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Biomechanics of Polyhydroxyalkanoate  
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H ealing after rotator cuff repair (RCR) can be 
challenging, especially in cases of large and 
massive tears, revision repairs, and tendons 

with poor tissue quality.1-3 Poor tissue quality is 
associated with increased risk for recurrent tears, 
independent of age and tear size.3 Various tech-
niques have been used to improve tendon fixation 
strength in these difficult situations, including 
augmented suture configurations (eg, massive 
cuff stitches, rip-stop stitches) and tissue grafts 
(eg, acellular dermal matrix).4-9 Clinical studies 
have found improved healing rates for larger tears 
and revision repairs using acellular dermal matrix 
grafts.6,10 Synthetic patches are another option for 
RCR augmentation, but limited clinical data and 
biomechanical evidence support use of synthetic 
grafts as an augment for RCRs.11-13

Polyhydroxyalkanoates (PHAs) are a class of bio-
degradable polymers that have been used as ortho-

pedic devices, tissue scaffolds, patches, and other 
applications with increasing frequency over the past 
decade.14 In the laboratory, these implanted ma-
terials have been shown to support cell migration 
and growth.15 The PHA family of polymers typically 
degrades by hydrolytic and bacterial depolymerase 
mechanisms over 52-plus weeks in vivo.14

PHA grafts have been studied in the setting 
of RCR. An expanded polytetrafluoroethylene 
scaffold was shown to improve repair mechanics 
when used as a bursal side graft in an in vitro 
ovine model.11 The graft increased tendon footprint 
contact pressure and failure loads by almost 180 
N. In clinical studies, poly-L-lactic acid augmenta-
tions have been used to reinforce massive RCRs. 
Lenart and colleagues16 found that 38% of 16 
patients with such tears had an intact rotator cuff 
at 1.2-year follow-up, and improvement in clinical 
scores. Proctor13 reported on use of a poly-L-lactic 

Abstract
Polyhydroxyalkanoate (PHA) mesh is a 
bioresorbable scaffold used to reinforce 
the suture–tendon interface in rotator cuff 
repairs (RCRs).

We conducted a study of cyclic and ulti-
mate failure properties of PHA mesh–aug-
mented single-row RCRs and nonaugment-
ed RCRs. Eight pairs of fresh-frozen cadaver 
humeri (6 male, 2 female) were tested. Mean 
(SD) age was 61 (9) years. The supraspinatus 
tendon was resected and reattached in a 
single-row configuration using 2 triple-load-
ed suture anchors and 6 simple stitches. The 
opposite humerus underwent RCR augment-
ed with 2 strips of 13-mm × 23-mm PHA 
mesh. Humeri were mounted in an Instron 

load frame, cycled 1000 times to 1.0 MPa of 
effective stress, and loaded to failure. Con-
struct gapping and ultimate failure loads/
displacements were recorded. Paired t tests 
compared augmented and nonaugmented 
RCRs (P ≤ .05 was significant).

There was no difference in gapping over 
1000 cycles (P = .879). Mean (SD) failure load 
was higher for PHA mesh–augmented RCRs, 
571 (173) N, than for nonaugmented (control) 
RCRs, 472 (120) N (P = .042), and failures 
were consistent within pairs because of tis-
sue failure at the knots or anchor pullout.

This technique for arthroscopic augmenta-
tion can be used to improve initial biomechan-
ical repair strength in tears at risk for failure. 

Authors’ Disclosure Statement: Experimental supplies (BioFiber patches, suture anchors) were donated by Tornier.
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acid retrograde patch for reinforcement of massive 
tears with both single- and double-row repairs in 
18 patients. The cohort had more favorable rates 
of intact cuffs at 12 months (83%) and 42 months 
(78%), and ASES (American Shoulder and Elbow 
Surgeons) scores improved from 25 before sur-
gery to 82 at latest follow-up after surgery.

RCR augmentation traditionally has been 
performed with an open or mini-open technique.6 
Recently, several authors have reported on 
arthroscopic techniques for augmentation with ei-
ther acellular dermal matrix or synthetic grafts.13,17,18 
Most techniques have involved “bridging” with a 
graft or patch used to stress-shield a single-row 
repair.8,9,13 This bridging typically involves placing 
several sutures medial to where the anchor repair 
stitches pass through the tendon. An alternative 
is to pass the repair stitches through both the 
tendon and the graft.17-19 The overall volume of 
tissue incorporated into the repair stitches (rotator 
cuff plus graft) is increased with the augmented 
technique relative to the bridging technique. Both 
can be technically challenging, but the augmented 
technique may be easier to perform arthroscopical-
ly.9,19 Regardless, these techniques are complicated 
and require a higher level of arthroscopic skills 
compared with those required in arthroscopic 
RCR without a graft. Simplifying arthroscopic 
graft augmentation likely will increase its utility 
because, even for skilled surgeons, adding a graft 
can increase operative time by 20 to 30 minutes. 
Simplification will also extend use of the technique 
to surgeons with less experience and proficiency 
with arthroscopic repair.

We developed a simple method for augment-

ing single-row RCR with a strip of bioresorbable 
soft-tissue scaffold. We also conducted a study 
to evaluate the initial biomechanical properties of 
single-row RCR in cadaveric shoulder specimens 
augmented with PHA mesh (BioFiber; Tornier) graft 
as compared with single-row RCR without aug-
mentation. Both cyclic gap formation and ultimate 
failure loads and displacement were quantified. 
We hypothesized that the augmented RCRs would 
have decreased gap formation and increased 
ultimate failure loads compared with nonaugment-
ed RCRs. This study was exempt from having to 
obtain Institutional Review Board approval.

Methods
Eight pairs of fresh-frozen cadaver humeri (6 male, 
2 female; mean [SD] age, 61 [9] years) were dis-
sected of all soft tissue (except rotator cuff) by Dr. 
Tashjian, a board-certified, fellowship-trained ortho-
pedic surgeon. There were no qualitative differenc-
es in tendon condition between tendons within a 
pair. The supraspinatus muscle and tendon were 
separated from the other rotator cuff muscles. 
The infraspinatus, subscapularis, and teres minor 
were removed from the humerus. Last, the supra-
spinatus was resected at its insertion. Humeral 
pairs were then randomized into augmented and 
nonaugmented RCRs within each pair.

In the nonaugmented group, the supraspinatus 
was reattached to its insertion in a single-row 
RCR with 2 triple-loaded suture anchors (5.5-mm 
Insite FT Ti, No. 2 Force Fiber suture; Tornier) and 6 
simple stitches (Figure 1A). Anchors were placed 
midway between the articular margin and the 
lateral edge of the greater tuberosity at about 45° 
to the bone surface. Anchors were separated by 
15 mm, with the anterior anchor 5 mm posterior to 
the biceps groove. Stitches were passed through 
the supraspinatus tendon, taking a 15-mm bite of 
tissue, with each stitch separated by 5 mm. Each 
suture was then tied with a Revo knot. 

In the contralateral shoulders, augmented 
RCRs were performed. Specimens were prepared 
exactly as they were for the nonaugmented RCRs, 
including anchor placement and suture passage. 
Before knot tying, RCRs were augmented with 2 
strips of 13-mm × 23-mm PHA mesh (BioFiber) 
(Figure 1B). One strip was used to augment the 3 
sutures of each anchor, overlying the residual ten-
don, to reinforce the tendon–knot interface. After 
each suture was passed through the supraspi-
natus tendon from the intra-articular surface, the 
stitch was passed through the strip of PHA mesh. 

Figure 1. Schematic of polyhydroxyalkanoate mesh augmentation. (A) Two triple-loaded 
anchors secure supraspinatus tendon. (B) Two patches of polyhydroxyalkanoate mesh 
(BioFiber; Tornier) reinforce tendon interface, one patch for each anchor.
Abbreviation: MTJ, musculotendinous junction.
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Stitches were separated by 5 mm in each mesh 
strip. All 6 sutures were then tied with a Revo knot 
between the free end of each suture leg and the 
leg that passed through the tendon and mesh.

Each humerus was transected at the midshaft 
and potted and mounted in an Instron 1331 load 
frame with Model 8800 controller (Instron). A 
cryoclamp was used to grasp the supraspinatus 
muscle belly above the musculotendinous junc-
tion (Figure 2). The humerus was aligned in the 
mounting fixture such that loading was performed 
at a 135° angle with the humeral shaft (Figure 2).20 

The Instron, which was equipped with a 1-kN load 
cell (Dynacell Model 2527-130; Instron) to monitor 
applied force, measured applied displacement.

Three rows of 2-mm fiducial markers were 
affixed to the bone, tendon, and muscle belly 
with cyanoacrylate for tracking with a digital video 
system (DMAS Version 6.5; Spicatek) (Figure 3).21 

Camera resolution was 1360 pixels × 1024 pixels, 
and DMAS accuracy for marker centroid tracking 
was rated at ± 0.005 mm. Construct gapping was 
defined as the difference in displacement between 
the markers at the tissue–suture interface and the 
markers on the bone. Tissue deformation was then 
defined as the displacement between the markers 
at the tissue–suture interface and the markers on 
the muscle belly. Mean gapping was defined from 
anterior to posterior across the construct using 3 
sets of fiducial markers.

A 0.1-MPa pre-stress (applied force/tendon 
cross-sectional area) was applied to each construct 
to determine the starting position for the deforma-
tion profile. Each repair underwent 1000 cycles of 
uniaxial load-controlled displacement between 0.1 
and 1.0 MPa of effective stress at 1 Hz. Effective 
stress was determined as the ratio of applied force 
to cross-sectional area of the tendon at harvest to 
normalize the applied loads between tendons of 
varying size. During cyclic testing, gapping of more 
than 5 mm was defined as construct failure.22 After 
cyclic loading, each construct was loaded to failure 
at 1.0 mm/s. Ultimate failure load was defined as 
the highest load achieved at the maximum dis-
placement before rapid decline in load supported 
by the construct. 

Statistical Analysis

Paired t tests were used to compare the matched 
pairs of constructs. For all tests, significance was 
set at P ≤ .05. Post hoc power was calculated for 
significant results using G*Power Version 3.1.6.23 
All data are presented as means (SDs).

Figure 2. Schematic of test configuration. Supraspinatus muscle belly is fixed in 
cryoclamp, and 1-kN load cell is used to measure force applied by Instron load frame 
(Instron). Humerus is mounted at 135° relative to axis of deformation.

Figure 3. Schematic shows fiducial marker placement on representative augmented 
repair. Construct gapping is defined between marker rows on bone and tendon, just 
medial to augmentation. Tissue deformation is defined between tendon marker row 
and markers on muscle belly.
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Results
After 1000 cycles of displacement, mean (SD) 
gapping was 3.8 (0.9) mm for the nonaugmented 
repairs and 3.9 (1.1) mm for the PHA mesh–
augmented repairs (P = .879) (Figure 4). Mean 
(SD) tissue elongation above the construct was 
comparable (P = .276) between nonaugmented 
repairs, 0.5 (0.4) mm, and augmented repairs, 0.7 
(0.4) mm. No specimens failed during cyclic load, 
as mean gapping was <4 mm22 in all constructs. 
Mean (SD) applied force was 11.8 (1.8) N at 0.1 
MPa of effective stress and 117.8 (18.1) N at 1.0 
MPa of effective stress. Applied force did not vary 
between constructs (P = .727).

For the nonaugmented repairs, mean (SD) failure 
displacement was 6.3 (1.7) mm, and mean (SD) 
ultimate failure load was 472.1 (120.3) N. For the 
PHA-augmented repairs, failure displacement was 
5.5 (1.9) mm, and ultimate failure load was 571.2 
(173.0) N. There was no difference in failure dis-
placement (P = .393), but there was a difference 
in ultimate failure load (P = .042; power = 0.57). 
During failure testing, mean (SD) tissue deforma-
tion was higher (P = .012; power = 0.83) for the 
PHA-augmented repairs, 1.2 (0.7) mm, than for 
the nonaugmented repairs, 0.8 (0.5) mm. Failures, 
which were consistent within pairs, were caused 
by tissue failure, with sutures pulling through the 
tissue (4 pairs) or single anchor pullout before ulti-
mate tissue failure (4 pairs). Of the 4 failures with 
anchor pullout, 3 had anterior anchor pullout, and 1 
had posterior anchor pullout. In all specimens with 

anchor pullout, the second anchor remained stable, 
and ultimate failure occurred with tissue tearing 
at the suture interface. There were no significant 
differences in any metrics between specimens 
that failed with intact anchors and specimens with 
single anchor pullout (P ≥ .122). Therefore, both 
groups were pooled for the failure analysis.

Discussion
RCR augmentation with a synthetic graft is a viable 
option for improving fixation strength of supra-
spinatus repairs, as shown in otherwise healthy 
tendon in the present study. Our hypothesis that 
there would be decreased gap formation with 
graft augmentation was not supported, whereas 
the hypothesis of increased failure loads with graft 
augmentation was supported. These findings may 
also be applicable in cases of large tears, revisions, 
and tendons with poor tissue quality. Simplification 
of graft application techniques will allow quick and 
easy arthroscopic augmentation. 

Studies of RCRs for large or massive tears have 
reported retear rates of 25% to 79%.24-26 Latis-
simus dorsi tendon transfers also show promise 
in posterosuperior RCRs, with failure rates near 
10%.27,28 Although use of PHA patches in RCR 
augmentation is relatively new, short-term and 
midterm failure rates are in the range of 20% to 
60% in the few small cohorts currently being stud-
ied.13,16 It is possible that these rates may improve 
as indications, surgical experience, and techniques 
for use of PHA patches are further refined. Regard-
less, with PHA currently being used in practice, it 
is important to quantify the biomechanics of the 
augmentation as a baseline for its performance in 
reinforcing the tendon–suture interface.

We determined that the initial fixation strength 
of single-row repairs was higher with the addi-
tion of PHA synthetic grafts using a very simple 
technique. Single-row triple-loaded anchor repairs 
already provide high initial mechanical strength, 
and our results are similar to those of another 
study of this technique.29 Despite the already 
high mechanical strength of a triple-loaded anchor 
repair, PHA mesh increased ultimate strength by 
about 100 N (~25%). Of note, tissue elongation 
during failure was higher (P = .012; power = 0.83) 
in the PHA-augmented group (1.2 mm) than in 
the nonaugmented group (0.8 mm). This was not 
surprising—failure loads were almost 100 N higher 
in the PHA-augmented group than in the nonaug-
mented group. Consequently, much higher forces 
were placed on the muscle belly, likely resulting in 
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Figure 4. Construct gapping as function of elapsed cycles. There were no significant 
differences in total gapping or gapping at any cycle between nonaugmented (control) 
and mesh-augmented repairs.
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additional elongation of the intact tissue medial to 
the repair construct.

The ultimate failure loads in our study compare 
favorably with the biomechanical strength of aug-
mented repairs reported by others.8,9,18 Barber and 
colleagues18 evaluated an augmented single-row 
repair with 2 double-loaded suture anchors and an 
acellular dermal matrix graft. The ultimate failure 
load of the augmented repairs was 325 N. In 
contrast, Omae and colleagues8 tested a bridging 
single-row repair using 2 double-loaded suture an-
chors and an acellular dermal matrix graft. Ultimate 
failure load of the augmented repairs was 560 N, 
similar to our finding. Last, Shea and colleagues9 
evaluated a bridging single-row repair using 2 dou-
ble-loaded suture anchors and an acellular dermal 
matrix graft, with ultimate failure load of 429 N. 
The techniques in all 3 studies can be performed 
arthroscopically but are challenging and require 
multiple extra sutures and anchors that need 
management and tying. Our technique provides 
similar initial fixation strength, has no requirement 
for extra sutures or anchors, and is very simple to 
perform.

The supraspinatus tendon is estimated to fail 
between 800 N and 1000 N.30,31 Biomechanical 
shoulder simulators use supraspinatus forces 
in the range of 20 N to 200 N for scapular plane 
abduction.32-36 Therefore, the single-row repair 
failures in our study fell between functional and 

full-thickness failure loads. Studies on the mechan-
ics of degenerated human supraspinatus tendon 
are limited, but there is evidence the mechanical 
properties of these tissues are inferior to those of 
healthy tendon.37 A 100-N increase in failure loads 
with PHA augmentation may prove highly signifi-
cant in reinforcing the suture–tendon interface in 
degenerated tendons.

Adding the mesh did not have any effect on 
gapping at the repair site after cyclic loading. This 
finding suggests that construct gapping under 
cyclic loading is not a function of a reinforced knot–
tendon interface but is instead caused by micro-
tearing and cinching of the suture constructs in 
relation to the underlying bone. Tissue elongation 
likely was not a strong contributor to overall cyclic 
gapping, as elongation did not differ between the 
nonaugmented and augmented repairs (0.5 mm 
vs 0.7 mm; P = .276) and was small relative to 
the nearly 4 mm of construct gapping. Gapping 
may be affected by healing and integration of the 
mesh into the repaired tendon over time, but this 
effect could not be captured in the present study. 
Patients are initially immobilized and passive shoul-
der motion gradually introduced, in stark contrast 
to the immediate loading protocol in the present 
study. Regardless, the 25% increase in overall 
strength may be clinically important, especially in 
cases of difficult repair or poor tissue quality.

Our technique simplifies arthroscopic augmenta-

Figure 5. Arthroscopy of polyhydroxyalkanoate mesh (BioFiber; Tornier) repair augmentation in patient with poor tissue quality. (A) View from lateral 
portal shows torn supraspinatus tendon. (B) After repair with single triple-loaded suture anchor and 3 simple stitches augmented with single strip of 
polyhydroxyalkanoate mesh. Only 2 sutures are visible from this portal view.
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tion—stitches are passed through the rotator cuff 
in simple fashion. Before being tied, the limbs that 
were passed through the rotator cuff are removed 
through a cannula and then passed through the 
synthetic graft. The graft is then shuttled into the 
subacromial space, and all the suture limbs are 
tied simply (Figures 5A, 5B). Even though this 
implementation is simple, our data showed the 
construct increases overall failure loads by about 
25% with no effect on construct elongation.

Study Limitations

This study had several limitations. First, it was 
a cadaveric biomechanical study that evaluated 
only time-zero biomechanical properties. Loads 
were normalized to tendon size, specimens were 
randomized between sides, and paired specimens 
were used to minimize the effects of tendon and 
bone quality on outcome metrics. In addition, 
donor tendons were representative of otherwise 
healthy tissue. Chronic tears and associated re-
sorption/atrophy could have affected the magni-
tude of forces and gapping detected in this study. 
Theoretically, over time the tendon tissue will 
adhere to and grow into the mesh, which could 
minimize potential differences. Studies are needed 
to determine the effects of healing on long-term 
repair strength in affected patients. Last, all con-
structs were performed in open fashion to improve 
repeatability of construct placement and provide 
accessibility for Instron testing. Our technique did 
not directly replicate the arthroscopic approach, 
but, unlike other augmentation techniques, it is so 
simple that transition to all-arthroscopic augmenta-
tion is realistic.

Patch augmentation increases the cost of mate-
rials and operative time and should be considered 
a limitation of its utility. We do not recommend 
augmentation in all RCRs, as it likely is cost-inef-
fective. Instead, we recommend augmentation in 
cases of poor tissue quality, which could lead to 
healing failure, revision surgery, and higher overall 
patient costs beyond the cost of adding augmen-
tation. Similarly, we recommend augmentation for 
revision cases in which tendon healing has failed 
and tissue quality is poor. The goal is to prevent 
another failure.

Conclusion
PHA graft augmentation of single-row triple-loaded 
anchor repairs of the supraspinatus tendon im-
proves the overall ultimate load to failure by 25%. 
There was no difference in gap formation after cy-

clic loading between augmented and nonaugment-
ed repairs. This technique for arthroscopic augmen-
tation can be used to improve initial biomechanical 
repair strength in tears at risk for failure. 
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