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Figure A.3: Failure modes. Repairs completed with 4–0 caliber suture failed almost exclusively by suture breakage.
Increasing suture caliber from 4–0 to 3–0 led to a shift in failure mode from suture breakage to suture pullout. The
addition of half hitch loops shifted the failure mode in 3–0 suture caliber repairs back to suture breakage, indicating a
significant increase in suture-tendon interaction due to the hitches. (G: grasping, H: hitched, K: hitched knotless).

A.4.2 Failure mode shifted from suture pullout to suture breakage with the addition of half

hitch loops

When suture caliber was increased from 4–0 to 3–0, the failure mode of the standard 8-strand repairs without half hitch

loops shifted from suture breakage to suture pullout. When half hitch loops were added to the 8-strand repairs per-

formed with 3–0 caliber sutures, the failure mode shifted from suture pullout to suture breakage, indicating improved

tendon grasping by the suture due to the half hitch loops (Figure A.3). The predominant failure mode of 4-strand

repairs was suture breakage, regardless of suture caliber and the presence or absence of half hitch loops (Figure A.3).

A.4.3 The knotless configuration of the 8-strand repair with half hitch loops had equivalent

mechanical properties to a standard 8-strand repair with a knot

The mechanical properties of half hitch loop repairs were similar regardless of whether or not the final knot between

the tendon stumps was tied, indicating that the transfer of load occurred primarily at the half hitch loops, not at the

final knot (Figure A.4). Both knotted and knotless half hitch loop repair groups had significantly higher maximum

load and resilience compared to the standard 8-strand repair (p < 0.05 for each comparison).
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Figure A.4: Mechanical properties of knotless repairs. Load creating a 2 mm gap, maximum load, and resilience
significantly improved with the addition of half hitch loops. Knotless repairs were either equivalent (load creating a 2
mm gap) or improved (maximum load and resilience) compared to a standard Winters-Gelberman 8-strand repair (G:
grasping, H: hitched, * p < 0.05, mean ± standard deviations are shown).

A.5 Discussion

Prior studies have examined the effects of suture technique, suture material, and suture strand number on the time

zero mechanical properties of flexor tendon repairs [418, 22]. Previous studies investigating mechanical strength of

various terminal knot tying methods show improved strength using reversing half hitches [423, 424]. This common

surgical knot tying technique was a motivation for testing a similar half hitch suture configuration applied to the suture

loop instead of the terminal knot to improve tissue grasping at suture anchor points within the tendon. Few studies

have explored the effects of increased suture-tendon interaction (i.e., improved tendon grasping) through the use of

locking loops with the goal of improving mechanical properties of both 4- and 8-strand repairs. We are unaware of any

previous studies investigating a similar half hitch loop for flexor tendon repair to the version described herein. In an

in vivo study, Hatanaka et al. demonstrated that a locking suture configuration markedly enhanced ultimate strength

compared to a grasping suture configuration three weeks post repair [24]. Similarly, another study showed that 3–0

caliber 4-strand cross-stitch locked repairs had significantly greater fatigue strength than did non-locked repairs and

that the failure mechanism shifted from suture pullout to suture breakage [425]. On the other hand, Wong et al. showed

that the consecutive locks in 6-strand repairs caused uneven load bearing among the strands, motivating the alternating

half hitch and grasping loop approach described herein [422]. Employing a similar underlying principle, a recent study

demonstrated that the addition of an adhesive coating to sutures in 8-strand repairs increased maximum load by 17%

and load to create a 2 mm gap by 17.5% [256]. These results suggest that increasing the interaction between suture and

the tendon, whether through suture half hitch loops or adhesives or a combination thereof, can lead to an improvement
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in the mechanical properties of the repair.

Findings in the current experimental study indicate that the failure of tendon repair depends on both the strength of

the suture and its ability to grasp the tendon stumps. Increasing the number of strands and/or increasing suture caliber

only increases tendon repair strength if the suture is effective in grasping tendon substance. If suture pulls out of

tendon prior to breaking, the increased strength provided by additional suture material is not realized. An ex vivo

study showed that cadaver flexor tendon repairs tend to fail by suture pullout, particularly when they are performed

with 8-strands and higher caliber suture [22]. In our study, the utilization of half hitch loops in alternation with the

grasping loops increased grasping strength in 8-strand repairs through more effective load transfer between the tendon

and suture and through averting the uneven load distribution that results from consecutive locks or hitches. The effect

was most profound when the repairs were performed with 3–0 suture, as the failure mode shifted from suture pullout

to suture breakage. Furthermore, contrasting 8-strand repair groups indicated that the presence of an alternating half

hitch loop configuration appeared to be of greater importance than an increase in suture caliber. Maximum load and

load to 2 mm gap failed to increase significantly when increasing caliber from 4–0 to 3–0 suture. In contrast, 8-strand

half hitch repairs performed with 4–0 suture yielded similar maximum load values and statistically greater load to

2mm gap compared to classic 8-strand repairs performed with 3–0 suture. These findings indicate that the use of this

half hitch pattern has a greater influence on repair mechanics than does suture caliber.

Based on the improvements in repairs with half hitch loops, we explored a knotless technique and noted equivalent or

improved mechanical properties compared to the standard Winters-Gelberman 8-strand repair. This result highlights

the strength of the half hitch loops for transferring load across the repair site and could have significant implications for

the in vivo setting. Instead of relying on the terminal knot, the half hitch loops held the suture in the appropriate con-

figuration and prevented unraveling. Previous studies have examined the effects of knot placement on the mechanical

properties of the repair and on adhesions formation during healing. Momose et al. demonstrated that placing the knot

outside of the repair site improves tensile strength compared to placing the knot at the interface of tendons stumps (i.e.,

“inside” of the repair) [421]. However, this improvement in strength comes with a penalty: knot placement outside

of the repair also increases tendon gliding resistance and tissue irritation, leading to adhesion formation. In order to

minimize the effect of the knots, a number of knotless approaches have been introduced using barbed sutures, with

mixed outcomes [398, 399]. The knotless modification of the 8-strand repair shown here has the potential to com-

bine the benefits to gliding and surgical operation time of a knotless repair with the benefits to tensile strength of the

Winters-Gelberman repair technique.

While an improvement in mechanical properties was noted in the 8-strand repair group (increased load to create a 2 mm
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gap, failure load, and resilience), the mechanical properties of the 4-strand repairs was not significantly improved. We

note that 4-strand repairs failed predominantly by suture breakage, even when 3–0 caliber suture was used. Therefore,

the weakest component of the 4-strand repair appears to be the strength of the suture, not the tendon grasping strength.

There were several limitations to this study that may require further investigation. First, it is possible that the 8-

strand half hitch repair may cause injury to the dorsal vascular supply of tendon due to the dorsal placement of some

of the loops. However, dorsal placement has been shown to be well tolerated in prior in vivo studies at intervals

through 3 and 6 weeks post repair [31, 24]. Second, this study used canine cadaver tissue. Canine tendons may have

different mechanical properties compared to human tendons. However, this animal model has been shown to have

anatomic similarities to human tendons, in both ex vivo and in vivo experiments [147]. Third, we did not measure

the gliding properties of the repairs in this ex vivo proof-of-concept study. The addition of half hitch loops to the

repairs could affect gliding resistance, since more of the suture is laying on the tendon surface than in the traditional

configurations. The similarity of the half hitch repairs to existing methods decreases the likelihood that gliding will

be affected significantly. Future work should evaluate the work of flexion and gliding resistance prior to incorporating

half hitch loops into clinical practice.

The results of this study confirm the hypothesis that increased tendon grasping strength through the use of half hitch

loops, alternating with the grasping loops of the core suture, enhances the mechanical properties of 8-strand repairs,

particularly when the repairs are carried out with 3–0 suture. The approach, however, did not enhance the properties of

4-strand repairs. Repair site failure mode appears to be of prime importance in predicting the mechanical properties of

sutured intrasynovial tendon. In addition, the new half hitch loop configuration provided sufficient gripping capacity

to allow for a knotless modification to the classical 8-strand repair. This knotless technique should be further evaluated

in vivo for clinical utility.
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strength of a β-tricalcium phosphate-enriched bone adhesive. Z Orthop Unfall 2011;149(3):271–278.

[343] A. Noori, S.J. Ashrafi, R. Vaez-Ghaemi, A. Hatamian-Zaremi, T.J. Webster. A review of fibrin and fibrin

composites for bone tissue engineering. Int J Nanomedicine 2017;12:4937.

181



[344] A. Khodakaram-Tafti, D. Mehrabani, H. Shaterzadeh-Yazdi. An overview on autologous fibrin glue in bone

tissue engineering of maxillofacial surgery. Dent Res J 2017;14(2):79.

[345] Q. Zhao, D.W. Lee, B.K. Ahn, S. Seo, Y. Kaufman, J.N. Israelachvili, J.H. Waite. Underwater contact adhesion

and microarchitecture in polyelectrolyte complexes actuated by solvent exchange. Nat Mater 2016;15(4):407–

412.

[346] J. Li, A. Celiz, J. Yang, Q. Yang, I. Wamala, W. Whyte, B. Seo, N. Vasilyev, J. Vlassak, Z. Suo, D. Mooney.

Tough adhesives for diverse wet surfaces. Science 2017;357(6349):378–381.

[347] Z. Wang, Z. Jia, Y. Jiang, P. Li, L. Han, X. Lu, F. Ren, K. Wang, H. Yuan. Mussel-inspired nano-building

block assemblies for mimicking extracellular matrix microenvironments with multiple functions. Biofabrication

2017;9(3):035005.

[348] D. Lu, H. Wang, T. Li, Y. Li, F. Dou, S. Sun, H. Guo, S. Liao, Z. Yang, Q. Wei, Z. Lei. Mussel-inspired

thermo-responsive polypeptide-pluronic copolymers for versatile surgical adhesives and hemostasis. ACS Appl

Mater Interfaces 2017;9(20):16756–66.

[349] X. Zhao, Y. Han, J. Li, B. Cai, H. Gao, W. Feng, S. Li, J. Liu, D. Li. BMP-2 immobilized PLGA/hydroxyapatite

fibrous scaffold via polydopamine stimulates osteoblast growth. Mater Sci Eng C Mater Biol Appl 2017;78:658–

666.

[350] S. Zhang, H. Li, M. Yuan, M. Yuan, H. Chen. Poly (lactic acid) blends with poly (trimethylene carbonate) as

biodegradable medical adhesive material. Int J Mol Sci 2017;18(10):2041.

[351] I. Vidovic Zdrilic, I. de Azevedo Queiroz, B. Matthews, J. Gomes-Filho, M. Mina, I. Kalajzic. Mineral

trioxide aggregate improves healing response of periodontal tissue to injury in mice. J Periodontal Res

2017;52(6):1058–1067.

[352] K.C. Huang, F. Yano, Y. Murahashi, S. Takano, Y. Kitaura, S.H. Chang, K. Soma, S.W. Ueng, S. Tanaka,

K. Ishihara, Y. Okamura, T. Moro, S. T. Sandwich-type PLLA-nanosheets loaded with BMP-2 induce bone

regeneration in critical-sized mouse calvarial defects. Acta Biomater 2017;59:12–20.

[353] J. Li, S.W. Linderman, C. Zhu, H. Liu, S. Thomopoulos, Y. Xia. Surgical Sutures with Porous Sheaths for the

Sustained Release of Growth Factors. Adv Mater 2016;:4620–4624.

182



[354] S.W. Linderman, H. Shen, S. Yoneda, R. Jayaram, M.L. Tanes, S.E. Sakiyama-Elbert, Y. Xia, S. Thomopoulos,

R.H. Gelberman. Effect of connective tissue growth factor delivered via porous sutures on the proliferative

stage of intrasynovial tendon repair. Journal of Orthopaedic Research R© 2018;36(7):2052–2063.

[355] J. Dhom, D.A. Bloes, A. Peschel, U.K. Hofmann. Bacterial adhesion to suture material in a contaminated

wound model: Comparison of monofilament, braided, and barbed sutures. J Orthop Res 2017;35(4):925–33.
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