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Abstract

Hypothesis/Background—The subscapularis is an important mover and stabilizer of the
glenohumeral joint and since the advent of shoulder arthroscopy, partial tears are found in 43% of
rotator cuff patients. While partial tears to the upper band occur more commonly, little is known
about the structure and mechanical behavior of the individual bands. Therefore, the objective of
this study was to measure tensile mechanical properties, corresponding collagen fiber alignment,
and histology in the upper and lower bands of the rat subscapularis tendon.

Materials and Methods—Thirty, adult Sprague-Dawley rats were euthanized and subscapularis
tendons dissected out for mechanical, organization (n = 24), and histologic assessment (n = 6).
Collagen organization was measured with a custom device during mechanical testing.

Results—Linear-region modulus at the insertion site was significantly lower in the upper band
compared to the lower band while no differences were found at the midsubstance location. The
upper band was found to be significantly less aligned and demonstrated a more rounded cell shape
than the lower band at the insertion site.

Discussion—This study demonstrated that the two bands of the subscapularis tendon have
differential mechanical, organizational, and histological properties. This suggests that a functional
deficit exists to the upper band of the subscapularis and may be contributing to the prevalence of
partial subscapularis tears.

Conclusions—<Clinicians should be aware that the upper band of the subscapularis tendon may
be at higher risk of developing tears due to the decreased mechanical properties and a more
disorganized collagen fiber distribution.

Level of Evidence—Basic Science Study, Biomechanics, Animal Model.

© 2011 Journal of Shoulder and Elbow Surgery Board of Trustees. Published by Mosby,Inc. All rights reserved

Corresponding Address: Louis J. Soslowsky, PhD University of Pennsylvania McKay Orthopaedic Research Laboratory 424
Stemmler Hall 36th Street and Hamilton Walk Philadelphia, PA 19104, USA soslowsk@upenn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

None of the authors have any financial biases associated with the present study.

None of the authors have a conflict of interest associated with the present study.

IRB: University of Pennsylvania Institutional Animal Care and Use Committee approval was obtained prior to testing. Protocol
number 801122



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Thomas et al. Page 2

Keywords
subscapularis tendon; rotator cuff; animal model; tendon injury

Introduction

The subscapularis is the largest of the four rotator cuff tendons and plays a considerable role
in joint stability and function®. Due to its anterior positioning within the shoulder, provides
dynamic restraint in the anterior and posterior directions!:20. The subscapularis has also been
described as having two separate bands, which are distinct based on anatomical insertion,
innervation, and muscle activity?-10.16.:26 \When examining the anatomical insertion sites,
the upper band has a broader and more medial insertion compared to the lower bandC. This
has been thought to enhance biceps tendon stability3. The bands of the subscapularis can
also be differentiated by the innervation of the subscapular nerve, which has been
demonstrated to have 2 or 3 branches1®. Previous research has shown the upper portion of
the subscapularis is more active during arm elevation, indicating its potential for differential
activation during functional movements26.

The anterior/posterior “force couple” has previously been described for the glenohumeral
joint28. It states that the anterior subscapularis, the posterior infraspinatus, and the teres
minor work in conjunction to provide dynamic joint stability?8. Therefore, a subscapularis
tendon tear can cause a disruption of the force couple and create joint instability. However,
previous reports have demonstrated a very low incidence of subscapularis tears ranging from
2% to 10%11.14.18 Dye to this information, the subscapularis tendon has received little
attention both in terms of research and clinical practice. With the advent of shoulder
arthroscopy, the incidence of subscapularis tendon tears has been on the rise. Reports now
indicate a tear rate in upwards of 43%2, with most tears being upper band undersurface
tears®17, Prior to shoulder arthroscopy, surgeons were unable to visualize a partial
undersurface tear during open rotator cuff repair and therefore, many subscapularis tears
may have gone untreated decreasing functional outcomes6:23,

Although, clinicians are becoming more aware of upper band subscapularis tendon tears, the
cause of these tears is still unknown. Due to the differences in anatomic insertion sites,
innervations, and muscle activity between the upper and lower band of the subscapularis, the
tendons may experience different loading environments that ultimately alter the mechanical
strength and increase the likelihood of tears. However, well designed and controlled studies
are often difficult with cadavers and the ability to perform prospective investigation is not
possible. The rat shoulder model has been used previously and demonstrated to be valid for
the study of rotator cuff disease?’. Therefore, the objective of this study was to locally
measure cross-sectional area (CSA), tensile mechanical properties, collagen fiber alignment
during loading, and histology in the upper and lower bands of the rat subscapularis tendon,
in order to identify structural differences that may result in the upper band being more
susceptible to injury than the lower band. We hypothesize that the upper band will have an
increased CSA, inferior mechanical properties, more disorganized collagen fiber
distribution, and lower histology grades for cell shape and cellularity compared to the lower
band.

Materials and Methods

Thirty male Sprague-Dawley rats (Charles River, 400-450 g) of similar age were used in
this study, which was approved by the University of Pennsylvania Institutional Animal Care
and Use Committee. The rats were sacrificed and subscapularis tendons were dissected out
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as a complete humerus tendon unit. The anterior shoulder anatomy of the rat was found to be
very similar to the human with a prominent coracoid process, subscapularis tendon, and long
head of the biceps tendon (Figure 1a and 1b). Samples designated for mechanical testing and
alignment data were then fine dissected using a dissection microscope to remove all muscle
and carefully separate the upper and lower bands based on natural delamination and
insertion site location. Stain lines were placed on the tendons denoting the insertion site and
tendon midsubstance for local measures of strain. CSA at each location was measured using
a laser devicel3. The humerus was then mounted into a plastic pot and submerged in
polymethylmethacrylate (PMMA) and allowed to cure prior to mechanical and alignment
testing. After the PMMA had set, the humeral head was sanded down to prevent the bone
from impeding light from passing through the tendon insertion site for polarized light
analysis. Separate samples designated for histology were left intact with muscle and
processed using standard paraffin procedures. Specifically, the samples were pinned to
prevent tissue contracture during paraffin processing and the humeral head was maintained
in neutral rotation.

The plastic pot was inserted into a specially designed testing fixture. The proximal end of
the tendon was then held at the third stain line (7mm) in a screw clamp lined with fine grit
sandpaper. The fixture and clamp where then mounted to a uniaxial testing system (Instron,
Norwood, MA, USA) integrated with a polarized light setup, consisting of a backlight, 90°-
offset rotating polarizer sheets on either side of the test sample, and a digital cameral?. Prior
to testing, the stepper motor encoder (Lin Engineering, Santa Clara, CA, USA) and
polarizing sheets were synchronized in a position corresponding to 0° of angular rotation.
The specimen was then immersed in a 37°C PBS bath, preloaded to 0.1N, preconditioned
for 10 cycles from 0.1 to 0.5N at a rate of 1%/s, and held for 300s. Immediately following, a
stress relaxation experiment was performed by elongating the specimen to a strain of 6% at a
rate of 5%/s (0.575mm/s) followed by a 600s relaxation period. Specimens were then
returned to the initial preload displacement and held for 60s, and ramp to failure was then
applied at a rate of 0.3%/s. During the ramp to failure, sets of 14 images were acquired
every 5 seconds as the polarizers rotated through a 125° range for measurement of fiber
alignment. Using the applied stain lines, local tissue strain in each region of the tendon was
measured optically with a custom program (MATLAB, Natick, MA, USA).

Local strain was measured optically and stress was calculated as force divided by initial area
for both the insertion site and midsubstance separately. A bilinear curvefit was applied to the
stress-strain data to quantify the moduli in the toe- and linear-regions. Stiffness was
calculated from the optical load-displacement data. Fiber alignment was calculated from the
image sets as previously described®. Circular variance (VAR), a measure of the distribution
of collagen fiber alignment, was calculated for fiber distributions during zero displacement,
at transition strain (intersection of the toe- and linear-regions), and at linear-region strain
(last point in the linear region).

Sagittal sections (7 um) were collected and stained with hematoxylin-eosin (H&E). Sections
were then imaged at the articular side insertion site of each tendon using a microscope
(Leica DM LB 100T, Buffalo Grove, IL, USA) at 200x magnification. This 108 location
was chosen due to subscapularis tears occurring at the articular insertion site. H& E-stained
sections were analyzed for changes in cell shape and cellularity. Histologic grading was
performed by 3 blinded graders using previously described methods’

Paired t-tests were used to compare group (upper and lower band of the subscapularis)
differences for CSA and mechanical properties. CSA and mechanical properties are
presented as mean + SD. Since the alignment data was not normally distributed, non-
parametric tests were used. Changes in fiber alignment were compared using a Friedman test
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for tendon band (upper vs. lower) and for the mechanical test region (toe- and linear-region).
Significance was determined using Wilcoxon signed-rank post-hoc tests for VAR values.
Nonparametric VAR data is presented as median + interquartile range. For histologic
analyses, median grades were compared between groups for each tendon by use of a
nonparametric Kruskal-Wallis test, and these data are presented as median + interquartile
ranges. Significance was set at p <0.05. GraphPad Prism for Windows, Version 5.0
(GraphPad Software, La Jolla, CA, USA) was used for data analysis.

CSA was significantly larger for insertion site and midsubstance in the upper compared to
the lower band (p = 0.0001) (Figure 2). Interestingly, modulus at the insertion site was
significantly lower in the upper band compared to the lower band, while no differences were
found at the midsubstance (p = 0.006) (Figure 3). Stiffness at the midsubstance was
significantly higher for the upper band compared to the lower band (p = 0.004) (Figure 4).
The upper band was found to be significantly less aligned (higher VAR) than the lower band
at the toe- and linear-region of the insertion site (p = 0.002, p = 0.002) (Figure 5) and at all
testing points in the midsubstance (p = 0.0004 at zero, <0.0001 at toe- and linear-regions)
(Figure 6). The histology results demonstrated that the upper band had significantly more
rounded cell shape compared to the lower band (p = 0.02) (Figure 7). There were no
significant differences for cellularity between the upper and lower band (p = 0.38).

Discussion

Results support the first hypothesis that there would be an increased 134 CSA and a
decreased linear modulus in the upper band of the subscapularis tendon compared to the
lower band. The CSA was significantly larger at both the insertion site and the midsubstance
of the upper band of the subscapularis tendon. This is in agreement with previous human
cadaver studies that found the upper portion of the subscapularis to have a larger footprint or
insertion site*10. Similar to the human, the rat subscapularis tendon also demonstrated a 2/3
to 1/3 division between upper and lower bands. Typically, an uninjured tendon with a larger
CSA is beneficial to support large loads through the glenohumeral joint without tendon
damage. However, when examining the mechanical testing results, there was a decrease in
modulus at the insertion site of the upper band compared to the lower band. Further, the
midsubstance of the upper band was stiffer than the lower band. This finding in the rat is
consistent with previous human cadaver data that sharply divided the SSC into four regions
and found that the superior and mid-superior portions of the SSC demonstrated higher
stiffness than the inferior portion®. Conversely, the moduli of the midsubstance locations
were not different, further supporting the clinical finding that tears start and propagate near
the insertion site of the tendon rather than at the midsubstance®21, These results also suggest
that the increases in upper band midsubstance stiffness are likely due to increases in cross
sectional area and are not reflective of improved tissue quality. Adams et al? has reported an
increased incidence of partial subscapularis, which is isolated to the upper portion of the
insertion site. These tears are commonly observed in the presence of a supraspinatus tear and
have successful outcomes when repaired®. Although surgical repairs appear to be successful,
the mechanism leading to upper band subscapularis tears is still unknown. Lo et al?
previously proposed the “roller-wringer” effect as the mechanism for upper band
subscapularis tears. It suggests that when the arm is in a position of horizontal adduction and
internal rotation the lesser tuberosity and the coracoid process act as the rollers in a roller-
wringer and the upper band of the subscapularis gets compressed at the insertion site. If this
occurs repetitively it could lead to tendon damage and eventually tearing. Previous research
has demonstrated that compressive loading leads to decreased tensile mechanical
properties’+25,
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Results also support the second hypothesis that the upper band of the subscapularis would
have a more disorganized collagen fiber distribution (higher VAR) compared to the lower
band. The upper band was found to be significantly less organized (higher VAR) than the
lower band in the toe- and linear-region of the insertion site and at all testing points in the
midsubstance. These results are in agreement with the inferior mechanical properties at the
insertion site of the upper band of the subscapularis tendon. In addition, the midsubstance
results support the poor tissue quality of the larger upper band. It is likely that the decreased
mechanical properties, in part, are due to a decrease in collagen fiber alignment in the
loading direction. Previous research has demonstrated that when tendons are highly aligned
they have increased strength in the direction of alignment!®. Conversely, tendons or
different regions of tendons that experience multidirectional loads are less aligned in the
primary direction of loading®. This suggests that the upper band of the subscapularis may
be experiencing multidirectional loads along its length. Due to the proximity of the upper
band of the subscapularis to the coracoid process, it is likely that the tendon is being
compressed during shoulder motion. Tendons that pass through bony arches have decreases
in collagen organization’+2%. This has been shown in the supraspinatus’ and is suggested to
be one of the primary cause of rotator cuff tears.

Results are in partial agreement with the third hypothesis that the upper band of the
subscapularis would have decreased histology grades for cell shape and cellularity. The
upper band was found to have a more rounded cell shape compared to the lower band.
However, there were no significant differences between the upper and lower bands of the
subscapularis tendon for cellularity. These results are in agreement with our first two aims
for tendon mechanics and collagen fiber alignment in the upper band of the subscapularis.
Tendon cells are commonly spindle shaped and aligned in the direction of loading. This is
mainly caused by the uniaxial mechanical load placed on the tendon during function®. If
tendons experience compressive loads, the cells adapt from a spindle shaped to a more
rounded cell shape. These results suggest that the upper band of the subscapularis tendon is
experiencing repetitive compressive loads potentially from the coracoid process, which
supports the “roller-wringer” hypothesis2L. Similarly, previous studies have reported
coracoid impingement in patients1224.29_ One study attempted to quantify the amount of
impingement with the use of ultrasound to measure the coracohumeral interval (distance
between the lesser tuberosity and the coracoid process) when patients were positioned in
horizontal adduction and internal rotation2°. They found a distance of 8mm in patients with
diagnosed coracoid impingement and suggested that may be a good clinical indicator for
diagnosis??. When repairing the subscapularis arthroscopically one study suggests that if a
coracohumeral interval of less than 6mm exists then a coracoplasty should be performed to
increase the interval to 8 or 10mm to improve healing and decrease the likelihood of re-
injury by eliminating compressive loads to the tendon®22, Future research should be
performed to evaluate the role of the coracoid in subscapularis tendon injury.

There are some limitations to this study that should be acknowledged. First, a rat shoulder
model was used to examine differences between the upper and lower band of the
subscapularis tendon instead of a human model. The rat model has been previously
evaluated and reported to be an appropriate model to study rotator cuff injury due to the
similar anatomy and function as the human?’. In addition, the rat model can be used to
prospectively examine rotator cuff injury and healing®, which is very challenging in the
human. Thus, having this normative data for the subscaularis in the rat model will be
advantageous for future injury and healing studies. Unfortunately, we are not aware of any
study that examined the cellular phenotype in both bands of the human subscapularis and
therefore have difficultly comparing the histology results to human conditions. However,
based on similar structure and function we are confident the histology results translate to the
human condition. A second limitation is that the histology grading provides a semi-
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quantitative measure of cell morphology. However, group differences were observed for cell
shape and suggest obvious differences were present between the upper and lower band of
the subscapularis. Third, the stress relaxation test and subsequent return to preload
displacement may cause crimping of collagen fibers, which may affect fiber alignment data
in the zero displacement and transition strain regions. Unfortunately, there is no data or
published research available to determine this. However, all experiments were performed
identical and therefore we are confident in the consistency of the results.

Conclusion

Clinically, the data suggests that the upper band of the subscapularis tendon may be
susceptible to injury due to the inferior mechanical properties, more disorganized collagen
fiber distribution, and more rounded cell shape compared to the lower band. This
information suggests that the upper band of the subscapularis is experiencing
multidirectional loads that most likely involve compression forces. Future studies are needed
to further define the role of the coracoid process in the development of altered tendon
properties of the upper band of the subscapularis and its effect on tendon healing.
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Figure 1.

These images demonstrate the comparative anatomy of the dissected anterior rat and human
shoulder. A) The dissected anterior rat shoulder shows the humeral head (HH), the upper
band of the subscapularis tendon (USS), the lower band of the subscapularis tendon (LSS),
the coracoid process (C), and the long head of the biceps tendon (LHB). B) The dissected
anterior human shoulder shows the humeral head (HH), the upper band of the subscapularis
tendon (USS), the lower band of the subscapularis tendon (LSS), the coracoid process (C),
and the long head of the biceps tendon (LHB). Specifically, the upper subscapularis of both
the rat and the human passes under the coracoid process and inserts just medial to the long
head of the biceps tendon.

J Shoulder Elbow Surg. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Thomas et al.

Page 9

Cross-Sectional Area

2.5~
*p<0.0001

2.0- ; *p<0.0001

e ,
Lower ins Upperins Lower Mid Upper Mid
Band of Tendon

Figure 2.

The upper band had a significantly larger cross-sectional area (mm?2) at both the insertion
and the midsubstance compared to the lower band (data presented as mean + standard
deviation).
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Figure 3.

*p:0006 -I.I' .I-I
Cn o
e :'ﬁ .
- :E :. LW i =
Lowerins Upperins Lower Mid Upper Mid

Band of Tendon

The upper band had a significantly lower linear modulus (MPa) at the insertion compared to
the lower band (data presented as mean + standard deviation).
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Figure 4.
The upper band had a significantly larger stiffness (N/mm) at the midsubstance compared to
the lower band (data presented as mean + standard deviation).
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Figure5.

The upper band was significantly more disorganized as measured by circular variance
(VAR) at the insertion site during both the toe and linear regions of the mechanical test
compared to the lower band (data presented as median + interquartile range).

J Shoulder Elbow Surg. Author manuscript; available in PMC 2013 December 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Thomas et al. Page 13

Midsubstance VAR Values

0.020-
*p=<0.0001
g *p<0.0001
0.01549 ..
g p=0.004
S
S I
— 0.010+ T
o
=
(&)
= 0.005- T
(& T T
7
0.000 T /u ! Y

Zero Trans Linear Zero Trans Linear

Lower Upper
Region of Test

Figure®6.

The upper band was significantly more disorganized as measured by circular variance
(VAR) at the midsubstance during all regions of the mechanical test compared to the lower
band (data presented as median + interquartile range).
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Figure 7a.

Microscope image of an H&E stained histology slide of the upper subscapularis tendons
insertion site at 200x magnification. The upper band had a more rounded cell shape
compared to the lower band.
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Figure 7b.
Microscope image of an H&E stained histology slide of the lower subscapularis tendons

insertion site at 200x magnification. The lower band had a more spindle cell shape
compared to the upper band.
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