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Abstract

BACKGROUND

Chronic large to massive rotator cuff tears are difficult to treat and re-tears are common
even after surgical repair. We propose using a synthetic polypropylene mesh to increase
the tensile strength of rotator cuff repairs. We hypothesize that using a polypropylene
mesh to bridge the repair of large rotator cuff tears will increase the ultimate failure

load of the repair.

AIM
To investigate the mechanical properties of rotator cuff tears repaired with a

polypropylene interposition graft in an ovine ex-vivo model.

METHODS
A 20 mm length of infraspinatus tendon was resected from fifteen fresh sheep shoulders
to simulate a large tear. We used a polypropylene mesh as an interposition graft

between the ends of the tendon for repair. In seven specimens, the mesh was secured to




remnant tendon by continuous stitching while mattress stitches were used for eight
specimens. Five specimens with an intact tendon were tested. The specimens

underwent cyclic loading to determine the ultimate failure load and gap formation.

RESULTS
The mean gap formation after 3000 cycles was 1.67 mm in the continuous group, and
416 mm in the mattress group (P =0.001). The mean ultimate failure load was

significantly higher at 549.2 N in the continuous group, 426.4 N in the mattress group
and 370 N in the intact group. (P = 0.003)

CONCLUSION
The use of a polypropylene mesh is biomechanically suitable as an interposition graft

for large irreparable rotator cuff tears.
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Core Tip: Our ex-vivo ovine model demonstrates that the use of a polypropylene mesh
is mechanically suitable as an interposition graft for large irreparable rotator cuff tears.
Its use results in a repair that is at least as robust as an intact rotator cuff tendon. When
paired with a continuous suturing technique, its resultant superior mecE\nical
properties may potentially reduce re-tear rates after repairing large or massive rotator

cuff tears.

INTRODUCTION




Rotator cuff tears are one of the most common shoulder conditions that orthopaedic
surgeons treat. Chronic large to massive tears are difficult to treat due to development
of tendon retraction, muscle atrophy and fatty infiltration. In addition, re-tear after
primary repair of large to massive tears are common, reportedly between 40%[ll to
94 %21,

Complete, anatomic rotator cuff repair with restoration of the tendon footprint is the
preferred treatment option, but it is often not possible in up to 20% of patients with
large to massive rotator cuff tearsBl. Numerous joint-preserving procedures have been
attempted to address this group of patients with an irreparable tear - tendon transfers
of the latissimus dorsi or pectoralis major, superior capsular reconstruction and patch
augmentation are among the salvage procedures described!4l.

Several materials have been investigated for the purpose of augmenting the rotator cuff
repair. The ideal material should provide a biomechanical advantage, be biocompatible
and allow for ingrowth of host tissue. The fascia lata and human dermal allografts have
been used in clinical practice to repair massive rotator cuff tears. Fascia lata autograft(s!
or allograftlt], and human dermal allografts/Z 8 have been used as interposition grafts
and are also commonly used for superior capsular reconstruction/?. Commercially
available human dermal allograft has an ultimate load of 313 N at 1.4 mm thickness,
while fascia lata allograft had a higher ultimate load of 350 N at Imm thickness!1%. In
clinical studies, the healing rates when human dermal allograft is used is only between
59% to 74%IZ 111,

To improve the healing rates, we propose using a synthetic polypropylene mesh to
increase the tensile strength of the repair. The polypropylene mesh has been widely
used in ventral abdominal and inguinal hernia repair for decades, and its safety and
efficacy are well established[12l. However, the use of polypropylene mesh in rotator cuff
repair is not well studied. A clinical study by Ciampil®¥l found that the use of
polypropylene patch augmentation for rotator cuff repair resulted in better function
and strength, as well as lower re-tear rates compared to collagen patch augmentation or

cuff repair alone.




We hypothesize that using a polypropylene mesh to bridge the repair of large rotator
cuff tear is a biomechanically sound concept. If proven to be biomechanically viable, it
will be the first step towards adopting this widely available, relatively inexpensive
material in the clinical setting. Thus, we aim to investigate the time-zero mechanical
properties of a rotator cuff repaired with a polypropylene interposition graft in an ovine
infraspinatus ex-vivo model. In addition, we aim to compare if continuous stitching of
the mesh to the remnant tendon on the greater tuberosity results in higher failure load

compared to mattress stitching.

MATERIALS AND METHODS

Specimen preparation

Twenty fresh shoulders from skeletally mature sheep were procured from a local
abattoir and used in this study. Ethics approval was not required for this study as it
involved commercially available animal specimens. The supraspinatus muscle and
tendon, as well as the subscapularis tendon and glenohumeral joint capsule were
detached to isolate the infraspinatus muscle. In five specimens, the infraspinatous
tendon was left intact in order to determine the ultimate failure load of intact tendon
(Intact group).

The infraspinatus tendon was sharply detached from its insertion on the greater
tuberosity to simulate a full thickness tear in the remaining fifteen specimens. This was
followed by resecting a section of tendon 20 mm in length (medial-to-lateral dimension)
to further simulate tendon retraction and actual loss of tendon substance due to
degeneration at the tendon insertion (Figure 1).

Tendon repair

A polypropylene mesh (PROLENE™, ETHICON, New Jersey, United States) was cut to
match the width of the remnant infraspinatus tendon. The length of the mesh was fixed
at 60 mm to provide consistency in the test results. The mesh was then folded
lengthwise over the tendon on the infraspinatus end and sutured together with four

mattress stitches using Prolene 2-0. On the greater tuberosity side, the mesh was




secured to the remnant tendon by continuous stitching with Prolene 2-0 in seven
specimens (Continuous group). In eight specimens, the mesh was secured to the
remnant tendon at the greater tuberosity by mattress stitches (Mattress group) (Figure
2).

Biomechanical testing

A custom-designed fixture was used to secure the specimens to a universal testing
machine (Instron 5566, Instron, Massachusetts, United States) with a 10 kN load cell. A
hole with diameter 6.5 mm was drilled through the scapula to mount the specimen onto
the fixture. A two-piece clamp was used to secure the humerus at the desired abduction
angle of 45° (Figure 3). The abduction angle represents the angle the humeral shaft
makes with the vertical axis in the direction of cyclic loading.

Biomechanical testing was carried out in three phases - firstly, pre-cycle loading was
conducted between 5 and 10 N for 10 cycles to account for the muscle’s elastic elements
which are pre-stretched by the load. This was followed by cyclic loading between 10
and 180 N at a cross-head velocity of 8.33 mm/s for a total of 3000 cycles. The change in
distance of the tendon lateral edge with loading is regarded as the amount of gap
formation and this was measured at every 500 cycles. To record the gap formation, a
ruler with marking pieces was mounted beside the test specimen’s tendon for reference
(Figure 3). A digital camera mounted on a tripod with its lens facing the tendon
perpendicularly was placed in front of the universal testing machine. After each 500
cycles, a high-resolution digital picture of the tendon was taken. The image is processed
in Image] (version 1.53a) (National Institutes of Health, Bethesda, Maryland, USA)
where a 50 mm line is drawn parallel to the ruler. The measurements were calibrated by
comparing the image pixel value of the 50mm line to 50mm on the ruler. This was then
used to measure the amount of gap formation in each image.

After 3000 cycles of cyclic loading, the specimen was loaded to failure at a cross-head
velocity of 1 mm/s to determine the ultimate failure load. The universal testing

machine was stopped manually at the first sign of rotator cuff repair failure, and the




mode of failure was identified and recorded. For the intact tendon group, testing was
terminated once a tear was observed in the tendon.

Statistical Analysis

Statistical analysis was performed with SPSS v23.0 (IBM, SPSS Statistics, Armonk NY,
USA) statistical software. Student’s t-test was used to compare gap formation between
the two methods of stitching. One-way analysis of variance was used to compare the
ultimate failure load between all three groups. Post hoc test was performed using
Tukey honest significant difference if one-way analysis of variance was found to be

significant. A p-value of 0.05 was considered statistically significant.

RESULTS

The mean ultimate failure load in intact tendon was 370 (range 300 N to 425 N, standard
deviation 48.1). For the intact group, 3000 cycles of loading could not be completed as
tears appeared in the tendons after a mean of 590 cycles and testing was terminated.

In all fifteen specimens which underwent tendon repair, gap formation iﬁcreased with
progressive cyclic loading through the 3000 cycles. At each interval after 500 cycles, the
mean gap formation was significantly lower in the continuous group compared to the
mattress group. (Figure 4). The mean gap formation after 3000 cycles was 1.7 mm
(standard deviation 0.3) in the continuous group, while it was 4.2 mm (standard
deviation 1.3) in the mattress group (P =0.001)

All specimens in the Mattress and Continuous group failed through suture pull-out at
the greater tuberosity end of the repair. There was no record of any mesh failure or
suture breakage. The ultimate failure load in the continuous group ranged from 416.7 N
to 755.9 N and ranged from 403.2 N to 466.1 N in the mattress group. The mean ultimate
failure load for the continuous group and mattress group was 549.2 N (standard
deviation 127.3) and 426.4 N (standard deviation 106.1) respectively.

The ultimate failure load in the continuous group was sigjficantly higher when

compared to the mattress group (P =0.02) and intact group (P =0.004). There was no




statistically significant difference in ultimate failure load between mattress and intact

group (P =0.45) (Figure 5)

DISCUSSION

Large or massive rotator cuff tears continue to pose a challenge to shoulder surgeons.
The use of scaffolds may play a role in the treatment of such tears. These scaffolds can
be used to augment or reinforce an anatomically repairable tear. It can also be used to as
an interposition graft, where the scaffold bridges the gap between the irreparable cuff
and the humerusl. Allografts and xenografts extra-cellular matrix scaffold devices
provide mechanical support during the early phases of rotator cuff healing but are
eventually degraded to be replaced by a mixture of organized muscle cells, collagenous
connective tissue and adipose connective tissuell>l. Mihata’s biomechanical analysis of
grafts used in superior capsular reconstruction found that human dermal allografts
would elongate by 15% with loading, while fascia lata grafts did not change
significantly after testing and was also able to completely restore superior
glenohumeral joint stabilityl'®l. Due to the stiffness of fascia lata grafts, post-operative
shoulder stiffness would be a concern. In addition, there are concerns that biologic
grafts may potentially incite a host inflammatory response that may cause breakdown
of the repairll> 17,

Synthetic materials, such as those made of polyurethane, polypropylene or expanded
polytetrafluoroethylene (PTFE) are able to maintain their mechanical properties over a
long period of time, thus stabilizing the repair till tissue healing occurs. Our study
suggests that using a polypropylene mesh to augment rotator cuff tendon repair is at
least as strong as an intact tendon. When continuous suturing is performed, the
ultimate failure load is significantly increased compared to intact tendon.

One of the technical aims of a good rotator cuff repair is to achieve sufficient strength to
withstand the pull of the rotator cuff during early passive motion. Burkhart calculated
that the maximal contraction force across the rotator crescent to be 302 N8I, Mall

suggested that tendon repairs resist 300 to 350 N of tensile force to allow for early post-




operative motion to help prevent stiffness and maximize healing potential?. All our
repaired specimens were able to withstand at least 350 N of cyclic loading. Our study
also demonstrated that continuous suturing at the greater tuberosity was superior to
mattress sutures, with lesser gap formation and higher ultimate failure load.

Several authors have suggested a gap formation of 5 mm at the repair site to be
clinically significant 20 21l In our study, only two specimens in the mattress group
exceeded 5 mm of gap formation. In a rodent model, Killian found that the greater the
gap between the post-repair tendon-to-bone attachment, the greater the scar formation
and presence of disorganized tendon insertion to bone.lZ2l This suggests that gap
formation plays an important role in repair outcomes. It is promising that our mean gap
formation was only 1.7 mm in the continuous group, however, in vivo studies using
relevant large ovine animal models are still required to determine if this will translate
into better tendon-to-bone healing.

Clinical studies of interposition synthetic grafts have been encouraging. NadalZ!
reported on the use of a polyester Dacron ligament in 21 patients with chronic massive
rotator cuff tears. The mean Constant and Murley score increased from 46.7 pre-
operatively to 84.5 post-operatively. Petriel24 used the polyester Ligament
Augmentation and Reconstruction System (LARS) in 31 shoulders and reported a mean
improvement of Oxford shoulder score from 46.7 to 30.6. Audenaert®! also used a
polyester (ethylene terephthalate) mesh in 41 patients and the mean Constant and
Murley score increased from 25.7 pre-operatively to 72.1 post-operatively. Hirookal20l
used a Gore-Tex expanded PTFE patch in 28 shoulders and reported the average total
Japanese Orthopaedic Association score increased from 57.7 to 88.7. Our study suggests
that the inexpensive, widely available polypropylene mesh may have a potential role in
strengthening the repair of chronic large rotator cuff tears. The polypropylene mesh
may even be used in combination with a fascia lata graft to improve graft healing rate
as demonstrated by Kholinne when done for superior capsular reconstructionl(2Zl.

There are limitations to an ex-vivo animal study. While our study has demonstrated

that the polypropylene mesh has good mechanical properties, there have been concerns




over its potential to incite a vigorous foreign body and chronic inflammatory response.
This may lead to contracture, scar and adhesion formation and chronic pain,
particularly troubling in up to 3.6% patients who undergo mesh repair for abdominal
hernialz8-3%. However, it is encouraging to note that Ciampi’s study reported no adverse
events such local inflammation, fibrosis, and subacromial adhesions affecting joint
function in 52 patients with polypropylene mesh augmented rotator cuff repairl3l. Our
study did not attempt to undertake histological analysis of the specimens to examine for
host-tissue maturation and host-implant biocompatibility as the study was not
performed on live animals.

Another limitation of our study is our use of healthy rotator cuff specimens from sheep.
While the sheep infraspinatus tendon has similar geometry and mechanical properties
to human supraspinatus tendonl, the healthy rotator cuff specimens may not be
representative of the typical degenerate tendon seen in patients with massive rotator
cuff tears. In addition, the use of suture anchors to secure the mesh to the tuberosity
side could have provided greater biomechanical strength to the repair and prevent
suture pull out from the tuberosity, which was the mode of failure in all our specimens.
Our study serves as a proof of concept that a polypropylene mesh as an interposition
graft may be an option in rotator cuff repairs. Further studies such as comparing the
biomechanical properties of the polypropylene mesh to other types of commercially
available grafts, and an in-vivo ovine study should be undertaken before adopting its

use in human patients.

CONCLUSION

The use of a polypropylene mesh is mechanically suitable as an interposition graft for
large irreparable rotator cuff tears. Its use results in a repair that is at least as robust as
intact rotator cuff tendon. When paired with a continuous suturing technique, its
resultant superior mechanical properties may potentially reduce re-tear rates after

repairing large or massive rotator cuff tears.




ARTICLE HIGHLIGHTS

Research background
Augments and scaffolds are increasing in importance in patients with large to massive

cuff tears. There is limited data on the mechanical properties of such materials.

Research motivation
The polypropylene mesh is a time tested, bio-compatible material with strong
mechanical properties that may be used in rotator cuff repairs to improve the strength

of the repair.

Research objectives
To investigate the mechanical properties of rotator cuff tears repaired with a

polypropylene interposition graft in an ovine ex-vivo model.

Research methods

We used a polypropylene mesh as an interposition graft between the ends of the tendon
to repair a tear in the infraspinatus of fresh sheep shoulders. The mesh was secured to
remnant tendon by continuous stitching in seven specimens while mattress stitches
were used for eight specimens. Five specimens with an intact tendon were tested. The

specimens underwent testing to determine the ultimate failure load and gap formation.

ﬁesearch results
The mean gap formation after 3000 cycles was significantly lower in the continuous
group than the mattress group. The mean ultimate failure load was also significantly

higher in the continuous group when compared to mattress stitching or intact tendon

Research conclusions




The use of a polypropylene mesh is biomechanically suitable as an interposition graft

for large rotator cuff tears.

Research perspectives
Further studies such as comparing the biomechanical properties of the polypropylene
mesh to other types of commercially available grafts, and an in-vivo ovine study should

be undertaken before adopting its use in human patients.
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