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Abstract

Purpose The purpose of our study was to evaluate the
initial fixation strength of bridging techniques compared to
other suture techniques for rotator cuff repair using a bio-
mechanical animal model, which incorporated pretesting of
intact tendons.

Methods Seventy-six fresh bovine shoulders were used
for testing seven suture configurations including simple
suture (SS), mattress suture (MS), Mason-Allen (MA),
modified double row (mDR), SpeedBridge (SpB), Speed-
Bridge with medial fixation (mSpB), and double-mattress
SutureBridge (dmSuB) techniques. Cyclic loading was
performed with all intact bone-tendon complex before
(pretest) and after repair of the tendon (main test) at the
level of 10 and 180 N at 100 Hz with displacement-con-
trolled ramps of £33 mm/s. The pretest was stopped after
200 cycles. For the main test, the loading scheme was
continued for a maximum of 500 cycles or until failure.
Results The mean elongation of all 76 intact tendons
measured at the pretest was 3.8 + 0.6 mm (2.4-5.4 mm).
No differences of gap formations at the lst cycle were
detected between SS, MS, MA, and mDR. SpB showed
significant higher gap formations compared to all other
suture techniques (p = 0.001). No significant differences
were detected between mSpB and dmSuB, whereas both
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techniques were significant different when compared to the
other groups (p < 0.05).

Conclusions In this study, results showed that bridging
techniques with medial fixations have superior initial repair
strength compared to other suture techniques. Knowledge
of initial fixation strength of rotator cuff repair techniques
may be of informative value to the surgeon.

Keywords Biomechanical testing - Initial fixation
strength - Rotator cuff repair - Single row, double row -
Bridging techniques

Introduction

Arthroscopic rotator cuff repair is one of the most common
surgical procedures in the shoulder. Despite technical
improvements, retear rates are still high [2, 14]. Healing of
the rotator cuff depends not only on biological factors such
as the quality of tendons and bones, blood supply to the
cuff and the general state of health of a patient, but also on
material and fixation methods. Failure of rotator cuff repair
can be caused by tissue laceration at the tendon-suture
interface as well as anchor pullout, knot slippage, suture
breakage or suture pullout. However, repair failures com-
monly occur in the early postoperative phase, while load
transfer is entirely carried through the fixation.

In the past 10 years, new suture materials and tendon-
bone fixation techniques approached in order to increase
the mechanical strength of the primary fixation: starting
with single-row repairs [14, 17] to footprint reconstruction
[9, 15, 18, 21, 22, 28, 29, 30] and more recently to knotless
double-row footprint reconstruction [3]. Recent biome-
chanical studies demonstrated that the mechanical strength
of a double-row cuff repair was superior to a single-row
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repair [18, 22, 26, 35]. However, other reports indicated no
differences between the two techniques [24, 25]. A com-
parison of varying biomechanical protocols of tendon fix-
ation techniques including various variables such as donors
of specimen, storage of samples, anchor materials, methods
to clamp samples, as well as cyclic loading schemas, is
difficult. Nevertheless, biomechanical studies are necessary
especially to test initial fixation strengths after rotator cuff
repairs.

The purpose of the present study was to assess initial
strengths of seven suture techniques using a biomechanical
model, which incorporated pretesting of intact tendons. We
hypothesized that bridging techniques would demonstrate
superior initial fixation strengths compared to other suture
techniques.

Materials and methods

A total of 76 fresh harvested bovine shoulders were
obtained from a local abattoir. Each shoulder was dissected
so that the infraspinatus muscle and tendon insertion was
left intact, while all other soft tissue was removed. Before
pretesting, the positions of the clamps for bone and tendon
were marked to give the same clamping conditions for the
main test. The pretest was performed to obtain biome-
chanical properties of the intact samples. Each shoulder
was pretested for approximately 20 min (Fig. 1). Subse-
quently, the samples were stored in the refrigerator at 4°C
until surgical manipulation with a maximum storage time
of 5 h. The bovine infraspinatus tendons were about 3 mm

Fig. 1 Typical bone-tendon sample (pretest)
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thick and 35 mm in width. The tendon was sharply tran-
sected from the bone, and a rotator cuff tear was simulated
by resecting the tendon from the lateral edge to a width of
20 mm.

Suture configuration

Each defect was repaired under direct vision by the same
orthopedic surgeon (B.K.). Tendons were re-attached to the
bone with bioabsorbable anchors (Arthrex, Naples, FL,
USA). For the bone-tendon complex, a serrated clamp was
used to attach the bone to the mounting plate of the test
equipment. To simulate a physiological direction of the
load applied to the bone-tendon configuration, the angel
was individually adjusted with approximately 45° for each
specimen (Fig. 2).

The tendons of the 1st group (n = 13) of specimens
were repaired using simple sutures (SS). Two double-loa-
ded 5.5-mm Bio-Corkscrew suture anchors (Arthrex) were
inserted in a parallel line to the tendon edge with a center-
to-center distance of approximately 1.5 cm, and four sim-
ple stitches were performed to restore the footprint
(Fig. 3a).

Group 2 (n = 16) was repaired using a mattress sutures
(MS) configuration (Fig. 3b) with two double-loaded 5.5-
mm Bio-Corkscrew suture anchors inserted in a parallel
line to the tendon edge with a center-to-center distance of

Fig. 2 Experimental setup of the repaired bovine infraspinatus
tendon (main test)
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(a) simple suture

(c) Mason—A]len

Fig. 3 Schematic drawings showing (a) simple suture (SS), (b) mattress suture (MS), (¢) Mason-Allen (MA), (d) modified double row (mDR),
(e) SpeedBridge (SpB), (f) SpeedBridge with medial fixation (mSpB), and (g) double-mattress SutureBridge (dmSuB)

approximately 1.5 cm. With four mattress sutures, one
overlapping the other, the tendon was fixed to the bone.

The 3rd group (n = 17) was repaired with the modified
Mason-Allen (MA) technique (Fig. 3c) according to
Scheibel [34]. Two double-loaded 5.5-mm Bio-Corkscrew
suture anchors were inserted in a parallel line to the tendon
edge with a center-to-center distance of approximately
1.5 cm. Two parallel mattress sutures, one from each
anchor, were tied with a simple stitch.

Group 4 (n = 10) was repaired with a modified double-
row technique (Fig. 3d), whereat two medial placed dou-
ble-loaded 5.5-mm Bio-Corkscrew suture anchors with a
center-to-center distance of approximately 1.5 cm and one
lateral double-loaded 5.5-mm Bio-Corkscrew suture
anchor were placed in middle of the medial suture anchors
and again with distance of approximately 1.5 cm of each
anchor describing a triangle. The tendon was fixed with
four mattress sutures from the medial row. And from the

lateral anchor, two oblique stitches were performed run-
ning across each pair of mattress sutures.

For the 5th group (n = 10) of specimens, the Speed-
Bridge (SpB; Arthrex) technique (Fig. 3e) was used with
two 5.5-mm Bio-SwiveLock C anchors (Arthrex) single-
loaded with FiberTape (Arthrex) inserted at the medial
aspect of the footprint parallel to the tendon with a
center-to-center distance of approximately 1.5 cm. Both
tails of the FiberTape were passed simultaneously
through the tendon tissue, no knot was tied, and the free
tails of the stitches were fixated at the lateral edge of the
footprint using another two 5.5-mm Bio-SwiveLock C
anchors.

For group 6 (n = 5), a modification of the SpeedBridge
(mSpB) technique (Fig. 3f) was used. In addition to the
technique described above, two limbs of #2 FiberWire
(Arthrex) of each medial SwiveLock anchor were passed
through the tendon and tied in a mattress configuration.
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Group 7 (n = 5) was the double-mattress SutureBridge
[30] (dmSuB) technique (Fig. 3g). Two double-loaded
5.5-mm Bio-Corkscrew suture anchors loaded with #2
FiberWire were inserted parallel to the tendon with a center-
to-center distance of approximately 1.5 cm. Each suture
from each anchor was passed through the tendon in a mat-
tress stitch configuration. Knots were tied, and one suture tail
of each knot was removed. The remaining tails were fixated
to the lateral end of the tendon crisscrossing the inner suture
limbs using two 5.5-mm Bio-SwiveLock C anchors.

All sutures, with the exception of the knotless tech-
niques, were tied in an arthroscopic way with the Duncan
loop [16].

Cyclic loading

After surgical repairs, a servo-hydraulic material testing
machine (DLFV-250/DZ-10-D, Walter&Bai AG, Switzer-
land) was used to cycle specimens. For the pretest and
main test, cyclic loading was performed at the level of 10
and 180 N at 100 Hz with displacement-controlled ramps
of £33 mm/s [4, 5]. The period of each cycle was 5.0 s,
approximately 2.5 s for each level. The loading scheme
was stopped at 200 cycles for the pretest. For the main test,
cyclic loading was continued for a maximum of 500 cycles.
We set the endpoint at 500 cycles (1) because we noticed a
plateau effect (a typical pattern in material testing) after
certain numbers of cycles while testing the first few con-
figurations, (2) because of the expanded time frame with
more cycles for each test, and (3) to be able to make a
direct comparison between weaker and stronger configu-
rations. The load-to-failure measurement has not been
included into our results, because we continued cyclic
loading for more than 2,500 cycles for the first few con-
figurations. Failure was defined as tear or when reaching
10-mm gap formation.

Evaluation of data

Elongations (pretest) and gap formations (main test) were
measured using the internal position measurement system
of the testing machine and the bending of the bone with an
external dial gauge. According to a previous study, both
devices performed measurements with an accuracy of
0.002 mm [1]. The built-in load cell had a maximum load
of 10 kN with an accuracy of 1 N. Data were recorded at a
frequency of 100 Hz using computer software (DIONPro,
Walter&Bai AG, Switzerland).

By investigating the intact bone-tendon complex in the
pretest, data from natural creep behavior such as tendon’s
viscoelasticity and bending of the bone were subtracted
from the main test to obtain precise information on the
creep behavior due to the weakening of the suture
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techniques themselves. Cyclic displacement (elongation in
mm) of the intact tendon at 200 cycles of the pretest and
cyclic displacement (gap formation in mm) of the re-
attached tendon at 1,200 and 500 cycle of the main test
were recorded. Gap formation was obtained by individual
subtracting the mechanical compliance (elongation) of the
intact specimen (pretest) from the one of the sutured
specimen (main test) [1]. Failures were not included to
calculate average gap formation. Some data of SS, MS,
MA, and mDR configuration were reported in previous
findings [1]. Despite the heterogeneous distribution of this
data set with varying numbers of samples in the different
suture technique groups, we included measurements into
the present study.

Statistical analysis

Based on previous data on gap formation (mean difference
was approximately 5 mm [0 = 5] and SD difference was
approximately 2 mm [o = 2]) of our biomechanical
investigations, a sample size of at least 5 specimens in each
group was calculated to be required to detect a significant
difference (90% power, o = 0.05) between two suture
techniques. Descriptive statistics were used to present
cyclic displacement data. Analysis of variance (ANOVA)
was used to compare gap formations between suture
technique groups. Additionally, Tukey’s post hoc analysis
was use to determine specific differences between two
suture techniques. Statistical significance was set at a
p value of <0.05.

Results
Pretest data

The mean elongation of 76 intact tendons measured at the
pretest after 200 cycles was 3.8 &+ 0.6 mm (range,
2.4-5.4 mm). The majority of tendons (81%) had an
elongation between 3 and 5 mm. All elongation data of the
pretest are shown in Fig. 4.

Suture techniques

All suture technique groups including 13 specimens
repaired with SS, 16 with MS, 17 with MA, 10 with mDR,
10 with SpB, 5 with mSpB, and 5 with dmSuB passed the
1st cycle. A comparison between the suture technique
groups at the 1st cycle showed that the SpB had significant
higher gap formations compared to all other suture tech-
niques (p = 0.001). No significant differences were
detected between mSpB and dmSuB, whereas both tech-
niques were significant different when compared to the
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Fig. 4 Pretest scatter plot data on elongations (mm) after 200 cycles
(n =176)

other groups (p < 0.05). Detailed results of comparisons
between suture techniques are displayed in Table 1.

The SpB technique was not only the suture configura-
tion with the highest gap formation after 1 (mean
3.4 £ 1.3 mm) and 200 cycles (mean 6.1 £ 2.2 mm), it
also was the fixation technique with the highest failures.
Seven SpB (70%) configurations failed to reach 200 cycles
due to suture cutting through tendons and none reached 500
cycles. A 10-mm failure was detected with 3 MA (18%) at
200 cycles and with 1 SS (8%) at 500 cycles. No failure
was detected with MS, mDR, mSpB, and dmSuB suture
techniques. The lowest gap formations were detected with
bridging techniques with medial fixation (mSpB and
dmSuB). Detailed data of all suture techniques are given in
Fig. 5.

Discussion

The present study supports the hypothesis that bridging
techniques, with the exception of the knotless bridging

suture techniques

Fig. 5 Box plots of gap formations (mm) of seven suture techniques
including simple suture (SS; 1st-200th—500th cycle: n = 13-13-12),
mattress suture (MS1; 1st-200th-500th cycle: n = 16-16-16),
Mason-Allen (MA; 1st-200th-500th cycle: n = 17-14-14), modified
double row (mDR; 1st-200th-500th cycle: n = 10-10-10), Speed-
Bridge (SpB; 1st-200th—-500th cycle: n = 10-3-0), SpeedBridge with
medial fixation (mSpB; 1st-200th-500th cycle: n = 5-5-5), and
double-mattress SutureBridge (dmSuB; 1st-200th-500th cycle:
n = 5-5-5). White boxes represent gap formations after the 1st
cycle, light gray boxes after 200 cycles, and dark gray boxes show
gap formations after 500 cycles. The median is represented by the line
in the box. Circles represent outliers and asterisks are extreme values

technique, showed superior cyclic biomechanical proper-
ties to all other suture techniques. Significant differences in
construct stability especially regarding the initial strength
could be observed when comparing single row, double row,
knotless and medial fixated bridging techniques. In par-
ticular, application of a knotted medial row (SpeedBridge
with medial fixation and double-mattress SutureBridge)
significantly increased resistance against gap formation and
initial fixation strength compared to single-row techniques
(simple suture, mattress suture, Mason-Allen fixation) as
well as to the knotless SpeedBridge technique.

In biomechanical testing, loosening and gap formation
commonly start at the site of medial tendon perforation due

Table 1 Results (p values) of Tukey’s post hoc analyses for comparison between suture techniques

Technique SS MS MA mDR mSpB SpB
MS 1.000 -

MA 0.976 0.996

mDR 0.622 0.407 0.145 -

mSpB <0.001* <0.001* <0.001* 0.004* -

SpB 0.078 0.108 0.301 0.001* <0.001* -
dmSuB <0.001* <0.001* <0.001* <0.001* 0.980 <0.001"

SS simple suture, MS mattress suture, MA Mason-Allen, mDR modified double row, SpB SpeedBridge, mSpB SpeedBridge with medial fixation,

dmSuB double-mattress SutureBridge
* Significant difference (p < 0.05)
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to creation of tendon substance defects during the penetra-
tion. Forces arrive at the medial row first, where knots might
cause a distribution of the force and therefore lower friction.
Hence, in suture configuration without medial fixations,
mechanical friction might be increased resulting in early
movement and might even tear. The present investigation
showed that a notable initial strength was only reached with
medial-row fixation and that medially fixated bridging
techniques were stronger and less compliant than single-
row fixation techniques, which is accordance with previous
biomechanical studies [6, 29, 31].

A recent study by Maguire et al. [23] showed that a
suture bridge construct with four medial mattress stitches
was superior in terms of contact area of the footprint,
failure load, and gapping compared to suture bridge con-
figurations with two medial mattress stitches with or
without knots. In contrary to our study, they did not find
any difference in their so-called standard suture bridge
constructs in strength and gap formation and whether the
medial row was tied or not. However, it seems reasonable
to suppose that the different findings are due to unequal
applied loads (100 N compared to the 180 N used in this
study).

Results of this study also confirm a recent biomechani-
cal study comparing 2 transosseous-equivalent double-row
rotator cuff repair techniques [36]. They detected no major
difference in failure load, gap formation and strain patterns
between their so-called conventional double-row tech-
nique, which is comparable to our double-mattress
SutureBridge, and their novel double-row construct, which
is identical to our medial fixated SpeedBridge technique.
Moreover, we evaluated—as suggested by the group as a
next technical step—their novel double-row construct (our
knotless SpeedBrigde) and found that the horizontal medial
stitch is crucial for construct stability.

Whereas a study by Burkhart and co-workers suggests
that standard double-row rotator cuff repair was compara-
ble with a knotless footprint reconstruction with a Swive-
Lock-FiberChain system in their yield and ultimate loads
as well as their cycle displacements [3], a direct compari-
son of the two knotless techniques was not possible due to
the different material used, different mode of lateral fixa-
tion and a considerably lower sample size.

Despite that a completely knotless technique without
medial-row knots demonstrates compromised biomechan-
ical properties, it may offer several advantages considering
biological approaches. As only two tendon perforations for
four ends of two FiberTapes are necessary, it may not
decrease the intratendinous blood flow as much as after
suture bridge transosseous-equivalent fixation [8].

Lower numbers of tendon perforations and avoidance of
tendon strangling through medial knots may also lead to
lower frequencies of consecutive tendon necrosis around
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the perforations in the early healing phase. On the other
hand, two FiberTapes passed through together might leave
major perforations and therefore decrease stability as sug-
gested by a recent study [32]. Further results of the study
by Pauly et al. [32] showed that the double-mattress
SutureBridge configuration was the most stable biome-
chanical construct compared to conventional double-row
configurations. However, differences in biomechanical
protocols (e.g., human vs. animal, frozen vs. fresh, bone
cement fixation vs. clamp) may contribute to incomparable
results. At this point, we would like to point out the
importance of pretesting the intact bone-tendon complex.
To our opinion, elongations of the intact tendons ranging
from 2 to 5 mm indicate varying tendon qualities. The
natural expansion of the human supraspinatus footprint is
7-10 mm [27]. Yet, a 50% of complete failure is com-
monly defined at 5-mm gap formation [5]. Hence, a 50% of
complete failure would have lower gap formations than
intact tendon expansion. A variety of donors of shoulders
have previously been used including fresh-frozen human
shoulders [5, 11, 18, 22, 25, 35], as well as animal tendons
such as bovine [20, 24, 33], pig [26] or sheep tendons [10].
A major advantage of our pretesting model excluding
tendon qualities is that it can be applied to various
cadaveric specimens without influencing suture technique
testing. Furthermore, storage of samples until testing such
as freezing the samples at —20°C may irreversibly affect
the biomechanical quality of the tendons and therefore the
suture-anchor system [5, 10, 20, 33]. Pretesting intact, but
previously frozen tendons (even human shoulders) may be
advisable to exclude such influencing factors. Thus, we
suggest that pretesting should be part of biomechanical
suture technique testing.

In this study, all knotless suture configurations failed by
sutures cutting through the tendons, which might indicate
that loading force exceeded friction force.

No differences in gap formation at 1st cycle were
detected between single (SS, MS, MA) and common
double-row (mDR) techniques, which would confirm
clinical findings [7, 12, 15]. Similar results between mat-
tress suture and double row regarding their initial fixation
strength may also suggest performing mattress suture
constructs as a suitable alternative to the technically quite
demanding and time-consuming double-row fixation.
A major advantage of the double-mattress SutureBridge
repair and the SpeedBridge with medial fixation was the
quick and easy surgical performance compared to the
modified double-row technique.

Despite many advantages of the implementation of a
pretest, one might argue that the biomechanical properties
of the intact tendon-bone may be affected by the repeatedly
loading of the samples. However, there was a time interval
of approximately 4 h between pretest and main test. This
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rest period should be enough for the tendon-bone formation
to recover to the original biomechanical properties.
According to other studies, the applied maximum load of
180 N was also small enough to produce no irreversible
damage to the intact tendon-bone formation [13, 37].

Additionally, the following experimental configurations
were taken into account in our study model to minimize
potential confounding effects while evaluating tendon-
holding strength of different suture techniques. Some
authors formed a crescent-shaped defect [5, 20, 24, 33, 35],
others detached the tendon insertion completely [10, 19].
To apply the load only to the anchor-suture system, we also
dissected the tendon from the bone completely, whereas a
partial defect would result in a subdivision of the applied
load. It would be partially carried out by the remaining
natural joints between tendon and bone rather than by the
anchor-suture system to be tested.

Weaknesses of this study relate mainly to the fact that
biomechanical models are difficult to translate into the
clinical setting. It is generally believed that weak initial
fixation strength is associated with larger gap formations
during cyclic loading. Biomechanical models provide
useful information on suture techniques at time zero,
whereas no information is given about the healing progress.
Considering this matter, the question arises where to find
the balance between optimal fixation strength to hold long
enough for tendon healing and at the same time not com-
promising healing biology. Our results showed that more
compliant suture techniques (e.g., SpB) compared to fixa-
tions with less gap formations (e.g., dmSuB) at the Ist
cycle failed very early during cyclic loading. Thus, such
suture contracts would possibly be too weak and fail before
healing can start. Unfortunately, optimal initial strength
and maximum gap formation to allow for rotator cuff
healing is still unknown. We are aware of the limitation
that the sample size of the suture technique groups was not
equal (5-17 specimens); however, we used at least a sta-
tistically sufficient sample size (5 or more specimens) for
each group. Further studies are needed to investigate and
compare suture techniques, especially between bridging
techniques, in more homogeneous groups. Another limi-
tation of the study might be the assumption that pretesting
of intact tendon is obligatory in biomechanical testing.
However, results may or may not be biased by the sub-
traction of pretest elongations of the intact tendons of the
measured gap formation of the main test. While pretesting
of materials is mandatory in technical material testing, the
usefulness of pretesting intact tendons needs to be vali-
dated. Furthermore, to set failure at 10-mm gap formation
as it is also commonly performed in other studies [5, 32]
might not be the ‘real’ gap formation, which would reflect
poor clinical results.

Despite weaknesses of this biomechanical study inves-
tigating mechanical stability of suture repairs, information
regarding initial fixation strength, which allows tendon-to-
bone healing during rehabilitation, is of major importance
in the clinical setting.

Conclusion

The results of the present study showed that bridging
techniques with medial-row fixations seemed to have
superior cyclic biomechanical properties regarding initial
construct stability compared to other suture techniques.
Information regarding initial fixation strength of rotator
cuff repair techniques obtained by these findings may also
be relevant in the clinical environment.
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