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Biomechanical Evaluation of an All-Inside Suture-Based
Device for Repairing Longitudinal Meniscal Tears
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Purpose: A device for all-inside suture-based meniscal repairs has been introduced (NovoStitch; Ceterix, Menlo Park,
CA) that passes the suture vertically through the meniscus, thereby encircling the tear, and does not require an additional
incision or extra-capsular anchors. Our aim was to compare this all-inside suture-based repair with an inside-out suture
repair and an all-inside anchor-based repair (FasT-Fix 360�; Smith & Nephew, Andover, MA). Methods: Longitudinal
tears were created in 36 fresh-frozen porcine menisci. Repairs were performed using an all-inside suture-based meniscal
repair device, an all-inside anchor-based repair, and an inside-out suture repair. They were tested with cyclic loading and
load-to-failure testing. The displacement, response to cyclic loading (100, 300, and 500 cycles), and mode of failure were
recorded. The stiffness of the constructs was calculated as well. Results: The all-inside suture-based repairs and the
inside-out repairs showed significantly higher loads to failure than the all-inside anchor-based repairs. The stiffness values
for the 3 repairs were not different. There were no differences in initial displacement. After 100, 300, and 500 cycles, the
inside-out repair had higher gap formation (displacement) than the other 2 groups. Suture failure was the predominant
mode of failure across all repair techniques. Conclusions: The all-inside suture-based repairs and inside-out repairs did
not exhibit different load-to-failure values. In addition, the all-inside suture-based repairs and the all-inside anchor-based
repairs did not exhibit different displacement values during cyclic loading. Clinical Relevance: When addressing a
longitudinal meniscal tear, surgeons should consider biomechanical data of various repair devices and techniques in their
decision-making process to maximize the mechanical strength and healing probability of the repair.
ongitudinal tears of the meniscus occur frequently
Lat the periphery of the meniscus, where the blood
supply is rich, making these tears amenable to repair.1

An analysis by Kim et al.2 identified a 25% increase
in medial and lateral meniscal repairs between 1996
and 2006, and Abrams et al.3 showed that between
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2005 and 2011, more isolated meniscal repairs had
been performed in the United States without an in-
crease in the number of meniscectomies. Because the
loss of meniscal tissue can lead to progressive arthrosis,
considerable emphasis has been placed on repairing
meniscal tears in the hope of preserving its force
dissipation.4,5

Historically, the gold standard for meniscal repair has
been the inside-out technique, which has been used in
this study as the reference to compare with other
methods. This method uses long flexible needles to pass
suture through the tissue under arthroscopic guidance.
The sutures are retrieved using a separate incision and
are tied over the joint capsule.6 This process can place
the neurovascular structures at risk and requires an
additional incision.7

To limit this risk and eliminate the extra incision,
various devices have been developed by which the
repair is performed arthroscopically using an “all-
inside” technique. The most popular of these designs
deploy nonabsorbable anchors that are passed through
the torn meniscus and sit on the joint capsule. A study
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Fig 1. NovoStitch disposable suture passer/knot pusher and
FasT-Fix 360� device.
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on pig menisci has shown that the repair strength of the
inside-out technique is significantly stronger than that
of current all-inside repair devices,8 whereas another
study on fresh-frozen human menisci has shown no
difference.9 Though less invasive than the inside-out
technique, all-inside repairs can result in neurovascular
injury, irritation from the anchors, and implant failure.10

A device for all-inside suture-based meniscal repair
has been introduced by Ceterix (Menlo Park, CA) that
passes the suture vertically through the meniscus,
thereby encircling the tear, and does not require an
additional incision or extra-capsular anchors.11 This
study aims to compare an all-inside suture-based repair
with a standard inside-out suture-based repair and an
all-inside anchor-based repair (FasT-Fix 360�; Smith &
Nephew, Andover, MA) using pig menisci. We hy-
pothesized that the tears repaired with the all-inside
devices would show higher loads to failure and less
displacement in response to cyclic loading than the
inside-out suture repair.

Methods

Preparation and Repair
Paired (medial and lateral), fresh-frozen porcine

menisci, from 1-year-old female pigs, were randomly
assigned to 1 of 3 groups: all-inside suture-based repair
(NovoStitch [No. 2-0 ultrahighemolecular weight
polyethylene Force Fiber; Teleflex Medical, Research
Triangle Park, NC]) (n ¼ 18); all-inside anchor-based
repair (FasT-Fix 360� [PEEK (polyether ether ketone),
No. 2-0 UltraBraid; Smith & Nephew]) (n ¼ 18); and
inside-out repair (No. 2-0 Force Fiber) (n ¼ 18).
The menisci were harvested intact by resecting the

tissue at the meniscocapsular junction. They were
allowed to thaw 8 hours before testing. After harvest-
ing, each sample was put in a bag and the bag was
numbered (2 digits). Each repair group was numbered
(1 digit). A random-number generator was used to
generate 2 random-number order lists, 1 digit and 2
digits. The order for 1 digit was 2-1-3. Each sample was
allocated to a repair group in 2-1-3 repeating order per
the 2-digit random order list. The repairs and testing
were performed per the 2-digit random list order.
The all-inside suture-based NovoStitch system de-

livers an all-inside suture-based repair and has 2 (upper
and lower) jaws that facilitate a needle to pass suture
from the lower jaw to the upper jaw (Fig 1).11 Various
types of sutures and suture configurations can be used.
Arthroscopic suture-tying techniques are required to
complete the repair. In this study we used No. 2-0
ultrahighemolecular weight polyethylene (Force Fiber)
for our suture material and the Revo knot with 2 extra
half-hitches for the knot technique.12,13 We placed a
vertical loop suture for our repair. The FasT-Fix 360�

meniscal repair system was used for all-inside anchor-
based repairs. The system deploys two 5-mm PEEK
polymer implants (PEEK-OPTIMA; Invibio, West Con-
shohocken, PA) (Fig 1). The anchors are joined by a
continuous strand of No. 2-0 high-strength poly-
ethylene suture (UltraBraid) that, when triggered, ad-
vances a pretied sliding knot secured to best reproduce
the vertical mattress suture.
To simulate a longitudinal tear, a No. 11 surgical blade

was used to make a vertical cut in each meniscus 3 mm
from the peripheral rim, beginning at the midpoint of
the central two-thirds of the meniscus (pars intermedia)
and extending into the anterior and posterior horns.
The 3-mm mark and midpoint were measured by a
digital caliper.
To simulate a clinically relevant repair in the all-inside

suture-based repair group, the NovoStitch device (Figs
1 and 2 A and B) was used to pass a No. 2-0 Force Fi-
ber suture through the midpoint of the pars intermedia
on either side of the tear approximately 1 cm apart. The
suture was then tied, using the Ceterix NovoStitch
Disposable Knot Pusher (Fig 1) and an arthroscopic
Revo knot with 2 extra half-hitches.12,13

By use of the FasT-Fix 360� device in the all-inside
anchor-based repair group, a single vertical mattress
suture was created by deploying the 2 anchors at the
midpoint of the pars intermedia approximately 1 cm
apart (Figs 1 and 2 C and D). For the inside-out repair, 1



Fig 2. Meniscal repairs with (A) NovoStitch meniscal repair technique, (C) inside-out suture technique, and (E) FasT-Fix 360�

device and surgical repairs using (B) NovoStitch disposable suture passer, (D) inside-out suture technique, and (F) FasT-Fix 360�

device.

Fig 3. Representative specimen mounted in testing jig with
India ink markers visible on specimen above and below repair
site (arrows).

430 A. MASOUDI ET AL.
No. 2-0 Force Fiber suture was passed using 2 straight
Keith needles 1 cm apart at the midpoint of the pars
intermedia (Fig 2 E and F). The suture was tied by hand
without a knot pusher on the peripheral side using 2
half-hitches, followed by 5 alternating half-hitches, to
complete 3 square knots. A single repair construct was
used for each specimen.
Before testing, the longitudinal tear was completed by

extending the incision through the anterior and posterior
horns. Tissue moisture was continuously maintained
using physiological saline solution (0.9% by volume).

Biomechanical Testing
The repaired menisci were placed in custom-made

clamps aligned perpendicular to the tear and mounted
onto a mechanical testing system (Instron 8511; Instron,
Norwood, MA) (Fig 3). After application of a 2-N pre-
load, cyclic loading was performed between 5 and 20 N
at a frequency of 1 Hz. Data were recorded continu-
ously.8,14-16 These loads were chosen after pilot testing
showed that some knots failed around 30 N of force and
therefore 20 N would allow all specimens to survive the
cyclic loading stage of the experiment. Furthermore,
these loads are in keeping with prior studies on meniscal
repair by our group and others.8,17-19 On each specimen,
3 sets of paired markings were placed on either side
of the repair using India ink (Fig 3). Gap formation
(displacement) was recorded by measuring the distance
between the paired markings at a load of 5 N after cycles
0, 1, 100, 300, and 500with a calibrated, high-resolution
digital camera (PixeLINK PL-B681C; PixeLINK, Ottawa,
Ontario, Canada). Displacement measurements were
calculated as the vertical component of the measured
distance between each paired marker and then aver-
aging of the 3 paired markers (MATLAB; The Math-
Works, Natick, MA). This method and software have



Fig 4. (A) Failure load and (B) stiffness in 3 repair groups.
The asterisk indicates a statistically significant difference.
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previously been validated.7,8,20 Cycle 0 served as the
reference value for reporting the displacements for
subsequent cycles of 1, 100, 300, and 500.
Load-to-failure testing was performed at a rate of

3.15 mm/s.8 Stiffness was calculated as the slope of the
Table 1. Load, Stiffness, and Displacement Results for 3 Repair T

Load to Failure, N Stiffness, N/mm

I/O repair
Mean 118.3 14.0
SD 20.2 5.2

NovoStitch repair
Mean 111.4 18.0
SD 14.9 5.2

FasT-Fix 360� repair
Mean 82.4* 13.8
SD 12.5 1.6

P value
I/O v NovoStitch .99 .12
I/O v FasT-Fix .001 .99
NovoStitch v FasT-Fix .001 .10

I/O, inside-out.
*Significantly different from the other 2 techniques.
load-displacement curve between 20% and 60% of the
yield load. The mode of failure was recorded for each
specimen and was defined as suture breakage (suture
failure), suture pull-through (tissue failure), or knot
slippage (knot failure).

Statistical Analysis
On the basis of 2 previous investigations and an a

priori sample size calculation analysis (failure loads of
120 � 23 N and 98 � 29 N), we determined that 18
specimens per group were adequate to detect a 20%
change in load to failure at 80% power (nQuery
Advisor, version 7.0; Statistical Solutions, Saugus,
MA).8,22 The distribution of data was assessed for
skewedness using the Shapiro-Wilk test. A paired Stu-
dent t test was used to compare load to failure and
stiffness. A repeated-measures 2-way analysis of vari-
ance with mixed modeling was used to compare the
response to cyclic loading (cycles 1, 100, 300, and 500)
between the groups. The Fisher-Freeman-Halton exact
test for contingency tables larger than 2 � 2 was used to
assess differences in failure mode (suture failure, tissue
failure, or knot slippage) between groups (SPSS soft-
ware, version 21.0; SPSS, Chicago, IL). All comparisons
were 2 tailed, and P < .05 was considered statistically
significant. All data were reported as mean � standard
deviation.

Results
All data (load to failure, stiffness, and displacement)

were distributed normally (P > .05 for all cases). The
NovoStitch and inside-out repairs exhibited signifi-
cantly higher loads to failure than the FasT-Fix 360�

repairs (Fig 4A, Table 1). The stiffness values of the 3
repair groups were not different (Fig 4B, Table 1).
The 3 groups showed no differences on testing of the

first cycle of displacement (Table 1). However, after
100, 300, and 500 cycles, the inside-out repair showed
echniques

Displacement, mm

1 Cycle 100 Cycles 300 Cycles 500 Cycles

0.26 1.06* 1.48* 1.70*
0.12 0.52 0.57 0.53

0.27 0.78 1.17 1.37
0.13 0.18 0.26 0.28

0.20 0.70 0.94 1.10
0.15 0.57 0.65 0.50

.89 .04 .005 .002

.93 .02 .002 .001

.98 .65 .18 .12



Fig 5. Displacement values after 1, 100, 300, and 500 cycles
in 3 repair groups. The asterisks indicate statistically signifi-
cant differences.
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higher gap formation (displacement) than the other 2
groups (Fig 5, Table 1). When the NovoStitch and FasT-
Fix 360� repairs were compared, they were not statis-
tically different after 100, 300, and 500 cycles (Fig 5,
Table 1).
There were no differences in the modes of failure

among the groups. The inside-out repairs predomi-
nantly failed through suture failure (n ¼ 14, 78%),
followed by tissue failure (n ¼ 3, 17%) and knot slip-
page (n ¼ 1, 6%). The NovoStitch repairs predomi-
nantly failed through suture failure (n ¼ 16, 89%),
followed by knot slippage (n ¼ 2, 11%). All FasT-Fix
360� repairs failed through suture failure (n ¼ 18,
100%) (P ¼ .89).
Discussion
We sought to biomechanically compare 3 different

techniques of repairing longitudinal meniscal tears.
The results showed that the NovoStitch and inside-out
repairs had significantly higher loads to failure than
the FasT-Fix 360� repairs and that the NovoStitch and
FasT-Fix 360� repairs had significantly lower displace-
ment values after 100, 300, and 500 cycles than the
inside-out control repairs. The mode of failure did not
differ among the groups because suture failure was the
predominant mode of failure across the groups.
Longitudinal meniscal tears occur in young, active

patients and may displace, causing locking of the joint
in flexion or extension.6 Because the injury often oc-
curs at the periphery of the meniscus, these tears are
often amenable to repair and have a high rate of
healing, particularly when addressed concurrently with
anterior cruciate ligament reconstruction.21,22 Many
surgeons favor all-inside repair techniques because of
their ease and lower chance of neurovascular injury.7,10
Two devices have been shown to compare favorably
with inside-out repair, with the FasT-Fix 360� device
showing the higher load to failure of the all-inside de-
vices and similar stiffness to the inside-out control
repairs.8

Failure of the suture material, instead of knot failure
or pulling through the tissue, may be considered the
preferred method of failure in this setting. This finding
suggests that the suture’s orientation may be the key to
drawing on the meniscal architecture to achieve a stable
repair. Aligning the suture perpendicular to the intact
circumferential fibers may offer greater holding
strength to maximize the load to failure and response to
cyclic loading. The NovoStitch device is able to pass
suture vertically through the tear fragments to create a
compressive loop of suture, passing through the entire
thickness of the meniscus. On the contrary, the superior
limb of the vertical mattress repair for both the inside-
out and FasT-Fix 360� constructs passes through less
meniscal tissue because of the suture’s orientation
relative to the triangular cross section of the meniscus.
If the circumferentially oriented fibers in the periphery
are more effectively held, a vertical loop of suture may
be stronger.23,24 This mechanical effect has been
demonstrated previously and may explain the differ-
ence in the mechanisms of failure.24,25

However, if the decreased displacement observed in
the repairs in the NovoStitch and FasT-Fix 360� groups
is compared with the inside-out technique, this
disparity suggests that knot security and loop security of
the tied suture are also important. For the NovoStitch
and inside-out repairs, the process of tying and securing
the suture requires careful consideration, and it follows
that the use of a knot pusher may introduce variability
into the process. We may translate the increased
displacement into reduced healing rates in the in vivo
setting. In a meta-analysis, the healing rate of meniscus
has been reported as only 75%.22 Although the FasT-
Fix 360� system uses a knot pusher/cutter to secure
the fixation, the knots come pretied on the suture that is
strung between the anchors. This technique may offer
greater standardization and limit suture management.
This study did not compare the ease of use of the

devices or the risk of intra-articular damage with the
different techniques. Moreover, in the clinical setting,
more than 1 suture is usually used to perform the
repair. Our work addresses the biomechanical prop-
erties of 1 suture as a baseline. We suggest that
further studies be conducted using the baseline
data to compare different techniques with multiple
sutures.

Limitations
As a laboratory investigation, this study may be

limited in its applicability to human tissue. Porcine
menisci, though similar in size and shape, are not a
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perfect surrogate for human menisci.26 Being at the
same age and being healthy are benefits of their use,
whereas cadaveric menisci are usually old and
damaged. They can be thicker and tougher than human
tissue and do not compare as favorably as ovine
menisci.27,28 However, our findings support the work
performed by Rimmer et al.,25 who showed that a
vertical loop of suture was the strongest orientation in
human menisci, making the comparison of suture
orientation and architecture more reasonable. In addi-
tion, this study stressed the repairs directly, using a
custom design. This approach tests displacement in 1
plane but does not apply compression, tension, or shear
as seen in the knee. As a biomechanical model, these
results address the repair when it is most vulnerable
and no healing has occurred. Because it has been
shown that the repair integrity increases with time, it is
unclear how the repairs may affect meniscal healing
clinically.29,30
Conclusions
The all-inside suture-based repairs and inside-out

repairs did not show differences in load to failure, and
the all-inside suture-based repairs and the all-inside
anchor-based repairs showed no difference in
displacement during cyclic loading.
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