite improved un-
derstanding of each treatment option, inherent risks
and benefits remain.4

Due to high recurrent instability rates associated with
primary MPFL repair (MPFLr), MPFL reconstruction
(MPFLR) is becoming more common.5,6 Multiple
studies have concluded that MPFLR can provide good
outcomes with acceptable rates of re-dislocation.7-11
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However, despite improved surgical techniques, the
combined complications associated with MPFLR have
been reported to be approximately 25% in the highest
risk population of children and adolescents.12 Compli-
cations such as recurrent instability, anterior knee pain,
acceleration of patella-femoral cartilage damage, and
loss of motion have been associated with MPFLR.
Furthermore, technical issues, including graft pullout
from the patella, patella fracture, and overtensioning of
the graft, have also been identified.11,13-18 Graft choice
is also a concern, with debate surrounding the use of
auto- versus allograft as well as tendon choice.3,19-22

Multiple studies have been performed using semite-
ndinosus (semi-T) grafts for MPFLR, and concern has
been documented over the increased stiffness of the
graft compared to the native ligament, leading to
persistent pain, loss of motion, and increased risk of
patella-femoral arthritis.19,21,23

A reinforced bioinductive scaffold may be indicated
for the reinforcement of soft tissue where weakness
exists. The scaffold, commonly referred to as a rein-
forced bioinductive implant (RBI), is composed of
highly porous type I collagen and bioresorbable poly (L-
lactide) microfilaments. The 3-dimensional open,
porous, scaffold allows for strength at time zero of im-
plantation (141 N) and encourages tissue induction and
cellular infiltration.24,25 It comes prepackaged as either
a 5-mm � 250-mm implant or as a 23-mm � 30-mm
implant. It has been used in a variety of applications
for soft tissue augmentation and has been shown to
promote new tissue growth and maturation.25

The purpose of this study was to biomechanically
compare a primary MPFLr augmented with an RBI to
the native MPFL ligament and to a semi-T double-
bundle MPFLR at time zero. The hypothesis is that the
biomechanics of the RBI-augmented MPFL repair
mimics the native MPFL.

Methods
Four matched pairs of cadaveric limbs (8 knees) were

obtained for this study. Cadaveric parameters included
no history of knee surgery, trauma, or osteoporosis, and
a body mass index above 20. All 8 native MPFL tendons
were isolated and biomechanically tested first. The
specimens were then randomized into 2 groups of 4
specimens each to receive either semi-T MPFLR or the
augmented RBI MPFLr (BioBrace; ConMed). The knees
were randomized so that when 1 cadaveric knee was
assigned to a group, the contralateral knee from the
same cadaveric specimen was assigned to the other
cohort. Cadaveric semi-T autografts were harvested
from each cadaver specimen.

Preparing the Native MPFL
All dissections were performed by the senior surgeon

(S.M.). The MPFL was isolated, preserving the femoral

and patellar attachments. The patellar and quadriceps
tendons were resected off the patella, isolating the pa-
tella from all soft tissue except for the MPFL attach-
ment. The MPFL footprint was measured (distance from
patellar to femoral insertions and widths of both
insertion points). The femur was secured to a cylindrical
fixture with at least 3 pins through the bone to secure it.
The femur was fixed at 37� � 2�, internally rotated with
0� set at where the posterior femoral condyle line is
horizontal to allow the line of force to be parallel to the
horizontal axis of the patella. This experimental design
is similar to the study by Mountney et al.4,23 The patella
was then potted and pulled to failure in all 8 specimens.

MPFL Repair/Reconstruction Technique
Once the native MPFL was pulled to failure, 1 leg

underwent a semi-T MPFLR while the contralateral leg
underwent augmented MPFLr.

Graft Prep
The RBI (5 � 250 mm) and semi-T autografts were

trimmed to 220 mm in length. Neither the RBI nor the
semi-T were tapered at their respective ends after length
trimming. The respective widths of each semi-T ranged
between 6 and 7 mm, with the diameter measured
through a sizing block of 4 mm after being stitched
(Table 1). A No. 2 suture was used to whipstitch the ends
of each graft at least 25 mm from each graft end.

Patellar Fixation
Patellar fixation for both the MPFL repair and

reconstruction was accomplished utilizing a dual-
anchor/socket docking technique as has previously
been described in the literature.26 Two parallel 4.5-mm
sockets were drilled on the superior two-thirds of the
patella to a depth of 25 mm. The graft was looped
through the button fixation, and both ends of the graft
were marked at 25 mm. The whipstitched ends were
passed through the anchor eyelets (Fig 1). Two 4.75-
mm PEEK anchors (Argo Knotless Suture Anchor;
ConMed) were inserted into the superior two-thirds of
the patella 15 mm apart. To ensure the graft was fully
seated into the sockets alongside the anchors, the
whipstitch had to slightly protrude from the socket and
the black line at 25 mm had to be flush with the bone,
as shown in Figure 2.

Femoral Fixation
Femoral fixation for both the MPFL repair and

reconstruction was the same. A 3.5-mm beath pin was
inserted just anterior and distal to the adductor tubercle
for femoral fixation overlying the native attachment of
the MPFL. A unicortical bone tunnel was drilled for
femoral button fixation and then over-reamed with a 5-
mm drill bit to a depth of 40 mm to dock the graft on
the femoral end. The button was passed through the
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tunnel using the beath pin tip, pulling the pin through
the femur to deliver the suture. An adjustable button
fixation device (Infinity Femoral Adjustable Loop But-
ton; ConMed) was secured and tensioned to ensure
reapproximation of the native MPFL length measured
previously.
For the augmented MPFLr group, after the double-

bundle construct was secured, the native MPFL was
then repaired using 2 interrupted No. 2 sutures in a
side-to-side manner incorporating the RBI into the
ligament repair. The sutures were placed in a box
configuration at the location of native ligament failure
(Fig 3 A and B). The construct was then retensioned to
ensure the graft was load sharing alongside the repaired
native tendon.

Mechanical Testing
Each native MPFL (n ¼ 8), augmented MPFLr (n ¼

4), and semi-T MPFLR (n ¼ 4) were cyclically pre-
conditioned and pulled to failure. Load and displace-
ment, failure mode, and stiffness were recorded for all 3
groups. The gauge length was measured at a nominal
force of 10 N. Each construct was preconditioned by a
series of 10 cycles from 0 to 30 N at 1 Hz, and then the
gauge length was measured again at 10 N nominal force
to record creep in the construct (Fig 4). The construct
was then brought down to 0 N and then pulled at 25
mm/min until failure.26 Load (N) versus displacement
(mm) was recorded at 100 Hz. The load at failure was
the value at which the load was 20% of its maximum,
and stiffness was calculated in multiple regions of
clinically relevant displacements.

Statistical Methods

A Ryan-Joiner test was used to demonstrate
normality. A paired t test was performed using
MINITAB (Minitab) to compare all 3 groups in
cyclic creep, load at 5 mm, failure load, and
displacement at failure. For all comparisons, P <
.05 was considered to indicate a statistically sig-
nificant difference.

Results
The load versus displacement curves of the native

MPFL, reconstruction, and augmented repair can be seen

in Figure 5. The first 10 mm of displacement is shown as
displacement past 10 mm is not clinically relevant. Re-
sults for all measured parameters are in Table 2, P values
are located in Table 3, and stiffness values measured at
various displacements can be seen in Table 4.
Four of the nativeMPFLs failed at the femur, 2 failed at

the patellar attachment, and 2 failed mid-substance.
Average failure load was 233 � 59 N, and displacement
at failure was 20.7 � 9.0 mm. At 5 mm of displacement
(linear elastic region), stiffness was 18.2 � 4.8 N/mm.
Three of the 4 semi-T MPFLR constructs failed at 7.93

� 3.4 mm displacement at a load of 84 � 29 N. The
semi-T had an initial stiffness that was double that of
the native MPFL at 2 mm of displacement (16.8 � 4.7
N/mm vs 7.5 � 3.0 N/mm, respectively). The semi-T
reconstruction group failed prematurely compared to
the native MPFL (7.93 vs 20.9 mm, respectively). The
load at 5 mm for the semi-T MPFLR was similar to the
native tissue, but after w8 mm, the construct had
completely failed in contrast to the native MPFL, which
at that point was in its most linear region. The semi-T
reconstruction group had a statistically significantly
lower failure load compared to native MPFL (P ¼ .049).
Three semi-T MPFLRs failed via anchor pullout at the
patella. Examination of the anchor, socket, and graft
after premature pullout indicated that the most likely
cause of failure was due to incomplete seating of the
graft into the socket. One of the reconstructions was
excluded from analysis due to extremely poor bone
quality of the patella. During attempted fixation of the
graft to the patella, the bone bridge between the sockets
failed prior to biomechanical testing. After consider-
ation of alternative methods of fixating the graft to the
patella, it was decided to exclude this specimen from
testing to maintain consistency.
The augmented repair results demonstrate that theRBI

provides supplemental strength to an MPFL repair. The
augmented MPFLr group (n ¼ 4) failed at 33.2 � 17.7
mm of displacement, which was similar to the native
MPFL displacement at failure (P ¼ .272). Its average

Table 1. Graft Width and Diameters of the 4 Individual Semi-
T Autografts Used for the Reconstruction Group

Specimen 1 2 3 4

Graft width at free end (single strand), mm 6 7 6 6.5
Graft diameter after stitching, mm 4 4 4 4

NOTE. Specimen and graft 3 (highlighted in bold) were ultimately
discarded due to poor patella bone quality resulting in fracture of the
graft socket.

Fig 1. The reinforced bioinductive implant alongside the
PEEK anchor. The end of the 5-mm whipstitched implant is at
the apex of the anchor inserter to allow for complete seating
into the patella socket.

RBI-AUGMENTED MPFL REPAIR 3



failure load was 287 � 130 N, which was also similar to
the nativeMPFL failure load (P¼ .759). The load at 5mm
of displacement was also similar to the native MPFL
(P ¼ .462). Two of the constructs failed due to the RBI
tearingmid-substancewhile the other 2 failed via anchor
pullout at the patella. The augmented MPFLr provided
consistent stiffness at clinically relevant displacements.

Discussion
No statistically significant difference was seen be-

tween the augmented MPFL repair and the native
MPFL in load-to-failure testing. The augmented MPFL
repair was observed to have biomechanical properties

similar to the native MPFL. The treatment of recurrent
patella instability via soft tissue correction has gradually
evolved from primary repair to MPFLR with hamstring
tendon due to inferior outcomes of repair alone.27,28

Kruckeberg et al.5 reported 3-fold higher recurrent
dislocation in patients who underwent MPFLr versus
those with MPFLR. Puzzitiello et al.6 found similar
findings, noting 36.9% recurrent dislocations in MPFLr
compared to a 6.3% recurrence in a reconstruction
cohort. Numerous systematic reviews have demon-
strated this to be an acceptable treatment option with
low re-dislocation rates.7-11,27,28 Both auto- and allo-
graft tissues have been used for reconstruction, with

Fig 2. (A) The reinforced bioinductive implant and 4.75-mm PEEK anchors being docked into a 4.5-mm socket on a Sawbones
model. (B) The completed patellar fixation in Sawbones example with the implant seated in the sockets.

Fig 3. The images demonstrate a lateral view of the medial patellofemoral ligament repair. The blue outline denotes the native
medial patellofemoral ligament. The red lines denote the location of tear, either approximate to the patella (A) or the femoral (B)
attachment sight. The green lines denote the “box” configuration of suture placement to complete the primary repair of the
native ligament tear with incorporation of the reinforced bioinductive implant (black arrows).
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allograft being favored in the adult populations.3,19-22 A
recent study has noted advantages of allograft include
lack of donor site morbidity, predictable graft diameter,
shorter operative time, decreased rate of recurrent
instability, and avoidance of loss in terminal hamstring
flexion.19 Despite these factors, the inherent risks of
allograft tissue still exist, including the integrity of the
graft structure after irradiation, graft elongation and the
stigmata of its use in adolescent patients.
Within the highest risk population of children and

adolescents, recurrent instability and complications
have been reported between 0% and 25% with MPFLR
using hamstring tendon.29 Parikh et al.29 retrospec-
tively reviewed 179 patients who underwent hamstring
MPFLR and reported a 16.2% complication rate. Of
those, more than half were due to complaints of joint
stiffness over time, loss of flexion, and patellofemoral
arthrosis/pain. One of the largest drawbacks associated
with hamstring MPFLR is excessive graft stiffness
compared to the native MPFL.19,21,23 This is often
associated with short- and long-term sequelae such as
anterior knee pain, acceleration of patella-femoral
cartilage damage, and loss of motion. If isometry of
the reconstructed graft is not obtained, the high stiffness
of the hamstring graft can exacerbate these symptoms.
Studies have demonstrated the maximum load and

stiffness of the MPFL in human cadaveric testing has
been variable, ranging from 145 � 44 N at 18.9 mm of
displacement to 208 � 90 N at 26 mm of displace-
ment.4,27,28 The latter was comparable to what was
demonstrated in this study. Reasons for this variability
in results may be due to cadaveric bone and tissue
quality and MPFL dissection techniques.
The semi-T MPFLRs had an initial time-zero stiffness

that was double that of the native MPFL at 2 mm of

displacement. Unfortunately, the reconstruction group
failed prematurely compared to the native MPFL, with
3 of the semi-T reconstructions failing via premature
anchor pullout at the patella. This mechanism of failure
was likely due to difficulty in docking the free ends of
the tendon into patella sockets due to variability in
tendon thickness. The ends of the semi-T grafts in this
study were not tapered prior to suturing, only trimmed
to a length of 220 mm. Examination of the tendon size
revealed tendon diameters consistent with previous
biomechanical studies.24 Based upon this and the

Fig 4. The cadaveric biomechanical test setups for the native medial patellofemoral ligament (A), semitendinosis medial
patellofemoral ligament reconstruction (B), and augmented medial patellofemoral ligament repair (C).

Fig 5. Load versus displacement curves of native MPFL, semi-
T MPFLR, and augmented MPFLr. (MPFL, medial patellofe-
moral ligament; MPFLr, medial patellofemoral ligament
repair; MPFLR, medial patellofemoral ligament reconstruc-
tion; semi-T, semitendinosus.)

RBI-AUGMENTED MPFL REPAIR 5



tendon quality of the specimens, it was deemed by the
authors to not risk compromise of the grafts by tapering
them further. However, in retrospect, the diameter of
the semi-T, combined with the suture and a 4.75-mm
anchor placed into a 4.5-mm socket, most likely pre-
vented full seating of the graft. This technical issue,
combined with cadaveric bone quality, may explain the
premature failures in this group. Conversely, premature
failure was not seen in the RBI group. The authors
believe this is due to the consistent 5-mm width of the
scaffold, which allows for reproducible fixation. In the
group that underwent RBI-augmented MPFLr, failure
occurred at a load and displacement similar to the
native MPFL. Two of the constructs failed due to the
scaffold tearing mid-substance while the other 2 failed
via anchor pullout at the patella. The augmented
MPFLr provided consistent stiffness at clinically rele-
vant displacements. While the semi-T MPFLR was
initially stiffer, the construct failed prematurely
compared to the native MPFL. The augmented MPFL
repair was observed to have biomechanical properties
similar to the native MPFL.
An alternative technique of addressing MPFL

disruption by augmenting MPFLr with an RBI using a
double-bundle docking technique has been presented
in this biomechanical study. Augmented MPFLr, in
terms of load to failure and stiffness, may be a viable
option for treating MPFL injuries based upon its profile
similarities to the native MPFL. While direct compari-
son of the semi-T MPFL group in the current study
cannot be accomplished due to the premature failures,
review of the literature demonstrates multiple studies
on MPFLR load to failure and stiffness using the same
docking technique at time zero. In separate studies,
Russ et al.30 and Raoulis et al.31 reported load-to-failure
and stiffness profiles (299.25 � 99.87 N, 20.60 � 6.78

N/mm; 253.5 � 38.2 N, 37.8 � 5.7 N/mm) that were
greater than the native MPFL in our study (233 � 59 N,
14.1 � 7.1 N/mm). Extrapolating from the literature
further, their loads to failure were in line with the RBI-
augmented MPFLr (287 � 130 N) in the present study,
while the stiffness profile was higher in the semi-T
groups versus the MPFLr (8.3 � 1.2 N/mm). These
findings are consistent with our hypothesis. Addition-
ally, Wetzler et al.24 performed an anchor pullout
biomechanical comparison in a cadaveric model of the
RBI compared to the semi-T graft using a double-
bundle docking technique. In their model, the semi-T
graft ends were tapered to ensure adequate graft
seating into the sockets. Their results demonstrated no
statistical difference in pullout strength between the 2
groups (RBI ¼ 249.3 � 36.3 N; semi-T ¼ 235.0 ± 113.6
N).
The findings of this time-zero study suggest that RBI-

augmented MPFLr may hold promise as an alternative
in treating MPFL injuries. Bioinductive implants have
shown the ability to successfully yield new tissue, but to
date, they have lacked structural strength at the time of
implantation.7 The RBI utilized in this study combines
both time-zero strength with the ability to create an
environment for soft tissue ingrowth.25 The implant
provides supplemental strength with a linear degrada-
tion of strength over 2 years before naturally resorbing.
This combination of properties addresses previous
drawbacks associated with soft tissue augmentation
implants. Given the concerns of excessive stiffness with
semi-T grafts and the associated complications, the
augmented MPFLr may hold clinical relevance as a
more native-like ligament construct. Future studies are
warranted to further investigate this and collect long-
term in vivo patient outcomes for those who undergo
treatment of MPFL injuries with an RBI.

Table 2. Measured Values for All 3 Test Groups Evaluating Cyclic Creep, Load at 5 mm, Load to Failure (N), and Displacement at
Failure (mm)

Group Cyclic Creep, mm Load at 5 mm Load at Failure, N
Displacement
at Failure, mm

Native (n ¼ 8) 1.1 � 0.9 51.4 � 16 233 � 59 20.7 � 9.0
Semi-T MPFLR (n ¼ 3) 1.6 � 1.3 63.1 � 12 84 � 29 7.93 � 3.4
Augmented MPFLr (n ¼ 4) 1.7 � 0.4 59.7 � 6.4 287 � 130 33.2 � 17.7

MPFLr, medial patellofemoral ligament repair; MPFLR, medial patellofemoral ligament reconstruction; semi-T, semitendinosus.

Table 3. Paired t Test Results Comparing All 3 Groups

Paired t Test Cyclic Creep, mm Load at 5 mm Load at Failure, N
Displacement
at Max, mm

Native MPFL vs Augmented repair .034* .462 .759 .272
Semi-T reconstruction .475 .295 .049* .077

Augmented repair vs reconstruction .078 .510 .051 .074

MPFL, medial patellofemoral ligament; semi-T, semitendinosus.
*Statistically significant difference, P < .05.
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Limitations
This study has certain limitations. The age of the

cadaveric bone (average ¼ 54 years) is substantially
greater than the treatment population for which these
injuries typically occur. As such, factors such as pullout
strength of the bone and tissue integrity of the har-
vested semi-T grafts may have been affected. It is un-
known how much this impacted the results of the
biomechanical testing. In the MPFLR group, premature
failure of the fixation on the patella side was found in 3
of the specimens. It may be hypothesized that this was
multifactorial based upon the bone quality and the graft
size placed with anchor into the socket.
Another limitation of this study was the sample size,

given the premature failures and poor bone quality.
Furthermore, the authors acknowledge this is a time-
zero biomechanical study, and clinical decision-
making regarding the application of these data in vivo
for human patients is limited.

Conclusions
No statistically significant difference was seen be-

tween the augmented MPFL repair and the native
MPFL in load-to-failure testing. The augmented MPFL
repair was observed to have biomechanical properties
similar to the native MPFL. MPFLr with RBI augmen-
tation provided consistent stiffness at clinically relevant
displacement.
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