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A Biomechanical Comparison of 2 Transosseous-Equivalent
Double-Row Rotator Cuff Repair Techniques Using

Bioabsorbable Anchors: Cyclic Loading and Failure Behavior

Jeffrey T. Spang, M.D., Stefan Buchmann, M.D., Peter U. Brucker, M.D., M.S.,
Panos Kouloumentas, M.D., Tobias Obst, M.S., Manuel Schröder, M.S., Rainer Burgkart, M.D.,

and Andreas B. Imhoff, M.D.

Purpose: A novel double-row configuration was compared with a traditional double-row configuration
for rotator cuff repair. Methods: In 10 matched-pair sheep shoulders in vitro repair was performed with
either a double-row technique with corkscrew suture anchors for the medial row and insertion anchors for
the lateral row (group A) or a double-row technique with a new tape-like suture material with insertion
anchors for both the medial and lateral rows (group B). Each specimen underwent cyclic loading from 10
to 150 N for 100 cycles, followed by unidirectional failure testing. Gap formation and strain within the
repair area for the first and last cycles were analyzed with a video digitizing system, and stiffness and
failure load were determined from the load-elongation curve. Results: The results were similar for the 2
repair types. There was no significant difference between the ultimate failure loads of the 2 techniques
(421 � 150 N in group A and 408 � 66 N in group B, P � .31) or the stiffness of the 2 techniques
(84 � 26 N/mm in group A and 99 � 20 N/mm in group B, P � .07). In addition, gap formation was
not different between the repair types. Strain over the repair area was also not different between the repair
types. Conclusions: Both tested rotator cuff repair techniques had high failure loads, limited gap
formation, and acceptable strain patterns. No significant difference was found between the novel and
conventional double-row repair types. Clinical Relevance: Two double-row techniques—one with
corkscrew suture anchors for the medial row and insertion anchors for the lateral row and one with
insertion anchors for both the medial and lateral rows—provided excellent biomechanical profiles at time
0 for double-row repairs in a sheep model. Although the sheep model may not directly correspond to in
vivo conditions, all–insertion anchor double-row constructs are worthy of further investigation. Key
Words: Double row—Rotator cuff—Suture anchor—Biomechanical testing.
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he goal of arthroscopic rotator cuff repair is to
ensure tendon-bone healing and maintain repair

ntegrity because tendon repair integrity has been
inked to improved clinical outcomes.1-3 Clinical and
agnetic resonance imaging–based reports have sug-

ested that a notable postsurgical tear rate still ex-
sts.1,4 Factors that may influence repair success
nclude the severity of the tear, retraction and atro-
hy of the tendon, and quality of the remaining
issue.5 An optimal initial repair construct would
ave a high initial fixation strength, minimize gap
ormation, maintain mechanical stability under cy-
lic loading, and re-create the “footprint” of the
endon insertion.6 Such a construct may allow early
ostoperative motion while maintaining repair in-
egrity.7 This has stimulated the development of
any novel “double-row” rotator cuff repair tech-
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873DOUBLE-ROW ROTATOR CUFF REPAIR
iques that sought to improve the biomechanical
haracteristics of rotator cuff repair and increase the
rea of tendon-bone contact.5,8-12

Double-row fixation has been gaining popularity
n clinical use because of its reported superior bio-
echanical properties.13-15 Previous biomechanical

tudies have suggested that double-row fixation
oes have superior biomechanical characteristics
hen compared with single-row fixation.5,16,17

ome of the most biomechanically sound double-
ow techniques used a transosseous tunnel for the
ateral row, requiring a mini-open technique.12,18 In
n effort to obtain the advantages of a transosseous
onstruct while using arthroscopic techniques, the
transosseous-equivalent” (TOE) technique (also
nown as the suture bridge technique) was intro-
uced. The medial row was composed of standard
crew-in suture anchors, whereas the lateral row for
hese constructs is occupied by an insertion anchor,
hich captures sutures from the medial row. More

ecently, these techniques have been reported to
ave superior results with regard to footprint resto-
ation, biomechanical failure, and cyclic loading
esting.19-21

The optimal configuration for TOE double-row con-
tructs has yet to be determined. Biomechanical studies
ave evaluated both insertion anchors and tenodesis
crews for the lateral row.7 Our purpose was to evaluate
novel TOE double-row technique using a newly avail-

ble suture material (FiberTape; Arthrex, Naples, FL)
ith insertion anchors for both the medial and lateral

ows and compare this novel technique with a more
onventional TOE suture anchor/insertion anchor con-
truct, which used suture anchors for the medial row and
nsertion anchors for the lateral row. The novel insertion
nchor construct also included a horizontal stitch de-
igned as a blocking cross stitch similar to the massive
uff tear stitch described by Ma et al.22 and the modified
ason-Allen stitch23 described by Gerber et al.24 In

ddition, the study was designed to use bioabsorbable
nchors. Our hypothesis was that the novel double-row
onstruct would exhibit superior biomechanical proper-
ies when compared with the more conventional TOE
echnique based on the additional blocking cross stitch
nd the new suture material.

METHODS

In this study 20 Merino sheep shoulders (10 pairs;
ean age, 1 year) were harvested and frozen at
20°C before testing. Each specimen was allowed to
haw before dissection, surgical site preparation, and
F
w

esting. The infraspinatus muscle is the most devel-
ped rotator cuff muscle in the sheep and has been
sed in prior studies for evaluation of anchoring con-
tructs.18,22,23 The infraspinatus tendon and humeral
ttachment were carefully dissected and isolated, and
he remaining rotator cuff tendons were completely
emoved. The humerus was cut transversely just above
he elbow. Matched-pair shoulder specimens allowed
ach anchor technique to be performed on the same
nimal. Repairs were alternated from left to right
hroughout testing. Each specimen was carefully exam-
ned to ensure that the rotator cuff musculature was
ntact, and the infraspinatus tendon was of sufficient size
minimum width at least 20 mm) to support a double-
ow rotator cuff repair. The humerus was potted with
reol (Ciba Specialty Chemicals, Basel, Switzerland) to

llow for proper fixation during testing. The infraspina-
us was then completely released from its insertion site.
uring the course of the study, specimens were kept
oist with periodic sprays of saline solution.

urgical Techniques

All rotator cuff repairs were carried out by a
ingle surgeon (J.T.S.). The conventional TOE sur-
ical technique— using suture anchors for the medial
ow and insertion anchors for the lateral row—used
wo 5.5-mm Bio-Corkscrew FT2 anchors (Arthrex)
ouble loaded with No. 2 FiberWire (Arthrex) for the
edial row and SwiveLock insertion anchors (Ar-

hrex) with a closed-end loop for the lateral row
group A) (Fig 1). A template was formed from mold-
ble plastic that had 4 holes in a 12 � 12–mm box
onfiguration. The template was applied to the tuber-
IGURE 1. Closed-loop SwiveLock insertion anchor (Arthrex)
ith FiberTape suture (Arthrex).
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874 J. T. SPANG ET AL.
sity of the humerus, and the position of the holes was
arked onto the humerus. A tap was used to create 4

nchor holes before the tendon was attached. The
ame template was used for the novel anchor tech-
ique, allowing consistently reproducible anchor
lacement for both the medial and lateral rows in
oth surgical techniques. For the conventional tech-
ique, the suture anchors were inserted in the me-
ial row at a 45° angle to the bone surface. The
endon was draped over the humerus so that its
ateral border ended at the lateral row. For each
uture anchor of the medial row, 2 horizontal mat-
ress sutures were placed medially in the tendon.
ix alternating half-hitches were tied for each knot.
he suture from the more lateral knot on each side
as cut, whereas the sutures from the more medial

nots were used to create the suture bridge (Fig 2). The
wiveLock insertion anchors were loaded with the su-

IGURE 2. Final conventional double-row construct. The medial
ow comprised 2 suture anchors, and the lateral row comprised 2
c
nsertion anchors capturing sutures from the medial-row suture
nchors.
ure bridge sutures and inserted to create the lateral row.
ension was applied to each suture so that all slack was

emoved from the suture before placement of the lateral-
ow insertion anchor.

The novel anchor technique— using insertion an-
hors for both the medial and lateral rows— used 2
pen-loop SwiveLock insertion anchors for the me-
ial row and 2 closed-loop SwiveLock insertion
nchors for the lateral row (group B). For the me-
ial row, an insertion anchor internally loaded with
o. 1 FiberWire (Arthrex) was used. The FiberTape

Arthrex) (a new braided ultrahigh-strength suture)
Fig 1) was captured by the loop of the SwiveLock,
nd the SwiveLock was screwed into place in both
edial anchor locations. With removal of the insertion

andle, 2 FiberTape ends and 2 No. 1 FiberWire ends
xited each medial anchor location. Initially, the No. 1
iberWire suture was placed through the tendon in a
orizontal mattress stitch tied by use of 6 alternating
alf-hitches (Fig 3A). Both ends of the FiberTape were
hen brought through the tendon just medial to the hor-
zontal mattress stitch. One end of the FiberTape from
ach medial anchor was then fixed to the lateral row after
assage through the closed-loop SwiveLock to finish the
uture bridge (Fig 3B). Tension was applied to each
iberTape suture limb so that all slack was removed
efore placement of the lateral-row insertion anchor.

iomechanical Testing

The rotator cuff repair constructs were tested with a
wick 1120 testing machine (Zwick, Ulm, Germany).
Vicon video digitizing system (Vicon, Los Angeles,

A) was used for analysis of gapping phenomenon.
he humerus was placed at an angle of 135° to the
ertical axis, allowing tendon testing to approximately
e-create the vector of force that would occur after a
otator cuff repair (Fig 4). The video digitizing system
3 specialized cameras) was placed off the lateral side
f the construct, viewing the repair from outside the
oint. The tendon was grasped in a specially designed
oft-tissue clamp, which had sufficient grip and elim-
nated tendon slippage. After secure mounting of the
pecimen, 6 video markers were placed on the tendon.
ne pair of video markers was placed just medial to

he lateral tendon border, one pair was placed just
edial to the medial suture, and one pair was placed

n the humerus just lateral to the tendon edge (Fig 5).
he Vicon video digitizing system included video

ecording of the markers, digitization of the markers,

reation of centroids representing the center of the
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875DOUBLE-ROW ROTATOR CUFF REPAIR
arkers, and computer calculation of distance as well
s movement during the testing process.

yclic Loading

A 10-N preload was applied for 1 minute for pre-
onditioning of the tendon–suture anchor construct.
he specimens were then cyclically loaded from 10 to
50 N at a rate of 0.25 H for 100 cycles. Other authors
ave noted that 150 N represented between one half
nd two thirds of the load that could be delivered by
aximal muscle contraction of the human supraspi-

atus, so our applied load was well within the physi-
logic range.25 Gap formation at the lateral border of
he tendon was recorded. It was defined as the
istance (measured in millimeters) created at the
ateral edge of the tendon. The gap was calculated
y measuring the change in position of the markers
n the lateral edge of the tendon relative to the
tationary markers on the lateral humerus. Gap for-
ation was recorded for the first and last cycles. In

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
IGURE 3. (A) Step 1: Novel double-row construct. The medial

nsertion anchors were placed with tape-like suture exiting the
otator cuff just medial to the previously tied blocking stitch. (B)
tep 2: Completed insertion anchor construct. The medial and

ateral rows comprised insertion anchors; tape-like suture crosses

IGURE 4. Testing setup showing alignment of humerus to testing
xture.
he blocking stitch medially and is captured by the lateral row of
nsertion anchors.



a
u
d
T
i
i
f
a
W

T

t
s

p
w
s
T
o
b

S

c
A
s

C

n
l
i
fi
w
g
A
l

T

s
s
l
i
n
t
A
m

F
i
i

876 J. T. SPANG ET AL.
ddition, strain was defined as the deformation per
nit length of the tendon. The original distance was
efined as the initial distance between the markers.
he change in distance was calculated as the max-

mal distance between the markers minus the orig-
nal distance. Strain was calculated by the standard
ormula (�L/L) by use of the Vicon software pack-
ge and Microsoft Excel (Microsoft, Redmond,
A).

ensile Testing to Failure

After cyclic loading, the construct was returned to
he preload of 10 N. The specimen was loaded until
tructural failure at a rate of 1 mm/s. The structural

IGURE 5. Superior view of rotator cuff repair with video markers
n place. Two markers were placed on the lateral humerus, two
nside the cuff repair, and two medial to the cuff repair.

TABLE 1. Cyc

Group A

Gap formation (mm)
First cycle 1.37 � 0.6 1
Last cycle 2.22 � 0.7 2

Strain
First cycle 6.40 � 3.4 6

Last cycle 2.13 � 0.7 2.11 �
roperties of linear stiffness and ultimate failure load
ere calculated by use of data acquisition and analysis

oftware included on the materials testing machine.
he ultimate failure load was defined as the peak force
f the load-elongation curve. Stiffness was calculated
y use of the most linear portion of the failure curve.

tatistical Analysis

Student t tests were used to compare the biome-
hanical properties of the conventional repair (group
) and the novel technique (group B). The level of

tatistical significance was set at P � .05.

RESULTS

yclic Loading

There were no statistically significant differences
oted between group A and group B during the cyclic
oading test (Table 1). Gap formation was not signif-
cantly different between the 2 groups in either the
rst or last cycle. Strain recorded over the repair area
as also not significantly different between the 2
roups in either the first or last cycle. For both group

and group B, all specimens survived the cyclic
oading testing without obvious defect or deformity.

ensile Testing to Failure

Overall, the results for tensile testing to failure were
imilar for the 2 repair types (Table 2). There was no
ignificant difference between the ultimate failure
oads of the 2 techniques. The stiffness in group B was
ncreased compared with group A, but the result was
ot significant. For group B, all specimens failed at the
endon-suture junction, whereas 1 specimen in group

failed with pullout of the anchors. All other speci-
ens in group A failed at the tendon-suture junction.

ading Results

B P Value Confidence Interval

0.7 P � .40 �0.367 to �0.789
0.8 P � .83 �0.696 to �0.856

2.5 P � .76 �2.475 to �3.337
lic Lo

Group

.16 �

.14 �

.84 �

0.8 P � .94 �0.709 to �0.749
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877DOUBLE-ROW ROTATOR CUFF REPAIR
DISCUSSION

There were no major statistical differences between
he novel stitch configuration using 4 insertion an-
hors and the conventional TOE double-row construct
sing 2 suture anchors and 2 insertion anchors. There-
ore our initial hypothesis must be rejected.

It has been suggested that the suture-tendon inter-
ace remains the most likely site of failure of rotator
uff repair.26 Indeed, in our study 19 of 20 specimens
ailed at the tendon-suture interface. Multiple studies
ave concluded that double-row rotator cuff fixation
ay provide biomechanical advantages compared
ith conventional single-row techniques.5,16,17 Other

uthors have concluded that so-called TOE rotator
uff repair techniques have an advantage over the
riginally described double-row techniques7,27; how-
ver, the optimal double-row configuration has yet to
e established.
When prior studies are considered,5,16,17 our data

how quantitatively comparable results. Despite the
act that prior studies used 6.5-mm metallic anchors5

r 6.5-mm bioabsorbable anchors,7 the mechanical
roperties recorded in group A and group B were
imilar to those in the aforementioned studies. Kim et
l.5 reported gap formation between 1.7 and 3.6 mm
nd an ultimate load of 516 � 121 N, whereas Park et
l.7 reported gap formation between 2.87 and 3.74 mm
nd an ultimate load of 443 � 87 N for their TOE
onstruct. Our gap formation (between 1.16 and 2.22
m for both groups) and ultimate load (421 � 150 N

n group A and 408 � 66 N in group B) results
ompare favorably with prior works. In addition, the
roup B construct was stiffer than the group A con-
truct. The difference was not statistically significant
P � .07) but could indicate an advantage for future
nsertion anchor–FiberTape constructs. Future testing
ould have to be conducted to more explicitly deter-
ine whether insertion anchor constructs have an

nherent advantage over suture anchor constructs be-
ause of the potential for suture creep or knot slippage
n suture anchor repairs.

Our novel repair technique used 4 insertion-type
nchors (with 2 closed-loop types for the lateral row)

TABLE 2. Fai

Group A G

Ultimate load (N) 421 � 150 4
Stiffness (N/mm) 84 � 26
nd a horizontal stitch. To our knowledge, this is the b
rst biomechanical study that has examined a double-
ow technique that does not use conventional screw-in
uture anchors for the medial row. Given the fact that
he results of this construct were similar to those of the
ore conventional double-row construct, it would be

asy to make the next technical step and evaluate the
ovel technique without the benefit of the horizontal
titch. In this fashion, an arthroscopic insertion anchor
echnique could be used, which would obviate the
eed for knot tying in arthroscopic procedures. This
hould be the subject of future biomechanical studies.

The novel TOE double-row rotator cuff technique
escribed previously was the biomechanical equal of a
onventional TOE double-row technique in our study.
he medial insertion anchors appear to have suture-
olding power and failure strength comparable to
crew-in anchors based on our gap formation and
ailure data. Furthermore, we have confirmed that
OE double-row rotator cuff repair techniques using 2
ifferent nonmetallic anchors exhibit similar biome-
hanical properties to previously published works us-
ng metallic anchors, which have been established as
he gold standard for biomechanical rotator cuff test-
ng. Our results suggest that future research is war-
anted on knotless, insertion anchor–only TOE dou-
le-row rotator cuff repairs.
Our study has multiple strengths. The video capture

ystem has been proven reliable in prior studies5,17

nd captures movement within the repair area well.
e used a matched-pair technique for specimens,
hich should eliminate intersample differences. In the

heep model both the bone and the tendon are of
xcellent quality, placing the focus of the study di-
ectly on the repair constructs themselves.

Our study does have weaknesses. We used a sheep
odel instead of a human cadaveric model. Although

he healthy tendon of the sheep does not approximate
he degenerative human tendon likely encountered in
linical practice, it has been cited as a “good model
nd has been used extensively for the evaluation of
otator cuff tendon repairs.”22,23 Testing in human
adaveric specimens may yield additional information
bout insertion and suture anchor behavior in older

esting Results

P Value Confidence Interval

6 P � .31 �101.5 to �127.5
0 P � .07 �11.94 to �18.06
lure T

roup B

08 � 6
one and suture behavior in human tendon, especially
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878 J. T. SPANG ET AL.
f altered tendon quality and osteopenia are present.
owever, other authors have noted similar results for
uman and sheep studies with similar testing tech-
iques.17 Additional weaknesses include the limita-
ions inherent in single-direction testing. Recently,
uthors have included a rotational moment in rotator
uff evaluations,28 but our construct line of pull was
nidirectional. Our study also used in vitro time 0
esting, and thus the in vivo performance of each
epair construct is unknown.

CONCLUSIONS

Both tested rotator cuff repair techniques had high
ailure loads, limited gap formation, and acceptable
train patterns. No significant difference was found
etween the novel and conventional double-row repair
ypes.
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