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Abstract

Background Biomechanical comparison of four different

Speed-Bridge configurations with or without medial or

lateral row reinforcement. Reinforcement of the knotless

Speed-Bridge double-row repair technique with additional

medial mattress- or lateral single-stitches was hypothesized

to improve biomechanical repair stability at time zero.

Methods Controlled laboratory study: In 36 porcine

fresh-frozen shoulders, the infraspinatus tendons were

dissected and shoulders were randomized to four groups:

(1) Speed-Bridge technique with single tendon perforation

per anchor (STP); (2) Speed-Bridge technique with double

tendon perforation per anchor (DTP); (3) Speed-Bridge

technique with medial mattress-stitch reinforcement

(MMS); (4) Speed-Bridge technique with lateral single-

stitch reinforcement (LSS). All repairs were cyclically

loaded from 10–60 N up to 10–200 N (20 N stepwise

increase) using a material testing device. Forces at 3 and

5 mm gap formation, mode of failure and maximum load

to failure were recorded.

Results The MMS-technique with double tendon perfo-

ration showed significantly higher ultimate tensile strength

(338.9 ± 90.0 N) than DTP (228.3 ± 99.9 N), LSS

(188.9 ± 62.5 N) and STP-technique (122.2 ± 33.8 N).

Furthermore, the MMS-technique provided increased

maximal force resistance until 3 and 5 mm gap formation

(3 mm: 77.8 ± 18.6 N; 5 mm: 113.3 ± 36.1 N) compared

with LSS, DTP and STP (P \ 0.05 for each 3 and 5 mm

gap formation). Failure mode was medial row defect by

tendon sawing first, then laterally. No anchor pullout

occurred.

Conclusion Double tendon perforation per anchor and

additional medial mattress stitches significantly enhance

biomechanical construct stability at time zero in this ex

vivo model when compared with the all-knotless Speed-

Bridge rotator cuff repair.

Keywords Double-row repair � Knotless � Rotator cuff �
Medial row

Introduction

Arthroscopic double-row repair techniques of the rotator

cuff have been shown to provide increased biomechanical

strength at time zero when compared with single-row

repair [19, 23, 24, 26, 38]. Besides quadruple medial and

lateral tendon perforations, transosseous-equivalent tech-

niques such as the Suture Bridge have been proposed [29].

Recently, all-knotless repairs have been introduced as a

further development [3, 32, 37]. Among others, the Speed-

Bridge technique combines quick arthroscopic application

and eliminates medial and lateral knot impingement. Stable

biomechanical properties were proposed due to a ‘self-

reinforcement’ mechanism of the tendon underneath the

sutures [6]. Since the eyelet at the tip of the anchor allows

suture limb fixation between anchor thread and bone, repair

failure through eyelet breakage seems to be overcome.

However, recent biomechanical studies have emphasized

the importance of medial row augmentation [2, 8, 31].

Therefore, all-knotless techniques potentially may result in

weaker properties of tendon-bone fixation. Possible failure
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sites for this construct are suture cutting through the ten-

don, anchor loosening or breakage. Furthermore, the

Speed-Bridge technique as originally described is based

upon a single tendon perforation per anchor with two broad

laces, which may cause remarkable friction and tissue

harm. In particular, strong synthetic suture materials tend

to threaten or harm attached degenerated soft tissues [12,

21, 28]. This may potentially weaken the medial row where

pull transmission to the bone occurs first. Furthermore,

increased micro motion of the medial tendon portion may

occur since no stabilizing knots attach it to the footprint.

In order to address these potential weaknesses of the

knotless Speed-Bridge technique, it is the purpose of the

present biomechanical study to investigate the construct

strength of three different modifications of the Speed-

Bridge technique at time zero, varying in the technique of

medial tendon perforation and the use of medial or lateral

row augmentation.

We hypothesized that there would be improved resis-

tance to failure and less gap formation with a reinforced

tendon grasping technique (medially or laterally) or addi-

tional medial mattress stitches when compared with all-

knotless Speed-Bridge repairs.

Materials and methods

Shoulder dissection

Thirty-six fresh-frozen porcine shoulders (right side, age:

6 months, gender: male) were stored at -20�C until

thawed at room temperature 5 h prior to use. All soft tis-

sues were dissected to isolate the infraspinatus tendon

attached to the humeral head. The infraspinatus tendon was

then sharply detached from its bony footprint insertion on

the greater tuberosity (with no humeral fibrocartilage

attached) in order to mimick a full-thickness tear of the

human supraspinatus tendon [21, 23, 28, 31]. Footprint

dimensions and tendon thickness/caliper at the proximal

and distal end of the bony insertion were obtained using a

digital caliper gauge and documented. To prevent tissue

dehydration, immediate processing and testing of all

shoulders were ensured and tendon tissue was kept moist

using sprayed isotonic saline (0.9% sodium chloride).

Preparation

All reconstruction techniques consisted of identical number

and kind of anchors (two medially, two laterally) and were

performed by a single investigator.

Medial row

Speed-Bridge repair consisted of two medial anchors (Bio-

SwiveLock C 4.75 mm, PLLA, loaded with one 2 mm

broad, lace-like FiberTape; Arthrex, Naples, FL). These

were inserted to the medial aspect of the footprint, about

3 mm lateral to the articular surface, in a 45� angle

(deadman’s angle [4]) after using an initiator. The tendon

was reduced and perforated 12–14 mm medially using the

Scorpion Suture Passer (Arthrex, Naples, FL): either once

per anchor with simultaneous passage of both FiberTape-

limbs or twice per anchor, approximately 3 mm apart

horizontally, with separate passage of each limb. Each

technique was performed in nine specimens, respectively.

Technique 1 Speed-Bridge technique with single tendon

perforation per anchor (STP, all knotless): No knot was tied

medially. After crossing the FiberTapes, both were fixed

laterally using another Bio-SwiveLock C 4.75 mm (Fig. 1).

Fig. 1 Speed-Bridge technique

with single tendon perforation

per anchor (STP)
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Technique 2 Speed-Bridge technique with double tendon

perforation per anchor (DTP, all knotless): The same

technique as described previously only varying in a sepa-

rate passage of each FiberTape-limb, approximately 3 mm

apart horizontally (Fig. 2).

Technique 3 Speed-Bridge technique with medial mat-

tress-stitch reinforcement (MMS): Prior to separate tendon

perforation for each FiberTape-limb medially as described

previously, one additional mattress stitch just 3 mm

medially was prepared as measured with a digital caliper

gauge. The #2 Fiberwire (as preloaded with the anchor for

eyelet security) penetrated the tendon 4 mm apart in a

horizontal fashion (Fig. 3).

To achieve maximum loop and knot security, fisher-

man’s sliding knot was used and reinforced with three

reversed-post half-hitches to maximize knot holding

capacity [5, 9] after completion of the lateral row.

Technique 4 Speed-Bridge technique with lateral single-

stitch reinforcement (LSS): Besides separate tendon perfo-

ration for each FiberTape-limb medially as described

previously, one additional simple stitch was added laterally

(Fig. 4). In clinical practice, this procedure minimizes the

formation of ‘dog-ears’ or bulging of the lateral tendon

aspect. For this purpose, the #2 Fiberwire as provided with

the lateral anchor was used and fisherman’s sliding knot with

three reversed-post half-hitches was applied again [5, 9].

Biomechanical testing

For biomechanical testing, the medial free limb of the

tendon was wrapped with a cotton bandage to increase

friction. Subsequently, it was attached to a steel-wired

extension hull (‘chinese finger trap’), then cross-suture

secured (No. 5 Fiberwire, Arthrex, Naples, FL) to avoid

tendon slippage. In a previous study, this fixation method

Fig. 2 Speed-Bridge technique

with double tendon perforation

per anchor (DTP)

Fig. 3 Speed-Bridge technique

with medial mattress-stitch

reinforcement (MMS)
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revealed solid tendon fixation up to 600 N and superior

interface grip when compared with other soft tissue fixation

techniques [34].

The humerus was then sawed and adjusted to vertical

load application in order to simulate physiological load

conditions as seen in human supraspinatus tendon [12]. It

was fixed to biomechanical testing moulds using bone

cement (Beracryl, Fa. Troller, Fulenbach, Switzerland).

Prior to biomechanical testing, ultraviolet light reflect-

ing trackballs were needle pinned to the tendon-bone

construct: (a) medially to the medial row, (b) in between

both suture rows, (c) to the greater tuberosity and (d) to the

fixation mould as described previously [31]. An optical 3D-

tracking device with an accuracy of 0.1 mm three dimen-

sionally was used for the detection of gap formation

(Qualisys� AB, Gothenburg, Sweden).

Loading evaluation

Preload was set at 10 N, followed by cyclic loading of all

reconstructions with n = 50 cycles of 10–60 N on a

material testing device (Model 1455, Zwick, Ulm, Ger-

many). Subsequently, load was increased with 20 N step-

wise for another n = 50 cycles, respectively (509

10–80 N, 509 10–100 N, 509 10–120 N,…) until 509

10–200 N. Specimen surviving 50 cycles of 10–200 N were

tested until maximum load to failure [23]. Pulling speed was

set to 350 mm/min for regular test cycles and to 500 mm/

min for ultimate tensile strength beyond 200 N [31].

Parameters

The definition of failure was gap formation of both 3.0 and

5.0 mm between the medial tendon marker and the marker

at the bony tuberosity [2, 20, 22, 25, 31].

Definition of ultimate failure was either complete tendon

tear or loss of load applied of greater than 50% (as obtained

by the material testing device). Mode and place of failure

were documented.

Statistical analysis

Tendon thickness as well as the force until gap formation

load to failure was analysed with nonparametric overall

Kruskal–Wallis tests. In case of significance, pairwise post

hoc examinations were conducted using the Mann–Whit-

ney U test. A power analysis using Pitman’s asymptotic

relative efficiency revealed that a large pairwise effect size

(equivalent to Cohen’s d = 1.3) can be detected with a

significance level a = 0.05 and a power [0.80 with nine

specimens per reconstruction.

Statistical analysis was performed using PASW 17 for

Windows software (SPSS Inc, Chicago, IL).

Results

Tendon thickness and footprint dimensions

There was no significant difference between all four groups

with respect to footprint dimensions or tendon thickness

(n.s.; Table 1).

Mode of failure

In all cases, the repair failed by suture cutting through the

tendon, initially at the medial row and progressing laterally

until lateral row failure. No anchor pullout was observed.

Different numbers of reconstructed units survived all

test cycles until 10–200 N and were subsequently tested

Fig. 4 Speed-Bridge technique

with lateral single-stitch

reinforcement (LSS)
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until load to failure: n = 0 units from STP-group, n = 2

shoulders from DTP-group, n = 7 from MMS-group and

n = 1 shoulders from LSS-group.

Gap formation 3/5 mm

The average force to create 3 mm gap formation between

the medial tendon reflector and the humeral head differed

overall between the reconstruction techniques (v2
ð3Þ = 11.0,

P = 0.01) and was significantly higher for MMS-repair

(77.8 ± 18.6 N) compared with LSS (62.2 ± 6.7 N,

Mann–Whitney U Test: Z = 2.1, P = 0.04), DTP

(60.0 ± 0 N, Z = 2.5, P = 0.01) and STP (62.2 ± 6.7 N,

Z = 2.1, P = 0.04; Fig. 5a).

The average force to create 5 mm gap formation

between the medial tendon reflector and the humeral head

again differed between the reconstruction techniques

(v2
ð3Þ = 10.8, P = 0.01) and was also significantly higher

for MMS-repair (113.3 ± 36.1 N) compared with LSS

(80.0 ± 20.0 N, Z = 2.0, P = 0.04), DTP (73.3 ± 20.0 N,

Z = 2.5, P = 0.01) and STP (68.9 ± 14.5 N, Z = 2.7,

P \ 0.01; Fig. 5b).

The average load of 68.9 N at 5 mm gap formation in

the classic STP-technique was still below the average load

at 3 mm gap formation in the MMS-technique. Hence,

separate tendon perforation and addition of a medial mat-

tress suture prevented 2 mm gap formation at 70 N load.

Maximum load to failure

The average force until total failure differed between the

reconstruction techniques (v2
ð3Þ = 20.8, P \ 0.01) and was

lowest for STP-repair (122.2 ± 33.8 N), for LSS (188.9 ±

62.5 N) and for DTP-technique (228.3 ± 99.9 N). With an

average load of 338.9 ± 90.0 N, MMS-technique revealed

significantly higher resistance compared with LSS and STP

(Z [ 2.9, P \ 0.01), and a trend towards higher resistance

compared with DTP (Z = 1.9, n.s.). Only by separate instead

of simultaneous tendon perforations (DTP vs. STP), DTP-

repair showed a significantly higher resistance than STP-

technique (Z = 3.1, P \ 0.01; Fig. 6).

Discussion

The present study found that separate tendon perforation as

well as additional medial mattress stitches significantly

Table 1 Footprint and tendon

dimensions for each technique
Footprint

width (mm)

Footprint

length (mm)

Insertional

area (mm2)

Tendon thickness

medially (mm)

Tendon thickness

laterally (mm)

STP 19.1 ± 1.4 17.4 ± 1.1 334.5 ± 37.9 2.2 ± 0.4 1.0 ± 0.2

DTP 18.6 ± 2.0 17.7 ± 1.1 330.0 ± 30.5 2.2 ± 0.3 1.1 ± 0.1

MMS 19.2 ± 1.8 16.8 ± 0.7 324.3 ± 41.5 2.0 ± 0.5 0.9 ± 0.2

LSS 19.0 ± 1.3 16.2 ± 1.1 308.1 ± 15.8 2.0 ± 0.3 1.0 ± 0.1

Fig. 5 Comparison of average load applied to create 3 mm (a) and

5 mm gap formation (b) under cyclic loading (means with standard

deviations) * P \ 0.05
Fig. 6 Comparison of ultimate failure loads (means with standard

deviations) * P \ 0.05
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improve biomechanical stability of a knotless double-row

Speed-Bridge repair at time zero in an animal cadaver

study.

With only little additional effort in terms of all-knotless

repairs, separate medial tendon perforation for each suture

limb (DTP) resulted in enhanced load to failure. However,

no significant effect towards gap formation was observed

when compared with all-knotless single medial tendon

perforation per anchor (STP).

Medial row augmentation using horizontal mattress

stitches (MMS) improved both maximum loads to failure

as well as force resistance to 3 and 5 mm gap formation. It

revealed nearby triple load to failure when compared with

regular STP-repair. Though leaving the concept of knotless

double-row repair, this technique requires no additional

suture expenses when compared with regular STP-repair

type. As a clinical limitation, additional knot tying medi-

ally may cause knot impingement when compared with

knotless medial row repairs.

However, lateral addition of simple stitches (LSS, meant

to reduce lateral ‘dog ear’-deformities) did not improve

repair stability at all.

These findings demonstrate the important biomechanical

contribution of medial row tendon fixation in rotator cuff

repair. This observation is in accordance to previous bio-

mechanical studies regarding knot-type double-row repairs

[2, 31]. Busfield et al. found completely knotless double-

row repairs (Suture-Bridge) to be significantly weaker

when compared with regular knot-type Suture-Bridge

repair (human cadaver study) [8].

In a previous study, several Suture-Bridge repair tech-

niques were investigated by our study group [31]. The

present MMS-technique with one mattress stitch per anchor

medially was biomechanically weaker (F max 338.9 N,

3 mm: 77.8 N, 5 mm: 113.3 N) when compared with

Suture-Bridge repair with two medial mattress sutures per

anchor (Fmax 368 N; 3 mm: 90 N; 5 mm: 128 N) [31].

Both studies followed an identical biomechanical protocol,

and both techniques consist of comparable lateral knotless

tendon fixation. In contrast, Spang et al. found no signifi-

cant biomechanical difference between both techniques

after these had been strengthened with one additional

medial mattress per medial anchor (ovine cadaver study)

[35]. Both broad FiberTapes were passed through the ten-

don simultaneously, which may cause friction and a broad

intratendinous canal. However, the present study found that

passing both suture limbs separately with a horizontal

distance of 3–4 mm significantly increases biomechanical

stability when compared with simultaneous application.

Hence, a major biomechanical contribution of medial

row fixation must be assumed in these comparable settings.

Even enhanced single rows with six simple stitches medi-

ally (using two triple-loaded anchors) had proven better

biomechanical properties than current double-row repair

techniques [2].

Apart from biomechanical cadaver investigations, clin-

ical observations have found structural defects of the ten-

don medially to the footprint in revision cases following

double-row repair [36, 39]. Radiographic follow-up

examinations of Suture-Bridge double-row repairs at

6–24 months postoperatively described remnant, appar-

ently well-fixed cuff tissue at the insertion site [11]. In

contrast to single-row techniques, retears occurred more

medially to the repair construct towards the musculoten-

dinous junction. These sites of failure match with tear

patterns as observed in previous biomechanical cadaver

studies [31].

Presently, failure or tear of reconstructed tendon-bone

units occurred medially first at the site of load transmission

from tendon to bone. Subsequently, strong synthetic suture

materials were combing the tendon towards the lateral row

until total failure. From our observations, the close tendon

fixation against the footprint medially was crucial to delay

tendon slippage around the strong synthetic sutures as long

as possible. Once tendon started to migrate medially,

sutures began sawing and early construct failure was

inevitable.

All-knotless double-row repair of the rotator cuff

potentially harbours several beneficial aspects when com-

pared with knot-type repairs as with the Suture-Bridge

technique [29]. Another all-knotless double-row repair

technique consisting of FiberChain suture material (Arth-

rex, Naples, FL) showed equivalent stability when

compared with a double-row reconstruction, suggesting a

self-reinforcing mechanism when tension is applied

(human cadaver study) [6].

Furthermore, knotless surgical repair as with the Speed

Bridge is quicker and facilitated in terms of easier suture

limb management when compared with Suture-Bridge

repair. As a further development based upon the latter, the

Speed-Bridge technique consisting of 2-mm broad fibre

laces is furthermore supposed to better distribute pressure

to the underlying tendon tissue. The SwiveLock-anchor

features its eyelet at the tip, fixing the suture limb between

anchor thread and bone and hence minimizing repair fail-

ure through eyelet breakage.

Along with numerous other biomechanical studies, the

present study represents a time zero ex vivo analysis.

Obtained porcine footprint dimensions of the infraspinatus

are comparable to human supraspinatus dimensions [13,

14]. Neither tendon nor footprint dimensions differed sig-

nificantly between the tested techniques, which allows

objective biomechanical comparison.

However, comparable anatomic references do not allow

immediate transfer to human conditions. In particular,

degenerated tendon and bone tissue strength of elderly
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human patients may not be represented by juvenile swines

with strong tendon and trabecular bone. Histologic evi-

dence of tendon degeneration as observed in elderly

patients is associated with reduced tensile strength [33].

Anchor loosening must be assumed to be more often in

osteopenic human bone as a consequence of inactivity in

chronic tears [27]. The correlation of bone-mass density

and gap formation in human cadaver studies was described

[3]. On the other hand, comparable bone density was

described in 8-month-old porcine and middle-aged human

shoulders [23]. As a strength, the present model focused on

the tendon-suture interface for comparing biomechanical

stability since the anchor-bone interface as a potential

failure site was excluded. Standardized comparison of

different surgical techniques was feasible with less varia-

tion in age and tissue quality than in human cadavers.

Improved biomechanical techniques in double-row

reconstructions do not necessarily translate into superior

clinical performance. Despite recent biomechanical

approaches, clinical and radiographic studies found only

marginal or no advantage with double-row reconstructions

(knot-type repairs) [1, 7, 10, 16, 18, 30].

This effect may be explained by tendon tissue strangu-

lation through strong adaption against the bony insertion

[15, 17]. Maximized biomechanical construct stability at

time zero may endanger microcirculation and biological

regeneration, which is mandatory for durable tendon-bone

reintegration.

Conclusion

Separate tendon perforation and additional medial mattress

stitches significantly enhance biomechanical construct

stability at time zero in this porcine ex vivo model when

compared with the all-knotless Speed-Bridge rotator cuff

repair. In the clinical setting, possible technical advantages

such as time-saving (but weaker) knotless repair must be

counterbalanced with this technically more demanding

procedure for the sake of maximized initial stability.
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