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Background: The biomechanical properties of the 1.2-mm suture tape have outperformed conventional sutures in previous
studies.

Purpose: To compare the loop and knot security of 2 tape-type and 1 cord-type sutures using different arthroscopic knot
techniques.

Study Design: Controlled laboratory study.

Methods: The biomechanical characteristics of the 1.2-mm tape, 2.0-mm tape, and 0.5-mm No. 2 suture were compared using 4
different knot types: 2 sliding knots (Samsung Medical Center [SMC] and Tennessee) and 2 nonsliding knots (2-throw surgeon’s
and 2-throw square) with 2 and 3 additional reverse half-hitches on alternating posts (RHAPSs) in a closed-loop system on a
materials testing device. Each configuration was tested for loop security (maximal load applied between 0 and 3 mm of displace-
ment), knot security (ultimate failure load), and failure mode with cyclical loading (30 N load for 20 cycles at 1 cycle per sec until
failure). Loop and knot security among the configurations were compared using an analysis of variance.

Results: With 2 RHAPs, the 2.0-mm tape showed significantly greater loop security than the 1.2-mm tape and suture (P = .001).
With 3 RHAPSs, the loop security of the suture was significantly superior compared with the 1.2-mm tape (P = .010). Regarding
knot security, with 2 RHAPs, the 2.0-mm tape was significantly better than the 1.2-mm tape and suture (P < .001), while with
3 RHAPs, the suture was significantly superior to the 1.2-mm tape (P = .012). Using a square knot with 2 RHAPs, the 2.0-mm
tape had significantly greater loop security (P = .001) and better knot security (P = .001) to the 1.2-mm tape and suture. Using
the Tennessee knot with 2 RHAPs, the 1.2-mm tape had less loop security (P = .011) and knot security (P = .005) than the suture.
Using the SMC knot with 3 RHAPs, the 2.0-mm tape and suture were significantly superior in loop security (P = .001) and knot
security (P < .001) to the 1.2-mm tape. There was no significant difference in the failure mode between tapes and sutures with 2
and 3 RHAPs.

Conclusion: With 2 RHAPs, the 2.0-mm tape demonstrated greater resistance to suture loop displacement and better knot secu-
rity compared with the 1.2-mm tape and suture. However, with 3 RHAPs, the 1.2-mm tape manifested weaker loop and knot
security compared with the suture.
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Arthroscopic rotator cuff repair is a widely performed sur-
gery using numerous knot techniques, suture materials,
and devices. At the beginning of this century, suture
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materials included silk, chromic gut, Dacron, cotton, nylon,
and stainless steel, among many others. More recently
developed sutures include biodegradable polydioxanone,
Maxon, Vicryl, Dexon, and polycaprolactone. In contrast,
nonabsorbable sutures were predominantly braided poly-
ester, with or without a polybutylate coating, for improved
handling (Ethibond versus Mersilene). A core of several
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ultrahigh molecular weight polyethylene (UHMWPE)
sutures surrounded by braided polyester and coated with
silicon was introduced as FiberWire by Arthrex and revolu-
tionized suture strength and production. Because of the
demand for high-strength UHMWPE materials, other com-
panies have also introduced pure braided UHMWPE
sutures under various brand names. A combination of
UHMWPE and biodegradable polydioxanone introduced
as OrthoCord offered high strength and biodegradable
properties. UHMWPE suture with a silicon central core
and NaCl was introduced to improve knot security (Dyna-
Cord). Tapes and sutures were also made available in dif-
ferent sizes.’

Suture tape is a braided construction of UHMWPE fiber
blended with fibers of 1 or more long-chain synthetic poly-
mers, preferably polyester. Tape sutures are useful in rota-
tor cuff repair cases with the intention to maximize the
contact pressure at the footprint and secure tissue.20-25-26
Biomechanical studies have reported better results for
the 2.0-mm tape than the No. 2 suture, exhibiting higher
failure load%®1%1%2° gnd tendon-to-bone contact pres-
sure.'22%21 I addition, the No. 2 suture with UHMWPE
solid core has a considerably higher incidence rate of glove
tears and subsequent finger lacerations.!* Conversely,
tape has a flat core covered in a braided jacket and is
less abrasive on tendon fibers than regular form
sutures.%?*

Several studies have compared the application of tape
and suture using different knot-tying techniques.’*%19:20
They have used surgeon’s knots'® and square knots,! vari-
ous stitches (eg, whip stitch, Krackow),'® and inverted
mattress configuration using a knotless suture anchor.2’
In previous studies, the biomechanical properties of the
2.0-mm tape outperformed those of sutures.'®!??° The
superior biomechanical properties of suture tape included
higher contact pressure, load to failure, and stiffness and
smaller gap formation, as indicated in a systematic review
and meta-analysis.2 However, no biomechanical study has
been conducted combining various knots using alternating
reverse half-hitches on alternating posts (RHAPs).
Many surgeons prefer tape with a smaller width (1.2
mm), as it may have better sliding capability and lesser
knot stack height than tapes with broader width.3

In this study, we aimed to compare loop security (max-
imal load applied between 0 and 3 mm of displacement)
and knot security (ultimate failure load) of 2 tape-type
sutures and 1 conventional No. 2 suture using different
arthroscopic knot techniques and different RHAPs. We
hypothesized that there would be statistically significant
differences in the biomechanical properties of the sutures
tested.
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METHODS

In this study, we evaluated the loop and knot security of 2
tape-type sutures (1.2-mm and 2.0-mm braided UHMWPE
sutures) and 1 cord-type suture (0.5-mm No. 2 braided
UHMWPE suture) using 4 different widely used knot
types: 2 sliding knots (Samsung Medical Center [SMC]'®
and Tennessee'!) and 2 nonsliding knots (2-throw sur-
geon’s® and 2-throw square!) (Figure 1). Both threads—
XbraidTT (tape-type) and Force Fiber (cord-type)—were
pulled from an ICONIX anchor (Stryker). Each of these
knots was tied with 2 or 3 RHAPs because knots tested
needed at least 2 additional half-hitches.!” Also, 2 and 3
RHAPs are usually performed in clinical practice.

Power analysis (G*Power Software Version 3.1.9.4,
Franz Faul, University of Kiel) indicated that a sample
size of 12 per knot/suture iteration was required to detect
a clinically significant difference in ultimate failure load
(a 25% difference in ultimate failure load; alpha error,
.05; beta error, 0.2; dropout, 20%) based on previous stud-
ies.2%27 Thus, 288 experiments were conducted by tying
the 3 types of sutures and the 4 knot-tying methods with
the 2 and 3 RHAPs.

To reduce variability, all knots were tied by a single
attending surgeon (S.W.C.) with experience in arthroscopic
knotting techniques. The surgeon practiced tying each
knot over 20 times before creating knot/suture iterations.
To effectively simulate arthroscopic conditions, all sutures
were moisturized with normal saline to facilitate the tech-
nical ease of tying sutures to mitigate friction just before
knot tying. All knots were tied around two 10 mm-—
circumference smooth stainless-steel rods with the stan-
dard arthroscopic techniques using a single-hole standard
knot pusher (Linvatec) through a cannula. Each knot
was tensioned by pastpointing and overpointing to improve
knot security and reduce slack between throws.*

All knots were tested in a closed-loop system on a servo-
hydraulic universal materials testing machine (AGS-X tra-
pezium system; Shimadzu) (Figure 2). Instead of
measuring displacement at ultimate failure,'® loop secu-
rity was measured by the load to clinical failure (N),
defined as the maximal load applied between 0- and
3-mm displacement of the suture, as described in several
previous studies.>?” For knot security, all knots were sub-
ject to ultimate failure load (N), defined as the maximal
load at which the suture loop maintained a holding capac-
ity before it failed, either by suture breakage or knot slip-
page.'® Suture breakage meant material failure, which
occurred with the knot intact (ie, the loop holding strength
of the knot was stronger than the tensile strength of the
suture material), while knot slippage referred to complete
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Figure 1. Schematic illustration of the 2 sliding knots (Samsung Medical Center [SMC] and Tennessee) and 2 nonsliding knots (2-

throw surgeon’s and 2-throw square) tested.

slippage of the suture loop (ie, the tensile strength of the
suture material was stronger than the loop holding
strength of the knot) (see Supplemental Video).'® Each
mode of failure was recorded.

All sutures were preconditioned with a force of 5 N at
a zero-starting point. The suture loop was mounted to 2
testing rods with an even distribution of tension without
loosening. Before testing, knot position and slippage were
rechecked. After the sutures were preloaded, they were
pulled apart by a 30-N load for 20 cycles at the rate of 1 cycle
per second until failure. Data from a load-to-failure test
were automatically collected with an acquisition system.'®

Statistical Analyses

Data were analyzed using SPSS Version 27 (IBM) with the
significance level set at P = .05. One-way analysis of vari-
ance (ANOVA) and 2-way ANOVA were used to compare
the loop security (the maximal load applied between 0 and
3 mm of displacement) and knot security (the ultimate fail-
ure load) according to suture and knot types and to evaluate
any possible interactions between these types. Tukey post
hoc tests were performed for significant differences. Logistic
regression was used to analyze the mode of failure.

RESULTS

Loop Security

The 2.0-mm tape showed significantly greater loop security
than the 1.2-mm tape and suture in cases of 2 RHAPs (P =
.001). The suture showed significant superiority with 3
RHAPs than the 1.2-mm tape (P = .010). When comparing
knot types, the square knot had better loop security than
the surgeon’s knot in cases of 2 RHAPs (P < .001). SMC
knots had better security than surgeon’s, Tennessee, and
square knots with 3 RHAPs (P < .001). There was

Figure 2. Tested knot on a universal materials testing
machine. (A) 1.2-mm tape-type suture was tied around two
10 mm-circumference rods. (B) The complete setting of
a tested knot in a closed-loop system.

a significant interaction between suture and knot types
with 2 (P < .001) and 3 RHAPs (P = .003).

Using a square knot with 2 RHAPs, the 2.0-mm tape had
significantly greater loop security (P = .001) than the 1.2-mm
tape and suture. Using the Tennessee knot with 2 RHAPs,
the 1.2-mm tape had lesser loop security (P = .011). Using
the SMC knot with 3 RHAPs, the 2.0-mm tape and suture
were significantly superior in loop security (P = .001) to
the 1.2-mm tape. Using the surgeon’s knot with 3 RHAPs,
the 1.2-mm tape was significantly superior in loop security
(P = .005) to the 2.0-mm tape and suture (Table 1).

Knot Security

With 2 RHAPs, the 2.0-mm tape showed significantly
greater knot security compared with the 1.2-mm tape
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TABLE 1
Comparison of Maximal Load (N) Applied Between 0 and 3 mm of Displacement Among Sutures Tested”
(a) No. 2 Suture (n = 96) (b) 1.2-mm Tape (n = 96) (c) 2.0-mm Tape (n = 96) P Post Hoc
2 RHAPs
SMC (n = 12) 84.73 = 59.41 71.04 = 28.25 137.15 = 103.74 .361 —
Tennessee (n = 12) 118.51 = 41.13 59.1 £ 7.67 81.83 = 21.3 011 (b) < (a)
Surgeon’s (n = 12) 60.1 = 16.98 51.88 = 8.81 37.18 = 6.07 .071 —
Square (n = 12) 84.55 = 31.68 66.1 = 16.97 231.87 £ 77.94 .001 (b) =(a) < (c)
3 RHAPs
SMC (n = 12) 229.16 *= 54.46 103.82 = 20.67 193.9 + 42.59 .001 (b) < (c) =(a)
Tennessee (n = 12) 112.47 = 32.49 77.37 = 11.52 82.56 = 5.27 .045 NS
Surgeon’s (n = 12) 63.12 = 9.72 94.27 = 18.7 55.48 = 14.61 .005 (c) =(a) < (b)
Square (n = 12) 123.85 * 76.92 100.37 = 51.14 111.71 = 63.26 .825 —

“Data are presented as mean * SD. Bold P values indicate statistically significant differences among the groups (P < .05). Dashes indicate
areas not relevant. NS, not significant; RHAPs, reversed half-hitches on alternating posts; SMC, Samsung Medical Center.

TABLE 2
Comparison of Ultimate Failure Load (N) Among Sutures Tested®
(a) No. 2 Suture (n = 96) (b) 1.2-mm Tape (n = 96) (c) 2.0-mm Tape (n = 96) P Post Hoc
2 RHAPs
SMC (n = 12) 119.01 = 93.53 92.94 + 45.77 232.61 = 149.1 .155 —
Tennessee (n = 12) 167.36 * 67.62 64.69 = 8.49 88.15 = 17.06 .005 (b) < (a)
Surgeon’s (n = 12) 67.55 = 18.82 55.89 = 7.75 45.3 + 5.53 .09 —
Square (n = 12) 150.69 = 63.74 110.01 = 74.51 356.68 = 30.02 .001 (b) =(a) < (c)
3 RHAPs
SMC (n = 12) 284.05 * 19.04 166.88 + 59.66 336.83 = 42.99 <.001 (b) < (a) =(c)
Tennessee (n = 12) 118.79 = 33.13 84.19 + 10.56 91.57 = 3.58 .053 —
Surgeon’s (n = 12) 68.27 = 10.37 124.05 + 66.81 141.63 + 132.39 .266 —
Square (n = 12) 228.71 = 126.79 113.68 = 59.96 117.96 = 59.23 112 —

“Data are presented as mean = SD. Bold P values indicate statistically significant differences among the groups (P < .05). Dashes indi-
cate areas not relevant. RHAPs, reversed half-hitches on alternating posts; SMC, Samsung Medical Center.

and suture (P < .001). With 3 RHAPs, the suture was sig-
nificantly superior in knot security to the 1.2-mm tape (P =
.012). The square knot had better security than the Ten-
nessee knot, and the surgeon’s knot and the SMC knot
were better than the surgeon’s knot with 2 RHAPs (P <
.001). The SMC knot had better security than the sur-
geon’s, Tennessee, and square knots with 3 RHAPs (P <
.001). There was a significant interaction between suture
and knot types with 2 RHAPs (P < .001) and 3 RHAPs
(P =.002).

Using square knots, with 2 RHAPs, the 2.0-mm tape had
significantly better knot security (P = .001) compared with
the 1.2-mm tape and suture. Using the Tennessee knot
with 2 RHAPs, the 1.2-mm tape had lesser knot security
(P = .005) than the suture. Using the SMC knot with 3
RHAPs, the 2.0-mm tape and suture were significantly supe-
rior in knot security (P < .001) to the 1.2-mm tape (Table 2).

Mode of Failure

There was no significant difference in the mode of failure
between tapes and sutures with 2 RHAPs (P > .999) and
3 RHAPs (P = .856) (Table 3).

DISCUSSION

The main findings from our study demonstrated that the
2.0-mm tape had better loop (P = .001) and knot (P <
.001) security than the 1.2-mm tape and the No. 2 suture
when backed up with 2 RHAPs. However, the No. 2 suture
demonstrated superior loop (P = .010) and knot (P = .012)
security to the 1.2-mm tape in the 3-RHAP groups. Using
the SMC knot with 3 RHAPs, the 2.0-mm tape and suture
were significantly superior in the loop (2.0 mm: 193.9 =
42.59 vs suture: 229.16 * 54.46 vs 1.2 mm: 103.82 =
20.67; P = .001) and knot security (2.0 mm: 336.83 = 42.99
vs suture: 284.05 * 19.04 vs 1.2 mm: 166.88 * 59.66; P <
.001) to the 1.2-mm tape.

Loop security is the tightness of the suture loop.? It
refers to the integrity of the initial knot at “time zero.””
In other words, it is the ability to conserve loop diameter
when the knot is being tied. It depends on tensile proper-
ties, like failure load, elasticity, or plasticity of the suture
material, which are concerned with suture elongation.??
Previous works have suggested that 3 mm of displacement
of a knotted suture loop constituted clinical failure because
of a loss of tissue apposition.®?” Kim et al'® defined this as
a load to clinical failure. This study borrows this concept
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TABLE 3
Mode of Failure®

No. 2 Suture (n = 96)

1.2-mm Tape (n = 96)

2.0-mm Tape (n = 96)

Suture Breakage Knot Slippage

Suture Breakage

Knot Slippage Suture Breakage Knot Slippage

2 RHAPs
SMC (n = 12) 0 (0) 12 (100)
Tennessee (n = 12) 2 (16.7) 10 (83.3)
Surgeon’s (n = 12) 0 (0.0) 12 (100)
Square (n = 12) 0 (0) 12 (100)
3 RHAPs
SMC (n = 12) 10 (83.3) 2 (16.7)
Tennessee (n = 12) 0 (0) 12 (100)
Surgeon’s (n = 12) 0 (0) 12 (100)
Square (n = 12) 6 (50) 6 (50)

2(16.7)

4 (33.3)

2(16.7)

10 (83.3) 0 (0) 12 (100)
0(0) 12 (100) 0 12 (100)
0 (0) 12 (100) 0 (0) 12 (100)
8 (66.7) 12 (100) 0(0)
0(0) 12 (100) 8 (66.7) 4(33.3)
0 (0) 12 (100) 0 (0) 12 (100)
0(0) 12 (100) 0 12 (100)
10 (83.3) 0(0) 12 (100)

“Data are presented as n (%). RHAPs, reversed half-hitches on alternating posts; SMC, Samsung Medical Center.

and measures the maximal load applied between 0- and
3-mm displacement of the suture for loop security.

Knot security refers to the ability to resist breakage and
slippage.?® It is also a critical component in maintaining
the integrity of suture ties. Several factors—including ini-
tial knot configuration, slack between throws, coefficient of
friction, internal interference, suture pliability, and
backup RHAPs—affect the tightness and the knot-slip
resistance under tensile force.”'%22 This study is conducted
based on these concepts, and the results show that the 2.0-
mm tape has better loop and knot security than the suture
in the 2 RHAPs, and the suture has superior security com-
pared with the 1.2-mm tape in the 3 RHAPs.

Nonsliding knots have better mechanical performance
than sliding hand-tied knots when using absorbable fila-
ment suture.??3° However, recent studies”?® reported
that arthroscopic sliding knots have comparable or better
loop and knot security. With respect to loop security,
arthroscopic sliding knots are considered to be better
than nonsliding knots because sliding knots with an inter-
nal locking mechanism avoid significant gaps in additional
locking half-hitches.?® Regarding knot security, the initial
slip knot of SMC*® and Tennessee!! is fastened inside the
joint, which allows better sliding capability because of
the lower coefficient of friction. Also, with nonsliding
knots, it is often difficult to make a secure tendon approx-
imation in arthroscopic surgery using a knot pusher.'® In
this experiment, the SMC knot demonstrated better knot
and loop security than other knots with 3 RHAPs. More-
over, the 2.0-mm suture tape showed increased security
using the square knot with 2 RHAPs and the SMC knot
with 3 RHAPs. Using the Tennessee knot, the 1.2-mm
tape had significantly lesser loop security and lower knot
security than the suture. Considering that the 2.0-mm
tape is thicker than other sutures, it makes sense that
the intrinsic unraveling tendency of the 2.0-mm tape
may have influenced the optimized configurations for
arthroscopic knots.'3

Previous studies concluded that having at least 1 RHAP
was essential to prevent slippage and improve loop and

knot security.'”?® There was a consensus that arthroscopic
knot should be backed up with at least 3 additional half-
hitches for optimal security.”1"!®27 In this study, every
suture using an SMC knot with 3 RHAPs exceeded
100 N, similar to a previous study.'” Also, significant inter-
actions between suture and knot types were found in both
loop and knot security with 2 and 3 RHAPs. These findings
indicate that the optimized security for sutures requires
proper arthroscopic knot techniques with secure additional
half-hitch combinations.

No difference was found in the failure mode between
suture types. Kim et al'” found that the failure mode
changed from knot slippage to suture breakage as addi-
tional half-hitches were added. This is partially consistent
with our study. Suture breakage increased with the
increase in the number of RHAPs when making SMC knots
with the 2.0-mm tape and when making SMC and square
knots with sutures. These findings may help surgeons to
select proper arthroscopic knot techniques depending on
the type of sutures.

Limitations

This study has several limitations. First and foremost, loop
security tests used the worst-case scenario in the previous
study,'® resulting in an indirect measurement without eval-
uating the elongation® after 5 N preload. However, this
study considered possible clinical loop failure in arthro-
scopic surgery. Second, one experienced attending surgeon
makes the entire knot. However, the surgeon practiced
tying each knot over 20 times before creating knot/suture
iterations, and 1 experimenter can reduce variability. Third,
this study compared only 2 sutures from the same company.
However, this study aimed to evaluate the inherent biome-
chanical performance of suture materials in various knot
techniques. Fourth, although cyclic tests can resemble clin-
ical conditions, no biomechanical study can ever have an in
vivo effect. When the tissue has healed, the suture might
not be needed; this is true “time zero.”
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CONCLUSION

With 2 RHAPs, the 2.0-mm tape demonstrated greater
resistance to suture loop displacement and better knot
security than the 1.2-mm tape and the No. 2 suture. How-
ever, with 3 RHAPs, the 1.2-mm tape demonstrated
weaker loop and knot security than the suture.
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