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Abstract

Introduction There is an ongoing debate about the
potential of patch augmentation to improve biomechanical
stability and healing associated with rotator cuff repair.
The biomechanical properties of three different patch-
augmented rotator cuff repair techniques were assessed
in vitro and compared with a standard repair. Dermal
collagen patch augmentation may increase the primary
stability and strength of the repaired tendon in vitro,
depending on the technique used for patch application.
Methods and materials Forty cadaveric sheep shoulders
with dissected infraspinatus tendons were randomized into
four groups (n = 10/group) for tendon repair using a
knotless double-row suture anchor technique. A xenolo-
gous dermal extracellular matrix patch was used for aug-
mentation in the three test groups using an “integrated”,
“cover”, or “hybrid” technique. Tendons were precondi-
tioned, cyclically loaded from 10 to 30 N at 1 Hz, and then
loaded monotonically to failure. Biomechanical properties
and the mode of failure were evaluated.

Results Patch augmentation significantly increased the
maximum load at failure by 61 % in the “cover” technique
test group (225.8 N) and 51 % in the “hybrid” technique
test group (211.4 N) compared with the non-augmented
control group (140.2 N) (P < 0.015). For the test group
with “integrated” patch augmentation, the load at failure
was 28 % lower (101.6 N) compared with the control
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group (P = 0.043). There was no significant difference in
initial and linear stiffness among the four experimental
groups. The most common mode of failure was tendon
pullout. No anchor dislocation, patch disruption or knot
breakage was observed.

Conclusion Additional patch augmentation with a colla-
gen patch influences the biomechanical properties of a
rotator cuff repair in a cadaveric sheep model. Primary
repair stability can be significantly improved depending on
the augmentation technique.

Keywords Shoulder - Rotator cuff - Tendon
biomechanics - Tendon repair - Collagen patch
augmentation - Sheep cadaver model

Introduction

The total number of surgical rotator cuff repairs as well as
the proportion performed arthroscopically has dramatically
increased. In the US, a 600 % rise in repair procedures was
reported between 1996 and 2006 [1]. This is mainly
attributed to tendon degeneration associated with the aging
population [2, 3]. Aging is one limiting factor for complete
tendon reintegration, which leads to an increased propor-
tion of patients with cuff retear and suboptimal postoper-
ative functional outcome [4-6]. The reported failure rates
after a rotator cuff repair range from 4.7 to 94 % [4, 5, 7—
10]. In light of these figures, every shoulder surgeon is
increasingly confronted with difficult scenarios including:
(1) decreased tendon and muscle quality in an aging, yet
physically very active patient population at the time of
primary surgery; (2) rotator cuff re-tears with decreased
tendon quality and large tear size after primary surgery;
and (3) new modes of repair failure (e.g., medial cuff
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failure) resulting in very large tendon defects [11, 12].
These observations highlight the clinical need for new
repair strategies, especially those enhancing tendon
strength, such as patch augmentation.

Whether patch augmentation of the rotator cuff repair
can improve primary biomechanical stability and further
enhance the biological healing potential is a matter of
ongoing debate [13—18]. Patches in use are extracellular
matrices in the form of xenografts, allografts or synthetic
structures [19-21]. While several in vitro studies showed
that patch augmentation can enhance the biomechanical
properties of the repair, only a few human in vivo studies
have been published so far [14, 17, 22, 23]. Uncertainty
regarding which patch material to use and how to techni-
cally perform the augmentation may prevent many sur-
geons from applying a patch.

The purpose of this study was to describe three arthro-
scopically manageable techniques for rotator cuff repair
with patch augmentation and compare their biomechanical
properties with a standard double-row repair. We hypoth-
esized that using a dermal collagen patch for augmentation
may increase the primary stability and strength of the
repaired tendon in vitro, depending on the technique used
for patch application.

Materials and methods

Forty fresh frozen sheep cadaver shoulders (aged
7-8 months) were thawed to room temperature before
surgical exposure of the rotator cuff. After the infraspinatus
tendon was sharply dissected from its bony insertion, all
specimens were randomized into four groups (i.e.,
n = 10/group) for reinsertion of the tendon according to
either one of the three different test augmented repair fix-
ation techniques or the standard control repair fixation
method. Visual inspection of the tendons from all cadaver
shoulders showed no signs of damage or degeneration as
expected for juvenile animals. The average length of the
dissection cut at the bony insertion was 2.1 cm [standard
deviation (SD) = 0.3]. The average patch square size was
3.9 cm® (SD = 0.4).

Repair fixation techniques

For all four experimental groups, the tendon was reattached
according to the SpeedBridge™ technique (Arthrex,
Naples, FL) using four PEEK SwiveLock® anchor screws
(475 x 15 mm) and two FiberTape® braided polybend
sutures (2 mm). The control group was tested without any
modification of the SpeedBridge™ technique (Fig. 1a).
For the three test groups, each repair fixation was further
enhanced by augmentation with a 5 x 5 cm xenologous
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dermal DX Reinforcement Matrix patch (Arthrex, Naples,
FL); the hydrated patch was cut to fit the desired size and
applied using one of three various techniques (Fig. 1b—d).

Technique “integrated”: Two SwiveLock® anchors
were preloaded with FiberTape® sutures and inserted as the
medial row. Each of the four suture strands was indepen-
dently shuttled through the tendon and then through the
patch. Thereafter, the sutures were crossloaded to the tips
of the lateral row SwiveLock® anchors in SpeedBridge™
formation, tensioned and secured by insertion of the
anchors resulting in the integration of the patch between
the sutures and the tendon (Fig. 1b).

Technique “cover”: For this group, the patch was
applied to the tendon independent of the SpeedBridge™
procedure. Cut to partially cover the completed repair, the
medial corners of the patch were stitched [using standard
#2 FiberWire® (Arthrex, Naples, FL)] to the tendon just
medial of the medial anchor row. The patch was then
tensioned over the lateral row with two sutures at its lateral
corners and secured by another two SwiveLock® anchors.
Half of the patches in this group were secured to the tendon
with three additional stitches at the anterior, medial, and
posterior edges of the patch (Figs. lc, 2).

Technique “hybrid”: As a combination of the “inte-
grated” and “cover” techniques, the patch was secured to
the tendon and anchor after completion of the Speed-
Bridge™ procedure. At the medial row, one strand of the
preloaded, SwiveLock® anchor-dependent FiberWire®,
was shuttled through the tendon and patch with the other
strand shuttled through the tendon only. After tying toge-
ther, the strands fixed the patch to the tendon medially.
Lateral tensioning of the patch was performed in a similar
manner to that done in the “cover” technique group
(Fig. 1d).

Biomechanical testing

The humeral bones were fixed in polymethyl methacrylate
and placed in a custom made steel fixture rigidly fixed to
the frame of an ElectroPuls™ E10000 All-Electric Test
instrument (Instron, Norwood, MA) (Fig. 3). The fixture
allowed precise angle adjustment to ensure that the loading
direction was in line with the anatomic neutral direction of
the specimen. The medial end of the infraspinatus tendon
was attached to a nylon strap secured by six FiberWire®
mattress sutures, and the nylon strap was rigidly clamped to
the actuator of the testing machine. In pilot experiments,
the rigidity of the nylon strap and the integrity of the suture
connection to the tendon were verified by video analyzing
the deformation of a speckled pattern applied to the tendon
and strap (Fig. 4). The tendons were preconditioned with a
load of 20 N for 2 min to eliminate creep. Construct
length, defined as the free length between the suture
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Fig. 1 Illustrated coronal detail (upper) and frontal-oblique (lower)
views of the patch application techniques in a human shoulder.
a SpeedBridge™ technique only = control group. b “Integrated”

Fig. 2 Detailed side view of a cadaveric sheep specimen after rotator
cuff repair and patch augmentation using the “cover” technique

attachment to the nylon strap and tendon insertion to the
bone, was measured at 20 N preload with a digital caliper
(£0.01 mm). Cycling preconditioning was then performed
between 10 and 30 N at 1 Hz for 10 cycles to stabilize the
viscous response. Analysis of the hysteresis curve verified
that a stable response was achieved after ten precondi-
tioning cycles. Subsequently, tendon load and actuator
displacement were recorded at 20 Hz during quasi-static
load to failure, a monotonic increase in displacement at a
constant displacement rate of 1 mm/s.

The initial failure point was defined as the first inflection
point in the load—displacement curve, and the relative

technique. ¢ “Cover” technique. d “Hybrid” technique. (Note: the
patch suture techniques are illustrated for a human supraspinatus.
Testing was performed using a sheep infraspinatus model)

Fig. 3 Instron E10000 instrument. The polymethyl methacrylate-
fixed specimen is placed in a custom made steel fixture. Force is
applied to the tendon through a stitched on nylon strap. The fixture is
adjusted to the anatomically correct tendon—bone angle before test
initiation
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Fig. 4 Close-up view of a tendon—nylon strap interface with speckled
pattern applied prior to video analysis of deformation patterns during
load application

stretch at initial failure was calculated (i.e., construct
extension normalized to original construct length). The
initial stiffness (i.e., slope of the load displacement curve
between 40 and 60 N) and the linear stiffness (i.e., slope of
the load—displacement curve between 40 N and load at
90 % of the first failure point) were determined using a
self-written script (MATLAB, Mathworks, Natick, MA).
The yield load, or functional limit, was defined as the load
at which stiffness dropped to 50 % of the initial stiffness.
The maximum force achieved during load to failure was
noted, and the mode of failure was documented by digital
video recording (commercial Sony video camcorder,
without any specific modifications) of the procedure.

Statistical analysis

Data were evaluated using R version 2.14.1 [R Foundation
for Statistical Computing, Vienna, Austria (http://www.r-
project.org/foundation/)]. The mean and SD were deter-
mined for each value. Differences among the experimental
groups were analyzed using the Kruskal-Wallis rank sum
test followed by pairwise Wilcoxon tests.

Results
The mean maximum force for the control group was 140.2 N

(Table 1; Fig. 5). Maximum force significantly differed
among the test groups as well as compared with the control
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(Kruskal-Wallis rank sum; P = 0.001); maximum force for
patch augmentation using the “cover” and “hybrid” tech-
niques exceeded values for the control by 61 % (225.8 N;
P < 0.001) and 51 % (211.4 N; P = 0.015), respectively.
The mean maximum force for the “integrated” technique
was 101.6 N, indicating a construct that was significantly
weaker than the other augmentation techniques (P < 0.001)
as well as the control group (P = 0.043). Intragroup analysis
of the “cover” technique revealed no difference when the
patch was medially secured to the tendon by either two or five
stitches (P = 0.536).

Stretch at initial failure also differed among the exper-
imental groups (P < 0.001) (Table 1). The “cover” and
“hybrid” techniques showed a significantly greater change
in length before displacement (73.2 and 67.4 %, respec-
tively) compared with the “integrated” technique (24.5 %)
(P < 0.001). In comparison to the control group with a
stretch of 41.0 %, only the “hybrid” technique showed a
significantly higher stretch at initial failure (P = 0.028); no
statistical difference was observed between the “cover”
technique and the control groups (P = 0.061). Intragroup
analysis of the “cover” technique also revealed no signif-
icant difference in the stretch for constructs with two or
five stitches (P = 0.428).

There were no significant differences among all the
shoulder constructs regarding initial and linear stiffness
(Kruskal-Wallis rank sum; P = 0.060 and P = 0.140,
respectively). However, there were significant differences
in the yield load or functional limit among the experi-
mental groups (Kruskal-Wallis rank sum; P = 0.001). The
mean functional limit of the “hybrid” technique was
189.9 N and 68 % higher than that reported for the control
group (112.8 N) (P = 0.004) (Table 1; Fig.5). The
“cover” technique achieved a mean functional limit of
116.8 N, which was similar to that reported for the control
group (112.8 N) (P = 0.863). On the other hand, the mean
functional limit for the “integrated” technique group was
74.5 N, indicating a significantly weaker construct com-
pared with that in the control group with no patch aug-
mentation (P < 0.001).

The mode of failure was similar for constructs in the
control and “integrated” technique groups, that is, all
tendons pulled/slipped out of the SpeedBridge™ repair. In
addition, no patch displacement was observed for the
“integrated” technique group. For all ten “hybrid” tech-
nique constructs, pullout of the tendon was observed
without any displacement of the patches or breakage of
lateral patch sutures. For two “hybrid” technique con-
structs, one of the medial patch knots cuts out of the patch,
and for another, both knots cut out of the patch. The mode
of failure observed in the “cover” technique group differed
from that observed in the other experimental groups. For
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Table 1 Biomechanical properties of the standard double-row fixation and three different patch augmentation techniques

Patch augmentation =~ Maximum force (N)

Stretch at initial failure

Functional limit (N) Initial stiffness  Linear stiffness

technique (%) (N/mm) (N/mm)
Mean (SD) P value’ Mean (SD) P value’ Mean (SD) P value'  Mean (SD)* Mean (SD)*
Control® 1402 + 414 - 41.0 £214 - 112.8 + 380 - 18.9 + 5.4 14.5 £ 4.0
Integrated 101.6 + 324 0.043 2454101  0.063 745 4+ 124 0.001 182 4+ 3.0 144 +33
Cover 2258 4469 <0.001 732 +£432 0.6l 1168 £ 418  0.863 16.7 4+ 3.2 13.7 + 32
2 Medial stitches ~ 220.7 & 42.3 82.8 + 44.1 1323 £ 432 163 + 1.5 125+ 29
5 Medial stitches ~ 232.2 & 56.6 61.8 & 44.0 98.0 + 34.6 172 4+ 47 152 4+ 32
Hybrid 2114 £ 624 0015 674 + 246 0.028 189.9 4+ 60.3  0.004 212442 172 £ 35

 Pairwise Wilcoxon test P value indicating the comparison between the nominated patch augmentation technique and control group

! Kruskal-Wallis test did not show a significant difference within the main groups (P > 0.05)

4 Standard double-row fixation with no patch augmentation

Functional limit Maximum force
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Fig. 5 Box plots representing the maximum force (right) and
functional limit (leff) data for the standard double-row fixation
(control) group and three different patch augmentation techniques.
The ends of each rectangle correspond to the upper and lower
quartiles of the data values. The line drawn through the rectangle
corresponds to the median value. The whiskers, starting at the ends of
the rectangle (or points representing extreme values), indicate
minimum and maximum values

all five patches secured to the tendon with two medial
stitches, the stitches cut through the patch and were dis-
placed together with the pulled out tendon; the patch
remained fixed to the lateral anchors. For the other five
“cover” technique patches secured to the tendon with five
medial stitches, the stitches were displaced together with
the pulled out tendon and patch due to the cut-out of the
lateral patch stitches; this mode of failure was only recor-
ded in this subgroup of cadaver constructs. Therefore,
tendon-bone attachment was disrupted in all 30 patch
augmented constructs, but medial displacement of the
patch was only observed in five specimens. Overall, no
suture anchor dislocation or knot breakage was observed in
any experimental group. Of 95 suture stitches used to

secure the patch to the tendon in the three augmentation
test groups, 14 cut through the patch during pullout. There
were also no signs of a disrupted patch, except at the areas
of suture cut out, in any test construct.

Discussion

Age related tendon degeneration is considered a main
cause for rotator cuff tears [2, 3]. Hence, the aging popu-
lation may explain why the risk of rotator cuff repair failure
remains high, despite advanced surgical techniques [4, 5,
7-9]. The quest for improved biomechanical stability and
optimal biologic conditions in a degenerative surrounding
has led to: (1) the introduction of very stable “transosseous
equivalent” repair techniques; (2) more focus on the
important tendon to bone contact area; and (3) minimizing
the iatrogenic impact on the tissue by means of minimal-
invasive, arthroscopic procedures [6, 24]. In addition, the
concept of patch augmentation for tendon repair has
developed with the aim to further strengthen the repair
construct [13, 15, 19, 21, 25].

We hypothesized that the use of a xenologous dermal
matrix patch increases the primary stability and strength of
the repaired tendon in vitro. Our results confirm a signifi-
cant 50-60 % increase in the maximum force at failure of a
standard rotator cuff fixation construct with patch aug-
mentation using either the “cover” or the “hybrid” tech-
nique. Similar findings have been reported by Barber et al.
and Omae et al. with significantly increased time-zero
failure loads using a human dermal allograft for
supraspinatus tendon augmentation [22, 23]. McCarron
et al. also reported a 56-76 % increase in ultimate load for
a woven poly-L-lactide graft [17]. However, the overall
outcomes from the aforementioned studies should be
interpreted and compared with caution, due to large dif-
ferences in the test models, patch types, and patch fixation
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techniques used. To the best of our knowledge, the influ-
ence of the fixation technique for patch augmentation on
the strength and stability of tendon fixation has not yet been
investigated. The techniques described for augmentation in
this study are real world options coming out of the oper-
ating room. In contrast to most of the current literature,
these techniques are arthroscopically applicable in daily
routine [26].

In all our specimens, the dominant mode of failure was
observed at the tendon-suture interface. This corresponds
with previously published data that have highlighted this
interface as the weakest link [22, 27-29]. None of the three
patch application techniques we used prevented this failure
mode. Our data from the “integrated” technique test group
suggest that applying the patch without additional fixation
between the tendon or anchor and the patch may even
weaken the repair. While the reasons for this weakening
effect remain unclear, the supportive patch augmentation
effects using the applied “cover” and “hybrid” techniques
might be explained by the self-reinforcing effects that have
recently been described for another double-row repair
implant [30]. Furthermore, McCarron et al. reported a
bridging effect of the patch between the tuberosity and the
tendon, while the tendon-bone attachment was already
disrupted [17]. We observed this effect in 15 of the total
number of specimens (i.e., 40). One could speculate that a
remaining bridge between the tendon and the bone, cov-
ering the defect, could be better than a complete disruption.
Such a construct has been described, whereby a tendon
defect is simply filled with a patch without the tendon to
bone reconstruction [31].

The three additional medial tendon-patch sutures used
for five specimens in the “cover” technique test group did
not alter the measured biomechanical properties of the
construct, but resulted in a cut out of the two lateral fixation
sutures. This mode of failure was only observed in this
subgroup, and because of the dislocation of the patch
medially still attached to the tendon, no bridge effect
resulted. As the maximum achieved forces were not sig-
nificantly higher than the “cover” technique constructs
with two sutures only, the additional sutures seem to add no
further benefit to the reconstruction while losing the
potential benefits of the bridging effect.

The initial and linear stiffness of the different repair
constructs showed no significant differences. This suggests
that no repair type with or without patch augmentation is
more rigid than the other at submaximal loads. The
“cover” and “hybrid” techniques showed, respectively, a
tendency toward or significantly more stretch before initial
failure, compared with the “integrated” technique and the
control groups. These differences in stretch at initial failure
suggest a greater margin of safety offered by patch aug-
mentation during physiological and hyperphysiological
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loading. In addition, the load at which the stiffness dropped
to 50 % of the initial stiffness (i.e., the functional limit or
yield load) was higher for the “hybrid” technique, which
might support the self-reinforcing theory described earlier.

No differences were observed in the initial and linear
stiffness of the constructs compared with the control group.
Based on pilot experiments, the force limits for evaluation
of these stiffness values were chosen to represent the
regions on the load—displacement curve that demonstrate
the well-described “toe-region”; in this instance, stiffness
increases exponentially as individual collagen fiber bundles
are straightened, and the subsequent linear region in which
force is directly proportional to stretch. The lack of dif-
ference in stiffness values implies that the overall com-
pliance of the construct is determined primarily by the
properties of the residual tendon tissue; it is likely that the
reconstruction itself has a higher overall stiffness. There-
fore, the reconstruction can directly influence the strength
of the overall construct without substantially altering (in-
creasing or decreasing) construct stability.

The limitations of this study are mainly related to the
used test model. The results recorded in vitro with one
loading direction using ovine specimens cannot be directly
transferred to the complex in vivo situation in humans,
though the scientific value of sheep shoulder models has
previously been described [32]. In an in vitro test-setting,
the ovine infraspinatus tendon is a suitable substitute for
the human supraspinatus tendon because of its similarities
regarding size, shape, and thickness, as well as its biome-
chanical and histological properties. On the medial side of
the tendon, a nylon strap was fixed to transmit the load
between the fatigue testing instrument and the bone [22].
As previously suggested by Barber et al., this could lead to
the elongation of the nylon—tendon interface and bias the
load to failure values in all or only single specimens [22].
However, our own compliance analysis of the strap/tendon
interface suggests that there is negligible deformation at
this junction up to the point of initial failure. As the ten-
dons were dissected artificially in healthy, age-correlated
specimens, the tendon thickness and quality are not com-
parable to the degenerative situation found in a majority of
our patients; conclusions regarding tendon healing can also
not be drawn based on our time-zero data only. So far, only
a very few human in vivo studies have been published with
small cohorts and short-term follow-up time periods, sug-
gesting that further work is required to define which pro-
cedures should be used in the future [14, 17, 22, 23, 33].
The force transmission along the tendon was carefully
applied by respecting the natural anatomy of the sheep
infraspinatus footprint. This does not simulate the multiple
forces transmitted to the tendon during human gleno-
humeral movements, e.g., during postoperative rehabilita-
tion. The costs for patch and additional anchor implants
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have also to be considered as well as the prolonged time of
surgery [26].

The use of young sheep cadavers of similar age elimi-
nates a potential bias caused by tendon degeneration or
differences in gender or size. One surgeon, with clinical
experience of more than 500 rotator cuff repairs, performed
the artificial dissection of the infraspinatus tendon, fol-
lowed by standardized tendon reinsertion to reduce tech-
nical variations to a minimal level. The SpeedBridge™
technique can provide a superior initial strength [30, 34,
35]. No dislocation or breakage of anchors or sutures was
observed. The size of the patch used in this study was large
enough to cover every individual reconstruction area. As
this animal model is smaller than the human shoulder, the
graft size has to be considered. To avoid mismatching in
daily practice, the relevant anatomic landmarks can be
evaluated on preoperative MRI scans. The application of
the patch in any of the described ways can be conducted
entirely in an arthroscopic manner, without additional
equipment, except for cannulas used for easier handling
[26, 36]. None of the patch augmentation procedures were
performed using an open or mini-open technique; there-
fore, it is not known whether these options might be a
possible alternative. The “cover” technique is the standard
technique used in the author’s clinic for patch augmenta-
tion. Clinical studies have been initiated to evaluate the
influences of patch augmentation in vivo. Other authors
recently reported promising, though still controversial,
clinical results with varying implants and augmentation
techniques [37—40].

Conclusion

Additional patch augmentation with a collagen patch
influences the biomechanical properties of a double-row
rotator cuff repair in cadaveric sheep shoulders. Depending
on the technique of patch application, the maximum sus-
tainable load can be significantly improved. This might be
of benefit for patients, especially in the case of severe
tendon degeneration or failed repair.
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