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Background: Radial tears of the meniscus represent a challenging clinical scenario because benign neglect and partial menis-
cectomy have both been shown to have negative biomechanical and long-term clinical consequences.

Hypothesis: Complex suture repair constructs have higher failure loads and stiffness values compared with simple constructs.

Study Design: Controlled laboratory study.

Methods: After radial transection of human cadaveric menisci, simulated tears were repaired arthroscopically by use of 1 of 4
repair constructs: (1) 2 inside-out horizontal sutures, (2) 2 all-inside horizontal sutures, (3) an all-inside Mason-Allen construct con-
sisting of 4 sutures, or (4) an all-inside construct consisting of a figure-of-8 suture plus 1 horizontal suture. Meniscus specimens
were harvested and tested to failure on an Instron machine. The Kruskal-Wallis test was used to evaluate for significance of max-
imal failure load and stiffness between groups.

Results: The mean maximum failure loads were 64 6 20 N (inside-out horizontal construct), 75 6 16 N (all-inside horizontal con-
struct), 86 6 19 N (Mason-Allen construct), and 113 6 22 N (figure-of-8 plus horizontal construct). Interconstruct comparison
revealed a statistically significant difference between the figure-of-8 plus horizontal construct and all 3 remaining constructs
(P \ .02) as well as the Mason-Allen construct when compared with the inside-out horizontal construct (P \ .01). Statistical sig-
nificance was not found between the all-inside horizontal construct and the Mason-Allen construct or between the all-inside hor-
izontal construct and the inside-out horizontal construct (P = .2 and .7, respectively). Stiffness values were lower for the inside-out
construct compared with the all-inside constructs (P \ .05).

Conclusion: Complex all-inside repair constructs had significantly higher failure loads than a conventional, simple inside-out
suture repair construct for repair of radial meniscal tears. Stiffness values among the all-inside groups were greater than those
for the inside-out group.

Clinical Relevance: Arthroscopic techniques are presented to produce stronger radial meniscal tear repairs.
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Radial tears of the meniscus may be more common than pre-
viously recognized. Studies in adults have suggested a 10% to
23% incidence of radial tear patterns,6,15,22 and a recent
review of meniscal treatment in children and adolescents
illustrated a 10% incidence.24 Biomechanical studies have
established the negative consequences of leaving complete
or near-complete radial tears untreated or treated with par-
tial meniscectomy, demonstrating increased contact pres-
sures and decreased contact areas at the surrounding
articular surfaces in both scenarios.4,5,17,21 Retrospective
and prospective studies have demonstrated that meniscal
tears with a significant radial component are associated
with a higher degree of meniscus extrusion and the develop-
ment of osteoarthritis.2,12 A recent retrospective review illus-
trated decreased rates of osteoarthritis as well as increased
functional scores in patients treated with meniscal repair
compared with partial meniscectomy.25
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Repair strength is important because it affects healing
potential and rehabilitation protocols. Retrospective studies
have described various repairs for radial meniscal tears
involving central to peripheral needle penetration techni-
ques that involve fixation within the perimeniscal capsule.
These studied patterns include single suture horizontal,
double suture horizontal, and crisscrossed transtibial con-
structs passed with outside-in, inside-out, and all-inside
techniques.1,6,9,11,18,19,26,27 Four previous biomechanical
studies have evaluated the failure load of radial repair con-
structs.3,10,13,16 All of these studies involved ex vivo suture
placement and ex vivo tensile testing, with 3 studies involv-
ing porcine meniscus and 1 study involving human menis-
cus specimens. These studies illustrated that 2 horizontal
sutures are better than 1 horizontal suture, a crossing
suture pattern is superior to a parallel pattern, and an
all-inside construct is likely stronger and stiffer than
inside-out based constructs. However, these studies primar-
ily evaluated simple suture patterns, and study is lacking
on more complex suture patterns and suture repairs that
are completely intrameniscal. Additionally, these previous
studies evaluated constructs placed ex vivo without study
of arthroscopically placed constructs.

The goal of this study was to compare the failure load
and stiffness values of side-to-side all-inside arthroscopic
suture patterns with values of previously described central
to peripheral horizontal repair patterns. We evaluated 1
construct placed in a traditional inside-out fashion and 3
repair constructs, of increasing complexity, placed in an
all-inside, intrameniscal fashion. Evaluation of the failure
load and stiffness for different meniscal repair constructs
will aid the clinician in decisions regarding optimal menis-
cal radial repair technique. We hypothesized that repair
construct failure loads would vary based on suture con-
struct design, postulating higher failure loads with
increased repair technique complexity.

METHODS

A total of 50 menisci were used from 28 human cadaveric
knee specimens. The mean specimen age was 57 6 6 years
(range, 42-63 years). Fifteen menisci were from female
donors, and 35 menisci were from male donors. Ten menisci
were used to establish a control group, tested intact without
creating a radial tear. Five medial menisci and 5 lateral
menisci were used for each group. We selected 10 specimens
per group, as 8 specimens per group has proven to be a suf-
ficient sample size in previous biomechanical in vitro stud-
ies on meniscus suture techniques.5,13 Additionally, upon
power analysis, it was determined that a sample size of 10
specimens per study group would yield at least 80% power
to detect the minimal between-group difference in maxi-
mum failure load of 27 N, assuming a nonparametric com-
parison of 4 groups, a group standard deviation of 20 N or
less,9 and a type I error probability of .05.

Specimens were mounted to mimic a supine arthroscopic
setup, with the knee free to move from 0� to 120�. Mounting
the specimens involved exposing 3 inches of bone superior to
the suprapatellar compartment and clamping in a 2-holed

specimen clamp. Holes were drilled through the bone once
it was provisionally placed in the clamp and 2 metal rods
were placed through the clamp and bone. In this simulated
surgical position, varus and valgus stresses could be placed
on the knee to open the medial and lateral compartments.
Arthroscopic portals were created, and a diagnostic arthros-
copy was performed. Specimens exhibiting macroscopic
articular cartilage defects equal to or greater than Outer-
bridge 3 and/or meniscal degeneration or meniscal tears
involving Cooper zones 0, 1, and/or 2 (ie, the peripheral
two-thirds of the meniscus) were excluded from the study.7

Five menisci were excluded due to macroscopic degenera-
tion upon initial arthroscopic evaluation.

A complete radial tear of the meniscus was created at
the junction of the body and posterior horn (ie, at the junc-
tion of Cooper zones A and B on the medial meniscus and
that of Cooper zones E and F on the lateral meniscus).7

Tear creation involved a percutaneous method using
a scapel with a No. 11 blade. Tears were created completely
through the meniscal and capsular tissue. Although
a radial tear involving the capsule is not a clinically com-
mon pattern, the capsule was included in tear creation to
eliminate it as a confounding variable. Although not
directly in the middle of the meniscus, the tear simulated
a midbody radial tear of the meniscus. After tear creation,
meniscal repair was performed arthroscopically. An
arthroscopic suture-passing device (NovoStitch; Ceterix
Orthopaedics) was used for the all-inside repairs, and typ-
ical long needles with zone-specific cannulas were used for
the inside-out repair. The intrameniscal suture technique
has previously been described.23 A No. 2-0 braided polyes-
ter and ultra–high-molecular-weight polyethylene suture
(Fiberwire; Arthrex) was used for all repairs.

Four repair constructs were evaluated: 2 traditional
horizontal sutures placed in an inside-out fashion (inside-
out horizontal construct), 2 intrameniscal horizontal
sutures placed in an all-inside fashion (all-inside horizon-
tal construct), a Mason-Allen construct involving 4 sutures
placed in an all-inside fashion (Mason-Allen construct),
and an intrameniscal figure-of-8 suture plus a peripheral
intrameniscal horizontal suture placed in an all-inside
fashion (figure-of-8 plus horizontal construct) (Figure 1).
All constructs used 2 sutures with the exception of the
Mason-Allen construct, which involved 4 sutures: 2 stay
sutures placed vertically and 2 suture loops placed horizon-
tally. The inside-out horizontal construct included 1 hori-
zontal suture on the femoral side and 1 on the tibial side.

Zone-specific cannulas and long needles loaded with No.
2-0 braided polyester and ultra–high-molecular-weight
polyethylene suture (Fiberwire) were used to create the
inside-out horizontal construct. A horizontal suture was
placed on the femoral side of the meniscus, and 1 horizon-
tal suture was placed on the tibial side of the meniscus.
Punctures were placed approximately 5 mm from the
periphery and 5 mm from the tear margin (Figure 2, A
and B). Creation of the all-inside horizontal construct
involved passage of 1 end of a suture on 1 side of the tear
approximately 3 mm from the periphery of the meniscus
and 5 mm from the tear margin followed by passage of
the other end of the suture on the other side of the tear
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approximately 3 mm from the periphery and 5 mm from
the tear margin. The 2 ends were tied by use of standard
arthroscopic Revo knots, involving 2 same-sided hitches
followed by 3 alternating half hitches.14 A second horizon-
tal suture was then placed in a similar fashion 8 mm from
the periphery and tied (Figure 2, C and D). Creation of the
Mason-Allen construct involved first placement of 1 verti-
cal suture on each side of the tear approximately 5 mm
from the tear. This involved passage of 1 end of a suture
3 mm from the periphery of the meniscus and 5 mm from
the tear site. The opposite end of the suture was placed
8 mm from the periphery and 5 mm from the tear site.
The 2 ends were tied. A similar vertical suture was placed
on the opposite side of the tear. This was followed by place-
ment of 2 horizontal sutures in a similar fashion to the
intrameniscal horizontal sutures placed in an all-inside
fashion construct, with each end of the suture passed on
the far side of the vertical suture from the tear (Figure 2,

E and F). Creation of the figure-of-8 plus horizontal con-
struct involved 4 steps (see the online Video Supplement).
The first step involved passing 1 free end of a suture (post)
on the far side of the radial tear approximately 5 mm from
the periphery of the meniscus. The second step involved
passage of the opposite end of the suture (leading suture)
approximately 5 mm from the periphery of the meniscus
on the opposite side of the radial tear (near side) from
the first passage. The third step involved passage of the
leading suture through the central aspect of the meniscus,
approximately 8 to 10 mm from the periphery, on the far
side. The fourth step involved passage of the leading
suture through the central aspect of the meniscus, approx-
imately 8 to 10 mm from the periphery, on the near side
(Figure 2, G and H). The post and leading end were tied,
and a second horizontal suture was placed 3 mm from
the periphery of the meniscus and tied. Knot tying for all
sutures involved a Revo knot and a knot pusher.14

Figure 1. Schematic of meniscal repair constructs.

Figure 2. (A, B) The inside-out horizontal construct. (C, D) The all-inside horizontal construct. (E, F) The Mason-Allen construct.
(G, H) The figure-of-8 plus horizontal construct. Panels A, C, E, and G illustrate the femoral view of constructs, and B, D, F, and H
illustrate the tibial view of constructs.
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After arthroscopic placement of the repair constructs, the
knees were disarticulated and the menisci were explanted by
sharp dissection. Individual meniscus specimens were then
tested to failure on an uniaxial material testing machine
(Model 5565; Instron Corp) with 2 screw side-action grip
specimen clamps (Model 2710-102). The screw side-action
grip specimen clamps had a maximum load capacity of
500 N. Specimens were kept moist with saline solution and
were tested within an hour of suture construct placement.
Each specimen was initially mounted in the superior speci-
men mount in line with the circumferential fibers and low-
ered into the inferior specimen mount (Figure 3).

The tensile testing protocol included a preload period for
10 seconds, a preconditioning period with cyclic loading,
and a period of load to failure. Throughout testing, tensile
load and displacement were recorded at 10 Hz. The precon-
ditioning period involved 20 cycles from 5 to 30 N at
0.5 mm/s, and the load to failure period involved an
increase in force at a rate of 0.5 mm/s until failure.
Throughout the entire testing process, actuator force and
displacement were captured, and a displacement curve
was generated by use of mechanical testing software (Blue-
hill 2; Instron Corp). Maximum failure load was defined as
the first loss of structural integrity illustrated by the initial
peak on the displacement curve. Stiffness values were
determined by calculating the slope of the load-displace-
ment curve during the initial loading of the construct from
5 to 30 N. The included region was linear and sufficiently
below the failure load to ensure that nonlinear deformation
was excluded. Meniscus specimens were kept moist before
and during testing. Specimens were monitored for slippage
within the clamp visually during testing as well as on post-
test analysis of the displacement curve.

All data were checked for normality of distribution, and
a Kruskal-Wallis 1-way analysis of variance by ranks was
chosen to evaluate for statistical significance of maximum
failure load and stiffness between groups, as the data were
not distributed normally. Power calculations were done
with simulations in SAS v 9.2 (SAS Institute Inc).

RESULTS

The control group exhibited the highest maximum failure
load and stiffness values (Table 1). The figure-of-8 plus
horizontal construct exhibited the highest maximum fail-
ure load among the repair constructs. The Mason-Allen
construct exhibited the second highest failure load, fol-
lowed by the all-inside horizontal constructs and the
inside-out horizontal construct. Interconstruct comparison
revealed statistical difference between the figure-of-8 plus
horizontal construct and all 3 remaining constructs
(P \ .02) and the Mason-Allen construct when compared
with inside-out horizontal construct (P \ .01). Statistical
significance was not found between the all-inside horizon-
tal construct and the Mason-Allen construct (P = .2) or the
inside-out horizontal construct (P = .7). Stiffness values of
repair constructs were similar except that the inside-out
horizontal construct had lower stiffness values than the
other repair constructs (Table 1). For stiffness, intercon-
struct comparison revealed statistical difference between
the inside-out horizontal construct and all 3 remaining
constructs (P \ .05). Statistical significance was not found
between the all-inside horizontal, the Mason-Allen, and
the figure-of-8 plus horizontal constructs. The failure
mechanism for all specimens tested was meniscal tissue
suture pull-through. Three specimens failed during the
preconditioning cycle, and data for these 3 specimens
were used in calculations. During control testing, 7 sam-
ples failed by slipping at the tissue clamp interface while
3 samples failed through elongation and tissue rupture;
data for all specimens were used in calculations.

DISCUSSION

This study evaluated 4 suture constructs for radial menis-
cal tear repair: 3 intrameniscal repair constructs with all-
inside arthroscopic technique and 1 repair construct using
traditional inside-out technique for comparison. The

Figure 3. Uniaxial testing construct.

TABLE 1
Maximum Failure Load and Stiffness for Each Constructa

Maximum
Failure Load, N

Stiffness,
N/mm

Control group 477 6 144 37 6 13
Inside-out horizontal construct 64 6 20 8 6 2
All-inside horizontal construct 75 6 16 12 6 3
Mason-Allen construct 86 6 19 11 6 2
Figure-of-8 plus horizontal

construct
113 6 22 11 6 3

aResults are reported as mean 6 SD.
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strongest construct involved the most complex pattern of
suture repair and had a mean maximum failure load of
113 N. Constructs illustrated low maximum failure loads
when compared with a control group of intact menisci.
The 2 complex, all-inside radial repair constructs were sig-
nificantly stronger than a conventional inside-out repair
construct, and all 3 all-inside repair constructs were stiffer
than the inside-out construct.

Previous biomechanical studies on radial repair have
focused on optimizing simple central to peripheral suture
placement; sutures have been placed ex vivo and then eval-
uated with similar biomechanical testing as used in this
study.3,10,13,16 Herbort et al10 used porcine menisci, cyclic
loading from 5 to 20 N 1000 times, and maximum failure
load to compare double horizontal suture patterns to single
suture patterns. Sutures were placed ex vivo and tied on
the rim of the menisci, creating an inside-out style of repair
constructs. The double horizontal pattern illustrated a sig-
nificantly higher maximal failure load and significantly
lower displacement compared with a single horizontal pat-
tern. Additionally, constructs closer to the meniscal
periphery performed significantly better than constructs
placed centrally in the meniscus, while distance of suture
placement from tear edge had no influence on construct
performance. While the study by Herbort et al guides opti-
mization of parallel horizontal suture for inside-out repair,
Matsubara et al16 theorized that a crossed suture construct
would capture a greater proportion of the semicircular-
oriented meniscal collagen fibers and thus perform better
than a simple horizontal construct in inside-out repair.
Their study used fresh human menisci harvested during
total knee arthroplasty, cyclic loading from 5 to 30 N
500 times, and 40 specimens with a mean specimen age
of 76 years. The 2 simple sutures in a crossed pattern per-
formed superiorly with a failure load of 78.96 6 19.27 N
and a stiffness of 8.01 6 1.54 N/mm compared with the
simple sutures in a parallel horizontal pattern with a
failure load of 68.16 6 12.92 N and a stiffness of 6.46 6

1.12 N/mm. In our study we chose to use inside-out sutures
in a horizontal fashion so that we could place 1 suture on
the superior (femoral) surface and 1 suture on the inferior
(tibial) surface as may be done when attempting to achieve
anatomic reduction and uniform compression with tradi-
tional techniques. This was the most relevant pattern for
comparison because the all-inside intrameniscal sutures
inherently reduce and compress the femoral and tibial
sides of the tear simultaneously and evenly.

Lee et al13 sought to compare an all-inside repair to an
inside-out repair. Using porcine specimens, cyclic loading,
and load to failure, the investigators found no significant
difference between displacement, gapping, stiffness, or
load to failure between 2 horizontal No. 2-0 sutures tied
peripherally and an all-inside construct using a continuous
suture and planches for peripheral security. The all-inside
construct design also created an oblique arm between hor-
izontal components of the repair. The all-inside group illus-
trated a maximum failure load of 86.2 6 16.7 N and the
inside-out group illustrated a maximum failure load of
89.8 6 18.9 N. In a porcine model, Beamer et al3 compared
1 traditional inside-out suture to 1 side-to-side

intrameniscal suture using the same device as in this
study. Similar to the results of this present study, the ulti-
mate failure load and stiffness were greater for the all-
inside repairs. The investigators also found that the all-
inside repair had less displacement after cyclic loading
than the inside-out repair. Interstudy comparison is diffi-
cult considering porcine versus human tissue. Addition-
ally, biomechanical testing protocols between studies
differed, making direct comparisons difficult.

Previous biomechanical studies have investigated the
integrity of the circumferential collagen fibrils and subse-
quent changes in contact pressure and areas.4,21 Bedi
et al4 evaluated radial tears and repair of the medial
meniscus in a cadaveric dynamic gait model. Radial tears
involving up to 60% of the meniscus width did not illus-
trate a significant increase in contact pressure. Radial
tears involving 90% of the meniscus resulted in altered
contact mechanics but did not significantly alter peak
and mean pressures; contact mechanics were not restored
with a double horizontal inside-out repair. Partial menis-
cectomy of 90% tears resulted in an increase in peak and
mean contact pressures as well as altered mechanics, sug-
gesting that retained meniscal tissue in scenarios of tear-
ing may provide some load transmission.4 Radial tears of
the lateral meniscus have shown similar findings, with
tears up to 60% having little effect on contact pressures
and areas.5 However, 90% tears of the lateral meniscus
illustrated significant increases in peak pressure and
decreases in contact area, which were significantly
improved with repair. Partial lateral meniscectomy
revealed pressures and contact areas similar to 90% tears.5

A similar study using axial compression revealed near nor-
mal biomechanics with tears up to 75%, while tears involv-
ing 100% illustrated increases in contact pressure and
decreases in contact area.21 Pressures and areas were sig-
nificantly worse after complete meniscectomy. Repair with
2 horizontal sutures in an all-inside and repair with 2 hor-
izontal sutures in an inside-out fashion resulted in
restored contact pressures and improved contact areas.21

Assimilation of biomechanical studies suggests that com-
plete radial tears should be pursued with repair, while
tears 75% or less may do well with observation alone, as
retained tissue appears to help retain normal biomechan-
ics. This is tempered by a recent study illustrating good
healing rates of longitudinal meniscal tears within the
red-white zone.8 As techniques for repair continue to
improve and further outcome data after repair are col-
lected, indications for repair versus observation will fur-
ther be refined.

Because a stiffer radial repair construct would theoret-
ically resist gap formation while healing, the higher stiff-
ness of the side-to-side repair groups as compared with
the traditional inside-out repair group is notable. This
study measured displacement and calculated stiffness
based on actuator data from the mechanical testing
machine. Although a previous study has used this method
to determine displacement and stiffness, this method may
lack exact displacement data.8 Within the repair groups,
specimen slipping within the clamp was not observed. If
not detected visually during testing, displacement through
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specimen slipping would have been evident on the force-
displacement curve. The control group illustrated slipping
in 7 of 10 specimens, suggesting that the true maximum
failure load was higher than what could be measured
with this testing design. However, the control group pro-
vided a benchmark for comparison of repair constructs to
intact menisci in this testing design. Measuring displace-
ment with markers and high-speed cameras could theoret-
ically improve the testing model; however, this proved
beyond the capabilities of our laboratory.

This study did not completely reproduce the natural
loads and stresses of the meniscus after radial tear repair.
Forces applied were uniaxial, while natural knee motion
and loading produce vertical shear, radial extrusion, and
axial compression. While the presented ex vivo comparison
gives comparative insight between meniscal radial repair
constructs, it does not effectively determine the ability of
these constructs to restore normal meniscus biomechanics
or the effects of the complex suture pattern on meniscus
kinematics and physiologic characteristics. Further in
vivo study would aid in the analysis of in vivo stresses as
well as contact areas and pressures. While an in vivo study
would better capture restoration of contact pressures and
areas, the aim of this study was to compare the strength
of different meniscal repair constructs in a simple and
reproducible fashion.

A weakness of this study is the use of middle-aged
cadaveric specimens (average age, 57 years; range, 42-
63 years), in which meniscal repair is seldom indicated.
The age of the specimens is difficult to control, as speci-
mens younger than 40 years are not readily available.
An additional weakness is the use of both medial and lat-
eral meniscal tissue in each group, as this is a confounding
variable. An additional limitation of the biomechanical
testing is the lack of displacement data. This study design
was kept simple for comparison of failure load and stiff-
ness of suture construct to evaluate more meniscal
constructs.

Biomechanical testing of meniscal repair is also limited
as it represents meniscal repair construct strength at time
point zero only. The strength of healing tissue cannot be
accounted for in cadaver study and should be considered
when meniscal repair is contemplated. On several speci-
mens, a medial collateral ligament (MCL) release was
required for access to the posterior medial horn. While
specimens that had articular cartilage defects equal to or
greater than Outerbridge 3 were excluded, the majority
of the specimens represented an older population with
many specimens including Outerbridge 1/2 changes. For
these cases, release of the superficial MCL was often
required. While in clinical practice a superficial MCL
release may have limited consequence, biomechanical
studies have suggested that incomplete radial tears of
the medial meniscus may have limited effect, and clini-
cians should consider this in deciding when to repair
a radial tear. In this scenario, use of the repair device
has been manageable.

In conclusion, this in vitro study found that the failure
loads of the 2 complex, all-inside radial repair constructs
were significantly higher than a conventional inside-out

repair construct. The figure-of-8 construct resulted in the
highest failure load. Additionally, all 3 all-inside repair
constructs were stiffer than the inside-out construct.

A Video Supplement for this article is available in the online

version or at http://ajsm.sagepub.com/supplemental.
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