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Background: The concept of stabilizing the humerus has taken on an important role in the treatment of
irreparable cuff tears, and the biceps rerouting (BR) method is considered one of the most effective treat-
ments in this field. The study aimed to evaluate the biomechanical effects of BR for large irreparable
rotator cuff tears (LICTs).
Methods: A total of 8 cadaveric shoulders were used for testing under 5 conditions: intact shoulder,
LICT, partial repair (PR), BR, and biceps rerouting with side-to-side repair (BRSS). Total rotational
range of motion was measured at 40�, then 20�, and finally 0� of glenohumeral (GH) abduction. Superior
humeral translation and subacromial contact pressure were measured at 0�, 30�, 60�, and 90� of external
rotation at each abduction angle. Repeated-measures analyses of variance with Tukey post hoc tests were
used for statistical comparisons.
Results: Superior humeral translation was significantly decreased in the BR and BRSS conditions
compared with the LICT and PR conditions at 0� and 20� of GH abduction (P < .001). BR and
BRSS significantly reduced subacromial contact pressure compared with LICT and PR at 0� of GH
abduction (P < .001). There was no significant decrease in total rotational range of motion after BR
at any abduction angle.
Conclusion: BR biomechanically restored shoulder stability without overconstraining range of motion
in an LICT model.
Review Board of Seoul St. Mary’s Hospital, The Catholic

rea, approved this study (no. KC17DESI0798).

*Reprint requests: Yang-Soo Kim, MD, PhD, Department of Ortho-

pedic Surgery, Seoul St. Mary’s Hospital, The Catholic University of

Korea, Banpo-Daero 222, Secho-gu, Seoul, Republic of Korea, 06591.

E-mail address: kysoos@catholic.ac.kr (Y.-S. Kim).

ee front matter � 2019 Published by Elsevier Inc. on behalf of Journal of Shoulder and Elbow Surgery Board of Trustees.

.1016/j.jse.2019.11.015

mailto:kysoos@catholic.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jse.2019.11.015&domain=pdf
https://doi.org/10.1016/j.jse.2019.11.015
https://doi.org/10.1016/j.jse.2019.11.015
http://www.elsevier.com/locate/ymse
http://www.elsevier.com/locate/ymse
https://doi.org/10.1016/j.jse.2019.11.015


1426 S.-Y. Han et al.
Level of evidence: Basic Science Study; Biomechanics
� 2019 Published by Elsevier Inc. on behalf of Journal of Shoulder and Elbow Surgery Board of
Trustees.

Keywords: Superior capsule reconstruction; large irreparable rotator cuff tear; biceps rerouting; cadav-

eric; superior humeral translation; subacromial contact pressure
Several surgical options have been developed for the
treatment of chronic rotator cuff tears. However, for large to
massive cuff tears, the results are often unpredictable or
less favorable compared with small- to medium-sized tears
owing to tendon retraction,4,25 muscle atrophy,4,9,18,19,24 or
fatty infiltration.9,18,19,25

Recently, the role of the superior capsule in stabilization
of the humeral headwithin the glenohumeral joint has gained
attention in the treatment of massive irreparable cuff tears.12

Superior migration of the humeral head in massive rotator
cuff tears results in altered glenohumeral joint mechanics,
leading to shoulder dysfunction and other long-term sequelae
of rotator cuff arthropathy, including glenohumeral arthritis
and acetabularization of the acromion. Studies of superior
capsular reconstruction have shown that depression of the
humeral head back to the pre-tear position restores joint
biomechanics and improves clinical outcomes.20,21 This
technique was first introduced by Mihata et al20,21 under the
concept of superior capsule reconstruction (SCR) with the
tensor fasciae latae (TFL). Several clinical and biomechan-
ical studies of SCR with TFL have achieved promising re-
sults, and the treatment is considered an option for irreparable
cuff tears.20,21 However, this treatment has some drawbacks,
such as the creation of an additional wound at the donor site,
risk of muscle herniation or hematoma formation, and pro-
longation of operation time.7,22

To overcome these drawbacks, we developed a tech-
nique that involves using the long head of the biceps, which
is adjacent to the humeral head, as a resistant to superior
migration of the humeral head and as a support fixture for
stabilization. Although the role of the long head of the
biceps tendon (LHBT) inside the glenohumeral joint is
controversial, it is known to help stabilize the humeral head
in situ.3,13,14 In a previous cadaveric study of the role of the
LHBT at the glenohumeral joint, loading of the biceps
tendon in a deficient rotator cuff tear reduced glenohumeral
translation by up to 53% and contributed to joint
stability.14,30

A few recent studies have attempted to use the LHBT for
augmentation or reconstruction of the superior capsule to
support massive rotator cuff repair.6,8,11,16,23,28,29,32

Recently, biomechanical studies using the LHBT for SCR
have been carried out owing to interest in the important role
of the superior capsule in the treatment of massive rotator
cuff tears.8,11,16,27 In cadaveric biomechanical studies,
SCR8,11,16 and anterior capsule reconstruction27 using the
LHBT for the treatment of massive rotator cuff tears have
succeeded in restoring glenohumeral joint stability. The
concern is that the LHBT used for reconstruction of the
superior capsule is tenotomized distally,8,11,16,27 so patients
may be at risk of the disadvantage of an unexpected biceps
tenotomy. In contrast, Kim et al15 proposed a new tech-
nique called ‘‘biceps rerouting’’ (BR) for the treatment of
massive rotator cuff tears that maintains the original con-
tinuity of the LHBT. With the BR technique,15 the LHBT is
rerouted from the original bicipital groove to a new groove
made at the footprint of the rotator cuff without tenoto-
mizing it distally. This technique is advantageous because it
maintains the LHBT itself with less risk of biceps tenot-
omy. Two separate suture anchors are used solely for the
biceps tendon, so some tenodesis may occur from the
securely fixed LHBT. A separate suture anchor is used for
coverage of the partially reparable posterior cuff to avoid
any unnecessary tension.

Through this biomechanical study, we evaluated the
biomechanical effects of a rerouted LHBT for the treatment
of large irreparable rotator cuff tears (LICTs). We hy-
pothesized that this stabilization method using the LHBT
would have a positive effect on resisting superior trans-
lation of the humeral head.

Material and methods

Specimen preparation and muscle loading
conditions

A total of 8 fresh-frozen shoulders from 5 female and 3 male
donors (mean age, 65 years; age range, 56-69 years) were tested in
this study. Each specimen was thawed and dissected free of all
skin and subcutaneous fat. The clavicle, serratus anterior, pec-
toralis minor, coracobrachialis, short head of the biceps, trapezius,
triceps, and brachialis muscles were completely removed, along
with all neurovascular structures. The deltoid was reflected off of
its acromial and clavicular origins to expose the rotator cuff. The
remaining muscles, including the subscapularis, supraspinatus,
infraspinatus, teres minor, teres major, latissimus dorsi, and pec-
toralis major, were reflected from their origins and prepared for
loading. The LHBT was left intact. No. 2 FiberWire (Arthrex,
Naples, FL, USA) was used to place Krackow sutures in all
tendinous insertions for loading. The humeral shaft was cut 2 cm
distal to the deltoid tuberosity. The coracoacromial ligament,
coracohumeral ligament, and shoulder capsule were left intact.
The rotator cuff was carefully inspected for pre-existing tears. If
any tear or capsulotomy was identified, the specimen was
excluded from the study. A total of 10 shoulders were dissected.
Two specimens were found to have pre-existing rotator cuff tears
and were excluded.
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The infraspinatus fossa was mounted to a steel plate, which
was then mounted to a custom shoulder-testing jig at 0� of
scapular abduction and 20� of anterior scapular tilt to mimic the
anatomic position of the scapulothoracic articulation (Fig. 1). The
humeral shaft was mounted to an intramedullary rod within a
custom humeral cylinder and fixed distally using 6 opposing
screws. The intramedullary rod was attached to an abduction arc
that facilitated humeral abduction in the scapular plane. A
SmartTool digital level (M-D Building Products, Oklahoma City,
OK, USA) was used to identify 0�, 20�, and 40� of glenohumeral
abduction along this arc. With the assumption of a 2:1 ratio of
glenohumeral-to-scapulothoracic abduction, these glenohumeral
abduction angles equated to 0�, 30�, and 60� of total shoulder
abduction, respectively. A goniometer was fixed to the intra-
medullary rod to measure internal and external humeral rotation.
The humerus was externally rotated until the bicipital groove was
in line with the anterior edge of the acromion at 40� of abduction,
and the goniometer was calibrated to 90� of external rotation at
this point. Physiological muscle loading based on data of the
cross-sectional area of each muscle1,31 during testing was simu-
lated using braided low-stretch fishing line (Izorline, Paramount,
CA, USA) tied to the Krackow sutures at the musculotendinous
junction. The fishing lines were fed through adjustable pulleys and
loading plates to approximate physiological muscle force vectors,
with the desired forces applied using weights. Movement of the
humeral head for each testing condition was assessed under 2
different loading conditions (balanced and unbalanced load). As in
a previous study, tendons were loaded as follows in the balanced
state: upper subscapularis (5 N), lower subscapularis (5 N),
anterior supraspinatus (5 N), posterior supraspinatus (5 N), su-
perior infraspinatus (2.5 N), inferior infraspinatus (2.5 N), teres
minor (5 N), teres major (10 N), latissimus dorsi (10 N), biceps
tendon (5 N), upper pectoralis major (10 N), lower pectoralis
major (10 N), anterior deltoid (13 N), middle deltoid (13 N), and
posterior deltoid (13 N).21,27 For unbalanced loading, a superior-
directed load was applied by removing loads from the pectoralis
major, latissimus dorsi, and teres major, and an additional 13 N
was added to each of the 3 deltoid lines (anterior, middle, and
Figure 1 Anterolateral view of custom shoulder-testing system
with right shoulder mounted in 0� of glenohumeral abduction.
posterior).21,27 The remaining loads were left unchanged. This
effectively removed inferior force vectors applied by the pectoralis
major, latissimus dorsi, and teres major and doubled the superior
force vectors of the deltoid.

Test conditions

A total of 5 conditions were tested sequentially as follows: intact
shoulder, LICT, partial repair (PR), BR, and biceps rerouting with
side-to-side repair (BRSS). Each condition is presented in
Figure 2. The intact state served as the internal control for each
specimen. No alterations were made to the native shoulder for this
condition. For the second condition (LICT), a No. 10 blade scalpel
was used to elevate the insertion of the supraspinatus footprint, as
well as the superior half of the infraspinatus footprint, off of the
greater tuberosity. The anterior border of the supraspinatus was
dissected free of the LHBT. In the third condition, PR of the LICT
was performed using a 4.5-mm suture anchor (Smith & Nephew,
London, UK) placed on the anterosuperior portion of the infra-
spinatus footprint. This was used to repair the previously cut
portion of the infraspinatus tendon, which was then reloaded with
2.5 N. In the fourth condition, BR was performed additionally to
PR with the specimen in 20� of glenohumeral abduction (30� of
total shoulder abduction), corresponding to the clinical position of
the shoulder during arthroscopic surgery, as previously described
by Kim et al.15 To mobilize and reroute the LHBT, all soft tissue at
the extra-articular bicipital groove was removed, including the
transverse humeral ligament. A new groove was made by a high-
speed burr at the midlateral aspect of the supraspinatus footprint
on the greater tuberosity. A 5.5-mm Healicoil suture anchor
(Smith & Nephew) was placed at the lateral end of the new
groove. Fixation of the LHBT was performed using 2 lasso-loop
ties and 1 wraparound tie. A medial Healicoil suture anchor was
inserted at the medial end of the new groove and used to fix the
LHBT in the same manner as the lateral anchor. A load of 10 N
was applied to the biceps tendon throughout the repair to ensure
appropriate tension as traction of shoulder arthroscopic surgery.10

For the final condition (BRSS), a No. 2 FiberWire was used to
perform a side-to-side repair between the rerouted biceps tendon
and the anterior border of the infraspinatus using the Mason-Allen
technique. This effectively closed the soft tissue defect over the
superior portion of the glenohumeral joint.

Testing protocol and outcome variables

The primary outcome of this study was superior translation of the
center of the humeral head. Secondary outcomes included the
peak subacromial contact pressure, mean subacromial contact
pressure, maximum internal rotation, maximum external rotation,
and total rotational range of motion (ROM).

The sequence of testing was the same for each specimen;
testing was performed in the following order: intact, LICT, PR,
BR, and BRSS. For each condition, the specimen was tested at
40�, then at 20�, then at 0�, and again at 20� of glenohumeral
abduction. At each abduction angle, the line-and-pulley system
was loaded in a balanced state, followed by the unbalanced state
as mentioned earlier. After the balanced load was applied, 5 cycles
of alternating internal and external rotation were performed to
precondition the specimen. This was done by using a torque
wrench to apply 2.2 N-m of torque without capsular stretching or



Figure 2 Testing conditions: intact shoulder (A), large irreparable cuff tear (B), partial repair (C), biceps rerouting (D), and biceps
rerouting with side-to-side repair (E). ISP, infraspinatus; SSP, supraspinatus; LHBT, long head of biceps tendon.

Figure 3 Scapular and humeral referencing screw position.
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tearing in both internal and external rotation.2 After pre-
conditioning, a 360� digital goniometer (Novotechnik US,
Southborough, MA, USA) was used to measure the maximum
internal rotation of the humerus at 2.2 N-m of torque. This was
repeated in external rotation. Measurements were repeated a
second time to ensure that values were reproducible to within 1� of
internal and external rotation. Total rotational ROM was calcu-
lated by adding external and internal rotational ROM values.

A 3-dimensional referencing system was established using a
MicroScribe 3DLX device (Revware, Raleigh, NC, USA; accu-
racy within <0.3 mm) to measure superior translation of the
center of the humeral head. Scapular referencing was established
by placing a screw in the coracoid process, a screw in the ante-
rolateral corner of the anterior acromion, and a screw in the
posterolateral corner of the acromion. Humeral referencing was
established by placing a screw approximately 2 cm distal to the
greater tuberosity and 5 mm posterior to the bicipital groove, a
second screw 1 cm directly distal to the first screw, and a third
screw 1 cm directly posterior to the second screw (Fig. 3).

The MicroScribe 3DLX device was referenced to the scapular
screws at the start of each condition and then used to digitize the
position of the humeral screws. For the balanced load state, hu-
meral head screws were measured at maximum internal rotation,
followed by 0�, 30�, 60�, and 90� of external rotation and
maximum external rotation, at each abduction angle. Rotational
measures were taken a second time to ensure repeatability to
within 1 mm of the first trial. In the unbalanced state, humeral
head position was measured at 0�, 30�, 60�, and 90� of external
rotation at each abduction angle. In addition, peak pressure and
total contact pressure in the subacromial space were measured in
the unbalanced state using a Tekscan digital pressure measurement
device and software (model 4000; Tekscan, South Boston, MA,
USA; maximum saturation pressure, 10.3 MPa). A sensor pad was
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inserted flat into the subacromial space to measure the contact
force, contact area, contact pressure, and peak contact pressure.
This process was performed at 40�, 20�, and 0� of glenohumeral
abduction. The specimen was then returned to 20� of abduction for
a final balanced and unbalanced loading series to check for any
loosening of the rerouting after abduction of the specimen to 0�.

Two-way analyses of variance with post hoc Tukey HSD
(honestly significant difference) tests were used to analyze all data
with SigmaPlot statistical software (version 13; Systat, San Jose,
CA, USA). Data are presented as mean � standard error, and the
significance level was set at P < .05.
Results

Superior translation with balanced load state

For the intact condition, superior translation of the humeral
head ranged from 1.8 mm (�0.8 mm) to 5.8 mm (�1.0
mm). Relative to the intact condition, superior translation in
the LICT condition increased by a maximum of 2.2 mm
(81% increase) (P < .001). Relative to the LICT, superior
translation trended down as the degree of soft tissue repair
increased from PR to BR to BRSS (Table I). Although PR
resulted in slight depression of the humeral head relative to
Table I Superior translation of humeral head with balanced load

Measurement
position

Translation, mm

Intact Large irreparable
cuff tear

Par

0� of GH abduction
Maximum IR 2.7 � 1.1 4.9 � 1.3* 4.4
0� of ER 4.9 � 1.0 6.7 � 1.2* 6.1
30� of ER 5.8 � 1.0 7.8 � 0.9* 7.4
60� of ER 5.8 � 1.0 7.4 � 0.8* 7.1
90� of ER 4.8 � 0.9 5.6 � 0.8 5.3
Maximum ER 3.5 � 0.9 4.0 � 0.8 4.0

20� of GH abduction
Maximum IR 4.6 � 1.2 6.3 � 1.0* 6.4
0� of ER 4.5 � 1.0 6.5 � 1.0* 6.8
30� of ER 4.4 � 0.9 6.1 � 1.0* 5.9
60� of ER 3.7 � 0.9 5.5 � 0.7* 5.3
90� of ER 3.6 � 0.8 4.2 � 0.8 4.0
Maximum ER 2.6 � 0.9 3.0 � 0.8 3.2

40� of GH abduction
Maximum IR 4.1 � 1.0 5.4 � 1.2* 5.3
0� of ER 3.6 � 1.2 4.3 � 1.1 4.6
30� of ER 2.7 � 1.0 3.1 � 0.9 2.9
60� of ER 1.7 � 0.8 2.4 � 0.8 2.5
90� of ER 1.8 � 0.8 2.3 � 0.9 2.4
Maximum ER 1.8 � 0.8 1.7 � 0.6 2.1

GH, glenohumeral; IR, internal rotation; ER, external rotation.

Data are presented as mean � standard error.
* Statistically significant compared with intact condition (P < .05).
y Statistically significant compared with large irreparable cuff tear (P < .05)
z Statistically significant compared with infraspinatus repair (P < .05).
x Statistically significant compared with biceps rerouting (P < .05).
the LICT in all positions, these differences were not sta-
tistically significant (P > .64). BR resulted in a significant
decrease in superior translation relative to the LICT at
0� and 20� of abduction but not at all rotation angles.
Adding a side-to-side repair further depressed the humeral
head and restored the humeral head position to the intact
state at several positions. In balanced loading, no signifi-
cant differences in superior translation were observed at
abduction angles greater than 20� or external rotation
greater than 60�.

Superior translation with unbalanced load state

Average superior translation for unbalanced loading is
presented in Table II and Figure 4. For the intact condition,
superior translation ranged from 0.9 mm (�3 mm) to 2.3
mm (�0.6 mm). After creation of the LICT, superior
translation significantly increased by a maximum of 4.0
mm (222% increase) (P < .001). PR had no significant
effect on superior translation relative to the LICT (P > .54).
In contrast, BR decreased superior translation in all posi-
tions, but not all of these decreases were statistically sig-
nificant. BR resulted in an average 1.6-mm decrease in
superior translation relative to the LICT across all positions,
tial repair Biceps rerouting Biceps rerouting with
side-to-side repair

� 1.1* 3.5 � 1.5y 2.5 � 1.4y,z

� 0.9 5.8 � 1.0 5.1 � 0.9y

� 0.9* 6.4 � 0.9y 6.1 � 0.9y,z

� 0.8* 5.7 � 0.9y,z 5.8 � 0.9y,z

� 0.8 4.7 � 0.9 5.0 � 0.8
� 0.8 3.7 � 0.9 4.0 � 0.8

� 1.0* 6.5 � 1.1* 5.0 � 0.9y,z,x

� 1.4* 5.5 � 1.0 5.0 � 1.0y,z

� 1.1* 5.4 � 0.9 5.1 � 0.9
� 0.7* 4.6 � 0.9 4.7 � 0.9
� 0.8 4.1 � 0.8 4.5 � 0.9
� 0.8 3.2 � 0.7 3.3 � 0.8

� 1.0* 5.2 � 1.0* 4.6 � 1.0
� 1.1* 4.4 � 1.1* 4.1 � 1.1
� 1.1 3.1 � 0.9 3.1 � 1.0
� 0.8* 2.6 � 0.8* 2.3 � 0.8
� 0.8 2.6 � 0.7 2.4 � 0.6
� 0.8 2.4 � 0.7 1.9 � 0.7

.



Table II Superior translation of humeral head with unbalanced load

Measurement position Translation, mm

Intact Large irreparable
cuff tear

Partial repair Biceps rerouting Biceps rerouting with
side-to-side repair

0� of GH abduction
0� of ER 2.1 � 0.4 5.9 � 0.6* 6.0 � 0.5* 5.2 � 0.6* 2.7 � 0.4y,z,x

30� of ER 1.7 � 0.4 5.8 � 0.4* 5.8 � 0.5* 3.6 � 0.3*,y,z 1.9 � 0.3y,z,x

60� of ER 1.8 � 0.4 5.8 � 0.4* 5.7 � 0.4* 1.4 � 0.3z,x 1.4 � 0.3z,x

90� of ER 2.1 � 0.4 6.2 � 0.5* 6.2 � 0.5* 2.3 � 0.7y,z 2.7 � 0.6y,z

20� of GH abduction
0� of ER 2.3 � 0.6 5.8 � 0.6* 5.3 � 0.5* 5.0 � 0.6* 2.9 � 0.5y,z,x

30� of ER 1.2 � 0.5 4.9 � 0.5* 4.9 � 0.4* 4.0 � 0.4* 2.8 � 0.4*,y,z,x

60� of ER 1.5 � 0.4 5.4 � 0.4* 5.4 � 0.4* 3.2 � 0.5*yz 3.6 � 0.4*,y,z

90� of ER 1.7 � 0.3 5.2 � 0.4* 5.1 � 0.4* 3.5 � 0.6*yz 4.5 � 0.4*

40� of GH abduction
0� of ER 1.4 � 0.2 4.6 � 0.6* 3.9 � 0.8* 3.4 � 0.6* 2.3 � 0.4y,z

30� of ER 0.9 � 0.3 3.1 � 0.6* 2.8 � 0.5* 2.2 � 0.6* 1.7 � 0.6y

60� of ER 1.3 � 0.5 3.1 � 0.8* 3.2 � 0.6* 2.7 � 0.7* 2.4 � 0.7
90� of ER 1.1 � 0.3 3.2 � 0.6* 3.5 � 0.7* 3.0 � 0.5* 3.1 � 0.7*

GH, glenohumeral; ER, external rotation.

Data are presented as mean � standard error.
* Statistically significant compared with intact condition (P < .05).
y Statistically significant compared with large irreparable cuff tear (P < .05).
z Statistically significant compared with infraspinatus repair (P < .05).
x Statistically significant compared with biceps rerouting (P < .05).

Figure 4 Superior translation of humeral head with unbalanced load. *P < .05 compared with intact. #P < .05 compared with large
irreparable cuff tear. yP < .05 compared with partial repair. @P < .05 compared with biceps rerouting.
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with a maximum decrease of 4.4 mm (76.2% decrease)
(P < .001). At 0� of abduction, BR showed no significant
difference in superior translation compared with the intact
shoulder at 60� and 90� of external rotation (P > .84). At
20� of abduction, BR resulted in a significant decrease in
superior translation relative to the LICT and PR at 60� and
90� of external rotation (P < .001). Although trends were
similar at 40� of abduction, no significant differences
occurred between the BR and LICT conditions. When side-
to-side repair was performed, a significant decrease in su-
perior translation was seen at 0� of abduction in 0� and 30�

of external rotation relative to the LICT (P < .001). BRSS
also led to significant decreases in superior translation at
0� and 20� of abduction in 0� and 30� of external rotation
compared with the BR condition (P < .001). There was no
significant difference between the BRSS and intact state at
0� of abduction for any of the rotational positions (P > .41).
At 20� of abduction, there were no significant differences
between BRSS and the intact state in 0� and 30� of external
rotation (P > .53). However, the aforementioned effect was
not significant at 60� and 90� of external rotation. At 40� of
abduction, BRSS was the only condition that resulted in a
significant decrease in superior translation relative to the
LICT at 0� of external rotation (P < .001) and 30� of
external rotation (P ¼ .014).

To determine whether any loss of fixation occurred
during testing of the BR condition, a second trial of testing
was performed at 20� of abduction. The results were similar
to those of the first trial at 20� of abduction. In the unbal-
anced state, there was a slight increase in superior trans-
lation of the humeral head at all angles compared with the
Table III Subacromial contact pressure

Measurement position Pressure, kPa

Intact Large irreparable
cuff tear

P

0� of GH abduction
0� of ER 162.5 � 24.7 259.6 � 54.7 2
30� of ER 185.9 � 29.0 290.7 � 48.0* 2
60� of ER 186.6 � 22.5 251.1 � 38.2 2
90� of ER 142.1 � 26.0 172.0 � 33.3 1

20� of GH abduction
0� of ER 171.9 � 20.2 241.5 � 52.4 1
30� of ER 197.9 � 46.0 285.2 � 41.1 2
60� of ER 214.4 � 47.8 195.2 � 23.9 1
90� of ER 147.5 � 17.6 208.9 � 18.3 2

40� of GH abduction
0� of ER 167.5 � 17.0 253.2 � 46.2 1
30� of ER 187.9 � 31.4 340.1 � 37.4* 3
60� of ER 205.4 � 31.2 265.6 � 36.0 2
90� of ER 134.0 � 18.3 133.2 � 18.3 1

GH, glenohumeral; ER, external rotation.

Data are presented as mean � standard error.
* Statistically significant compared with intact condition (P < .05).
y Statistically significant compared with large irreparable cuff tear (P < .05)
z Statistically significant compared with infraspinatus repair (P < .05).
first trial. However, this increase was only significant at 90�

of external rotation (P ¼ .003).
Subacromial peak pressure and contact pressure

Peak pressures and contact pressures were obtained for the
unbalanced load state only. Peak pressures for the intact
state varied from 427.1 kPa (�85.1 kPa) to 719 kPa (�86.6
kPa). On average, peak pressures in the LICT were 270.5
kPa greater across all positions compared with the intact
state. However, only 2 positions had significant increases in
peak pressures for the LICT compared with the intact state.
These trends held for the PR condition. After BR, a sig-
nificant decrease in peak pressure was observed in 0� of
abduction at 30�, 60�, and 90� of external rotation with
peak pressures as low as 114.4 kPa (�110.4 kPa) compared
with the LICT and PR (P < .007). These decreases held for
the BRSS state. No significant differences in peak pressure
were observed between any of the conditions at 20� of
abduction (P ¼ .11). At 40� of abduction, only the BRSS
resulted in a significant decrease in peak pressure compared
with the LICT at 0� and 30� of external rotation (P < .004).

Contact pressure represents the mean pressure across the
entire contact area. Contact pressure is presented in Table
III. Contact pressure for the intact state ranged from
134.0 kPa (�18.3 kPa) to 214.4 kPa (�47.8 kPa) and
increased to as high as 340.1 kPa (�37.4 kPa) for the LICT
condition (81% increase). After BR and BRSS, contact
pressure decreased significantly compared with the LICT at
0� of abduction (P < .001). In fact, BR and BRSS resulted
artial repair Biceps rerouting Biceps rerouting with
side-to-side repair

36.1 � 39.0 215.0 � 45.1 97.3 � 23.5
99.9 � 43.4* 164.3 � 52.1y,z 84.0 � 13.0
54.5 � 35.9 49.8 � 40.3*,y,z 37.5 � 15.1
68.4 � 24.0 45.3 � 19.8y,z 76.3 � 33.6

79.9 � 22.2 198.5 � 29.4 139.2 � 15.2
19.2 � 29.0 276.6 � 35.6 158.8 � 24.4
85.3 � 16.9 146.2 � 31.7 173.5 � 33.0
06.7 � 24.5 118.9 � 31.5 174.4 � 32.5

63.3 � 30.1 186.2 � 19.3 126.9 � 21.0
08.7 � 36.5* 277.5 � 23.5 192.7 � 19.8
41.0 � 33.2 293.0 � 68.7 262.3 � 50.1
41.5 � 16.4 218.4 � 83.8 202.8 � 67.9

.
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in lower contact pressures than the intact state at 0� of
abduction with 60� and 90� of external rotation.

Range of motion

ROM data are presented in Table IV. Creation of an LICT
resulted in greater total ROM by as much as 10� at all
abduction angles (P < .001). After PR of the infraspinatus,
total rotational ROM did not decrease relative to the intact
shoulder at any abduction angle (P < .001). Neither BR nor
BRSS decreased total rotational ROM at any glenohumeral
abduction angle compared with the intact shoulder.
Discussion

The results of this study showed that BR played a positive role
in resisting superior translation of the humeral head in the
treatment of anLICT, although the results varied considerably
at different abduction angles. BR and BRSS prevented su-
perior humeral translation at all 3 ranges of abduction, but this
finding was not significant at 40� of glenohumeral abduction,
corresponding to 60� of shoulder abduction. These results
suggest that the tension of the rerouted LHBT decreased at
higher angles of shoulder abduction because of shortening of
the distance between the origin site of the LHBT and the
lateral fixation point of the rerouted LHBT. Previous biome-
chanical studies on the role of the rotator cuff tendon in
shoulder elevation have shown that the rotator cuff tendon is
more important in initiation of elevation than at a higher angle
of abduction.17,26 Therefore, restoration of glenohumeral
joint stability after BR at a lower angle of abduction may
occur because a rerouted LHBT supports the function of a
partially repaired rotator cuff tendon as a superior stabilizer at
initiation of shoulder elevation.
Table IV Rotational range of motion

Measurement position Rotation, �

Intact Large irreparable
cuff tear

Maximal internal rotation
0� of abduction 20.0 � 3.7 24.6 � 4.3*

20� of abduction 20.3 � 3.8 22.9 � 3.8
40� of abduction 16.2 � 4.0 22.5 � 4.5

Maximum external rotation
0� of abduction 121.1 � 2.8 124.0 � 2.9*

20� of abduction 120.5 � 3.7 124.2 � 3.5*

40� of abduction 112.9 � 5.5 118.6 � 4.2*

Total range of motion
0� of abduction 141.1 � 5.9 148.5 � 6.4*

20� of abduction 140.8 � 7.2 147.1 � 6.7*

40� of abduction 129.2 � 9.2 141.1 � 7.7*

Data are presented as mean � standard error.
* Statistically significant compared with intact condition (P < .05).
y Statistically significant compared with large irreparable cuff tear (P < .05)
Consistently with previous studies,12,21 an LICT and a
partially repaired cuff tendon resulted in significant supe-
rior translation of the humeral head compared with the
intact shoulder. In glenohumeral abduction of 0� and 20�

(corresponding to shoulder abduction angles of 0� and 30�)
with large external rotation angles (60� and 90�), BR suc-
ceeded in preventing superior humeral translation
compared with an LICT and PR. This finding may have
occurred because external rotation led to an increase in
tension of the rerouted biceps that was strong enough to
endure superior migration of the humeral head. However,
decreased external rotation may not deliver quite enough
tension to the BR, so additional side-to-side repair along
with BR can help reinforce the posterior aspect of the BR
and enable it to maintain tension.

Despite the additional anchorage or rerouted biceps on
the humeral head, there was no significant reduction in
ROM in our study. In contrast, Mihata et al21 reported that
SCR with TFL significantly decreased total rotational ROM
compared with the intact shoulder. Our findings highlight
the advantage of using the low-profile, adjacent biceps
tendon instead of overstuffing a foreign object in conven-
tional SCR. A similar study by El-Shaar et al.8 demon-
strated the technique of SCR with an LHBT autograft, but
their study did not include data on ROM.

Our technique has several important differences
compared with previously reported techniques such as
anterior cable reconstruction described by Park et al.27

First, instead of tenotomy of the LHBT, the LHBT was
thoroughly released at the biceps groove to retain its
route to the footprint without too much tension. This
permitted the maximal length of the LHBT to be used as
a stabilizer without sacrificing the role of the biceps by
tenotomy. Second, 2 separate suture anchors were used
for the rerouted LHBT only; the posterior cuff was
Partial repair Biceps rerouting Biceps rerouting with
side-to-side repair

26.0 � 5.0* 28.3 � 5.4* 27.6 � 5.6*

24.5 � 4.6* 26.6 � 4.4* 25.2 � 4.8*

21.8 � 4.6* 24.0 � 4.6* 23.1 � 4.7*

124.8 � 2.5* 124.3 � 2.7* 125.7 � 3.0*

125.9 � 3.2* 124.7 � 3.5* 126.5 � 3.1*

119.8 � 4.6* 121.1 � 4.2* 122.4 � 4.9*

150.8 � 6.7* 152.6 � 6.9* 153.3 � 7.2*,y

150.4 � 7.2* 151.3 � 7.0* 151.8 � 7.0*,y

141.6 � 7.9* 145.1 � 7.7*,y 145.6 � 8.5*,y

.
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repaired separately using an extra anchor. In this way, we
could expect the benefits of PR under low tension. Third,
a new groove for the LHBT was made in the BR tech-
nique. The new groove increased the stability and healing
potential of the rerouted LHBT by keeping the rerouted
LHBT in a dislocated position. Subacromial contact
pressure was also decreased with the new groove. By use
of the BR technique, the vascularity of the original
LHBT was preserved after BR because of the origin of
the LHBT from the superior glenoid. We therefore expect
the rerouted LHBT to have better durability than a free
graft of the TFL. In addition, as the LHBT was securely
fixed with medial and lateral anchors at the footprint, BR
may have a tenodesis effect in LICTs with poor-quality
LHBTs.5,15

A clinically important feature that was revealed in this
study is that a tear of the rerouted LHBT occurred after
testing to 0� of glenohumeral abduction and after fixating
the rerouted LHBT at 30� of glenohumeral abduction,
corresponding to 45� of shoulder abduction on pilot testing.
This finding implies that fixating the rerouted LHBT at a
larger abduction angle might result in excess tension on the
LHBT during adduction repair. Therefore, when perform-
ing BR, we recommend that the operative arm be placed at
less than 30� of shoulder abduction to avoid over-tightening
of the rerouted LHBT.

This study had several limitations. First, the experi-
ment was performed on avascular cadaveric tissue, and
cadaveric testing systems cannot simulate the multiple
factors that act in synergy to provide glenohumeral sta-
bility. Second, our measurements represent biomechanical
conditions at time zero after surgery. Third, when the test
was repeated at 20� of glenohumeral abduction after a
complete testing protocol, slight loosening of the fixated
LHBT was observed, possibly due to settling of the fix-
ation sites and creeping of the soft tissues. This finding
emphasizes the clinical importance of maintaining proper
abduction angles with a shoulder brace in the immediate
postoperative period. Fourth, we could not simulate all
circumstances influencing chronic rotator cuff tears in a
biomechanical cadaveric study. Finally, the results of the
BR technique could be affected by the condition of the
rerouted LHBT. In many LICTs, nobody can guarantee
the healthy condition of the LHBT, and an LHBT in poor
condition could potentially lead to early failure of stabi-
lization. This study also could not explain the effect of the
rerouted passage of the LHBT on the function of the bi-
ceps muscle.

Despite these limitations, the results of this cadaveric
biomechanical study clearly reveal the positive potential
of the BR technique in the treatment of LICTs by resisting
superior translation of the humeral head. Moreover,
simulation of 5 different experimental conditions for
each specimen was a major strength of this study. Using
this subjective apparatus, we were also able to directly
measure superior translation, rotational ROM, and
subacromial contact pressure at exact positions and
loading conditions.
Conclusion
The BR technique can biomechanically restore shoulder
stability without limiting ROM in cadaveric specimens
with LICTs. The BR technique may be a feasible
alternative treatment option for LICTs.
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