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Supraspinatus Tendons Have
Different Mechanical Properties
Across Sex

Sex differences in the mechanical properties of different musculoskeletal tissues and their
impact on tendon function and disease are becoming increasingly recognized. Tendon
mechanical properties are influenced by the presence or absence of sex hormones and
these effects appear to be tendon- or ligament-specific. The objective of this study was to
determine how sex and hormone differences in rats affect supraspinatus tendon and mus-
cle properties. We hypothesized that male supraspinatus tendons would have increased
cross-sectional area but no differences in tendon material properties or muscle composi-
tion when compared to supraspinatus tendons from female or ovariectomized (OVX)
female rats. Uninjured supraspinatus tendons and muscles from male, female, and OVX
female rats were collected and mechanical and histological properties were determined.
Our analysis demonstrated decreased dynamic modulus and increased hysteresis and
cross-sectional area in male tendons. We found that male tendons exhibited decreased
dynamic modulus (during low strain frequency sweep and high strain fatigue loading),
increased hysteresis, and increased cross-sectional area compared to female and OVX
female tendons. Despite robust mechanical differences, tendon cell density and shape,
and muscle composition remained unchanged between groups. Interestingly, these
differences were unique compared to previously reported sex differences in rat Achilles
tendons, which further supports the concept that the effect of sex on tendon varies
anatomically. These differences may partially provide a mechanistic explanation for the
increased rate of acute supraspinatus tendon ruptures seen in young males.
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Introduction

Our appreciation of sex differences in musculoskeletal tissues
and their effect on normal tissue properties is becoming increas-
ingly recognized [1-9]. Functional and anatomical sex differences
in the shoulder are present, with males having increased size of
both bony [10,11] and tendinous [11,12] structures as well as
differences in proprioception [13] and neurologic activation of
shoulder and neck musculature, which may impact the way the
joint responds to repetitive activities [14]. It is not known if sex
differences extend to tissue-level properties of the rotator cuff.
An understanding of whether sex differences in tissue-level prop-
erties of the supraspinatus tendon exist will provide valuable
information about how shoulder mechanics differs across sex and
permit more informed investigation into sex differences in tendon
homeostasis.

It is well established that tendons may be influenced by the
presence or absence of hormones [1-3,7,15]. Human tenocytes are
known to express estrogen receptors [16,17] and it has been
shown that estrogen deficiency decreases proteoglycan expression
[18], tendon metabolism [19], tendon healing [9], tenocyte viabil-
ity [20], and tendon laxity [21]. Studies investigating the mechani-
cal properties of various tendons and ligaments in different
hormonal environments have found evidence of altered function
across sex [1,2]. The precise physiologic response of tendons and
ligaments to sex hormones is debated, with studies demonstrating
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a range of changes in response to estrogen, including diminished
adaptive response to exercise in females [22] or increases in colla-
gen expression [23], while others have found no differences in
cell proliferation or collagen expression [24].

Interestingly, the effects of sex hormones on musculoskeletal tis-
sues clinically appear to be tendon- or ligament-specific as well as
sex-specific. For example, up to 84% of Achilles tendon ruptures
occur in males [4] and previous studies done in rats demonstrate
decreased modulus of the male Achilles tendon, which may explain
the clinical disparity in rupture rates [3]. The increased incidence of
Achilles tendon ruptures in males may also be related to sex differ-
ences in gastrocnemius muscle fiber diameter [4] or differences in
peak plantar flexion moment during running with increased tendon
loading [25,26]. Similar to the Achilles tendon, quadriceps ruptures
also occur four to eight times more often in men [8]. Conversely,
anterior cruciate ligament (ACL) tears occur more commonly in
young women [27]. However, studies assessing mechanical proper-
ties have been inconclusive with some noting increased ACL laxity
[7] and changes in the mechanical properties of the patellar tendon
[5] during the female menstrual cycle, while others have found no
differences with hormonal cycles [28] or following ovariectomy
[29]. This may be related to an increased quadriceps-to-hamstring
strength ratio in females [30] or sex differences in knee joint anat-
omy and biomechanics [31-35]. These biomechanical differences
are also seen when comparing pre- and postpubertal females, fur-
ther implicating sex hormones in these injuries [36], although this
has not been consistently demonstrated [31].

With respect to the shoulder, sex has not been demonstrated
to be a clear risk factor for rotator cuff tears in most clinical
studies [37—40], although epidemiological reports are conflicting
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[6,37,41]. Female athletes have been found to have increased
posterior shoulder laxity [42]; however, others have not found sex
differences in the mechanical properties of the glenohumeral cap-
sule [43]. Decreased estrogen levels in postmenopausal women
have been proposed to increase the rate of asymptomatic degener-
ative rotator cuff tears [44]. Males, however, have also been found
to have an increased rate of acute full thickness supraspinatus
tears compared to females [6]. Ultimately, the effects that sex hor-
mones have on the mechanical properties of the supraspinatus ten-
don are unknown.

The objective of this study was to investigate how sex and hor-
mone differences in rats affect supraspinatus tendon and muscle
properties. We hypothesized that male supraspinatus tendons
would have increased cross-sectional area but no differences in
tendon material properties and muscle composition compared to
females. We also assessed similarities across tendons by relating
our findings in the supraspinatus tendon to recently reported sex
differences in the Achilles tendon [3]. Due to the clinical differen-
ces in the rates of Achilles rupture and supraspinatus tears across
sex, we expected that the sex differences seen in the Achilles ten-
don would differ from the supraspinatus tendon.

Methods

Animals. Shoulders were collected from 60 adult male
(n=20), female (n=20), and ovariectomized female (OVX)
(n=20) Sprague-Dawley rats at approximately 5 months of age
(OVX was performed 6 weeks prior to sacrifice in relevant sub-
group) that had been previously sacrificed and frozen. Achilles
tendons had been previously harvested from these male, female,
and OVX rats in an IACUC approved study [3] at the University
of Pennsylvania. Right supraspinatus tendons (n = 12/group) were
allocated to fatigue testing and left supraspinatus tendons (n =12/
group) were used for ramp-to-failure testing. Supraspinatus mus-
cle samples (n=8/group) were harvested from separate adult
male, female, and OVX Sprague-Dawley rats (n=8/group) for
fiber analysis. Tendons and muscles were prepared, tested, and
analyzed in a blinded fashion.

Mechanical Testing. Supraspinatus—humerus complexes were
isolated and prepared for mechanical testing, as described [45].
Briefly, muscle was fine dissected from the tendon and Verhoeff’s
stain lines were placed at the bony insertion site and 8 mm dis-
tally. Tendon cross-sectional area was measured using a custom
laser device [46]. Humeri were secured in polymethyl methacry-
late and cyanoacrylate was used to secure the tendon between two
pieces of sandpaper, leaving an 8 mm gage length (Fig. 1). A cus-
tom fixture was used to secure the potted samples in an Instron
ElectroPuls E3000 (Norwood, MA) affixed with a 250 N load
cell. Samples were submerged in a 37°C 1x phosphate buffered
saline bath and preloaded to 0.1 N prior to undergoing one of two
protocols. Left supraspinatus tendons underwent a ramp to failure
to assess quasi-static properties while right supraspinatus tendons
underwent a second protocol that measured stress relaxation,
viscoelastic, and fatigue properties:

(1) Protocol 1: preconditioning followed by a ramp to failure at
0.1% strain/s [3,47].

(2) Protocol 2 [3]: preconditioning, stress relaxation to 6%
strain, a low strain dynamic frequency sweep (10 cycles
at 0.1, 1, 5, and 10 Hz), followed by fatigue testing until
failure (tendons were cycled between 7% and 40% max
stress at 2 Hz) (Supplemental Fig. 1 is available under the
“Supplemental Data” tab for this paper on the ASME digi-
tal collection) [3,48-50].

The loads selected for each group were based on the average
maximum stress during ramp to failure testing. This was done to
ensure that tendons in different groups were tested at the same
stress. To permit comparisons between groups, sex-specific
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Fig. 1 Pretest supraspinatus tendon. Tendons were secured in
custom grips prior to undergoing ramp to failure or fatigue ten-
sile testing. Verhoeff’s stain was used to delineate the junction
between the humeral head and tendon as well as 8 mm distally
(concealed by grip). Dots were applied to the humeral head and
tendon to permit optical tracking.

fatigue protocols were designed such that male tendons cycled
between 2 and 11 N and female/OVX tendons cycled between 2
and 7 N during fatigue loading.

Force—displacement data were used to calculate failure load,
percent relaxation, transition strain (the strain at the intersection
of the toe and linear regions of the stress—strain curve as deter-
mined from a bilinear fit of tensile loading data), maximum stress,
and toe and linear modulus and stiffness. Stain dots placed at the
tendon midsubstance and insertion and images were captured
throughout testing for optical strain measurement. The visco-
elastic parameter dynamic modulus (the ratio of the amplitudes of
the stress and strain sinusoids) was calculated during both fre-
quency sweep phase of the test, |Elg.q, and during fatigue loading,
|Elgy. |Elg,, was estimated between 7 and 40% maximum stress,
which was the linear region of the load displacement curve
[51-53]. The phase angle 6 was calculated at steady-state at a
given frequency as the product of the constant frequency f and the
delay between the nth strain peak and the corresponding nth stress
peak, termed “(f,—t,)” (Eq. 1). The measured values for tan ¢
were calculated by this equation at all frequencies tested (Supple-
mental Fig. 2 is available under the “Supplemental Data” tab for
this paper on the ASME digital collection).

0 =2nf(t, — t,) (D

Peak strain, hysteresis, and laxity (measure of tendon slack length)
were calculated from force—displacement data acquired during
fatigue testing. Laxity is a measure of tendon slack length defined
as the percentage change in nonrecoverable tendon length com-
pared to its pretest length measured continuously throughout
cyclic loading, calculated by Eq. (2). L, is the initial length of the
specimen and Lg is the length at any given point during fatigue
loading measured at a constant force. Although all samples had
identical testing protocols in our study, this parameter is depend-
ent on the testing protocol applied
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Fig. 2 Supraspinatus quasi-static and viscoelastic properties. Male tendons were significantly larger than female and OVX
tendons and OVX tendons were significantly larger than female tendons (a). There were no significant differences in transition
strain (b) or percent relaxation (c) across sex. Data represented as mean and standard deviation. Significant differences are
indicated by solid bars (p<0.05/3) and trends are indicated by dashed lines (p<0.1/3).
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Tendon and Muscle Sample Collection. For samples assigned
to histological analysis, the supraspinatus muscle, tendon, and
humeral head were collected en bloc at the time of sacrifice, as
described [45]. The supraspinatus muscle body was excised and
embedded in optimal cutting temperature compound, frozen with
N-methylbutane in liquid nitrogen, and stored at —80°C.
Tendon—bone complexes were fixed in 4% paraformaldehyde and
processed using standard paraffin techniques [45]. Fresh frozen
axial sections (10 um) of the muscle belly were collected and
stored at —80 °C prior to immunofluorescent staining for muscle
fiber analysis.

Tendon Histology. Tendon-bone samples designated for histo-
logical assessment (n = 8/group) were sagittally sectioned (7 um)
and stained with Hematoxylin-Eosin or Safranin-O/Fast Green
using previously established protocols. The tendon insertion and
midsubstance were imaged and cell shape and cell density were
calculated using commercial software (BIOQUANT OsTEO II).

Muscle Histology. Muscle sections were thawed at room tem-
perature for 10 minutes and stained for muscle fiber analysis using
established protocols [45]. Sections were blocked with 4% BSA in
phosphate buffered saline and were then incubated with primary
antibodies against laminin (1:100, L9393, Sigma Aldrich; St.
Louis, MO), myosin heavy chain (MyHC) type 1 (1:100, BA-DS),
MyHC type 2a (1:100, SC-71), and MyHC type 2b (1:100, BF-F3).
Anti-MyHC antibodies were developed by Stefano Schiaffino and
were obtained from the Developmental Studies Hybridoma Bank
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(University of lowa) [54]. Visualization of primary antibodies was
achieved with fluorescent secondary antibodies (antirabbit IgM
Alexa 488, 1:100 goat antimouse IgG2b DyLight 405, 1:400 goat
antimouse IgG1 Alexa 488, and 1:500 goat antimouse IgM Alexa
546, respectively). Expression of MyHC2x was determined by
characterization of unstained fibers. Coverslips were mounted with
ProLong Gold Antifade. Images from the superficial and deep
regions of the muscle were obtained and imaging planes were used
to calculate the Feret diameter. Fiber size and fiber type distribu-
tion were characterized using the MATLAB smAsH application [55].

Statistical Analysis. Data were tested for normality and one
way ANOVAs with posthoc Student’s t-tests with Bonferroni cor-
rections (o =0.05/3) were used to evaluate differences between
groups for mechanical and immunohistochemical properties.
Kruskal-Wallis tests with posthoc Dunn’s tests were employed for
non-normal data sets. All data are presented as mean * standard
deviation.

Results

Mechanical Properties. Cross-sectional area was significantly
increased in male supraspinatus tendons compared to both female
and OVX tendons, and OVX tendons were significantly larger
than female tendons (Fig. 2(a)). There were no significant differ-
ences in transition strain or percent relaxation (Figs. 2(b)
and 2(c)). All groups had similar toe or linear moduli (Fig. 3(a));
however, male tendons had increased stiffness at toe and linear
strain levels (Fig. 3(b)). Regional differences in modulus across
groups were not identified and male and OVX tendons were sig-
nificantly stiffer than female tendons (data not shown). |Elg., was
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Fig. 3 Toe and linear modulus and stiffness. There were no differences in toe or linear moduli
across groups (a). Male supraspinatus tendons were stiffer than female and OVX tendons in
toe and linear regions (b). Data represented as mean and standard deviation, n=12/group.
Significant differences are indicated by solid bars (p<0.05/3) and trends are indicated by

dashed lines (p<0.1/3).
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Fig. 4 Dynamic properties. Male supraspinatus tendons had significantly decreased |Elseq
than female and OVX tendons (a). There was a trend toward an increase in tan(d) in females
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5Hz and males at 10 Hz. Data represented as mean and standard deviation, n = 12/group. Sig-
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Fig. 5 Fatigue properties. Male supraspinatus tendons had significantly decreased |El;,; than
female and OVX tendons (a) while females had decreased ki, compared to other groups (b).
Hysteresis was greater in male tendons than female and OVX tendons (c). There were no sig-
nificant differences in laxity at 50% fatigue life (d). Data represented as mean and standard
deviation, n=12/group. Significant differences are indicated by solid bars (p<0.05/3) and
trends are indicated by dashed lines (p<0.1/3).

decreased in male tendons compared to female and OVX tendons
(Fig. 4(a)) and there were few differences in tan(d) across sex
(Fig. 4(b)). |El¢, was also decreased in male tendons compared to
female and OVX tendons (Fig. 5(a)) and kg, was decreased in
female tendons compared to other groups (Fig. 5(b)). Compared
to other groups, male tendons had increased hysteresis throughout
testing (Fig. 5(c)) but no change in laxity at 50% of the total num-
ber of cycles to failure during fatigue loading (Fig. 5(d)). Data
sets that were not normally distributed were tan(d) at 5 and 10 Hz.
All other data were normally distributed.

Muscle and Tendon Histology. Average muscle fiber size was
decreased in females compared to males (Figs. 6(a)-6(c)). Aver-
age muscle fiber size was increased in the superficial region of
muscle compared to the deep region in all groups (Supplemental
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Fig. 3 is available under the “Supplemental Data” tab for this
paper on the ASME digital collection). In all groups, type 2a
fibers in deep muscle had increased diameter compared to type 2a
fibers located superficially. There were no significant differences
in the distribution of fiber type in superficial and deep regions of
muscle across sex (Figs. 6(d) and 6(e)). In all groups, there was a
greater proportion of type 2a and type 2x fibers and a smaller pro-
portion of type 2b fibers in deep regions of muscle compared to
superficial regions. There were no significant differences in ten-
don cell density or cell shape (Figs. 7(a)-7(c)).

Discussion

The objective of this study was to investigate whether the
supraspinatus tendon exhibits differences in mechanical and
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Fig. 6 Supraspinatus muscle fiber characterization. Male, female, and OVX fresh frozen mus-
cle sections were stained for laminin (cell borders/red), MyHC type 2a (light gray/green), MyHC
type 2b (dark gray/blue), MyHC type 2x (black/unstained), and MyHC type 1 fibers (not pic-
tured) (a). Male fibers had increased average size compared to female fibers in deep (b) and
superficial (¢) muscle. There were no differences in regional distribution of fiber type across
sex in deep (d) or superficial (e) muscle. Data represented as mean and standard deviation,
n = 8/group. Significant differences are indicated by solid bars (p<0.05/3) and trends are indi-

cated by dashed lines (p<0.1/3).

immunohistochemical properties across sex and to relate them to
previously measured sex differences in the Achilles tendon. Clini-
cally, males and females exhibit differences in shoulder anatomy
and muscle function but differences in tendon function have not
been established. Contrary to our hypothesis, differences in the
mechanical properties of the supraspinatus were seen across sex.
The decreased dynamic modulus calculated during fatigue
loading and increased hysteresis of male supraspinatus tendons
compared to females suggests that they respond differently to
cyclic loading and are less able to resist deformation under stress.
Previous work [3] showed that the quasi-static and dynamic mod-
uli of the male Achilles tendon are about 50% of the female
Achilles tendon. Interestingly, results revealed a tendon-specific
response to sex. Unlike male supraspinatus tendons that are larger,
but maintain similar tendon material properties compared to
female supraspinatus tendons, male Achilles tendons display
decreased material properties compared to female Achilles ten-
dons [3]. This supports the clinical discrepancy in sex on Achilles
injuries unlike the supraspinatus tendon [4,56]. Further mechanis-
tic evaluation comparing these tendons is required in future

Journal of Biomechanical Engineering

studies. The ability of male supraspinatus tendons to behave simi-
larly to female and OVX tendons when loaded quasi-statically but
not under fatigue loading also suggests that mechanical properties
of the supraspinatus tendon not only differ across sex, but are also
influenced by the way in which the tendon is loaded. This further
indicates that sex differences in tendons may be affected by fac-
tors other than their hormonal environment. Interestingly, the
cross-sectional area and stiffness of tendons from ovariectomized
females was greater than that of normal female tendons, which
implies that ovarian hormone withdrawal affects tendon structure.
Other studies have also noted changes in estrogen deficient ten-
dons and ligaments [2] including decreased tensile strength of the
ACL [57], reduced collagen turnover [9], increased fiber diameter
[58], and decreased inflammatory response after injury [9].
Tendon-specific variation in mechanical properties was deter-
mined by comparing these data to previously established sex-
specific Achilles tendon data determined from the same animals
[3]. Interestingly, the sex differences seen in the supraspinatus
tendon were distinct from those seen in the Achilles tendon
(Fig. 8). Male supraspinatus tendons had higher stiffness while
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Fig. 7 Supraspinatus tendon histology. Supraspinatus tendons from male, female, and OVX (a) rats are pictured. There were
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male Achilles tendons had lower elastic moduli when compared
to female supraspinatus and Achilles tendons, respectively. In
contrast to quasi-static properties, male supraspinatus and Achilles
tendons both exhibited significantly smaller |Elg.q and |Elg, than
female tendons, although the magnitude of this difference was
greater in Achilles tendons. Both supraspinatus and Achilles
tendons exhibited similar patterns of sex differences in cross-
sectional area, hysteresis, and kg, and no sex differences in tan(o).
This suggests that tendon mechanical properties are tendon-
specific as well as sex-specific.
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Fig. 8 Tendon-specific sex differences in mechanical proper-
ties. Ratio of male to female means were taken for each parame-
ter. Data that were significantly different between male and
female supraspinatus or Achilles tendons are indicated by *
and I, respectively. There were significant differences in
dynamic and fatigue mechanical properties in both supraspina-
tus and Achilles tendons. Male supraspinatus tendons had
higher stiffness while male Achilles tendons had lower elastic
moduli compared to female tendons. No direct comparisons
were made between supraspinatus and Achilles tendon prop-
erty male:female ratio. Achilles tendon data referenced here
has been previously published [3]. Dotted line represents a
ratio of 1.0. CA: cross-sectional area, TM: toe modulus, LM: lin-
ear modulus, TS: toe stiffness, LS: linear stiffness, DM: |Elseq
(1 Hz), TD: tan(d), H: hysteresis, SM: |El;,;, SS: Kqat.
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In contrast to the Achilles tendon, most clinical and epidemio-
logical reports do not find sex to be a significant risk factor for
rotator cuff tears [37,39], although this remains controversial.
One study found a higher overall incidence of rotator cuff tears
in females (90/100,000 versus 83/100,000), with middle aged
females (age 40-54) having an increased incidence of tears com-
pared to males, while young males (age 25-34) experienced
more tears than females of the same age [41]. Others have found
males to have an increased incidence of acute full thickness rota-
tor cuff tears [6]. Our findings are in agreement with this, but
unlike the Achilles tendon [3,4], the effect of the decreased mod-
ulus of male tendons may be difficult to capture in clinical stud-
ies. This may be because the supraspinatus tendon is not
subjected to the same physiological loads as the tendons and lig-
aments of the lower extremity. Rapid eccentric loading of the
Achilles tendon at loads that exceed the tendon’s ultimate
strength may result in rupture [59,60]. Reports of similar acute
traumatic ruptures of the supraspinatus tendon are uncommon
even in athletes [61], which suggests that the strength of the rota-
tor cuff muscles is insufficient to rupture a tendon that has not
been weakened by chronic degeneration. The supraspinatus ten-
don also experiences different strains in conjunction with the
rest of the rotator cuff at various abduction angles [62,63] and
different regions of the supraspinatus tendon have unique biome-
chanical properties [64,65], making it unlikely that a single uni-
axial force vector will rupture the entire tendon. This study
focused on the biomechanical and histological properties of the
supraspinatus tendon and muscle; however, sex differences in
neuromuscular control of the shoulder [13,14], shoulder strength
[66], and glenoid and cuff anatomy [10-12] may independently
affect the rate of rotator cuff tears.

Decreased estrogen levels in postmenopausal women may
increase the rate of asymptomatic rotator cuff tears [44]. This may
be related to decreased healing potential in estrogen deficient
tendons [9]. In this study, ovarian hormone withdrawal was found
to increase cross-sectional area, stiffness, and hysteresis, however,
no differences in histological parameters were seen. Although it is
possible that the time between ovariectomy and sacrifice was too
short to detect more subtle changes in tendon function, this time
frame was appropriate based on prior studies done in ovariectom-
ized rodents [3,67].
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Clinically, males and females often exhibit different injuries
and this study provides additional insight into potential reasons
for this. We used male, female, and ovariectomized rats to assess
the role that both sex and ovarian hormone deprivation have on
tendon mechanical properties. The inclusion of muscle fiber anal-
ysis helps define how the tendon-muscle unit differs across sex.
Directly measuring muscle force in future studies would allow us
to establish a direct connection between muscle fiber characteris-
tics and tendon mechanical properties. Nevertheless, this study is
not without limitations. First, the incidence of supraspinatus tears
is greatest during late adulthood and these rats were not aged. By
assessing the tendon at this time point, we established baseline
mechanical properties independent of age-related tendon degener-
ation. Second, sex hormone levels were not tested and phase of
menstrual cycle was not controlled for in female rats. Some stud-
ies indicate that the mechanical properties of other tendons do not
fluctuate with the normal menstrual cycle, however, this remains
controversial and this specific data is not available for the supra-
spinatus tendon [1,5,7,28,68—70]. Third, animals were selected
using the average weight at 5 months of age for male, female, and
OVX Sprague-Dawley rats. This may result in small differences
in tissue structure-function relationships based on increased varia-
tion in the precise age of the rats, however, it decreased variability
in tendon and muscle size within groups. Finally, the frequency
sweep protocol was organized such that low frequencies were
tested prior to high ones, therefore, the history effects of the slow
cycles cannot be entirely deconvoluted from the fast cycles. This
protocol, however, has been previously validated and facilitates
comparisons with prior work [71,72]. Male and female rat supra-
spinatus tendons have significantly different material properties,
which are different than those seen in the Achilles tendon, sup-
porting the notion that sex differences are tendon-specific and
may influence the types of injuries that men and women experi-
ence. Future work will study the rate and extent to which male
and female rats recover after rotator cuff injury and repair in order
to better assess the impact that these sex differences have on
injury processes and tendon healing.
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