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Background: Despite advances in surgical treatment options, failure rates of rotator cuff repair have continued to
range from 20% to 90%. Hence, there is a need for new repair strategies that provide effective mechanical
reinforcement of rotator cuff repair as well as stimulate and enhance the intrinsic healing potential of the patient. The
purpose of this study was to evaluate the extent to which augmentation of acute repair of rotator cuff tendons with a
newly designed poly-L-lactide repair device would improve functional and biomechanical outcomes in a canine model.

Methods: Eight adult, male mongrel dogs (25 to 30 kg) underwent bilateral shoulder surgery. One shoulder underwent
tendon release and repair only, and the other was subjected to release and repair followed by augmentation with the
repair device. At twelve weeks, tendon retraction, cross-sectional area, stiffness, and ultimate load of the repair site
were measured. Augmented repairs underwent histologic assessment of biocompatibility. In addition, eight pairs of
canine cadaver shoulders underwent infraspinatus injury and repair with and without device augmentation with use of
identical surgical procedures and served as time-zero biomechanical controls. Eight unpaired, canine cadaver
shoulders were included as normal biomechanical controls.

Results: At time zero, repair augmentation significantly increased the ultimate load (23%) (p = 0.034) but not the
stiffness of the canine infraspinatus tendon repair. At twelve weeks, the poly-L-lactide scaffold was observed to be
histologically biocompatible, and augmented repairs demonstrated significantly less tendon retraction (p = 0.008) and
significantly greater cross-sectional area (137%), stiffness (26%), and ultimate load (35%) than did repairs that had not
been augmented (p < 0.001, p = 0.002, and p = 0.009, respectively).

Conclusions: While limiting but not eliminating tendon repair retraction, the augmentation device provided a tendon-
bone bridge and scaffold for host tissue deposition and ingrowth, resulting in improved biomechanical function of the
repair at twelve weeks.

Clinical Relevance: The augmentation device, applied in a similar manner as described in the present study, might
offer a functional benefit to patients undergoing rotator cuff repair.

R
otator cuff tears are a common cause of debilitating
pain, reduced shoulder function, and weakness, and
30,000 to 50,000 repairs are performed annually in the

United States1. Despite improvements in the understanding
of this disease process and advances in surgical treatment
options, failure rates of rotator cuff repairs have ranged from
20% to 90%2-8, depending on patient age, tear size and

chronicity, muscle atrophy and degeneration, tendon quality,
repair technique, and the postoperative rehabilitation pro-
tocol9-17. Furthermore, recurrent and chronic rotator cuff
tears may not be repairable. Treatment of symptomatic ir-
reparable tears is extremely challenging and limited to non-
surgical management, débridement with partial repair18-21, or
major reconstructive procedures such as muscle transfers22.
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Hence, there is a need for new repair strategies that provide
effective mechanical reinforcement of the repair as well as
stimulate and enhance the intrinsic healing potential of the
patient2,23.

The mechanisms of rotator cuff repair failure are be-
lieved to be suture cutting through tendon secondary to ex-
cessive tension at the repair site and/or poor healing capacity of
the involved tissues2,24,25. To address these challenges, natural
and synthetic devices have been investigated for the rein-
forcement of rotator cuff repairs. Rotator cuff repair with
devices derived from polylactic acid26-28, polytetrafluoro-
ethylene29, extracellular matrix30-35, chitin36, and chitosan-
hyaluronan37 have been studied in animal models over the past
decade. Of these, only extracellular matrix derived from der-
mis, small intestine submucosa, fascia lata, and pericardium
are commercially available for rotator cuff repair at the current
time38. However, in their current configurations, commercially
available extracellular matrices may possess some, but likely
not all, of the mechanical and suture retention properties
necessary for providing effective mechanical augmentation
to rotator cuff repairs38-40. Despite the current clinical use of
extracellular matrices for rotator cuff repair, the limited
clinical data show mixed results with regard to surgical
outcomes and complication rates41-49. In particular, several
clinical studies investigating small intestine submucosa have
found high retear rates, formation of noninfectious edema,
swelling, pain, and increased skin temperature around the
wound42-45, which have led to the conclusion that small in-
testine submucosa is not suitable for rotator cuff repair, at
least in its current form45. Furthermore, the ability of any

extracellular matrix device to improve healing rates of ro-
tator cuff tendon repair has yet to be demonstrated in a
prospective, controlled clinical study. Hence, there remains a
need to establish an effective repair strategy for rotator cuff
repair augmentation.

The objective of this study was to investigate the use of a
poly-L-lactide repair device (X-Repair; Synthasome, San
Diego, California) for rotator cuff repair augmentation. Poly-
L-lactide, a slowly degrading and biocompatible polymer, has
been approved for human use by the United States Food and
Drug Administration (FDA) in the form of suture, screws,
washers, and various other medical devices50-52. Poly-L-lactide
scaffolds have been previously investigated for rotator
cuff repair in animal models, both as an interpositional
device for irreparable tears26 and to reinforce the suture repair
line27,28. To date, however, poly-L-lactide scaffolds have not
been used for augmenting or load-sharing with the tendon-
bone repair.

The purpose of this study was to evaluate the extent to
which augmentation of acute repair of rotator cuff tendons
with the X-Repair device would improve functional and bio-
mechanical outcomes in a canine model. Our primary hy-
potheses were that, compared with repairs without augmentation,
augmented repairs would have (1) increased biomechanical
properties at time zero and (2) less tendon retraction and in-
creased biomechanical properties after twelve weeks of healing.
We also hypothesized that the biomechanical properties of
both unaugmented and augmented repairs at twelve weeks
would be increased with respect to time zero but remain less
than normal.

Fig. 1

Bilateral rotator cuff injury and repair in a canine model. A: The superior two-thirds of the infraspinatus tendon was sharply

detached from its insertion at the greater tuberosity, and a 1.5 x 2-cm portion of the underlying joint capsule was excised. B: The

infraspinatus tendon was immediately repaired back to its insertion on the humerus with use of two transosseous sutures. C: In

one shoulder from each dog, a 12-mm-wide x 34-mm-long poly-L-lactide scaffold was affixed over the tendon repair. The scaffold

was attached first to the tendon medially with use of three number-0 FiberWire modified Mason-Allen sutures. The device was

then laid down over the repair and was tensioned by advancing the lateral edge approximately 2 mm laterally for the osseous

attachment. Fixation to the humerus was achieved with use of a low-carbon stainless-steel cortical screw with a polyether-

etherketone spiked washer (Synthes, West Chester, Pennsylvania). (Illustration by David Schumick, BS, CMI. Reprinted with the

permission of the Cleveland Clinic Center for Medical Art and Photography; copyright 2009. All rights reserved.)
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Materials and Methods
Experimental Design

Eight adult, male mongrel dogs (25 to 30 kg) underwent
bilateral shoulder surgery30,31 as approved by the Institu-

tional Animal Care and Use Committee at our institution.
Both shoulders received the same tendon injury: partial re-
lease of the superior 8 to 9 mm of the infraspinatus tendon,
which constitutes approximately two-thirds of the full tendon
width. We chose a partial-width injury model on the basis of
our previous work demonstrating a 100% rate of retear with a
full-width injury in the canine model53. We reasoned that a
partial-width injury might moderate the rate of repair failures
and mimic the mechanical environment of many single-
tendon tears in the human injury condition. The right
shoulder underwent tendon release and repair only, and the
left shoulder was subjected to release and repair followed by
augmentation with the woven poly-L-lactide device. Tendon
retraction, cross-sectional area, stiffness, ultimate load, and
biocompatibility of the repair site were evaluated at twelve
weeks after surgery. In addition, eight pairs of canine cadaver
shoulders obtained from another study at our institution un-
derwent infraspinatus injury and repair with and without
device augmentation with use of identical surgical procedures
and served as time-zero biomechanical controls. Eight un-
paired, canine cadaver shoulders, also obtained from another
study at our institution, were included as normal biome-
chanical controls.

Mechanical Properties of the X-Repair Device (Stiffness,
Ultimate Load, and Suture Retention)
The X-Repair device is a 12-mm-wide by 34-mm-long by
0.8-mm-thick woven poly-L-lactide device, designed and
fabricated by the manufacturer with the goal of load-sharing or
so-called off-loading the rotator cuff tendon repair. To deter-
mine stiffness and ultimate load, three devices were clamped
and tested in air in uniaxial tension at 30 mm/min. The
stiffness of the device was defined by the slope of the load
versus displacement data between 50 and 150 N. The ultimate
load for retention of three simple, number-2 FiberWire sutures
(Arthrex, Naples, Florida) in five devices was also determined
in uniaxial tension at 30 mm/min.

Surgical Methods
The dogs were initially anesthetized with an intravenous dose
of sodium pentothal (20 mg/kg) to effect and then were in-
tubated orotracheally and maintained on isoflurane in oxygen
(3%). The infraspinatus tendon was approached with use of a
5-cm transverse incision. The superior two-thirds of the in-
fraspinatus tendon was sharply detached from its insertion at
the greater tuberosity, and a 1.5 by 2-cm portion of the un-
derlying joint capsule was excised to model an intra-articular
injury (Fig. 1, A). The infraspinatus tendon was immediately
repaired back to its insertion on the humerus with use of two
number-0 FiberWire sutures brought through separate trans-
osseous tunnels in the humerus and passed through the ten-

Fig. 2

Average load-displacement curves for each repair group up to where the first sample in each group failed. These

curves show the average shape and variance of the biomechanical data prior to failure. The average curves are

only well-behaved until the data from individual samples begin to expire and, hence, cannot be plotted to the

point of so-called average failure load. The error bars represent standard deviations of six to eight curves per

group.
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Fig. 3-A

Fig. 3-B

Figs. 3-A and 3-B Biomechanical properties of the paired unaugmented and augmented repairs at time zero

and twelve weeks. Fig. 3-A At time zero, there was no difference in stiffness between unaugmented and

augmented repairs (p = 0.76). At twelve weeks, the stiffness of augmented repairs was an average (and

standard deviation) of 44 ± 26 N/mm (26%) more than that of unaugmented repairs (p = 0.002). Fig. 3-B At

time zero, the ultimate load of augmented repairs averaged 133 ± 143 N (23%) more than that of un-

augmented repairs (p = 0.034). At twelve weeks, the ultimate load of augmented repairs averaged 246 ± 143

N (35%) more than that of six unaugmented repairs (p = 0.009).
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don in a Mason-Allen configuration (Fig. 1, B). In the left
shoulder, a sterile X-Repair device was affixed over the tendon
repair (Fig. 1, C). The device was attached first to the tendon
medially with use of three number-0 FiberWire Mason-Allen
sutures. The device was then laid down over the repair and was
tensioned by advancing the lateral edge approximately 2 mm
laterally for the osseous attachment. Fixation to the humerus
was achieved with use of a stainless-steel cortical screw (2.7
mm in diameter) with a polyetheretherketone spiked washer
(8.0-mm outer diameter) (Synthes, West Chester, Pennsylva-
nia). There was no fixation on the anterior or posterior edges.
The wounds were irrigated and closed in layers. The dogs were
exempted from normal exercise but were allowed free cage
activity in runs with lowered ceilings to limit jumping or ex-
cessive weight-bearing on their front limbs.

Killing and Dissection
At twelve weeks, the dogs were killed with use of a lethal
injection of approximately 1 mL/10 lb (4.5 kg) of barbiturate
(Beuthanasia-D; W.A. Butler, Dublin, Ohio). The infraspi-
natus muscle, the tendon repair construct, and 20 cm of the
proximal part of the humerus were harvested for analysis.
The joint capsule was released along its insertion with both
the glenoid and the humeral head, and loose regions of
capsule were dissected from the deep surface of the samples.
It was not possible to reproducibly separate the intact portion
of the tendon from the repaired portion, so the entire tendon
(and the X-Repair device in samples that contained a device)
was included as the so-called repair construct. The muscle-
repair construct-bone samples were stored at 220�C until
biomechanical analysis.

Tendon Retraction During Healing
To assess tendon retraction distance, visual inspection and
palpation were used to identify the approximate position of the
tendon stump within the fibrous tissue at the repair site. Cal-
ipers were then used to measure the distance between the re-
tracted stump and the osseous repair site. The subjective nature
of identifying the position of the retracted tendon stump led us
to report the tendon retraction data categorically in three
groups: (1) £1 cm, (2) between 1 and 2 cm, or (3) ‡2 cm.

Mechanical Properties of the Repair Construct
(Cross-Sectional Area, Stiffness, and Ultimate Load)
At mechanical testing, samples were thawed at 4�C and
equilibrated in phosphate-buffered saline solution at 37�C for
one hour. The humeri were secured in aluminum pots with
Cerrobend (Cerro bismuth alloy; McMaster-Carr, Rob-
insonville, New Jersey). The cross-sectional area of the repair
construct was estimated from caliper measurements31 of the
width and thickness of the tissue at the bone repair site, as-
suming an elliptical cross-section. A custom cryo-clamp was
used to grip the muscle belly 32. Mechanical testing of the repair
construct was then performed. Optical markers were affixed to
the tissue at the osseous insertion site and on the repair con-
struct at 30 mm medial to the bone marker. This position was
medial to the X-Repair attachment site on the tendon. Samples
were positioned and tested in tension along the anatomic di-
rection of pull. Testing was conducted in air at room tem-
perature, and samples were kept moist by spraying with saline
solution. Samples underwent 100 prefailure loading cycles
from 5 to 100 N at 0.25 Hz54 and then were immediately tested
to failure at 30 mm/min (MTS Systems, Eden Prairie, Min-
nesota). Load was recorded with a 5000-N load-cell (Honey-
well Sensotec, Columbus, Ohio). A custom optical system,
synchronized with the load data and sampling at 20 Hz, was
used to track the optical markers and calculate the local dis-
placements across the tendon-bone repair site55 with use of
custom texture correlation software56 (Matlab; The Math-
Works, Natick, Massachusetts). Repair stiffness was defined
from failure testing as the slope of the load-displacement curve
between 50 and 400 N. Ultimate load was defined as the maxi-
mum load that the sample reached during failure testing.

TABLE I Failure Modes for Mechanical Test Samples

Time Zero 12 Weeks

Failure Modes
Normal Controls

(N = 8)
Unaugmented

(N = 8)
Augmented

(N = 8)
Unaugmented

(N = 8)
Augmented

(N = 8)

Soft tissue* 0 7 4 7 6

Bone avulsion of intact tendon strut 0 1 4 0 0

Bone avulsion of humeral head 8 0 0 0 0

Grip artifact† 0 0 0 1 2

*Failure by suture pulling through tendon for time-zero samples; failure by rupture of the repair or intact portion of the tendon—at or away from
bone—for twelve-week samples. †Excluded from analysis.

TABLE II In Vivo Tendon Retraction at Twelve Weeks

Tendon Retraction
Distance

Unaugmented
Repairs (N = 8)

Augmented
Repairs (N = 8)

£1 cm 1 5

1-2 cm 2 3

‡2 cm 5 0
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Host Cell Response to the X-Repair Device
After mechanical testing, the tendon-bone repair sites of the
augmented repairs, including the polymer scaffolds, were re-
trieved for histologic evaluation of biocompatibility. Samples
were fixed in 10% neutral buffered formalin (Sigma Diag-
nostics, St. Louis, Missouri) for three to seven days, decalcified
in Surgipath Decalcifier I (Surgipath Medical Industries,
Richmond, Illinois) for one to two weeks, processed routinely,
and embedded in paraffin. Six-micrometer-thick sections were
cut and stained with hematoxylin and eosin and were reviewed
for the presence of inflammatory cells, such as neutrophils,
macrophages, giant cells, and lymphocytes.

Power Analysis and Sample Size Justification
This study was powered primarily to detect significant dif-
ferences between unaugmented and augmented repairs at
time zero and after twelve weeks of healing. We chose a mean
difference of 40 N/mm in stiffness and 200 N in ultimate load
between unaugmented and augmented repairs to be clinically
important, on the basis of the rationale that these values
would correspond to a difference on the order of 25% of the
properties of unaugmented tendon repairs at time zero. We
were unable to estimate the expected variance of the mean
paired difference in stiffness or ultimate load from previous work
because data from similar studies have not been reported in this
manner. Hence, for sample size estimation, we chose a standard
deviation for the mean difference in stiffness of 33 N/mm and
the difference in ultimate load of 167 N (an effect size of 1.2). It
was estimated that a sample size of eight would allow us to

detect an effect size of 1.2 with alpha = 0.05 and power = 0.8.
On the basis of a sample size of eight for the paired analyses, we
also used eight shoulders for the control groups.

Statistical Analysis
Stiffness and ultimate load were compared between paired un-
augmented and augmented cadaver shoulders at time zero with
use of a paired t test. Cross-sectional area, stiffness, and ultimate
load were compared between paired unaugmented and aug-
mented shoulders at twelve weeks with use of a paired t test, and
tendon retraction distance was compared with use of a sign test.
The nonparametric Jonckheere-Terpstra test was used to test for
significant ordered differences in tendon retraction distance
associated with each biomechanical property (stiffness and ul-
timate load). Regression analysis was used to test for correlations
between each biomechanical property(stiffness and ultimate
load) and cross-sectional area. For both unaugmented and
augmented repair groups, the stiffness and ultimate load at
twelve weeks were compared with the respective time-zero and
normal controls with use of analysis of variance with a Tukey
post hoc test. For both unaugmented and augmented repair
groups, the cross-sectional area at twelve weeks was compared
with normal with use of a Mann-Whitney rank-sum test. For all
comparisons, a p value of <0.05 was considered significant.

Source of Funding
Synthasome, Inc. (San Diego, California) provided the funding
and X-Repair devices for this study through a grant from the
National Institutes of Health (NIH; R44 AR051260). The NIH

Fig. 4

The cross-sectional area of the paired unaugmented and augmented repairs at twelve weeks. The cross-

sectional area of augmented repairs averaged 70 ± 30 mm2 more than that of unaugmented repairs (p < 0.001).
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provided salary support (T32 AR 050959-01) for two authors
(M.J.C. and J.A.M.) and funding for our histology core facility
(P30 AR-050953).

Results
Time Zero
Mechanical Properties of the X-Repair Device

The stiffness and ultimate load of the three X-Repair devices
were a mean (and standard deviation) of 195 ± 2 N/mm

and 796 ± 34 N, respectively. The ultimate load for the re-
tention of three simple, number-2 FiberWire sutures in the five
X-Repair devices was a mean of 397 ± 18 N.

Mechanical Properties of the Repair Construct
At time zero, there was no difference in stiffness between
unaugmented and augmented repairs (p = 0.76) (Figs. 2
and 3-A). However, the ultimate load of augmented repairs
averaged 133 ± 143 N (23% ± 25%) more than that of
unaugmented repairs (p = 0.034) (Figs. 2 and 3-B). The failure
mode of unaugmented repairs was predominantly suture
pulling through tendon (seven of eight repairs), whereas four
of eight augmented repairs failed alternatively by osseous
avulsion of the intact portion of the tendon (Table I). Normal
control tendon failed consistently by osseous avulsion of the
tendon from the humeral head (Table I).

Fig. 5-A

Fig. 5-B

Correlations between biomechanical outcomes and tendon retraction distance. A sig-

nificant ordered difference was found between tendon retraction distance and both

stiffness (p = 0.004) (Fig. 5-A) and ultimate load (p = 0.006) (Fig. 5-B).
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Twelve Weeks of Healing
Adverse Events
All of the dogs were walking by one to three days postopera-
tively, and no adverse events were noted throughout the
twelve-week healing period.

Tendon Retraction During Healing
All of the repairs at twelve weeks were considered to show tendon
retraction to some extent (Table II). Tendon retraction was sig-
nificantly greater in unaugmented control repairs than in aug-
mented repairs (p = 0.008). Five of eight unaugmented repairs
retracted by ‡2 cm, whereas five of eight augmented repairs re-
tracted £1 cm and none of the augmented repairs retracted >2 cm.

Mechanical Properties of the Repair Construct
After twelve weeks of healing, the cross-sectional area of the
augmented repairs averaged 70 ± 30 mm2 (137% ± 95%) more
than that of the paired, unaugmented control repairs (p <
0.001) (Fig. 4).

Biomechanical failure started at the soft-tissue freezing
front (i.e., ‘‘grip artifact’’) for two samples in the augmented
group and one sample in the unaugmented group at twelve
weeks; hence, the ultimate loads for these samples were ex-
cluded from the analysis.

After twelve weeks of healing, the stiffness of the aug-
mented repairs averaged 44 ± 26 N/mm (26% ± 21%) more
than paired, unaugmented repairs (p = 0.002) (Fig. 3-A). Fur-
ther, at twelve weeks, the ultimate load of augmented repairs
averaged 246 ± 143 N (35% ± 29%) more than the six paired,
unaugmented repairs (p = 0.009) (Fig. 3-B). The failure mode of
all twelve-week samples in both groups started in soft tissue,

either by failure of the repair or failure of the intact portion of
the tendon (Table I). Because soft tissues covered the device and/
or tendon in all twelve-week samples, it was not possible to
determine more precisely the location where failure started. In
no instance was osseous avulsion observed nor did the X-Repair
device fail during mechanical testing.

Correlations Between Biomechanical Outcomes and Tendon
Retraction or Cross-Sectional Area
A significant ordered difference was found between tendon
retraction distance and both stiffness (p = 0.004) (Fig. 5-A)
and ultimate load (p = 0.006) (Fig. 5-B). Stiffness was not
found to be significantly correlated to the sample cross-
sectional area (comparison not shown). Ultimate load was
moderately correlated to sample cross-sectional area (r = 0.59,
p = 0.034) (Fig. 6).

Host Cell Response to the X-Repair Device
Histologic analysis revealed only the expected host cell re-
sponse to a biocompatible biomaterial such as poly-L-lactide.
Specifically, macrophages and giant cells were identified in
sporadic regions along the surface of the X-Repair device, but
no neutrophils or lymphocytes were observed (Fig. 7-A). Re-
gions of fibrous tissue ingrowth were observed as well as oc-
casional areas that appeared fibrocartilage-like (Fig. 7-B).

Comparison of Twelve-Week Repairs with Time-Zero
Controls and Normal Controls
The cross-sectional area of both the unaugmented and aug-
mented repairs at twelve weeks was two to fourfold greater
than that of the normal controls (p < 0.001; Table III).

Fig. 6

Correlations between biomechanical outcomes and cross-sectional area. Ultimate load was

moderately correlated to sample cross-sectional area (r = 0.59, p = 0.034).
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The stiffness of unaugmented repairs did not increase
significantly between time zero and twelve weeks of healing
(p = 0.944; Table III) and remained significantly less (an av-
erage of 39%) compared with that of normal controls at twelve
weeks (p < 0.001; Table III). The ultimate load of un-

augmented repairs was not significantly increased between
time zero and twelve weeks of healing (p = 0.097, post hoc
power = 0.585; Table III), and remained significantly less (an
average of 62%) compared with that of normal controls at
twelve weeks (p = 0.002; Table III).

Fig. 7-A

Fig. 7-B

Figs. 7-A and 7-B Host cell response to the augmentation device. Histologic analysis

revealed only the expected host cell response to a biocompatible biomaterial such as poly-

L-lactide (PLLA). Fig. 7-A Macrophages and giant cells were identified in sporadic regions

along the surface of the device, but no neutrophils or lymphocytes were observed (he-

matoxylin and eosin, ·40). Fig. 7-B Regions of fibrous tissue ingrowth were observed as

well as occasional areas that appeared fibrocartilage-like (hematoxylin and eosin, ·40).
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The stiffness of augmented repairs was not signifi-
cantly increased between time zero and twelve weeks of
healing (p = 0.709; Table III), and it remained significantly
less (an average of 47%) than that of normal controls at
twelve weeks (p < 0.001; Table III). In contrast to the results
in unaugmented repairs, the ultimate load of augmented
repairs at twelve weeks was significantly increased compared
with time zero (p = 0.016; Table III), yet it remained sig-
nificantly less (an average of 77%) than that of normal
controls (p = 0.034; Table III).

Discussion

We evaluated the extent to which augmentation of acute
rotator cuff tendon repairs with a newly designed poly-

L-lactide repair device would affect stiffness, ultimate load, and
failure mode of the repair in a canine model. The device has
high suture retention (approximately 400 N), and its stiffness
(approximately 200 N/mm) and ultimate load (approximately
800 N) are similar to those of human rotator cuff tendon strips
of similar width57-59.

At time zero, device augmentation did not significantly
increase the stiffness of the repair construct in this animal
model compared with repairs without augmentation, despite
the use of a device with mechanical properties similar to the
tendon and deliberately pretensioning the device so as to off-
load the repair. (The lack of difference should not be in-
terpreted as meaning the groups were equivalent, as this study
was underpowered to detect differences of <40 N/mm.) The
potential for device augmentation to increase construct stiff-
ness may have been abrogated by the prefailure loading cycles.
The cyclic protocol (100 loading cycles from 5 to 100 N) was
intended to represent a realistic early loading paradigm; hence,
it should be appreciated that the potential clinical benefit of
device augmentation (even with pretensioning) may be miti-
gated by so-called suture setting in the device and tendon fibers
during the early loading period. However, the parallel orga-
nization of the canine infraspinatus tendon likely makes it
more sensitive to suture setting and/or slippage than the more
interwoven organization of the human rotator cuff. The 23%
increased ultimate load achieved with device augmentation at
time zero may simply be the result of having five points of

tendon fixation (two sutures between tendon and bone as well
as three sutures between device and tendon) rather than three
points. Note that the ultimate load with device augmentation
sometimes occurred at a point after the tendon had completely
separated from the bone. In these cases, the device would act as
a bridge between the bone and tendon beyond what would
have been the failure point for an unaugmented repair.

At twelve weeks after surgery, all of the repairs were
considered to show evidence of tendon retraction, revealing that
the loads and/or displacements experienced by all repair con-
structs were in excess of those required to pull sutures through
tendon to some extent. So-called gap formation (or tendon
retraction) following rotator cuff tendon repair has been re-
ported previously in animal models23,33, and is a common mode
of failure in patients following rotator cuff repair 24,25. Aug-
mented repairs demonstrated significantly lessretraction than
repairs that had not been augmented, preventing massive (>2
cm) tendon retraction and maintaining a connected tendon-
bone bridge. The relevance of this outcome is made manifest
by the significant relationship found between tendon retrac-
tion distance and both stiffness and ultimate load—that is, the
repairs that retracted less had higher stiffness and higher ul-
timate load. A similar, inverse correlation between retraction
distance and repair strength and stiffness has been shown in
healing flexor tendon repair60,61. Together, these data emphasize
that achieving less retraction by way of device augmentation
translates into a stiffer and stronger tendon repair.

At twelve weeks, augmented repairs demonstrated sig-
nificantly greater stiffness (an average increase of 26%) than did
repairs that had not been augmented. Our data showed that
increased stiffness is not explained by increased cross-sectional
area of the repair. It is possible that repair stiffness actually first
decreases from time zero during the early weeks following repair
as the suture attachments that primarily govern stiffness at time
zero soften62,63. By twelve weeks, the stiffness of the repairs may
be increasing by way of device integration to host tissues, tendon
healing, and/or new tissue deposition. At twelve weeks, we
would expect minimal degradation of the poly-L-lactide device;
therefore, if the device has become integrated to some degree
with the host tissue, it could contribute to the functional prop-
erties of the repair.

TABLE III Comparison of Twelve-Week Repairs with Normal Control Group and Respective Time-Zero Groups

Unaugmented Repairs* Augmented Repairs*

Normal Controls* Time Zero 12 Weeks Time Zero 12 Weeks

Cross-sectional area (mm2) 32 ± 2 NA 59 ± 20† NA 129 ± 34†

Stiffness (N/mm) 515 ± 141 214 ± 72† 199 ± 53† 207 ± 39† 243 ± 45†

Ultimate load (N) 1595 ± 285 668 ± 146† 990 ± 386† 801 ± 145† 1223 ± 316†‡

*The values are given as the mean and the standard deviation. Each group had eight samples except for ultimate load testing in both the
unaugmented group at twelve weeks (seven samples) and the augmented group at twelve weeks (six samples). NA = not available. †Compared
with normal controls, the difference was significant (p < 0.05). ‡Compared with augmented time-zero group, the difference was significant (p =

0.016).
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Similarly, at twelve weeks, augmented repairs demon-
strated significantly greater ultimate load (an average increase
of 35%) than did repairs that had not been augmented. Ulti-
mate load was moderately correlated with cross-sectional area,
so the increased tissue mass associated with augmented repairs
may explain at least in part the increase in ultimate load. As
with stiffness, device integration with host tissues and/or new
tissue deposition may also play a role. The ultimate load of
augmented repairs at twelve weeks was significantly increased
compared with time-zero controls and was 77% of normal.
One caveat must be raised in interpreting this result: the failure
mode of normal tendon was exclusively osseous avulsion of the
humeral head, indicating that normal control tendon strength
is even greater than the ultimate loads measured. Notwith-
standing this consideration, the results suggest that the ulti-
mate load of augmented repairs is improving toward a normal
functional outcome in this animal model.

The ability of scaffold devices to provide rotator cuff
repair augmentation and support tendon regeneration has
been investigated in animal models. Studies in which devices
were investigated for repair augmentation (i.e., the device was
applied over the primary tendon-bone repair)28,33,64 are more
appropriate for comparison with our work than are studies in
which devices were investigated as interpositional scaffolds to
replace a resected tendon26,29-31,34,36,37. Schlegel et al. performed
full-width infraspinatus injury and repair in sheep33. They
placed a 10 · 20-mm patch of small intestine submucosa over
the superficial aspect of the repaired tendon. The control was
tendon repair without a graft. They reported that ‘‘both con-
structs showed evidence of gap formation as the tendon healed
medial to the original repair site,’’ suggesting that graft aug-
mentation was insufficient to prevent tendon retear in this
animal model. At twelve weeks, repairs augmented with small
intestine submucosa were significantly stiffer (39%) than un-
augmented repairs, and stiffness was 40% of normal. The ul-
timate load of augmented repairs averaged 27% more than that
of unaugmented repairs; however, this result was not signifi-
cant. Nicholson et al. performed a partial-width infraspinatus
injury and repair in sheep, investigating the effect of repair
augmentation with small intestine submucosa or cross-linked
porcine dermis grafts64. They reported little or no difference in
ultimate load between graft-augmented and unaugmented
repairs at nine or twenty-four weeks of healing. MacGillivray
et al. performed the only study with use of a woven poly-L-
lactide scaffold for rotator cuff repair augmentation28. Using
the goat model, they created a full-width infraspinatus
tendon injury with a 6 · 6-mm tendon defect prior to repair
with or without augmentation. The poly-L-lactide device
was fixed to the superficial aspect of the repaired tissue in a
manner that may have offered some resistance to suture
pull-through27. Ultimate loads of augmented repairs were
not significantly different from unaugmented controls at
twelve weeks.

As we continue to assess device augmentation strategies
in animal models, it is clear that our interpretation and
comparison of various approaches would be greatly aided by

the adoption of some commonalities in experimental design
with respect to species, surgical injury, study design, surgical
technique, outcome measures, and spectrum of controls. In
this study, we reasoned that a partial-width-injury model
might moderate the rate of repair failures and mimic the
mechanical environment of many single tendon tears in the
human injury condition. However, we observed a 100% rate of
retear with the partial-width model, which, in hindsight, we
postulate to be a consequence of the parallel aligned fascicles in
the canine tendon that are able to retract independently when
the muscle contracts.

Our study was not without limitations. First, the
twelve-week time point, while commonly used33, does not
allow us to investigate the long-term effects of device aug-
mentation. Second, while all repairs had four holes (two
transosseous tunnels) drilled in the bone, repairs with the
device had a fifth hole in the bone. This fifth hole was sub-
sequently filled with the cortical screw; however, it is possible
that the extra bone hole may have slightly biased healing in
the augmented group. Third, we performed histologic anal-
ysis after mechanical testing and only on the augmented re-
pair samples to assess biocompatibility of the X-Repair device.
This study did not seek to evaluate differences in histologic
outcomes between the unaugmented and augmented groups.
Finally, the study was powered primarily to evaluate the clin-
ically important differences of 40 N/mm in stiffness and 200 N
in ultimate load between paired unaugmented and augmented
samples at time zero and at twelve weeks. To detect the same-
sized differences between unpaired groups, the study was un-
derpowered. To more rigorously address comparisons among
time zero, twelve weeks, and normal control groups, a greater
sample size would be required in order to accommodate the
increased between-dog variance that is introduced by the un-
paired analysis.

In conclusion, rotator cuff repair augmentation with a
poly-L-lactide device reduces tendon retraction distance and
improves the stiffness and ultimate load of the repair at twelve
weeks in the canine model. The mechanically robust poly-L-
lactide scaffold was biocompatible and would be expected to be
resorbed by the host over a period of months or years. While
limiting but not eliminating tendon repair retraction, the
augmentation device provided a tendon-bone bridge for host
tissue deposition and ingrowth, resulting in improved bio-
mechanical function of the repair at twelve weeks. Such a
device, applied in a similar manner, might offer a functional
benefit to human patients undergoing rotator cuff repair.
However, if the fourfold increase in cross-sectional area asso-
ciated with device augmentation in this animal model were to
occur in human repairs, impingement against the acromial
arch could occur. n
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