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ABSTRACT

The"pectoralis major fiber regions contribute uniquely to the mobility and the stability of
the shouldér complex. It is unknown how age and sex influence the stiffness of these regions
during volitional contractions, but this knowledge is critical to inform clinical interventions
targeting the peetoralis major. The aim of the present study was to determine if the activation-
dependent stiffness of the pectoralis major fiber regions differs between the sexes and if it is
altered with age. Ultrasound shear wave elastography was used to acquire shear wave velocity
from the clavicular and the sternocostal fiber regions of 48 healthy participants, including 24
younger (12.males, 12 females, mean = SD age 25 + 4.1 years) and 24 older adults (12 males, 12
females, 552376 years). Participants performed vertical adduction and horizontal flexion torques
in neutral and 90° externally rotated shoulder positions, and one of the two shoulder abduction
positions (60> _and 90°) at varying torque magnitudes (passive, 15% and 30% of maximal
voluntary.eofitraction). Separate linear mixed-effects models were run for each fiber region and
shoulder position to determine if the activation-dependent stiffness differed between the sexes
and was altered in older adults. Age-related alterations in stiffness during volitional contractions
were obseryed in both fiber regions and were dependent on the task. Alterations in activation-
dependent stiffness due to age were more pronounced in females than males. Additionally,
females had greater stiffness than males during volitional contractions in both fiber regions. The
present findings provide the first line of evidence that the activation-dependent stiffness of the

pectoralis major fiber regions is influenced by sex and changes with age.

Keywords: muscle activation, muscle stiffness, shear wave elastography, ultrasound
1. INTRODUCTION

The pectoralis major enables mobility and stability of the shoulder complex. It consists of
two fiber regions, the clavicular and the sternocostal, which have divergent functions (Carlson,

2003; Corten et al., 2007; Fung et al., 2009; Haley & Zacchilli, 2014; Lee et al., 2017; Leonardis

This article is protected by copyright. All rights reserved


mailto:dlipps@umich.edu

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91

et al., 2017; Stegink-Jansen et al., 2011; Tobin, 1985; Wolfe et al.,1992). The clavicular region
primarily assists in humeral flexion and horizontal adduction (Ackland et al., 2008; Leonardis et
al.,, 2017; Paton & Brown, 1994), while the sternocostal region assists in humeral vertical
adduction, internal rotation, and extension against resistance (Ackland & Pandy, 2011; Leonardis
et al., 2017; Paton & Brown, 1994; Wolfe et al., 1992). Our research group previously observed
greater elasticity/of the sternocostal region while at rest and reduced muscle tissue homogeneity
with aging, particularly in females (Chodock et al., 2020). Since muscle stiffness is influenced by
tissue elasticity"and muscle architecture (Cui et al., 2008), it is unknown if these findings
translate to the stiffness of the pectoralis major during voluntary contractions. Addressing this
knowledge gaprean provide valuable information on the importance of considering sex and age
in designing” targeted interventions for the pectoralis major in healthy-aging adults and
individuals with neuromuscular pathologies.

Age and sex are critical factors to consider when assessing muscle properties. Aging is
associated with alterations in the architectural and structural properties of the muscle, impacting
functional indépendence and mobility (Buckwalter et al. 1993; Hill et al., 2010; McPhail et al.,
2014; Palazzo et‘al., 2014). However, alterations in structural properties due to age do not appear
to be uniform. across muscles. For example, under resting conditions, muscle elasticity increases
with age_insthe biceps brachii, the supraspinatus, and the sternocostal region of the pectoralis
major (Baumer et al., 2018; Chodock et al., 2020; Eby et al., 2015) and decreases in the lateral
gastrocnemius, rectus femoris, and middle trapezius (Akagi et al., 2015; Chodock et al., 2020).
No changessin muscle elasticity across the lifespan are observed in the soleus, anterior deltoid,
and the clavieular region of the pectoralis major (Akagi et al., 2015; Chodock et al., 2020).
During voluntary contractions, muscle elasticity increases with age in the supraspinatus (Baumer
et al., 2018). Moreover, differences in the structural properties between the sexes are present for
some muscles,.but not others. In particular, females have greater muscle stiffness while at rest
than males in.the biceps brachii and the soleus (Eby et al., 2015; Saeki et al., 2019), while no sex
differences_are observed in lateral and medial gastrocnemius and supraspinatus stiffness (Chino
& Takahaship2016; Saeki et al., 2019).

Examining the pectoralis major fiber regions during voluntary contractions can provide
invaluable insights into whether sex and age influence activation-dependent changes in muscle

stiffness. Therefore, the purpose of the present study was to determine the effect of sex and age
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on the stiffness of the clavicular and the sternocostal fiber regions during voluntary contractions.
We utilized ultrasound shear wave elastography (SWE) to measure the shear wave velocity
(SWV) from each fiber region during voluntary contractions. Shear wave velocity serves as an
indirect measure of muscle stiffness, as prior work indicates a direct relationship between shear
wave velocitymand muscle stiffness during muscular contraction (Bernabei et al., 2020). We
hypothesized, that_the older adults would exhibit lower activation-dependent stiffness than
younger ‘adults;“independent of the fiber region. We further hypothesized females would have
greater activation-dependent stiffness than males, independent of the fiber region. If age- and
sex-related differences exist, this will provide new insights into the structural properties of the
pectoralis majoerfiber regions to consider when examining pectoralis major function in healthy
individuals of those with neuromuscular pathologies.
2. METHODS
2.1 Study Participants

Forty-eight healthy younger and older adults (24 females, 24 males) with no history of
orthopedic offfeuromuscular shoulder injuries participated in this study (Table 1). This sample
size was determined using a-priori power analysis, which calculated a minimum sample size of
24 individuals based on a conservative effect size (f) of 0.25, four groups (2 age groups by 2 sex
groups), .an~alpha level of 0.05, and 80% power. Additional participants were recruited to
enhance study power. Forty-four of the 48 participants were right-hand dominant. Participants
were recruited through the University of Michigan’s online research study portal and flyers
posted across campus. The inclusion criteria were: 1) individuals between 18 to 30 years old or
between 50%and 60 years old; 2) no history of orthopedic and/or neuromuscular shoulder
dysfunction and injuries; and 3) recreationally active. Participants were excluded if they reported
a history of.neuromuscular shoulder dysfunction and upper extremity injury or surgery. Younger
adult group.included participants between 18 to 30 years old, while older adults group consisted
of individuals.between 50 to 60 years old. The University of Michigan Institutional Review
Board approved all study procedures (IRB# HUMO00152691), and written informed consent was
obtained from each participant before collecting any data.
2.2 Experimental Protocol

The participant was seated in a custom designed Biodex chair (Biodex Medical Systems,

Shirley, New York) with their dominant arm placed into a plastic, removable cast, as performed

This article is protected by copyright. All rights reserved



123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

in previous studies (Leonardis et al. 2017; Leonardis et al. 2019; Chodock et al. 2020). The cast
extended from the shoulder to the hand, fixing the elbow at 90° and the wrist in a neutral
position. Torso movement was restricted using a seatbelt and cushioned plates along the lower,
posterior back, and the left and right sides. Glenohumeral joint torques were measured using a
six-degrees-of-freedom load cell (45E15A4-M63J, JR3, Inc., Woodland, CA), which was
attached toithe/crank arm of the motor. The motor’s axis of rotation was aligned to the
glenohumeraljoint axis of rotation, approximated as the midpoint of a straight line connecting
the acromion™process to the anterior-most portion of the axillary fold. The coordinate
measurement system was defined as the motion of the humerus relative to the thorax (Y-X-Y
order) (Wugetqal, 2005). The motor was controlled in real-time using Matlab Simulink Real-
Time (2016a;Mathworks, Inc, Natick, MA).

Maximal yoluntary contractions (MVC) were collected at the start of each data collection
in six different torque directions: vertical adduction and abduction, horizontal adduction and
abduction, internal and external rotation with the participant’s arm positioned in 90° of elevation,
0° of the plane"of elevation, and 0° of axial rotation. Verbal encouragement was provided during
MVC performance to ensure maximal exertions were attained. The experimental protocol
consisted “of, four arm positions, including a combination of one of two shoulder rotation
positions,.nettral and externally rotated 90°, and one of two shoulder abduction positions, 60°
and 90°. These positions will henceforth be abbreviated as a combination of their rotation angle
(N for neutral or ER for externally rotated) and frontal (i.e., coronal) plane of elevation angle
(60° or 90°)#The order of shoulder positions (N60, N90, ER60, ER90) was randomized first by
the rotation pesition (i.e., N or ER) and then by the plane of elevation angle (i.e., 60° or 90°) for
each participant. At each shoulder position, the participant was asked to produce and maintain
isometric shoulder torques for approximately five seconds in the vertical adduction and
horizontal flexion. The magnitude of torque produced in each shoulder position was scaled to 0%
(e.g., at rest),..15%, and 30% of the participant’s MVC. The investigators observed the
performance.of both maximal and submaximal trials to insure the participant was executing each
trial correctlyrand without the involvement of the trunk. Participants repeated torques in each
direction and at each magnitude for a total of 20 trials per shoulder configuration (i.e., N60, N90,
ER60, ER90). A computer monitor was placed in front of the participant to provide visual

feedback of the target, which assisted with torque accuracy. An Aixplorer ultrasound
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elastography machine (Supersonic Imagine, Aix en Provence, France) connected to an SL15-4
linear transducer array was used to collect ultrasound SWE images (Optimization: Standard,
Persistance: Medium, Smoothing: 5, Frame Rate: 12 Hz) from the pectoralis major. Two
ultrasound SWE_images were collected per experimental condition from each fiber region,
resulting in 80.images collected per participant.

Ultrasound_SWE images from the clavicular and the sternocostal fiber region of the
pectorali§ major were collected during voluntary contractions. For the clavicular fiber region, the
ultrasound 'transducer was initially placed ~1 cm inferior to the clavicle over the muscle’s
midpoint and shifted inferiorly from the clavicle until it was located mid-belly over the clavicular
fiber regionsWhen imaging the sternocostal fiber region in male participants, the transducer was
initially placed =1 cm superior to the nipple. The transducer was then shifted superiorly until it
was located mid-belly over the sternocostal fiber region. In females, the sternocostal fiber region
was imaged by placing the transducer ~ 4 cm inferior to the sternoclavicular joint and then
moving it mferiorly until it was located mid-belly over the sternocostal fiber region. When
individual musele fascicles were identified on the B-mode ultrasound image, the orientation of
the ultrasound transducer was considered satisfactory. An elastography color map (2.5 cm x 1
cm) posittened within the muscle’s belly was superimposed over the B-mode image, which
provided_pix€l by pixel calculations of the participant’s SWV. The same investigator collected

all ultrasound images.

2.3 Data and'Statistical Analyses

The 'SWE images were exported from the ultrasound machine and analyzed using a
custom-written MATLAB algorithm (2015a, Mathworks Inc, Natick, MA, USA) to quantify
shear wave velocity and corresponding quality maps for each image (Lee et al., 2016; Lee et al.,
2017; Leonardis.et al., 2017). A region of interest encompassing the muscle belly of the fiber
region of the pectoralis major was manually selected by the same investigator for each image.
Adipose tissue'and the aponeurosis were excluded to mitigate bias in the muscle data. The region
of interest varied between the participants due to anatomical differences. The quality map for
each image was used to determine the accuracy of the SWV measures at each pixel within the
region of interest. Only the SWV with a quality map above 0.7 (out of 1.0) were included in

analyses. An external trigger was used to obtain an elastography image and collect two-seconds
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of torque data. Torque data were low-pass filtered at 500 Hz with a 6"-order analog Bessel filter.
Following this, the torque data were averaged across each 2-second trial and normalized to the
maximal voluntary contraction.

All statistical analyses were performed in MATLAB (2015a, Mathworks Inc, Natick,
MA, USA). The effect of age and sex on shoulder strength in the horizontal and vertical
directions was_tested using independent t-tests. Linear mixed-effects models were used to test
our primary hypotheses that 1) females will have a greater activation-dependent stiffness than
males irrespective of the pectoralis major fiber region and that 2) older adults will have a lower
activation-dependent stiffness than younger adults. Mean SWV was treated as an outcome
measure, whilgrage (older, younger) and sex (male, female) were between-subjects factors. Raw
torque was tréated as a continuous variable. Separate mixed-effects models were utilized for each
region within a posture (i.e., N60, N90, ER60, and ER90). We included age by sex interaction
terms within_our statistical framework to determine if age-related changes in stiffness during
volitional contractions differed by sex. Random effects controlled for variability at the subject
level. Bonfefonni corrected post-hoc comparisons were performed to determine if differences in
shear wave velocity existed between the groups and the sexes with increases in torque. For all
analyses, statistical significance was set to p < 0.05 and effect sizes for each factor were

calculated.as'partial eta-squared (1,?).

3.0 RESULTS

Youngerunales were stronger than younger females in vertical adduction (t;; =-5.31, p <
0.001; Tablesl) and horizontal flexion (t,; = -4.45, p < 0.001). Similarly, older males were
stronger than older females in vertical adduction (t); = -3.50, p = 0.002) and horizontal flexion
(tr, = -2.58, p =.0.016). No differences in strength existed between the younger and the older
males and females in vertical adduction and horizontal flexion strength (all p > 0.05).

The effeet of age and sex for both pectoralis major regions during each shoulder position
is visualizedqn shear wave elastography color maps, with representative data from younger and
older males and females (Figure 1). These images show greater activation-dependent stiffness in
both pectoralis major regions in females in comparison to males across tasks. Furthermore, the
color maps also show lower activation-dependent stiffness in the clavicular region and greater

activation-dependent stiffness of the sternocostal region in older females than younger females in
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ER60 and N60, respectively. The influence of age and sex on activation-dependent stiffness
within each task was examined using a linear mixed-effects model for each region (Table 2), and
the results of these findings are presented below.
The clavicular region

Females had greater shear wave velocity with increases in horizontal flexion torque than
males in N60. (p/<.0.001, n,*> = 0.06; Figure 2A) and N90 (p < 0.001, n,> = 0.10; Figure 2B).
Age did not"influence shear wave velocity in N60 (p = 0.21) or N90 (p = 0.88). Age and sex
influenced shearwave velocities in ER60 (p = 0.0065, n,> = 0.03; Figure 2C) and ER90 (p =
0.043, n,% = 0.01; Figure 2D). Younger females had greater shear wave velocities than younger
males with increases in horizontal flexion torque in the clavicular region in ER60 (p < 0.001; )2
= 0.29) and"ER90 (p < 0.001; n,? = 0.32). This was also observed in older adults, where older
females had greater shear wave velocities than older males with increases in horizontal flexion
torques in ER60 (p = 0.0015; n,> = 0.08) and ER90 (p < 0.001; n,2 = 0.18). Aging only
influenced activation-dependent stiffness in females in ER60, where older females had lower
shear wavevelogities than younger females with increased horizontal flexion torques (p < 0.001;
1,2 = 0.10). ' Wendid not observe such differences in ER90 (p = 0.047). Further, no differences in
shear wavewvelocity with increased horizontal flexion torque existed between younger and older
males in ER60 (p = 0.62) or ER90 (p = 0.47).
The sternocostal region

Age and sex influenced shear wave velocities of the sternocostal region in N60 (Age by
Sex interaction®p = 0.0011; n,*> = 0.04; Figure 3A). In terms of age effects, older females had
greater sheatswave velocity with increases in vertical adduction torques than younger females (p
=0.0058, 1p? = 0.06). Shear wave velocity was the same in younger and older males (p = 0.102).
Sex-related.differences were also observed in both older and younger adults in N60. Specifically,
older females.had greater shear wave velocities with increases in vertical adduction torques than
older males (p.<0.001, n,2 = 0.25). Similarly, younger females had greater shear wave velocities
than youngemimales with increases in vertical adduction torques (p = 0.0015, 1,2 = 0.08). In
ER60, older‘adults had lower shear wave velocities than younger adults (p = 0.0356, n,2 = 0.01),
while females had greater shear wave velocities than males (p < 0.001, n,*> = 0.05; Figure 3C)
with increases in vertical adduction torques. We also observed sex differences in N90 and ER90,

where females had greater shear wave velocities than males with increases in vertical adduction
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torques (both p < 0.001; N90: n,2 = 0.07; ER90: n,> = 0.09; Figure 3B and Figure 3D). Shear
wave velocities were not influenced by age in N90 (p = 0.52) or ER90 (p = 0.10).

4.0 DISCUSSION

This_study aimed to investigate if age and sex affect the activation-dependent changes in
the stiffness,of the pectoralis major fiber regions. First, we hypothesized that the older adults
would havelower activation-dependent stiffness than younger adults across tasks, independent of
the pectoralis'major fiber region. In contrast, we observed reduced activation-dependent stiffness
of the clavicular region and greater activation-dependent stiffness of the sternocostal region only
in the older females in comparison to younger females in ER60 and N60, respectively. We also
observed reductions in the activation-dependent sternocostal region stiffness in older adults in
ER60 compared to younger adults. Second, we hypothesized that females would have a greater
stiffness than males during voluntary contractions, which was supported by our results.

The'present study provides evidence that sex and age differentially affect the activation-
dependent changes to the stiffness of each fiber region of the pectoralis major. Older females
exhibited greater activation-dependent stiffness than younger females in the sternocostal region
when generating vertical adduction torques in N60. In contrast, activation-dependent stiffness
was reduced”in older females compared to younger females in the clavicular region when
generating horizontal flexion torques in ER60. These differences cannot be attributed to potential
age-relateddeclines in strength, as both groups exhibited similar strength in vertical and
horizontal difections. The present findings may reflect task-specific age-related alterations in the
activation ofithe’clavicular region given shear wave velocity increases with increases in muscle
activation (Chernak et al., 2013; Nordez & Hug, 2010; Yoshitake et al., 2014). While the
sternocostal region contribution to vertical adduction torques is greater at higher contractions in
N60, both regions equally assist in generating horizontal flexion torques in ER60 (Leonardis et
al., 2017). The.altered neuromuscular control of the clavicular region in older females may
prompt greater utilization of the sternocostal region to generate vertical adduction torques and
potentially rely, on other shoulder muscles to generate horizontal flexion torques. As such,
greater activation of the anterior deltoid or coracobrachialis may be observed in older females
during the generation of horizontal flexion torques. We also observed reductions in the

activation-dependent stiffness of the sternocostal region in older groups as participants generated
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vertical adduction torques in ER60. These findings indicate position-specific alterations in the
activation-dependent stiffness. The generation of vertical adduction torques in this position relies
on the contribution of both pectoralis major fiber regions (Leonardis et al., 2017). Therefore, it
may be that older. adults utilize differential neuromuscular strategy to generate vertical adduction
torques in this, position, such as greater reliance on the clavicular fiber region or greater
recruitment of other shoulder muscles.

Females™had greater activation-dependent stiffness than males irrespective of the
pectoralis major fiber region in all tasks. Since muscle activity modulates shear wave velocity,
differences'in the stiffness of these groups may be due to a neurally mediated muscle stiffening
effect (Chemakeet al., 2013). Sex and age-related differences in muscle activation, architectural
or neural properties are presently unknown for the pectoralis major fiber regions. Studies in other
muscles reportedigreater surface electromyography (EMG) amplitudes in females than males in
vastus medialis_and rectus femoris (Krishnan & Williams, 2009), tibialis anterior (Cioni et al.,
1994), and adductor pollicis (Visser & De Ruke, 1974) in submaximal tasks. Moreover, recent
studies usingyintramuscular electromyography reported higher motor unit discharge rates in
females than'males in tibialis anterior and vastus medialis in submaximal tasks (Inglis & Gabriel,
2020; Pengeet al., 2018). Lastly, differences in architectural properties, such as muscle fiber
pennationsangles and muscle fiber lengths, may contribute to the observed sex-related
differences in stiffness during volitional contraction. Lower pennation angles and longer muscle
fiber lengths are typically observed in females than males (Chow et al., 2000; Manal et al.,
2006). Interestingly, females in the present study generated lower torques than males but
required greater‘activation-dependent stiffness, indicating that males require less contribution or
activation 0f the pectoralis major fiber regions to generate greater shoulder torques. These
findings further indicate that differences in neural and architectural properties may be playing a
key role in the sex-related functional utility of the pectoralis major fiber regions. The neural and
architectural_properties, however, were not directly measured in the present study, limiting our
interpretations0f the present findings.

Thereware limitations that accompany the current study. Our findings may not translate to
elderly adults, as we did not evaluate any participants above 60 years old. There are known
alterations to neuromuscular properties, fiber quantity, and strength in individuals older than 60

(Baumgartner et al., 1995; Campbell et al., 1973; Fukumoto et al., 2015; Frontera et al., 2000;
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Hepple & Rice, 2016; Lexell et al., 1988), and it is reasonable to suspect these changes could
influence muscle stiffness. Our participants were predominantly recreationally active, and our
findings may not translate to sedentary or highly trained individuals. The tasks were performed
only in the frontal plane, although the pectoralis major contributes to shoulder joint torque
throughout the.range of motion. Further, participants generated torques only in two planes of
rotation and,MVCs were only obtained in a single posture (i.e. N90). Lastly, the tasks were
isometri¢'and’only examined up to 30% MVC as shear wave elastography has not been validated
above 60%"MVC'(Yoshitake et al., 2014).

These findings collectively provide the first in vivo evidence of age- and sex-related
differences dngstiffness of the pectoralis major fiber regions during voluntary contractions.
Alterations 1nthe activation-dependent stiffness of the clavicular fiber region are evident in older
females, indicating age-related changes in the role and utilization of the clavicular region. This
may influence an older female’s ability to produce horizontal flexion torques effectively. Further,
females have greater activation-dependent stiffness than males in both regions of the pectoralis
major, irrespective of age, but generate substantially less torque. These differences may indicate
divergent neural; architectural, and global activation properties of the pectoralis major fiber
regions between the sexes. Together, these findings suggest that sex and age are important
factors towsconsider when assessing and designing interventions targeting the function of
pectoralis major fiber regions in healthy adults and individuals with neuromuscular pathologies.
Moreover, differences between males and females characterized in this study may have critical

implicationgfin understanding the increased incidence of musculoskeletal injuries in females.
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Tables and.table captions
Table 1. General participant information (mean = SD). The asterisk indicates the significance
level betweensyounger females and males, and older females and males (* p < 0.05, *** p <

0.001).
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483

Characteristic Young Female Young Male Older Female Older Male
(n=12) (n=12) (n=12) (n=12)
Age (years) 25.1+43 25.0+£4.0 55.0+4.4 55.1+£2.7
Height (cm) 1654+ 7.1 177.6 £ 7.2 156.3+11.5 179.2+5.5
Weight (kg) 59.1£5.0 74.5 + 6.0 70.4 £ 16.6 799 +12.4
BMI (kg/m?) 21.5+1.9 23.8+£2.0 274+55 24.6 +3.1
Upper Arm Length (cm) 203+2.5 32.1£3.0 28.7+3.9 33.0+2.3
Forearm Length (cm) 260+ 1.6 28.1+£1.6 259+£2.7 203+£23
Vertical Adduction 53.9+ 15.6%**  103.4 £28.2%**  53.0+ 10.5%** 88.3 +33.2%**
Strength (Nm)
Horizontal Flexion 37.4 £ 14.7%** 66.9 £ 17.6%*** 44.3 + 8.9% 65.3 + 26.6*
Strength (Nm)
484
485
486  Table 2. Parameéter estimates of mean shear wave velocity with the standard error shown for
487  each variable within the linear mixed-effects model for each of the pectoralis major fiber regions
488 in each task. Significant parameters are bolded. The adjusted R? for each model is also shown.
489  The asterisk indicates the significance level (* p <0.05, ** p <0.01, *** p <0.001).
Mean Shear Wave Velocity (m/s)
Task | Measures Clavicular Sternocostal
N60 | intercept 3.94 (0.36)*** 2.74 (0.30)***
Torque 0.21 (0.02)%*** 0.12 (0.01)%***
Age*Torque -0.034 (0.024) -0.024 (0.014)
Sex*Torque (Reference: Female) 0.13 (0.03)%** 0.056 (0.02)***
Age*Sex*Torque (Reference: Female) | 0.019 (0.046) 0.099 (0.03)**=*
Adjusted R? for model 0.77 0.78
N90O | Intercept 4.12 (0.31)*** 3.33 (0.33)%**
Torque 0.19 (0.02)%*** 0.093 (0.010)***
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490
491
492
493
494
495
496
497
498
499
500
501
502
503
504

Age*Torque 0.003 (0.021) 0.009 (0.014)
Sex*Torque (Reference: Female) 0.16 (0.03)*** 0.094 (0.021)%**
Age*Sex*Torque (Reference: Female) | -0.016 (0.041) 0.015 (0.030)
Adjusted R? for model 0.79 0.76

ER60 | Intereept 4.71 (0.30)*** 3.36 (0.28)%**
Torque 0.17 (0.02)%*** 0.11 (0.01)%***
Age*Torque -0.009 (0.023) -0.030 (0.014)*
Sex*Torque (Reference: Female) 0.22 (0.03)%**=* 0.071 (0.019)***
Age*Sex*Torque (Reference: Female) | -0.12 (0.05)** 0.054 (0.028)
Adjusted R? for model 0.75 0.78

ER90 | Intercept 4.81 (0.29)%** 4.37 (0.27)%**
Torque 0.14%** (0.02) 0.07 (0.01)%***
Age*Torque 0.016 (0.021) -0.021 (0.013)
Sex*Torque (Reference: Female) 0.22 (0.03)%** 0.097 (0.019)%**
Age*Sex*Torque (Reference: Female) | -0.081 (0.040)* 0.012 (0.028)
Adjusted R? for model 0.78 0.69

Figure captions

Figure 1. Representative shear wave elastography maps for each pectoralis major fiber region.
Each row shews the images from a representative young female, young male, older female, and
older male gparticipant. Each column represents the resultant color map for a given task (N60,
N90, ER60, and ER90). Warmer colors indicate higher shear wave velocities, and cooler colors
indicate lower shear wave velocities. Note the high shear wave velocities in females in
comparisons to males, irrespective of the task. These color maps indicated lower shear wave
velocities weresebserved for the clavicular region in older females in ER60 when compared to
younger females: Higher shear wave velocities were observed in the sternocostal region in older

females in N60 when compared to younger females.
Figure 2. Influence of age and sex on mean shear wave velocity in the clavicular fiber region for

each task while producing horizontal flexion torques at rest, 15%, and 30% MVC. White filled

circles represent young females; yellow filled circles represent young males; red filled squares
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represent older females, and orange filled squares represent older males. The resultant fit of the
linear mixed effects model for each group is presented as lines of best fit with shaded regions
(white solid line: young females; yellow solid line: young males; red solid line: older females;
orange solid line: older males). A: N60. Females had higher shear wave velocities than males. B:
N90. Females:had higher shear wave velocities in comparison to males. C: ER60. Older females
had lower shear wave velocities than younger females, and females had higher shear wave

velocities than'males. D: ER90. Females had higher shear wave velocities than males.

Figure 3. Influence of age and sex on mean shear wave velocity of the sternocostal fiber region
for each task while producing vertical adduction torques at rest, 15% and 30% MVC. White
filled circles‘represent young females; yellow filled circles represent young males; red filled
squares representiolder females, and orange filled squares represent older males. The resultant fit
of the linear mixed effects model for each group is presented as lines of best fit with shaded
regions (white solid line: young females; yellow solid line: young males; red solid line: older
females; orange'solid line: older males). A: N60. Note the higher shear wave velocities in older
and younger'females in comparison to older and younger males. Older females also had higher
shear wavesvelocities in comparison to younger females. B: N90. Higher shear wave velocities
were observed in females than males. C: ER60. Older adults had lower shear wave velocities
than younger adults, and females had higher shear wave velocities in than males. D: ER90.

Higher shear wave velocities were observed in females in comparison to the males.
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