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Background: As the use of all-suture anchors continues to increase, limited biomechanical data on the
use of these anchors in various configurations for tenodesis of the long head biceps tendon (LHBT) exists.
The aim of this study was to compare the biomechanical properties of a 2-anchor luggage tag supra-
pectoral biceps tenodesis (Sup-BT) vs. a single-anchor whipstitch subpectoral biceps tenodesis (Sub-BT)
using all-suture anchors. The hypothesis was that the Sub-BT will have a higher ultimate load to failure
and less creep relative to the Sup-BT construct.
Methods: Eighteen fresh frozen cadaveric humeri were used. The specimens were randomly divided
into 2 groups of 9; i) The Sup-BT were performed with 2 1.8 mm knotless all-suture anchors using a
luggage-tag fixation configuration, ii) The Sub-BT were performed using a single 1.9 mm all-suture
anchor and a whipstitch suture configuration with a tied knot. The humeri were tested on a hydraulic
MTS machine where the specimens were preloaded at 5 N for 2 minutes and then cyclically loaded from
5 to 50 N for 1000 cycles at 1 Hz while maximum displacement was recorded with a motion system and
markers attached to the bone and bicep tendon. The tendon was then tensioned at a rate of 1 mm/s to
obtain the ultimate load to failure. CT scans of the specimens were used to calculate the bone mineral
density at the site of the anchor/bone interface and video recordings were captured during load to failure
to document all modes of failure.
Results: There was no significant difference in the average load to failure of the Sup-BT and Sub-BT
groups (197 N ± 45 N (SD), 164 N ± 68 N (SD) respectively; P ¼ .122) or creep under fatigue between
the Sup-BT vs. Sub-BT specimens (3.1 mm, SD ¼ 1.5 vs. 2.2 mm, SD ¼ 0.9; P ¼ .162). The bone mineral
density was statistically different between the 2 groups (P < .001); however, there were no observed
failures at the anchor/bone interface and no correlation between failure load and bone mineral density.
Conclusion: The ultimate load to failure and creep between a Sup-BT with 2 knotless all-suture anchors
using a luggage tag suture configuration was equivalent to a Sub-BT with 1 all-suture anchor using a
whipstitched suture configuration and a tied knot. Surgeons can perform either technique confidently
knowing that they are biomechanically equivalent in a cadaver model at time zero, and they offer similar
strength to other fixation methods cited in the literature.

© 2023 The Authors. Published by Elsevier Inc. on behalf of American Shoulder and Elbow Surgeons.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
Tenodesis is a popular procedure to address pathology of the
long head of the biceps tendon (LHBT). Many different fixation
methods have been described, including soft tissue attachment,31
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interference screws,1 cortical buttons,30 and suture anchors.19 The
position of the tenodesis has also been studied extensively and both
the suprapectoral and subpectoral location have been popular-
ized.6,9,34 Suprapectoral tenodeses are often performed arthro-
scopically, while subpectoral biceps tenodeses are more commonly
performed via a mini-open approach. Each approach has its
respective benefits and drawbacks. An arthroscopic suprapectoral
tenodesis avoids the morbidity associated with the subpectoral
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Figure 1 Photographs of anchor and knot constructs. 1Addemonstrates the configura-
tion of the working suture from each knotless suture anchor in the Sup-BT.
1Bddemonstrates the suture configuration and tendon fixation after tensioning.
2Addemonstrates the whipstitch pattern of the Sub-BT. 2Bddemonstrates the Sub-BT
after shuttling, tensioning, and tying the tendon to bone. Sub-BT, subpectoral tenodesis.
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incision and dissection, while a mini-open subpectoral approach
addresses LHBT pathology in the lower part of the bicipital tunnel
and allows for more robust suturing of the tendon such as a Krakow
or a whipstitch configuration. A large, well-performed systematic
review and meta-analysis from 2020 concluded that the fixation
strength of suprapectoral and subpectoral tenodeses were biome-
chanically equivalent and interference screws were equivalent to
the fixation strength of cortical buttons, suture anchors, and soft
tissue attachment.5 This study and several others evaluating the
biomechanical properties of the aforementioned fixation tech-
niques for either suprapectoral biceps tenodesis or subpectoral
biceps tenodesis25,26 made it clear that despite the wealth of
biomechanical data of biceps tenodesis, no single technique has
consistently demonstrated biomechanical superiority over the
others.

Recently, all-suture anchors and knotless anchors have been
gaining popularity, especially given the potential complications of
fixation with interference screws, including fractures of the humer-
us28 and reaction to biodegradable screws.21Modern small-diameter
knotless all-suture anchors have enabled arthroscopic suprapectoral
biceps tenodesis techniques using multiple anchors to create an area
of tendon compression against the humerus in an onlay fashion.24 In
addition, the use of these anchors simplifies the surgical technique
and eliminates any need to exteriorize the tendon. Although several
recent studies have investigated the biomechanical properties of all-
suture anchors for subpectoral3,10,20,23,29 and suprapectoral16 biceps
tenodeses, no prior study has directly compared the biomechanical
properties of knotless all-suture anchors for subpectoral vs. supra-
pectoral biceps tenodeses.Moreover, while the surgical technique for
suprapectoral biceps tenodesis with 2 luggage tag sutures has been
described using a SwiveLock anchor (Arthrex, Naples FL, USA)14 or a
single all-suture anchor,14,18 no previous study has evaluated the
biomechanical properties, including load to failure and displace-
ment, of a suprapectoral biceps tenodesis performed with 2 luggage
tag sutures and 2 all-suture anchors.

The aim of this study was to compare the strength (load to
failure) and creep under fatigue between 2 different LHBT fixations;
i) suprapectoral tenodesis (Sup-BT) with 2 knotless all-suture an-
chors in luggage tag fashion and ii) subpectoral tenodesis (Sub-BT)
with 1 all-suture anchor with a whipstitch configuration. The hy-
pothesis was that the Sub-BT would have a higher ultimate load to
failure and less displacement with cyclic loading relative to Sup-BT.

Materials and methods

Cadaveric preparation

Eighteen fresh frozen cadaver specimens were utilized. To gain
access to the biceps tendon, the transverse humeral ligament was
released completely, and the vincula was removed. The Sup-BT was
performed in nine cadavers (chosen randomly) using 2 1.8-mm
knotless all-suture FiberTak anchor (Arthrex, Naples FL, USA)
placed 5 mm adjacent to the articular margin and 15 mm distal in
the bicipital groove using a luggage-tag fixation configuration, with
approximately 1 cm between anchors. The luggage tag was created
by passing a bird-beak suture passer through the center of the
tendon at the level of the anchor. The working suture was retrieved
and partly pulled through the center of the tendon, to form a loop.
The suture was then released, and the bird-beak was passed
through the loop to retrieve the end of the working suture on the
other side of the tendon (Fig. 1, 1A). The working suture was then
shuttled through the knotless mechanism in the all-suture anchor
in standard fashion (Fig. 1, 1B).

The Sub-BT was performed in the other nine cadavers using 1
1.9-mm all-suture FiberTak anchor placed in a subpectoral position,
2394
in the bicipital groove, 15 mm proximal to the inferior border of the
pectoralis major tendon. The LHBT was sutured using a whipstitch
configuration (Fig. 1, 2A). The sutures were tensioned to shuttle the
tendon down firmly to bone, the sutures were then tied with a
surgeon’s knot dressed with 2 alternating half-hitches from the
opposite post, 2 alternating half-hitches on the original post, and
finally 1 half-hitch on the opposite post for a total of 5 alternating
half-hitches (Fig. 1, 2B). One whipstitch limb was used following
recommendations by Hong et al who demonstrated that a single
Krakow row is as strong as a double Krakow row.15

Biomechanical testing

The humeri were loaded into the testing jig on a hydraulic
uniaxial MTS machine. The jig’s frame was fixed on the lower part
of the MTS and helped aligned the humeral axis along the pulling
axis of the MTS machine. The LHBT was held with a non-frozen jaw
clamp with asymmetrical teeth that was attached to the upper part
of the MTS and was pulling the tendon in the direction of the hu-
meral axis. Infrared optical markers were placed on the tendon
(adjacent to the proximal suture repair), the humeral bone to re-
cord motion during testing and to the clamp to record any tendon/
clamp slippage (Fig. 2). The specimens were preloaded at 5 N for 2
minutes and then cyclically loaded from 5 to 50 N for 1000 cycles at
1 Hz while maximum displacement was recorded. After the cyclic
loaded test was finished, the LHBT was tensioned at a slow rate of 1
mm/s until failure of the LHBT fixation was visually observed. The



Figure 3 Boxplot of the ultimate load to failure of the suprapectoral biceps tenodesis
(Sup-BT) and the subpectoral biceps tenodesis (Sub-BT) specimens in Newtons (N).

Figure 2 Photograph of the testing set-up with a Sup-BT specimen mounted onto the
testing jig on the MTS machine. Infrared markers were placed on the clamp, bone,
tendon, and jig and the relative position of each was tracked throughout testing with 4
infrared cameras. Sup-BT, suprapectoral tenodesis.
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ultimate load to failure was defined as the maximum load of the
load/displacement curve during the test. Video recordings were
captured during load to failure and all modes of failure were
documented.

Bone density

After testing, each cadaveric humeri underwent CT scan to
determine the bone mineral density adjacent to the anchor site. A
reference phantom of known density was used to calibrate the
Hounsfield unit of the images from each CT scan. The bone mineral
density for each specimen was measured in grams per cubic
millimeter (g/mm3).

Statistical analysis

The normality of the continuous load to failure data was tested
with the KolmogoroveSmirnov test (P¼ .200) and a nonparametric
ManneWhitney U-test (2-tailed) was utilized to analyze the means
of the Sup-BT and the Sub-BT specimens. The bone density and the
measures of creep under fatigue for the Sup-BT and Sub-BT were
compared with heteroscedastic Student’s t-tests. The creep under
fatigue was defined as the displacement after 1000 cycles sub-
tracted by the displacement after the first 100 cycles. All analyses
were performed using SPSS statistical software (IBM Corp.,
2395
Armonk, NY, USA). Statistical significance was determined at the
P < .05 level.

Results

There was no significant difference in the average load to failure
of the Sup-BT vs. Sub-BT (197 N ± 45 N (SD), 164 N ± 68 N (SD)
respectively; P ¼ .122) (Fig. 3). The creep under fatigue was also not
significantly different between the Sup-BT vs. Sub-BT specimens
(3.1 mm, SD ¼ 1.5 vs. 2.2 mm, SD ¼ 0.9; P ¼ .162) (Fig. 4). Although
the average bone density adjacent to the anchor site was higher in
the Sub-BT group (518 ± 21 g/mm3) compared to the suprapectoral
group (324 ± 34 g/mm3, P < .001), there were no observed failures
at the anchor/bone interface in either group (Fig. 5) (Table I).

The Sup-BT cohort demonstrated 3 distinct failure mechanisms,
failure at the anchor-suture interface (n ¼ 5, 56%), failure at the
tendon-suture interface (n ¼ 3, 33%), and failure of the knot (n ¼ 1,
11%) (Fig. 6). The Sub-BT cohort similarly demonstrated 3 distinct
failure mechanisms: failure of the knot (n ¼ 6, 67%), failure at the
tendon-suture interface (n ¼ 2, 22%), and failure at the anchor-
suture interface (n ¼ 1, 11%) (Fig. 7). In the Sub-BT group, the
knot failures were low outliers with mean average failure of
117 ± 40.6 N while the suture breakage specimen (failure at the
anchor-suture interface) was the lone high outlier which demon-
strated failure at 324 N.

Discussion

The results indicate that the biomechanical strength of the Sup-
BT and Sub-BT in a cadaveric model using all-suture anchors was
equivalent at time zero. Our load to failure results were consistent
with previously published values for Sub-BT (range 68-239 N, mean
158 N)3,5,12 and Sup-BT (range 47-290 N, mean 205 N)2,5,17 per-
formed with both solid and all-suture anchors. This study, and
nearly all others, demonstrates that the strength of most proposed
fixation methods for the LHBT are supraphysiologic, as the
maximumphysiologic load the LHB has been estimated as 11-55 N.7

For readers that prefer either of these fixation techniques for biceps



Figure 4 Boxplot of the creep under fatigue of the suprapectoral biceps tenodesis
(Sup-BT) and the subpectoral biceps tenodesis (Sub-BT) specimens in millimeters
(mm).

Figure 5 Plot of the bone mineral density (BMD) of the bone surrounding the anchor
in the suprapectoral biceps tenodesis (Sup-BT) and the subpectoral biceps tenodesis
(Sub-BT) specimens in grams per cubic millimeter (g/mm3).

Table I
Biomechanical and bone density results.

Load to failure (N) Creep under
fatigue (mm)

Bone density
(g/mm3)

Tenodesis Mean SD P value Mean SD P value Mean SD P value

Suprapectoral 197 45 .122 3.1 1.5 .162 324 34 <.001
Subpectoral 164 68 2.2 0.9 518 21

SD, standard deviation; N, Newtons; mm, millimeters; g/mm3, grams/cubic
millimeter.

R.W. Nicolay, A. Jahandar, J.S. Retzky et al. JSES International 7 (2023) 2393e2399
tenodesis, they can perform them confidently knowing that they
are biomechanically equivalent in a cadaver model at time zero and
they offer similar strength to other fixation methods cited in the
literature.

The present study builds on the existing literature by evaluating
the biomechanical properties of sup-BT performed with 2 luggage
tag sutures and 2 all-suture anchors and comparing the load to
failure and displacement of sup-BT vs. sub-BT performed with all-
suture anchors. Although this study demonstrates biomechanical
equivalence between these 2 techniques, the 2 techniques have
significant clinical differences. First, the Sup-BT offers the ability to
complete the procedure arthroscopically at the time of concomitant
arthroscopic procedures while avoiding the potential complications
of an open Sub-BT approach. The Sub-BT approach, however,
removes the portion of the LHBT in the groove and subpectoral re-
gion. The work of Taylor et al demonstrated the importance of the
subpectoral region and its fibro-osseous anatomy.33 When there is
indefinable pathology in the bicipital groove, many authors advocate
that the subpectoral tenodesis is superior. However, the subpectoral
tenodesis poses increased risk of wound complications, iatrogenic
nerve injury, and postoperative humeral fracture.4,8,11,22,27,28 Sur-
geons must consider all of these factors when choosing a particular
technique. In the authors opinion, the fact that the arthroscopic
technique allows removal of the tendon from the groove and
placement between the inferior border of the groove and superior
border of the pec tendon should eliminate groove pain as a potential
issue.

Frank et al performed a study using the same Sub-BT technique
as this study. Their results demonstrated a higher ultimate load to
failure (230.61 N ± 55.08 N (SD)) and concluded that subpectoral
fixation with all-suture anchors, conventional suture anchors and
interference screws were biomechanically equivalent. They did
however demonstrate that when torsional forces were applied to
each humerus to induce a spiral fracture, the fractures always
passed through the interference screw drill hole and not the holes
from the anchors. This implicated that the large interference screw
drill size (8 mm) serves as a stress riser for fracture.10

Biceps tenodesis is commonly performed using either onlay
fixation in which the tendon is compressed to the cortical surface
2396
via suture anchors or unicortical buttons, or inlay fixation, which
involves passing the biceps tendon through drill holes in the
proximal humerus and fixationwith either an interference screw or
bicortical buttons. The inlay technique has the theoretical advan-
tage of improved healing at the tendon-cancellous bone interface;
however, animal studies have shown that there is no difference
with regard to healing at the cortical surface between the 2
methods.32 Therefore, the authors speculate that there would be no
difference in the degree of tendon-bone healing between the 2
onlay techniques analyzed in the present study; however, addi-
tional animal-based studies are required to further substantiate
this claim.

When analyzing the failure modes for each specimen, the knot
failures in the Sub-BT group were not anticipated. The knot failures
were outliers in the load to failure group with the average failure
for the 3 specimens observed at 117 N. Hanypsiak et al measured



Figure 6 Photographs of the suprapectoral failure categories. AdPullout at the suture/tendon interface of both anchors. BdPullout at the suture/tendon interface of the proximal
anchor and breakage of the suture of the distal anchor (knot failure). CdSuture breakage of both anchors (knot failure).

Figure 7 Photographs of the subpectoral failure categories. AdPullout with failure at the suture/tendon interface. BdFailure of the knot. CdSuture breakage at the anchor
interface.
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the knot strength of 73 expert arthroscopists and demonstrated a
wide ultimate failure range from 29-360 N and the mean failure for
half-hitches was 193.74 ± 84.07 N.13 Given these findings, surgeons
performing a tied Sub-BT technique should be reminded to
2397
scrutinize their knot tying to ensure the strength of their knots and
reduce the risk of knot failure. In the Sup-BT knotless group, this
mode of failure was eliminated, which in large part, lead to the
higher average load to failure. This is an advantage in that it



Figure 8 Subpectoral double peak indicates that the second anchor provides a backup mechanism which acts to resist load synergistically once load is applied.
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removes the human risk and variability associated with knot tying.
In addition, a double peak load to failure curve was identified in
many of the Sup-BT specimens (Fig. 8). This finding indicated that
the dual anchors acted synergistically once load was applied to
each, and the second anchor provided a backup mechanism to the
anchor that was disproportionately loaded first. Although the knot
failure and double peak findings were interesting findings and may
have explained the differences between the Sup-BT and Sub-BT
groups, statistical analysis demonstrated that there was no signif-
icant difference in ultimate load to failure or creep between the 2
groups.

This study has several notable limitations. First, this is a
biomechanical cadaveric time-zero study and the results must be
interpreted as such. One theoretical advantage of the 2-anchor Sup-
BT technique is that it creates an area of tendon compression
against the humerus, whichmay improve healing, whichwould not
be evident in a time-zero cadaveric study. Second, the 2 techniques
analyzed in this article were chosen because they are the senior
author’s preferred fixation methods for Sup-BT and Sub-BT. The
results from these techniques may not extrapolate to other tech-
niques using different anchors or different suture configurations.
Also, the Sup-BT and Sub-BT have inherent differences both me-
chanically and clinically. One obvious mechanical difference is the
difference between the metaphyseal suprapectoral and diaphyseal
subpectoral bone. CT was used tomeasure the differences, however
there were no anchor pull-outs or failures observed at the bone/
anchor interface. So, the difference in bone density did not impact
the results of this biomechanical study. As previously discussed, the
clinical differences between the Sup-BT and Sub-BT techniques are
numerus and not entirely understood. Additionally, this study did
not perfectly replicate the Sup-BT technique as it would be per-
formed in vivo. The Sup-BT is performed arthroscopically, while in
this study it was performed open. Although the fixation technique
2398
was equivalent, there may be unknown factors about arthroscopic
fixation that affected the results of this study.

Conclusion

The ultimate load to failure and creep between a Sup-BT with 2
knotless all-suture anchors using a luggage tag suture configuration
was equivalent to a Sub-BT with 1 all-suture anchor using a
whipstitched suture configuration and a tied knot. For readers that
prefer either of these fixation techniques for biceps tenodesis, they
can perform them confidently knowing that they are biomechani-
cally equivalent in a cadaver model at time zero and they offer
similar strength to other fixation methods cited in the literature.
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