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Biomechanical Comparison of Meniscal Allograft
Root Fixation Techniques: Anterograde Interference

Bone Plug Fixation Yields Favorable Results
Compared to Transosseous Suture Fixation Alone
Andrzej Brzezinski, M.D, Casey Imbergamo, M.D, William Pfaff, Ph.D., Rae Tarapore, B.A.,
Matthew Nasra, B.A., Michael Simon, B.A., and Charles Gatt, M.D.
Purpose: To compare the biomechanical properties of 2 different fixation techniques (interference bone plug fixation vs
transosseous suture fixation) of the posterior horn of the medial meniscus using a porcine model. Methods: Twenty-six
matched pairs of fresh-frozen juvenile domestic porcine knees were used in this study. Specimens were randomly
distributed among 3 groups: (1) native meniscus groups, (2) interference fixation, and (3) transosseous suture fixation. In
each group, the posterior segments of the tested medial menisci were gripped with the freeze clamps and fixed to the
tensile testing machine. Samples were preconditioned, followed by cyclic tension-relaxation for 1000 cycles between 10
and 30 N at 0.5 Hz and finally pulled to failure at a rate of 0.55 mm/s. The cyclic elongation, stiffness to failure, mode, and
ultimate load to failure were recorded. Results: There was no significant difference in ultimate load to failure between
the interference fixation (169.71 � 71.98 N) and transosseous suture fixation (222.73 � 72.40 N) groups (P ¼ .118), both
were significantly less than that of the native meniscus (405.46 � 95.62) (P < .001). Interference fixation displayed cyclic
elongation (1.04 � 0.71 mm) and stiffness (69.10 � 25.8 N/mm) that were not significantly different from the native
meniscus tissue (0.78 � 0.53 mm and 83.1 �26.28 N/mm) (P ¼ .359 and P ¼ .224), in comparison to transosseous suture
fixation, which did show increased cyclic elongation (1.85 � 1.44 mm) (P ¼ .047) and decreased stiffness (34.72 � 10.2
N/mm) (P < .001). Conclusion: Interference fixation of the posterior horn of the medial meniscus has superior cyclic
elongation and stiffness when compared to transosseous suture fixation. Interference fixation and the native meniscus
model have a similar stiffness and cyclic elongation. Clinical Relevance: The significance of our study is that using
interference fixation for meniscal allograft transplantation has the potential to reduce short term surgical failures as well as
long term complication rates.
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Arthroscopy, Sports Medicine, and Rehabilitation
and stabilization of the knee. The intact meniscus al-
lows for transformation of the axially oriented
compression forces generated across the knee into hoop
stresses within the meniscal tissue that dissipate onto
the tibial plateau via the meniscal roots. Fifty percent of
weightbearing on the medial side of the knee is trans-
mitted through the medial meniscus.1 Meniscal injuries
are common, and over half a million meniscectomies
are performed yearly in the United States.2 Meniscec-
tomies were found to be successful for the short-term
improvement of pain in patients with nonreparable
meniscal tears; however, they are linked to long-term
complications such as progression of osteoarthritis.3-5

Meniscal allograft transplantation (MAT) has become
a viable treatment option for symptomatic patients with
post-meniscectomy syndrome. The first MAT was per-
formed in 1984, and since then various surgical tech-
niques have been developed including arthroscopic-
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assisted methods.6 The role of MAT is to restore knee
biomechanics and prevent or delay osteoarthritis.7 To
restore chondroprotective function the meniscal allo-
graft needs to be adequately sized and attached to the
tibial plateau.8 There are various fixation techniques for
medial MAT. The most common technique used is
individually fixing the anterior and posterior meniscal
roots to the tibia via transosseous sutures. Some sur-
geons retain bone plugs with the meniscal roots, and
some implant the allograft without bone plug.9 Some
studies have found that retention of the bone plugs for
fixation of medial MAT yielded superior results
compared to implantation of an MAT without bone
plugs in terms of improved tibiofemoral contact pres-
sures.10,11 However, no definitive gold standard tech-
nique has been established to date.12 In our laboratory
we are developing a technique for interference fixation
of the posterior horn of a meniscus transplant. In this
technique, the posterior root and bone plug are fixed
into its tunnel with an interference screw inserted over
a guidewire placed through the posteromedial portal.
The anterior horn will also be fixed with interference
screw fixation, but this will be performed with direct
visualization through the mini arthrotomy that is used
to insert the meniscal allograft. The primary mode of
failure of MAT is extrusion of the implant. The extru-
sion of the allograft results in increased joint contact
forces13,14 and is believed to be the result of less-than-
optimal root fixation.15,16 The identification of an
ideal tibial fixation technique has the potential to help
optimize MAT procedures and reduce failure rates.
We compared interference fixation (IF) of the bone

plug to transosseous suture fixation (TSF) of the pos-
terior horn of the medial meniscus using a porcine
model. To identify any potential differences between
the two fixation constructs, this study examined cyclic
elongation, stiffness, and ultimate tensile load to failure.
The ideal fixation construct would exhibit minimal cy-
clic elongation to decrease risk of meniscal allograft
extrusion, maximal stiffness to allow for a greater
proportion of tibiofemoral load to be transferred to the
meniscus, and a high ultimate tensile load to failure.
The purpose of this study was to compare the biome-
chanical properties of 2 different fixation techniques
(interference bone plug fixation vs transosseous suture
fixation) of the posterior horn of the medial meniscus
using a porcine model. The null hypothesis was that
there would be no significant difference between IF and
TSF fixation constructs in response to dynamic and
ultimate tensile stresses.

Methods

Specimen Preparation
Twenty-six matched pairs of fresh-frozen juvenile

(within 6 to 10 months of age) domestic porcine knees
were used in this study. Each was obtained from a local
slaughterhouse. Porcine knee models were chosen
because they have been used extensively in previous
biomechanical testing studies for meniscus fixation.
Generally, porcine knees have bone density closer to
that of young human subjects who are candidates for
MAT. Additionally, they are also more readily available
and cost-effective in comparison to human cadaveric
knees.2,3,5,17-19 All knees were inspected for signs of
meniscal damage, cartilage deterioration, and other
defects before testing. Each knee was disarticulated, and
tibias were isolated for further dissection. All soft tissue
was removed from the bone except the medial
meniscus, which was left intact on the tibial plateau.
The anterior half of the medial meniscus was resected,
and the posterior segment with its bony attachment
was preserved. Each specimen was potted in a cylin-
drical mold using poly-methyl methacrylate cement
(Fricke Dental International Inc., Streamwood, IL) to a
point 4 cm distal to the proximal aspect of the tibial
tuberosity.7,20

Testing model
Specimens were randomly distributed among 3

groups: (1) native meniscus, (2) IF, and (3) TSF groups,
with 12 knees for native meniscus group and 20 for
each fixation construct. The medial menisci segments
were left intact for specimens assigned to the native
tissue group. In both fixation groups, half of the speci-
mens were used as meniscal donors and half as testing
specimens. A 2 � 2 cm bone block of the tibial plateau
with attached medial meniscus was harvested from
each of the donor’s knees. The bone block was then
shaped into a 10 mm long bone plug of diameter equal
to the meniscal root width that was on average 9.4 mm
(9-10) (Fig 1). Finally, each of the harvested menisci
was randomly assigned for implantation into the
remaining tibias. Tibial fixation was performed for both
experimental groups by the same orthopedic surgeon.
Using an Acufex Anatomic ACL Guide System (Smith &
Nephew, London, UK), a transtibial tunnel was created
in each testing specimen. Tunnels were drilled from the
anteromedial cortex of the tibial metaphysis through
the footprint of the posterior horn of the meniscus on
the tibial plateau.3,15,21 The inclination of the tunnel
was 55�, and the diameter was either 9 mm or 10 mm
based on the measured diameter of the bone plug. The
average tunnel length was 37.7 mm (35-47 mm). A
braided polyester nonabsorbable suture (No. 5 Ethi-
bond; Ethicon, Bridgewater, NJ) was passed through
the bone plug and fed through the transtibial tunnel to
pull the bone plug into place and aid with fixation. To
secure the meniscus in the IF group a titanium suture
anchor (with sutures removed) (TwinFix Ultra Ti
5.5mm Suture Anchor; Smith & Nephew) was placed in
the proximal end of the tunnel between the bone plug



Fig 1. Medial meniscal allograft with 9.5 mm bone plug.

Fig 2. Porcine knee secured in a custom potting fixture with
the meniscus grasped by freeze clamps for dynamic tensile
testing.
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and the tunnel interface in an anterograde fashion.5

The titanium anchor was selected for interference fix-
ation because its shape is similar to that of an inter-
ference screw, and our laboratory has been successful
inserting the anchor through a posteromedial portal
into the medial meniscal root attachment site in a hu-
man cadaveric model. For the TSF group the strands of
suture were firmly manually tensioned and tied over an
extracortical button (Endobutton; Smith & Nephew) at
the distal end of the tunnel with 10 throws to ensure
that the knots were not a source of failure.

Biomechanical Testing
Each knee was secured to a custom fixture and

clamped to the base of a dynamic tensile testing ma-
chine (5564 Instron Material Test Machine; Lawrence
Instron Corporation, Norwood, MA). The fixture
allowed for positioning of the tibia to be adjusted so that
the force vector was in line with the transtibial tunnel
and perpendicular to the base [1]. The medial meniscus
was then clamped and rigidly fixed to the actuator of
the tensile testing machine using freeze clamps (Elec-
troforce; TA Instruments, New Castle, DE) (Fig 2). All
samples were hydrated before testing and during the
testing process using gauze pads soaked in phosphate-
buffered saline solution. All 3 groups were subject to
the same cyclic tension-relaxation protocol: specimens
were preconditioned for 10 cycles between 1 and 10 N
at 0.1 Hz, followed by cyclic tension-relaxation for 1000
cycles between 10 and 30 N at 0.5 Hz.1,7,8,15,21 This
loading protocol has been used by previous studies to
approximate the tensile forces on the posterior medial
meniscus root under neutral rotation, range of motion
from 0� to 90� of knee flexion, and 500 N of tibiofe-
moral load, which we believe to be representative of
range of motion and partial weightbearing seen in
postoperative rehabilitation regimens after meniscal
allograft transplantation.7,8,21,22 Displacement of the
meniscus was recorded at the actuator of the tensile
testing machine at the conclusion of cycles 1, 100, 500,
and 1000, similar to previous studies evaluating
displacement in meniscus tissue.7,8 On completion of
the cyclic loading protocol, the menisci were pulled to
failure at a rate of 0.5 mm/s.22 Mode of failure was
recorded as suture breakage, bone block failure, bone
block slippage, or meniscal tissue failure.



Fig 3. Cyclic elongation at 100, 500, and
1000 cycles. Asterisk denotes significant
difference between groups.
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Calculations and Statistical Analysis
Cyclic elongation was calculated as the difference in

extension between the end of the first cycle and the end
of the 1000th cycle. From the ultimate tensile test,
stiffness was calculated from the slope of the load
deformation curve in the elastic region of the curve. All
parameters were compared between the two fixation
experimental groups and the native tissue control
group using 1-way analysis of variance followed by
paired t-tests to determine statistical significance. Two-
tail P values <.05 and <.001 were considered signifi-
cant and highly significant, respectively. All analyses
were performed using Stata 16 software (StataCorp,
College Station, TX) and Microsoft Excel (Microsoft,
Redmond, WA).
Results

Cyclic Elongation
There was a significant difference in cyclic elongation

between the TSF and native meniscus groups, with the
TSF group displaying 137% greater elongation (P ¼
.047). The average cyclic elongation of the TSF group
was 1.85 � 1.44 mm compared to 0.78 � 0.53 mm for
the native meniscus group. There was no significant
difference between the IF group and both the native
meniscus (P ¼ .359) and TSF groups (P ¼ .132) (Fig 3).

Stiffness
There was a significant difference in stiffness between

the TSF group and the IF (P ¼ .002), and between the
TSF and native meniscus groups (P < .001). The IF
group exhibited stiffness that was 83.2% of the native
meniscus group, and the TSF group exhibited stiffness
that was 41.8% of the native meniscus group. There
was no significant difference between the IF and native
meniscus groups (P ¼ .224) (Fig 4).

Ultimate Load to Failure
There was a significant difference in ultimate load to

failure between the native meniscus group and both the
IF (P < .001) and TSF groups (P < .001). The inter-
ference fixation group exhibited failure at a level that
was 41.9% of the native meniscus group, and the TSF
group exhibited failure at a level that was 54.9% of the
native meniscus group. There was no significant dif-
ference between the interference fixation and TSF
groups (P ¼ .118) (Table 1).

Mode of Failure
There was a difference in the mode of failure between

the testing groups. For the native meniscus, all speci-
mens failed by tearing at the root. All specimens in the
TSF fixation group experienced a break of the polyester
suture over the cortical button. Interference fixation
failure occurred from breakage and slippage of the bone
plug (Fig 5). Four specimens failed from slippage of the
bone plug, 2 specimens failed from isolated breakage of
the bone plug, and 4 failed from simultaneous breakage
and slippage of the bone plug.
Discussion
Our study found that the interference fixation of the

posterior horn of the meniscus had superior stiffness
and cyclic elongation when compared to transosseous
suture fixation. There was no difference in ultimate
load between the 2 groups, both of which had an ulti-
mate load that was significantly less than that of the
native meniscus group.



Fig 4. Stiffness by group. Asterisk denotes
significant difference between groups.

Table 1. Ultimate Load to Failure by Group

Group Count Average (N) Standard Deviation (N)

Native meniscus 12 405.46 95.62
IF 10 169.71 71.98
TSF 10 222.73 72.40
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Meniscal allograft transplantation (MAT) has become
a potential treatment option for patients with post-
meniscectomy syndrome over the past few years,
which is broadly characterized by intractable pain after
partial or complete meniscectomy.23 Because of the
wide variety of techniques and materials considered,
standardizing an approach to performing this procedure
may potentially reduce high complication rates while
optimizing clinical outcomes.12 This study aimed to
examine the biomechanical properties of meniscal
allograft bone plug interference and transosseous su-
ture fixation of the posterior medial meniscal horn as a
means of determining a superior method for MAT tibial
fixation. TSF was chosen because it is a commonly used
surgical technique, and there are several preclinical
studies evaluating this technique.5 IF was chosen
because this technique has been evaluated for a tissue
engineered meniscus replacement.5 Additionally, our
laboratory has completed pilot work demonstrating the
feasibility of arthroscopically assisted antegrade fixation
of the posterior horn of a meniscal allograft through a
posteromedial portal. Our results showed that IF had
superior biomechanical properties in comparison to
TSF. Specifically, IF displayed cyclic elongation and
stiffness that were comparable to native meniscus
tissue.
Increased elongation during cyclic loading can result

in meniscal allograft extrusion, which in turn will
decrease meniscal hoop tension and lead to increased
femorotibial contact stress.19,24 As a result, the ideal
tibial fixation method should demonstrate minimal
cyclic elongation that maintains the biomechanical
integrity of the allograft and surrounding tissue. Our
study showed that IF exhibited less elongation than
TSF, with only a 33.3% increase compared to native
meniscus tissue, which was not significantly different.
Although the difference in elongation between IF and
TSF was small (0.8 mm), this may have a significant
impact on meniscal extrusion. Greater than 3 mm of
meniscal extrusion is associated with inferior clinical
outcomes in MAT.25,26 Thus we believe that the dif-
ference in cyclic elongation between IF and TSF are
clinically, as well as statistically significant. Our findings
are consistent with those reported by Patel et al.5 in a
meniscal device tibial fixation study, which found that
posterior medial screw fixation displayed elongation
only 36.5% greater than native meniscus roots. Previ-
ous studies have compared interference screw to suture
fixation in tibial fixation of ACL grafts, and while these
studies examined a different type of graft, they similarly
found that the interference screw exhibited signifi-
cantly less cyclic elongation than suture fixation.27,28

The favorable elongation properties of the IF may be
attributed to the stiffness of the fixation construct.5 The
interference fit technique used in our study exhibited
stiffness that was comparable to the native meniscus,
likely caused by the frictional interference created by



Fig 5. Bone plug breakage
as the mode of failure with
interference fixation.
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the screw. Alternatively, the suture used in the TSF
group was presumably the limiting factor, leading to
decreased stiffness (58.2% less than native meniscus)
and subsequent increased elongation. A previous study
by Patel at al.5 comparing interference screw to trans-
osseous suture fixation of a synthetic meniscal
replacement device yielded similar results, with the
interference screw exhibiting greater stiffness. The
combination of increased stiffness and decreased elon-
gation displayed by the interference screw would pro-
vide superior tibiofemoral contact stress mechanics and
limit extrusion of meniscus allograft.
Although there was no significant difference in ulti-

mate load to failure between the IF and TSF groups,
both were approximately half of the native meniscus
values. The decreased load to failure in the TSF group
can be attributed to suture breakage. In the IF group,
most failures occurred because of bone plug breakage
and subsequent slippage from the bony tunnel, which
may be related to the technique implantation. Although
we did not demonstrate a difference between IF and
TSF, the load to failure occurred above the load
generated during the early rehabilitation phase of the
MAT. Because this is a cadaveric, time zero study, it
does not account for the biologic ingrowth of the allo-
graft bone plug. At later time points in the in vivo
model, the mechanical fixation supplied by the inter-
ference device or the transosseous sutures should be
irrelevant.

Limitations
This present study was not without limitations. First,

we were unable to consider the density of the bones
that we used during this study. This parameter may be
influential in interference mechanics. In clinical
practice, bone density may need to be considered
because of its potential mechanical significance.
Furthermore, this study used porcine knee models as
opposed to human cadaveric knee models. The results
of this study may not be directly generalizable to hu-
man tissue, but they do serve as a preliminary baseline
upon which further research can be performed.
Additionally, this study only used 1 type of braided
polyester suture, and it is possible that exploring
various suture types may have yielded different results
for the TSF group. However, it has been previously
documented that similar material properties exist be-
tween different types and sizes of sutures in ortho-
paedics.29 Also, the interference screw used for the
testing was slightly undersized compared to the cur-
rent recommendations for use in clinical practice,
which might affect the ultimate load to failure in the IF
group.30 Increasing the diameter of the interference
device might increase the incidence of posterior tunnel
blowout. In this study we did use a titanium suture
anchor since we had performed pilot work demon-
strating the antegrade insertion feasibility from a
posteromedial portal. Later pilot work has demon-
strated the feasibility of antegrade insertion of a can-
nulated titanium interference screw over a flexible
guide wire, again from a posteromedial portal. Last,
there was variability in the porcine knee models
regarding age and gender that led to a subsequent
variability in tested meniscal tissue. The current find-
ings show that IF of the posterior horn of the medial
meniscus yielded favorable results and should be
considered in future studies exploring the implanta-
tion of meniscal allografts.
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Conclusions
Interference fixation of the posterior horn of the

medial meniscus has superior cyclic elongation and
stiffness when compared to transosseous suture fixa-
tion. Interference fixation and the native meniscus
model have a similar stiffness and cyclic elongation.
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