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Introduction

Tendons are a highly organized connective tissues that
transmit muscle derived force to bone1 with lacerations or
degenerative injuries seldom spontaneously resolving with-
out surgical intervention.2 Of tendinous injuries, which
account for <1% of all musculoskeletal diagnosis,3 the com-
mon calcaneal tendon (CCT), also known as the Achilles
tendon in humans, represents the most common site of
tendinopathy in the dog2,4 and can be acute or chronic in
nature.5–10 The CCT, which functions primarily to maintain

extension of the talocrural joint,11–13 is comprised of three
distinct units; the paired gastrocnemius tendons (GT), the
superficial digital flexor tendon and the common or acces-
sory tendon composed of the biceps femoris, gracilis and
semitendinosus muscular contributions.11 Surgical inter-
vention followed by postoperative immobilization and reha-
bilitation is indicated in cases of CCT laceration.2 The goal of
surgical intervention is to prevent or minimize gap forma-
tion andmaintain tendinous blood supply at the repair site.14

A successful repair allows for direct contact healing and
minimizes the development of a fibrous scar.15–17 With
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Abstract Objective This study aimed to evaluate the effect of increasing the number of suture
strands traversing the transection site, level of suture purchase and depth of suture
penetrance on the biomechanical properties of repaired gastrocnemius tendons.
Study Design Thirty-eight adult cadaveric gastrocnemius tendons were randomized,
transected and repaired with either two-, four- or six-strand locking multi-level repair.
Tensile loads required to create a 1 and 3mm gap, yield, peak and failure loads and
failure mode were analysed. Significance was set at p<0.05.
Results Mean� standard deviation yield, peak and failure force for six-strand repairs
was 90.6�22.1 N, 111.4�15.2 N and 110.3�15.1 N respectively. This was signifi-
cantly greater compared with both four-strand (55.0� 8.9 N, 72.9�7.8 N and
72.1�8.2 N) and two-strand repairs (24.7�8.3 N, 36.5�6.0 N and 36.1�6.3 N)
respectively (p<0.001). Occurrence of 3mm gap formation was significantly less
using six-strand repairs (p< 0.001). Mode of failure did not differ between groups with
all repairs (36/36; 100%) failing by suture pull-through.
Conclusion Pattern modification by increasing the number of suture strands crossing
the repair site, increasing points of suture purchase from the transection site and depth
of suture penetrance is positively correlated with repair site strength while significantly
reducing the occurrence of gap formation in a canine cadaveric model. Additional
studies in vivo are recommended to evaluate their effect on tendinous healing, blood
supply and glide resistance prior to clinical implementation.
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gaps >3mm at the repair site, leading to the deposition of
scar tissue, which is mechanically inferior and leads to
increased risk of re-rupture following surgical
intervention.14–18

Suture tenorrhaphy is the most commonly utilized surgi-
cal repair technique in both veterinary and human medi-
cine.19–23 Both locking loop (LL) and three-loop pulley (3LP)
patterns are frequently implemented for canine tenorrha-
phy.18,24–27 Within the human literature, it has been dem-
onstrated that increasing the number of strands traversing
the repair site increases the overall strength of tendon
repair.19,28–38 In the veterinary literature, the 3LP has been
demonstrated to be biomechanically superior, compared
with the LL pattern,39 likely as it relies on multiple divergent
passes and utilizes six strands that cross the repair site.25,39

The LL has previously been demonstrated to be inferior to
3LP regarding loads tolerable prior to failure and ultimate
tensile strength.24,33 However, some of the technical differ-
ences between patterns, such as ease of suture placement,
repeatability, uniform apposition along the length of the
repair site, reduction in repair site bunching and less distor-
tion of the repair site upon removing slack from the con-
struct and suture knotting among LL repairs.16,26,40,41

Modifications to the LL pattern, such as increasing the
number of suture strands, increasing purchase from the
repair site and depth of suture placement, may result in a
comparable or superior pattern to the 3LP and warrants
further investigation. Biomechanical analysis using an
equine model has shown that double and triple LL sutures
had similar strength to a 3LP repair.42

To date, knowledge regarding surgical factors and suc-
cessful outcomes during human tendinous repair have been
established in comparative animal studies.14,16,19,32,43,44 In
addition to the number of core suture strands crossing the
repair,44 the calibre of the core suture,45,46 depth of core
suture penetrance,47 placement of an epitendinous suture,40

depth of epitendinous placement48 and increasing the dis-
tance of epitendinous suture bite placement from the tran-
section site48 have all been identified as important surgical
factors regarding the repair. Sequential increases in each of
these evaluated variables resulted in increased strength,
stiffness and resistance of the repair to the development of
gap formation.34,38–41 To date within veterinary literature,
the direct effects of tenorrhaphy pattern modifications in-
creasing the number of suture strands traversing the repair
site, suture purchase and depth of suture penetrance in to the
tendinous tissue on the mechanical properties of time-zero
canine tendon repairs are lacking and warrant further fo-
cused evaluation.

The objective of this study was to evaluate the effect of
increasing the number of suture strands traversing the tran-
section site, level of suture purchase and depth of suture
penetrance on the biomechanical properties of canine GT
repairs. We hypothesized that this novel pattern modification
of a locking repair technique will improve the biomechanical
properties of repaired canine gastrocnemius constructs and
loads tolerable at the repair site while decreasing the occur-
rence of gap formation between tendon ends.

Materials and Methods

Specimen Collection
The protocol of tendinous acquisition, specimen cryopreser-
vation, isolation of individual gastrocnemius musculotendi-
nous units, suture placement, pattern refinement and
biomechanical evaluation of the tested constructs was de-
termined based on a prior pilot study. Cadavers were serially
obtained, weighing 26 to 32 kg and received within 1 hour
froma local animal shelter, following intravenous euthanasia
(Beuthanasia-D Solution, Merck, Whitehouse Station, New
Jersey, United States) for reasons unrelated to this study. Due
to secondary use of cadaveric tissues, our institution did not
require an animal care and use committee protocol for the
purposes of this study.

Specimens
Paired hindlimbs were harvested from 18 medium-to-large
breed dogs that were skeletally mature and whose sex was
not recorded. An orthopaedic examinationwas performed by
a board-certified small animal surgeon (D.J.D.) on all cadav-
ers to confirm the absence of musculoskeletal disease or
gross tendon pathology. Any cadaveric limbs with visible
abnormalities of bone, tendon or musculotendinous unit
were excluded from study inclusion.

All components of the CCTwere individually isolated. The
gastrocnemius, originating from the supracondylar emi-
nence on the caudodistal femur and inserting on the tuber
calcanei, was carefully dissected in entirety along its length
(►Fig. 1A). Using a number 10 Bard-Parker blade, the super-
ficial digital flexor tendon was transected 2 cm proximal to
its musculoskeletal junction and removed distal to the
calcaneal tuberosity (►Fig. 1B). The distal femur was then
transected using a band saw (Delta Power Equipment Corp.,
Anderson, South Carolina, United States) 5 cm proximal to
the femorotibial joint articulation. The talocrural joint was
then disarticulated by a sharp incision with a number 10
Bard-Parker blade by controlled incision into the joint cap-
sule and transection of the supporting collateral ligaments.
To facilitate rigid bone clamp fixation during experimental
testing, tissue distal to the tarsus was left intact. At a level
1 cm proximal to the femoral trochlear grove, a 4.5mm bone
tunnel was drilled in a mediolateral direction into the distal
femoral diaphysis. Isolated paired hindlimbs from the same
dog were individually wrapped in saline (0.9% NaCl) soaked
gauze and stored within a thermostatically controlled envi-
ronment at -20°C. Specimens were then completely thawed
at 21°C for 10 to 12hours prior to definitive testing.

Following a single controlled thaw cycle, each specimen
received a standardized tenotomy in a transverse plane
across the paired GTs using a number 10 Bard-Parker scalpel
blade. Tendinous transection was performed on a hard,
durable surface to provide counter pressure and allow a
uniform cut to be made. Tenotomies were performed at a
measured distance of 2 cm proximal to the tuber calcanei
using a calibratedmm ruler. Following transection, the distal
tendon stumpof the GTwas photographed at a set distance of
8 cm (iPhone 8 camera, Apple Inc., Cupertino, California,
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United States) from the construct. An imaging software
program (ImageJ, National Institute of Health, Bethesda,
Maryland, United States) was used to calculate the mean
tendon cross-sectional area (CSA). The CSA was measured
three times by a single investigator (C.C.) and the mean and
standard deviation calculated to minimize possible error.

Experimental Groups
Tendons were then randomly assigned to one of three
equally sized experimental groups using a random number
generator (Research Randomizer, Lancaster, Pennsylvania,
United States). All core surgical repairs used 2–0 USP poly-
propylene suture (Surgipro, Covidien Ltd., Dublin, Ireland).
Group 1 was repaired with a core LL pattern, two-strand
repair, as previously described by Tomlinson and Moore,41

starting by introducing the suture at the proximal transected
tendon end. Transverse bites were taken 10mm from the
tendon ends (►Fig. 1C). Group 2 specimens were repaired
with a novel four-strand repair utilizing a locking designwith
the transverse suture bite purchase 10mm from the repair
sitewith the second sequential transverse bite placed 15mm
from tenotomy site (►Fig. 1D). Finally, group 3 tendons were
repaired with a novel six-strand repair with the first set,
second and third transverse suture bites placed 5, 10 and
15mm from the site of tendinous transection in each tendon

stump respectively (►Fig. 1E). For all groups, apposition of
the tendon ends was achieved by manually tightening the
suture, with equal tension that was subjectively assessed
placed on each strand, prior to knot tying, to avoid develop-
ment of bunching at the repair site. Uponpattern completion,
the knot was tied using a square knot followed by three
throws. Suture was cut 3mm from the knot, buried within
the repair site tendon repairs were completed with a new
sterile suture pack, opened immediately prior to use. A single
investigator (C.C.) performed all repairs under the direct
supervision of a board-certified surgeon (D.J.D.) experienced
with tendinous repairs in both clinical and research settings.
Testing was completed in three separate sessions and the
results collated. Saline (0.9% NaCl) solution was used to
prevent against desiccation and keep specimens moist
throughout the duration of tissue processing, repair and
experimental testing.

Mechanical Testing
Amaterials testingmachine (InstronModel 5944, Instron Inc.,
Norwood, Massachusetts, United States) connected to amodi-
fied bonefixation clamp (Bone clamp, SKU 1652–1, Sawbones,
Vashon Island,Washington, United States)was used for exper-
imental testing at room temperature (21°C) (►Fig. 2). The
proximal part of the construct was secured by placing a 4mm

Fig. 1 Schematic representation of the canine gastrocnemius tendons (GT) (1A) in a cadaveric model. The superficial digital flexor tendon has
been removed (1B). For group 1, a two-strand repair is pictured, with transverse bites placed 10mm from the level of transection (1C). For group
2, a four-strand repair was completed by placing the first and second transverse bites 10mm and 15mm from the tendon end respectively (1E).
For group 3, a six-strand repair placed transverse bites placed 5, 10 and 15mm from the site of tendon transection respectively (1F). Insert show
a close-up of the strands crossing at the level of the tendinous transection.
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diameter stainless steel bolt transversely through the previ-
ously drilled bone tunnel in the distal femur. Tomimic the load
applicationofaGTrepair splinted inextension in vivo, repaired
constructs were positioned with the calcaneus in a vertical
orientation. A high-speed camera (Panasonic Lumix FZ200,
Panasonic Corporation, Newark, New Jersey, United States)
orientatedperpendicularlywith thetenorrhaphysitewasused
to film each separate test in high definition. A calibrated ruler
was axially aligned with each specimen within the viewing
window of the camera to allow for computed assessment of
gap formation. The camerawas placed at a measured distance
20cm from the construct and each test captured at 50 frames/
second.

Following initial calibration and pre-loading to 2N to
establish a consistent resting length, a distraction rate of
20mm/minute was applied to the repaired construct. Con-
tinuous distraction was continued until the point of cata-
strophic failure. Testing software (Bluehill 3, Instron Inc.,
Norwood, Massachusetts, United States) collected load
(Newtons, N) and displacement (mm) data at a frequency
of 100Hz. Using a graphical plot to display the load-displace-
ment curve within a custom software program (Matlab
R2018b, Mathworks, Natick, Massachusetts, United States),
the force required to achieve yield, peak and failure loadswas
identified. The point along the plot at which therewas a non-

linear deformation of the construct was defined as the yield
force. The maximum force applied during each test was
defined as the peak force. The load at which failure of the
construct or suture failed, or when there was a sharp
decrease in the load displacement curve was defined as
the failure force. Failure occurred by either suture breakage,
suture pull through or direct failure of the tendinous tissue
itself. Gap formationwas assessed upon retrospective review
of high-speed video footage, using the smallest distance
between tendon ends to measure 1 and 3mm gaps respec-
tively. An imaging software programwith a calibrated digital
caliper (ImageJ, National Institute of Health, Bethesda, Mary-
land, United States) was used to measure development of
gaps in sequentially assessed video frames to determine the
exact time points and respective loads at which 1 and 3mm
gaps developed at the repair site. If constructs failed before
formation of an identifiable gap, no gapping was reported.
Mechanism of construct failure was assessed and confirmed
upon review of the video data by a single investigator (C.C.).
Collated data were recorded and reviewed using a commer-
cially available spreadsheet program (Microsoft Excel,
Microsoft Corp, Redmond, Washington, United States). A
single investigator (D.J.D.) reviewed all collated data.

Statistical Analysis
A priori power analysis was performed following a pilot study.
Based on the data and failure loads of a previous study,24 a
sample size calculation determined that 12 tendons per group
would provide at least 90% power to detect a mean difference
between groups of 30 N�5N at a 5% α error rate in indepen-
dent measures. Pilot data were not included within the final
statistical analysis. Data were assessed for parametric distri-
butionwith theShapiro–Wilk test for normality.Differences in
sample means were assessed by analysis of covariance.
Pairwise comparisons of least square means were conducted
with Scheffe or Dunn adjustment for multiple comparisons.
Proportional distributions in occurrence of 3mm gapping
were compared between pattern groups with Fisher’s exact
test. All analyses were performed using statistical software
(Statistical software, SAS v.9.4, SAS Institute Inc, Cary, North
Carolina, United States). p-Values < 0.05 were considered
statistically significant.

Results

All tendonswere includedwithin thefinal statistical analysis
with no specimens rejected during collection or biomechan-
ical testing. There was an equal distribution of right and left
limbs (p¼0.717) among experimental groups. There was no
difference in CSA between experimental groups (group 1:
0.10 cm2�0.02 cm2; group 2: 0.09 cm2� standard deviation
[SD] 0.01 cm2; group 3: 0.09 cm2� SD 0.02 cm2) (p¼0.245).

Load Data
A six-strand repair (90.6�22.1N) increased yield loads by
1.6� and 3.7� compared with four-strand (55.0�8.9N) and
two-strand repairs (24.7�8.3N) respectively (p<0.001)
(►Fig. 3). Force application required to reach peak loads

Fig. 2 Mechanical tensile testing apparatus with a gastrocnemius
tendons (GT) specimen loaded within the custom testing jig (A).
Magnified photographic image of a transected GT repaired with a two-
strand locking pattern with a buried knot using 2–0 polypropylene (B).

Veterinary and Comparative Orthopaedics and Traumatology © 2021. Thieme. All rights reserved.

Canine Tendon Repair Curcillo et al.

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f C

on
ne

ct
ic

ut
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



was 1.5� and 3.1� greater using a six-strand repair
(111.4�15.2N) compared with four-strand (72.9�7.8N)
and two-strand repairs (36.5�6.0N), respectively
(p<0.001). Failure loads followed a similar trend among
experimental groups (►Fig. 4). A six-strand repair
(110.3�15.1N) resulted in a 1.5� and 3.1� increase in
load to failure when compared with a four-strand repair
(72.1�8.2N) and two-strand repair (36.1�6.3N) respec-
tively (p<0.001) (►Table 1).

Development of Gap Formation between Tendon Ends
Results differed among groups regarding force application
required to create a 1mm gap between tendon ends
(p<0.001) with all specimens (36/36) demonstrating devel-
opment of a 1mm gap at the repair site. A six-strand repair
(101.�20.1N) required significantly greater load to cause a
1mm gap compared with four-strand (65.0�10.2N) and
two-strand repairs (29.9�5.6N) respectively. When com-
paring the occurrence of 3mm gap at the repair site, six-
strand repairs had reduced occurrence of 3mm gapping
(p<0.001) while requiring significantly greater force to
cause 3mm gap formation (p<0.001). Of the six-strand
repairs, 25% (3/12) of repaired constructs developed a
3mm gap under tension (122.5�26.6N). For four-strand
repair constructs, 66.7% (8/12) of constructs developed a
3mmgapunder tension (67.7�13.0N). Of two-strand repair
constructs, 100% (12/12) of repaired constructs developed
evidence of 3mm gapping under tension (32.6�6.9N).

Mode of Construct Failure
Mechanisms of construct failure did not differ between
experimental groups (p¼0.869). Failure mechanism among
all construct repairs (36/36, 100%) occurred by pull-through
of the suture through the tendon substance.

Discussion

This study investigated the biomechanical properties and
occurrence of gap formationwhen using a novel tenorrhaphy
design by increasing the number of strands crossing the
repair, level of suture bites from the transection site and
depth of suture penetrance in a canine tendon laceration
model. In agreement with our hypothesis, results of this
study show that increasing the number of suture strands
crossing the repair and increasing the level of suture pur-
chase from the transection site are positively correlatedwith
repair site strength while reducing the occurrence of gap
formation in a cadaveric gastrocnemius model. While multi-
ple sources in both the veterinary and human literature
report variations of multi-strand repairs,19,25–39 the authors
of the current study sought to modify existing patterns to

Fig. 4 Box and whisker plot showing failure loads of tenorrhaphies
repaired with a two-strand (Group 1), four-strand (Group 2) and six-
strand locking repair (Group 3) using 2–0 USP polypropylene. Failure
force differed significantly between groups (p< 0.001). Results
showed that as the number of strands crossing the repair site
increased, failure load also increased proportionally. Boxes represent
interquartile range, the horizontal line in each box represents the
median and whiskers extend to the highest and lowest values. LL,
locking loop.

Table 1 Mean� SD yield, peak and failure force in Newtons (N)
for canine gastrocnemius tendons repaired with a two-strand
(Group 1), four-strand (Group 2) and a six-strand locking repair
(Group 3) using 2–0 USP polypropylene

Repair Yield
force (N)

Peak
force (N)

Failure
force (N)

2-Strand 24.7� 8.3a 36.5�6.0a 36.1� 6.3a

4-Strand 55.0� 8.9b 72.9�7.8b 72.1� 8.2b

6-Strand 90.6� 22.1c 111.4�15.2c 110.3� 15.1c

Abbreviation: SD, standard deviation.
Note: Different superscript letters denote significant differences be-
tween groups. There was a significant difference in yield (p< 0.002),
peak (p< 0.003) and failure loads (p< 0.003) between experimental
groups. Yield, peak and failure loads differed between all groups
respectively (p< 0.001).Fig. 3 Box and whisker plot depicting yield force of tenorrhaphies

repaired with a two-strand locking repair (Group 1), a four-strand
locking repair (Group 2) and six-strand locking repair (Group 3) using
2–0 USP polypropylene. Yield force differed significantly between
groups (p< 0.001). Overall, results showed that the number of
strands crossing the repair site increased, yield load also increased.
Boxes represent interquartile range, the horizontal line in each box
represents the median and whiskers extend to the highest and lowest
values. LL, locking loop.
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develop a novel six-strand locking repair technique that
would offer technical benefits similar to the LL pattern
such as ease of suture placement and reduction in repair
site bunching.40,41 Within the human literature, a review by
Rawson and colleagues38 reported several suture repair
techniques. Two of these patterns, a modified locking Kessler
and a four-strand double modified Kessler, were similar to
two- and four-strand repair utilized in this study, with the
exception of a buried knot, though suture depth and distance
from the transection site were not reported. Locking pat-
terns, such as those presented here, offer the surgeon the
benefit of patterns acting as a secure anchor as the suture
grasps, tightens and consequently holds tendon fibers.38

Given the known benefit of increasing the number of strands
traversing the repair site, this study developed and tested a
pattern which increased the number of strands crossing the
repair site of a commonly used LL pattern by taking subse-
quent bites further away from the tendinous transection site
and increasing the depth of suture penetrance into the core
of the tendinous substance. Moores and colleagues24 de-
scribed a four-strand repair that consisted of 2 separate LL
patterns. The present study sought to simplify placement
and reduce repair site bulk by removing the requirement for
multiple knots. In an equine tendon model, Easley and
colleagues42 used a similar locking repair to the present
study. However, this repair required smaller locking suture
purchase points with bites placed at the same distance from
the tenotomy site, resulting in a repair that the aforemen-
tioned study authors described as difficult to re-create with
unpredictable modes of failure due to smaller portions of
tendon fibrils being grasped by the suture. The pattern
utilized in the present study was subjectively simple to place
while grasping a larger portion of tendon fibrils. However,
these hypotheses should be interpreted with caution until a
direct study comparing these two patterns is performed.

Following review and evaluation of human tenorrhaphy
patterns followingdistal extremity tendonrepairof thehuman
hand, ithasbeendemonstrated thatoverall repair site strength
can be improved by increasing the number of strands crossing
the repair, which resulted in the development and modifica-
tion of several six-strand patterns.19,28,31–33 In a study by Al-
Qattan and Al-Turaiki,33 using an experimental ovine model,
they found the failure force of a two-, four- and six-strand
repair technique was positively correlated to increasing the
number of strands crossing the repair site (48.0N, 73.1N and
93.3N respectively). Similarly, our study found a significant
improvement in repair site strength by increasing the number
of strands crossing the repair. Increasing the number of suture
strands and points of suture purchase in a six-strand repair
was superior to a four- and two-strand repair with failure
forces of 110N, 72N and 36N, respectively. Al-Qattan and Al-
Turaiki further investigated clinical outcomes in vivo in human
clinical trials following use of three ‘figure of eight’ sutures for
profundus digitorum tendon repairs, examining 50 fingers in
45 patients.33 Outcome of this novel six-strand repair tech-
nique resulted in a 2% rupture rate (1/50), with the remaining
98% of repairs having a good to excellent clinical outcome.
While our study could not assess clinical success given its ex

vivo nature, the authors hope that similar improvements will
be seen following clinical evaluation if a six-stranded locking
pattern is utilized for canine core tendon repairs. These
hypotheses should be interpreted with caution until focused
in vivo assessment in canine patients is performed.

Within the veterinary literature, the 3LP has been shown to
be biomechanically superior, compared with LL patterns.39

Thesefindings likely relate to strands crossing the repair using
a 3LP pattern compared with a two-strand repair using a LL
suture pattern.25 While not directly compared in the present
study, the results presented here suggest that a suture pattern
that increases the number of strands and points of suture
purchase and suture depth into the tendon substance can
result in similar biomechanical properties compared with
previously reported 3LP force data.18,24,25,27,50 In an equine
tendon laceration model,42 Easley and colleagues found that
both double and triple LL repairs achieved similar loads to
failure as a 3LP and the triple LL was stronger than both the
double LL and LL suture alone. Everett and colleagues50

reported similarfindings inanequine tendon lacerationmodel
when comparing a 3LP to a six-strand savage, with the latter
shown to improve strength and resistance to suture pull-
through. Moores and colleagues24 compared 3LP to two LL
patterns and found loads to failure to be similar between
experimental groups (3LP; 60.1�3.9N, 2 x LL; 61.0�3.9N).
This is similar tomaximal values recorded in our study using a
four-strand repair (72.9N).Wilsonandcolleagues25 also found
load to failure of a 3LP repair on a GT to be less than that
reported for our six-strand pattern modifications at 80.9N.
Maximum loads tolerated by a six-strand modification in the
present study were found to be 111.4N, suggesting that this
pattern may be biomechanically superior to a 3LP alonewhen
compared indirectly to prior studies. While a 3LP group was
purposefully not included in the current study, in an effort to
allow the effect of a two-, four- and six-strand locking repair to
be directly compared, the authors acknowledge a direct com-
parison study using similarly sized suture material would be
necessary to further elucidate these findings.

Decreasing the occurrence of gap formation plays an
important role in reducing the risk of repair failures postop-
eratively.14–18 Our study showed that increasing the number
of strands crossing the transection site increases the force
required to cause occurrence of 1 and 3mm gaps, respec-
tively, thus supporting increasing the number of strands that
cross the repair site resulting in a biomechanically superior
repair, as reported in prior studies.19,28,31–34,44 In a bio-
mechanical study by Dunlap and colleagues,22 a non-locking
pre-manufactured loop suture technique was compared
with a 3LP core suture. In that study they found the force
to achieve a 1mm gap to be 65N in the 3LP group using 2–0
polypropylene suture. In the present study, a six-strand
locking repair using 2–0 polypropylene suture required
101.3N to cause a 1mm gap, significantly greater than
that reported for 3LP core repairs alone. In that same study,22

investigators demonstrated that 127.2N was required to
cause development of a 3mm gap in the 3LP repair group
alone. Similarly, our study found that mean loads required to
create a 3mm gap with a six-strand locking repair was
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122.5N. In the present study, however, it should be noted
that only 25% (3/12) of the six-strand locking repairs devel-
oped a 3mmgap undermaximal tension prior to catastroph-
ic failure. Based on our results, we hypothesize that a six-
strand locking repair may translate in vivo to improve
tendinous healing while decreasing the risk of repair failures
and decreasing the occurrence 3mm gap formation. These
findings must be interpreted with caution as further studies
are necessary using an in vivo model to assess if a six-strand
locking repair results in improved healing with decreased
rates of postoperative failure compared with 3LP repairs
alone.

In prior studies by Easley and colleagues,42 and Moores
and colleagues,24 investigators found that repeated triple LL
patterns were associated with longer suturing times com-
pared with a 3LP pattern. Although subjectively assessed, we
found six-strand locking repairs relatively easy to placewhile
achieving uniform apposition along the whole length of the
repair site. In agreement with a study by Moores and
colleagues,24 in which the majority of double LL repairs
resulted in failure by suture pull through, 100% of the present
study’s repaired constructs failed by suture pull through.
This may be explained by greater force distribution and load
sharing between the suture and tendinous substance. We
postulate that additional suture purchase afforded by multi-
strand, multi-level repairs, result in the tendon-suture inter-
face being weaker than the suture material itself leading to
differences in failure mode seen between studies. When
tensioned, a locking pattern results in tendon fibres and
collagen bundles being locked or grasped between suture
loops.38 Larger tendons result in the ability of suture to grasp
and interact with a greater number of collagen fibrils,
resulting in a stronger repair, and ultimately, the suture
material itself is more likely to be the weakest point of the
repair.39,42,51 The smaller size of the canine GT and resultant
smaller number of available fibrils available for suture pur-
chase, result in a weaker tendon-suture interface, and can
likely explain why two-stranded locking repairs failed by
suture pull-through, opposed to similar repairs resulting in
failure by suture breakage in larger equine tendons.42,51

In the present study,wedemonstrated that the strength of
a novel locking pattern can be improved proportionally by
pattern modification to increase the number of suture
strands traversing the surgical repair, increasing the level
of locking suture bites and depth of penetrance of the core
suture. Currently in canine patients, immobilization is rec-
ommended postoperatively to decrease the risk of repair
failures.52,53 However, methods such as external coaptation
have been associated with a high degree of postoperative
morbidity.54 In contrast, in human tenorrhaphy, current
recommendations following surgical repair are immediate
active controlled rehabilitation.28 We hypothesize that the
degree of postoperative failures and reliance on postopera-
tive immobilization may be reduced with the use of a multi-
strand, multi-level locking repair when used in addition
other methods of support and augment, such as placement
of an epitendinous suture.40,55 However, this was not evalu-
ated in this in vitro study and warrants further investigation.

A limitation of the present study was our inability to
assess the effect of six-strand locking repairs on glide func-
tion and the implications of knot burialwithin the repair site.
In human zone II tendon repair following distal extremity
laceration, glide resistance is an important consideration
improving tendinous excursion and may decrease the risk of
tendon re-rupture.56 In dogs following tendinous repair,
restoration of tensile strength and minimization of gap
formation between tendon ends is often prioritized over
glide function, as it is thought to be of less clinical signifi-
cance compared with human repairs.2,4 Numerous repair
methods utilized in veterinary medicine use externally
placed knotting techniques,18,22,24,25,27,39,40 which have
been show to adversely affect glide resistance and increase
the overall force required for active motion.38,56 Glide resis-
tance has been identified as an important factor in decreas-
ing the risk of tendinous re-rupture during this period,
especially in regard to passive rehabilitation.56 Identification
of novel tenorrhaphy techniques that increase repair site
strength, reduce the occurrence of gap formation while
potentially allowing for earlier controlled mobilization, are
necessary and of critical importance in further validating
results gathered from such studies. This may lead to more
rigorous stipulations in techniques for future ex vivo studies.
Due to our studies inherent ex vivo design, important factors
such as the effect of suture interaction and knot placement
on tendinous blood supply and intrinsic healing were not
assessed. Additionally, this study did not employ a cyclical
loading protocol, which is likely more representative of
clinical conditions appreciable in the live animal.57 Instead,
this study purposefully employed a single load to failure
testing protocol to represent acute force application to the
musculotendinous unit in the immediate postoperative pe-
riod and allow direct comparison between prior studies
using similar methodologies.24,25,43

In conclusion, use of a novel six-strand locking repair
resulted in a significantly stronger repair in a canine tendinous
laceration model. Increasing the number of suture strands
crossing the repair while increasing the points of suture
purchase and depth of suture penetrance from the transection
site was shown to be positively correlated with repair site
strength while significantly reducing the occurrence of gap
formation between tendon ends. Additional studies are rec-
ommended in vivo, to determine effect on clinical function,
tendinous healing and glide resistance prior to clinical use.
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