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Abstract 

The pectoralis major, a large, multipennate muscle, assists in shoulder complex mobility 

and stability. Although its highly intricate architectural properties allow it to contribute to many 

upper extremity tasks, its exact role in typical shoulder function is ambiguous. Due to this, the 

pectoralis major is typically classified as an ‘exercise’ muscle; its functional relevance to daily and 

occupational tasks dismissed, and its purpose in arm movements diminished. However, mounting 

evidence associates direct or indirect injury to this muscle to debilitating long-term arm disability. 

A more deliberate investigation of its role in typical shoulder function is paramount for developing 

targeted treatments, exercises, and rehabilitation protocols. Therefore, this dissertation aimed to 

establish critical foundational knowledge on regional pectoralis major neuromusculoskeletal 

control in males and females.  

Study 1 demonstrates that current electromyographic (EMG) methods misrepresent 

pectoralis major activation in several tasks and effort levels in healthy males. It proposes a holistic 

framework, combining high-density surface electromyography (HD-sEMG) and neural decoding. 

This framework allows for an investigation of the spatial distribution of whole pectoralis major 

activation, with in-depth insights into its neural and neuromuscular control. In study 2, 

methodological challenges in EMG acquisition from pectoralis major in females are addressed, 

demonstrating that HD-sEMG signals in the array overlaying the breast have low amplitudes and 

high mean power frequency. However, the acquisition of HD-sEMG signals from the top regions 

of the pectoralis major in females is achievable. Studies 3 and 4 evaluated the activity of the 

pectoralis major in healthy females. These studies showed predominantly middle sternocostal 

region involvement in adduction, internal rotation, and extension, while clavicular regions 

specifically contributed to flexion and horizontal adduction. Further, characterization of pectoralis 
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major activation in males (Study 5 and 6) revealed lower sternocostal region involvement in tasks 

requiring adduction, internal rotation, and extension. All three regions assisted in flexion and 

horizontal adduction. Lastly, study 7 revealed high discharge rates of motor units at low effort 

levels and reliance on motor unit recruitment to increase force.  

Findings from this dissertation have broad implications in fundamental and clinical 

sciences. First, the scope of this work represents the first transformative step in understanding the 

role of pectoralis major in typical shoulder function. Second, it addresses several methodological 

limitations and challenges that currently limit the ability to investigate its intricate control. Lastly, 

current findings inform surgical procedures involving pectoralis major resection or disinsertion, 

rehabilitation or exercise protocols aimed at regional pectoralis major recovery, and fundamental 

studies, aimed at understanding the complexities of shoulder function. This dissertation’s 

outcomes collectively highlight the utility of examining the neuromusculoskeletal control of the 

pectoralis major and its significance in numerous tasks.    
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Chapter 1: Introduction 

1.1 Motivation 

  Arm mobility relies on the coordinated activation of multiple muscles within the shoulder 

complex, with the pectoralis major often contributing. The pectoralis major is a singularly large, 

multi-functional muscle located on the anterior aspect of the chest. The multiple attachments have 

a high contribution to arm mobility, specifically in the tasks involving vertical and horizontal 

adduction, internal rotation, flexion, and extension against resistance. Although the pectoralis 

major is an acknowledged contributor to arm mobility and stability, it is sometimes characterized 

as solely crucial in exercise tasks, with scientific and clinical claims going as far as labeling it as 

not necessary for typical shoulder function (Hoffman and Elliott, 1987; Paterson et al., 2004; David 

et al., 2012; Mooers et al., 2015; Sanchez et al., 2017). However, these views largely stem from a 

minimal understanding of the pectoralis major’s role in typical shoulder function.  

 Complications arise in the precise interpretation of the electromyographic (EMG) signals 

in numerous studies examining the pectoralis major activation using classic EMG. Typically, EMG 

signals are acquired from the superior regions (i.e., clavicular and superior sternocostal; for 

examples, see Cram and Kasman, 1998 or Hermens and Freriks, 1997), although electrode location 

and orientation on the sternocostal region can vary between studies. Inferences regarding its 

activation and (dys)function are commonly drawn based on these recordings. However, the 

middle/lower sternocostal and abdominal regions are architecturally divergent (Fung et al., 2009), 

have independent innervation (Haladaj et al. 2019), attach to a separate tendon (Fung et al. 2009), 

and assist in arm mobility alongside the superior regions (Paton and Brown, 1994; Brown et al. 

2007; Wickham et al. 2004; 2012). These anatomical complexities suggest a problematic 

mischaracterization of the pectoralis major activation in fundamental and exercise studies.   
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The lack of recognition of the pectoralis major’s importance in typical shoulder function 

led to the development of surgical procedures that compromise shoulder function and health. These 

procedures include: (1) breast reconstruction surgeries, which disinsert middle-to-inferior regions 

of the pectoralis major from its origin to accommodate and support the breast implant, and restore 

the natural look of the breast (Cemal et al. 2013; Nelson et al. 2018); (2) head and neck 

reconstruction surgeries following cancer, which disinsert or resect various regions of the 

pectoralis major (Liu et al. 2001); and (3) surgeries involving the restoration of scapular 

movement, which use the whole sternocostal region as a transplant to correct for scapular winging 

(Iceton and Harris, 1987; Post, 1995). In these procedures, it is commonly assumed that other intact 

shoulder muscles will adapt and compensate for the losses resulting from the pectoralis major 

disinsertion or resection (Brumback et al. 1992; Clough et al. 2002). However, mounting evidence 

suggests that resection or disinsertion of the pectoralis major leads to reductions in shoulder 

strength (~20-26%), range of motion, increased shoulder instability, decreased shoulder stiffness, 

and consequently, substantial arm disability (de Haan et al. 2007; Moukarbel et al. 2010; Hage et 

al. 2014; Leonardis et al. 2018; 2019). Ultimately, these deficits negatively affect the ability to 

return to work, perform functional tasks, and contribute to the development of secondary shoulder 

pathologies (Ebaugh et al. 2011; Jagsi et al. 2017).  

Therefore, this dissertation’s primary purpose was to investigate and characterize 

fundamental pectoralis major activation and neural control using high-density surface 

electromyography (HD-sEMG) to establish critical foundational knowledge on regional pectoralis 

major function in healthy cohorts. This dissertation begins with a literature review exploring the 

following themes: 1) the pectoralis major anatomy, from architecture to function; 2) the pectoralis 

major activation, including a brief overview on the influence of subcutaneous tissue on EMG 
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amplitude and frequency spectrum; 3) motor unit overview, including methods to evaluate motor 

unit recruitment and discharge rate; 4) overview of current methodological limitations evaluating 

the pectoralis major activation with a summary of the advantages of using HD-sEMG; and 5) an 

overview of shoulder restrictions following the pectoralis major injury.  
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Chapter 2: Literature Review 

2.1 Pectoralis Major Anatomy 

The pectoralis major is a multipennate muscle located on the anterior, superficial aspect of 

the chest and consists of three regions: the clavicular, sternocostal, and abdominal (Figure 1). It 

originates from the mid clavicle, sternum, ribs, and the external oblique fascia and converges into 

a bilaminar tendon, which inserts into the intertubercular groove of the humerus (Wolfe et al., 

1992; Fung et al., 2009). The clavicular region spans multiple shoulder joints, including the 

sternoclavicular and glenohumeral, while the sternocostal and abdominal regions cross the 

glenohumeral and intercostal joints. The architecture of each fiber region varies, suggesting a 

versatile and differential function.   

 

Figure 1:  Representation of the typical divisions of the pectoralis major muscle: the 

clavicular, sternocostal, and abdominal region. Adapted and modified from Gray, 

1990.  
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2.1.1. General description of architectural properties 

Mechanically, skeletal muscle generates power, force and produces movement, allowing 

for the maintenance of functional independence. Architectural properties of the skeletal muscle 

have considerable effects on force development and production (Narici, 1999), as muscle fibers 

are arranged relative to the axis of force generation (Huijing, 1992; Lieber, 1992; Roy and 

Edgerton, 1992). Skeletal muscles are commonly defined based on the physiological (PCSA) or 

anatomical cross-sectional area (ACSA), muscle fiber pennation angle (PA), and fiber or muscle 

fascicle length.  

The physiological or anatomical cross-sectional area is related to the muscle’s functional 

capability. Both are measured in a plane perpendicular to the muscle fibers or horizontally across 

the widest part of the muscle belly. Mathematically, PCSA is quantified as the ratio of the muscle 

volume to fascicle length, multiplied by the cosine of the pennation angle (Wickiewicz et al., 1983; 

Powell et al., 1984). Several studies demonstrated that ACSA is positively correlated with muscle 

strength and power (Lieber and Friden, 2000; Masuda et al., 2003; Ikegawa et al., 2008). Further, 

ACSA is closely related to muscle thickness and muscle volume in the lower (Abe et al., 1997; 

Miyatani et al., 2002; Ogawa et al., 2012; Franchi et al., 2018) and the upper extremity muscles 

(Miyatani et al., 2004; Akagi et al., 2010; Yasuda et al., 2010; Takai et al., 2011; Yi et al., 2012).  

In particular, muscle thickness has a linear relationship with muscle ACSA or muscle volume in 

the biceps brachii (Miyatani et al., 2004; Akagi et al., 2010), triceps brachii (Miyatami et al., 2004), 

pectoralis major (Yasuda et al., 2010), supraspinatus (Yi et al., 2012), psoas major (Takai et al., 

2011) and vastus lateralis (Franchi et al., 2018).  

Pennation angle is closely related to the muscle’s cross-sectional area and force output. 

Morphologically, muscle is divided into parallel and pennate muscles. Muscle fibers either lay 
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parallel to the muscle’s line of action or converge into a tendon at an angle (Gans and de Vree, 

1987). Pennation angle is the muscle fibers' angle relative to their attachment to the deep 

aponeurosis (Fukunaga et al., 1997). Attachment of the muscle fibers at an angle allows for a 

greater number of muscle fibers to be packed and exert a force on the aponeurosis (Zajac, 1989; 

Infantolino and Chalis, 2014). Specifically, the larger the pennation angle and muscle volume, the 

greater the physiological cross-sectional area, and therefore, force-producing capacity. 

Fiber length refers to the length of individual muscle fibers and is a determinant of the 

force-length relationship. Since the individual muscle fibers are challenging to differentiate and 

experimentally identify, the whole fascicles’ length is often quantified. This measurement involves 

identifying the origin and insertion of the muscle fascicles on the superficial and deep aponeuroses 

(Franchi et al., 2018). In general, longer fibers have a higher capacity for contractile speed (Abe 

et al., 2000; Wickiewicz et al., 1984).  

2.1.2. Pectoralis major architecture 

Architectural properties of the pectoralis major were investigated in cadavers and living 

humans, albeit in a limited capacity. Studies in cadavers delineated the sternocostal region into 

multiple partitions, ranging from one to seven (Table 1). In contrast, the clavicular region 

predominantly consisted of one region, although one study found two partitions within this region 

(Wickham et al. 2004). In general, the sternocostal region has a larger physiological cross-sectional 

area, pennation angle, muscle fascicle and tendon length, and volume than the clavicular region 

(Langenderfer et al. 2004; Fung et al. 2009). Additional studies quantified the pectoralis major 

muscle thickness in healthy young males pre-training (Yasuda et al., 2010; Mangine et al., 2015, 

2018). In one study, the cross-sectional area and muscle thickness were evaluated using resonance 

magnetic imaging and ultrasound. However, the ultrasound measurements were limited to a single 
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location - at the mid-clavicle between the third and the fourth costal cartilage [(i.e., mid 

sternocostal region) Yasuda et al., 2010]. In contrast, Mangine et al. evaluated muscle thickness 

and cross-sectional area at the second rib (2015, 2018). Differences in protocols and anatomical 

landmarks resulted in cross-sectional area estimates between 12-87.7 cm2.  

2.1.3. Compartment (partitional) differences in architecture 

Muscle compartments or partitions, with apparently differential functions, exist in many 

animal and human skeletal muscles. Such distinct regions appear in multiple multifunctional 

shoulder muscles, such as the supraspinatus (Kim et al., 2007), infraspinatus (Fabrizio et al., 2014), 

subscapularis (Warden et al., 2014), and upper trapezius (Jensen and Westgaard 1995; 1997). This 

compartmentalization suggests potential distinct mechanical requirements of each muscle 

partition, enabling force production in multiple directions (Carrasco et al., 1999; Staudenmann et 

al., 2009).  

Four anatomical studies of the pectoralis major muscle demonstrated greater architectural 

complexity than previously thought (Table 1). These studies showed compartmentalization of the 

sternocostal and abdominal region into four and three individual compartments (Lewis, 1901; 

Ashley, 1953; Wickham et al. 2004; Fung et al., 2009), which may have mechanical advantages 

for complex humeral mobility. In general, the muscle fiber bundle pennation angle and fiber 

bundle length vary between partitions. The abdominal region has the largest lateral pennation angle 

compared to the sternocostal and clavicular regions. In contrast, partition three within the 

sternocostal region has the longest fiber bundle length (Fung et al. 2009). Another study assessed 

the volume, muscle length, and cross-sectional area of each partition in male cadavers (Wickham 

et al. 2004). In this study, partition one had the largest volume and cross-sectional area, while 

partition five had the smallest. Muscle length was the longest for partition five and shortest for 
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partition one. Collectively, architectural differences between and within regions imply potential 

differential functional contributions.  
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Table 1: Mean ± standard deviation of architectural parameters from cadaver studies. PCSA: 

physiological cross-sectional area; S1-6: sternocostal partitions; C1-2: clavicular partitions 

Study Muscle 

Regions 

Pennation 

Angle (°) 

Fiber Length 

(mm) 

PCSA (cm2) Volume 

(cm3) 
Lewis, 1901 Two: clavicular 

and sternocostal 

(segmented: s1-

s6) 

Not reported Not reported Not reported Not reported 

Ashley, 1952 Two: clavicular 

and sternocostal 

(segmented: s1-

s5) 

Not reported Not reported Not reported Not reported 

Wolfe et al. 1992 Two: clavicular 

and sternocostal 

(segmented: s1-

s2) 

Not reported *measures derived 

from figure 

Clavicular: ~160 

S1: ~175 

S2: ~180 

S3: ~ 184 

S4: ~180 

S5: ~160 

S6: ~140  

Not reported Not reported 

Lee et al. 2000 Two: clavicular 

and sternocostal 

(segmented: s1-

s2) 

Not reported Not reported Not reported Not reported 

Langenderfer et al. 

2004 

Two: clavicular 

and sternocostal 

(not segmented) 

Clavicular: 17 ± 1 

Sternocostal: 25 ± 

5 

Clavicular: 154 ± 

25 

Sternocostal: 171 

± 7 

Clavicular: 3.07 ± 

0.70 

Sternocostal: 5.68 

± 0.12 

Not reported 

Wickham et al. 

2004 

Two: clavicular 

(segmented: c1 – 

c2) and 

sternocostal 

(segmented: s1-

s4) 

N/A C1: 14.9  

C2: 17.1  

S1: 17.5 

S2: 19.4 

S3: 19.2 

S4: 20.3 

 

*reported CSA 

C1: 2.4  

C2: 3 

S1: 1.6 

S2: 1.7 

S3: 1.8 

S4: 1.3 

 

C1: 36.3  

C2: 50.8  

S1: 27.3 

S2: 33.9 

S3: 35.5 

S4: 26.6 

 

Holzbaur et al. 

2007 

One Not reported 20.2 ± 2.2 15.9 ± 8.3 290 ± 169 

Fung et al. 2009 Two: clavicular 

and sternocostal 

(segmented: s1-

s7) 

Overall: 22.7 ± 3.5 

Clavicular: 29.4 ± 

6.9 

Sternal overall: 

20.6 ± 2.7 

S1: 19.2 ± 5.5 

S2: 14.4 ± 5.4 

S3: 17.3 ± 2.7 

S4: 14.3 ± 3.4 

S5: 24.2 ± 5.1 

S6: 25.9 ± 9.3 

S7: 34.9 ± 11.6 

Overall: 16.1 ± 1.1 

Clavicular: 15 ± 

0.8 

Sternal overall: 

16.4 ± 1.2 

S1: 16.7 ± 1.7 

S2: 16.5 ± 1.2 

S3: 18.2 ± 1.7 

S4: 17.4 ± 2.1 

S5: 17.3 ± 1.1 

S6: 15.4 ± 2.7 

S7: 15.4 ± 1.5 

Not reported Not reported 
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2.1.4. Moment arms 

 The length of regional moment arms in the pectoralis major depended on the task and arm 

posture and was quantified across the range of motion in abduction, flexion, and internal rotation. 

In adduction, the longest moment arms were quantified in the middle and inferior (i.e., 

sternocostal) regions between 40° - 60° of arm abduction compared to the clavicular region 

(Ackland et al. 2008). In contrast, the clavicular region had short moment arms between 0 and 50° 

of arm abduction. It had a progressively longer abductor (negative) moment arm from 60° to 120° 

of arm abduction (Ackland et al. 2008). These findings indicate that the middle and inferior regions 

have a greater mechanical advantage to produce adductor torque than the clavicular region 

throughout the abduction range of motion.  

During flexion in the scapular plane, the superior pectoralis major had the longest flexion 

moment arm of all three regions (~50 mm), specifically between 50° to 90° of arm abduction, 

while the middle pectoralis major had a slight flexor moment arm, specifically between 20° to 60° 

of arm abduction (Ackland et al. 2008). In contrast, the inferior region had an extension (negative) 

moment arm that increased from 50° to 120° of arm abduction (Ackland et al. 2008). Therefore, 

the clavicular region has the highest mechanical advantage to flex, while the inferior regions are 

primarily acting as extensors.  

Internal rotation moment arms changed length in both abduction and flexion. During the 

abduction, the inferior and middle sternocostal regions had longer internal rotation moment arms 

than the clavicular region, particularly from 30° to 90° of arm abduction (Ackland and Pandy, 

2011). During flexion, the middle and inferior pectoralis major had the longest internal rotation 

moment arms throughout the range of motion (Ackland and Pandy, 2011). A single study evaluated 

compartmental or partitional moment arms in the anatomical position (Wickham et al. 2004). This 
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study demonstrated that the second clavicular compartment and first and second sternocostal 

compartments have the longest flexor and adductor moment arms (Wickham et al. 2004).  

 

2.2. Pectoralis major function 

Broadly, pectoralis major assists in vertical and horizontal adduction, flexion, internal 

rotation, and extension against resistance. Vertical adduction is the movement of the arm 

downwards, towards the torso in the vertical plane. Horizontal adduction is the movement of the 

arm across the torso in the horizontal plane. The sternocostal and clavicular regions contribute 

differentially to arm tasks. Specifically, the sternocostal region assists in vertical/horizontal 

adduction and internal rotation, while the clavicular region assists in horizontal adduction, internal 

rotation, and flexion (Jansen et al., 2005; Stegink-Jansen et al., 2011; Leonardis et al. 2017). 

However, each region's mechanical advantage changes throughout the arm range of motion, as 

described below in the context of moment arms.  

Several studies defined and classified pectoralis major regions as prime movers, synergists, 

or antagonists and examined their activation alongside other muscles (i.e., latissimus dorsi and 

deltoid) in several tasks that require pectoralis major activity. For the pectoralis major regions, the 

prime movers and synergists were defined as regions with an agonist moment arm, although 

synergists had shorter agonist moment arms (Wickham et al. 2012). The prime movers also had 

early activations, were active for the duration of the task, and had high EMG amplitudes compared 

to other regions. A synergist activated after the prime mover and had shorter activation (Brown et 

al. 2007). Lastly, an antagonist had an antagonist moment arm and typically activated significantly 

after the prime movers/synergists. In adduction, the sternocostal and abdominal regions of the 

pectoralis major and all regions of the latissimus dorsi activated early to initiate a task and stayed 
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active for the duration of the task (Wickham et al. 2012). Therefore, the pectoralis major's 

sternocostal and abdominal regions acted as prime movers alongside the latissimus dorsi regions 

(Brown et al. 2007; Wickham et al. 2012). In contrast, the clavicular region and the seventh region 

of the deltoid acted as synergists in adduction (Wickham et al. 2012). Other deltoid regions acted 

as antagonists due to their late activation and antagonist moment arms (Wickham et al. 2012). In 

flexion, the clavicular region activated early, acting as a prime mover with the deltoid (Brown et 

al. 2007). In comparison, some sternocostal regions activated later and acted as a synergist, except 

for region four of the pectoralis major, which activated significantly later (Brown et al. 2007). This 

region acted as an antagonist in flexion. Lastly, in extension, the latissimus dorsi, deltoid, and third 

region of the pectoralis major activated early and acted as prime movers (Brown et al. 2007).  

2.3. Pectoralis major innervation 

The pectoralis major receives descending neural input from the lateral (C5-C7) and medial 

(C8-T1) pectoral nerves, which branch off from the medial and superior trunk of the brachial 

plexus, respectively. Information regarding regional pectoralis major innervation is currently 

inconclusive. Some studies report that the medial pectoral nerve innervates the abdominal regions 

(lower 1/3; Manktelow et al. 1980; Wolfe et al. 1992; Wickham et al. 2004; Haladaj et al. 2019) 

solely. On the other hand, the lateral pectoral nerve divides into two branches. The superior branch 

innervates the clavicular region, and the inferior branch innervates the superior and middle 

sternocostal regions (Wickham et al., 2004; Haladaj et al. 2019). In contrast, other anatomical 

studies demonstrated that the lateral pectoral nerve supplies the clavicular region, while the medial 

pectoral nerve innervates the sternocostal region (Tobin, 1985; Gardetto et al., 2003; Macchi et al., 

2007). Three pectoral nerves were identified in 15 fresh cadavers (David et al., 2012). This study 
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demonstrated that the superior pectoral nerve innervates the clavicular region, while the middle 

and inferior pectoral nerves innervate the sternal and abdominal regions, respectively.  

2.4. Investigating pectoralis major activity and neural properties 

2.4.1. Pectoralis major activation in males and females 

 Existent fundamental pectoralis major activation data exists from a limited number of 

studies, which used classic EMG to record its activation. In males, regional pectoralis major 

activation depends on the task, and, in some instances, the effort level (Paton and Brown, 1994; 

Wickham et al., 2004; 2012). Specifically, isometric tasks involving vertical adduction and 

extension activate the inferior pectoralis major regions at low or high efforts compared to the 

clavicular, superior, and middle regions (Paton and Brown, 1994). Further, the superior pectoralis 

major regions (mainly sternocostal) activate highly during horizontal adduction. In contrast, the 

clavicular regions activate highly during forward flexion, irrespective of the effort level (Paton 

and Brown, 1994). However, in vertical adduction and flexion, all three regions may also activate 

to the same magnitude (Wickham et al. 2004). Shoulder muscle activity is spatially dependent. For 

example, both the clavicular and superior sternocostal regions activated highly in tasks requiring 

horizontal pulls (McDonald et al. 2012). The clavicular regions are also activated highly in 

downward pulls (Nadon et al. 2016).  

In contrast, information on fundamental pectoralis major activation in females is scarce. In 

a single study that examined sex-related differences in shoulder muscle activation, differences 

between males and females emerged in horizontal flexion, whereby males had higher EMG 

amplitudes than females. In comparison, females had significantly higher EMG amplitudes in 

horizontal extension and internal rotation (Anders et al. 2004). In Anders et al.’s study, the 
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horizontal extension, defined as the arm's extension in the horizontal plane from 90° of arm 

elevation and 0° of the plane of elevation and axial rotation, will be referred to as extension for the 

remainder of this thesis. However, this study acquired EMG signals from a single pectoralis major 

location (i.e., the superior sternocostal region), and therefore, the extent of activity in other 

pectoralis major regions is unknown.  

2.4.2. Surrounding shoulder muscle activation 

 Several studies examined the activity of other shoulder muscles alongside the pectoralis 

major. The activation and the contribution of these muscles depended on their anatomical moment 

arms, task, and arm posture. Adduction elicited high activations in the latissimus dorsi and deltoid 

(Brown et al. 2007; Wickham et al. 2012). In internal rotation, the latissimus dorsi and 

subscapularis activate highly (Brookham and Dickerson, 2016; McDonald et al. 2017). In flexion 

and horizontal adduction, the anterior deltoid and the latissimus dorsi have high activations (Brown 

et al. 2007; Rockwood Jr., 2009). Lastly, in extension, the posterior deltoid and the latissimus dorsi 

activate highly with the pectoralis major (Ekholm et al. 1978; Rockwood Jr., 2009; Brown et al. 

2007). 

2.4.3. Tissue effects on sEMG amplitude and frequency: Implications for investigating pectoralis 

major activity in females  

 Detection of muscle activity depends on multiple factors, such as the distance between the 

electrodes and the muscle and the biological tissue content between the two. Depolarized muscle 

fibers generate an electric field that is spatially spread throughout the tissue and at the skin surface. 

The nature of this spread depends on the composition and conductivity of the tissue between the 

bioelectric source and the electrodes. A thorough understanding of the volume conduction must 
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inform the correct interpretation of the EMG signal, particularly in females. The biological tissue 

is regarded as a passive, three-dimensional volume conductor (Clark and Plonsey, 1966; 

Rosenfalck, 1969; Plonsey, 1974; Roeleveld et al., 1997a; Farina et al., 2004b), acting as a 

temporal low-pass filter (Gath and Stalberg, 1976; Lindstrom and Magnusson, 1977; De Luca, 

1979). An inverse power relationship exists between the sEMG amplitude and the motor unit 

action potential (Ekstedt and Stalberg, 1973; Gath and Stalberg, 1979; Roeleveld et al., 1997a). 

Specifically, the increase in subcutaneous tissue widens the motor unit action potential (Blok et 

al., 2002a; Farina et al., 2004b) and decreases its amplitude (Farina et al., 2004b). This reduces the 

spatial selectivity and removes information on the shapes of motor unit action potentials (Farina 

and Holobar, 2016).  

Studies investigating the effect of tissue thickness on signal amplitude and frequency 

consistently show reductions in sEMG amplitude and mean power frequency. In general, the 

amplitude of the EMG signal decays with the inverse of the x-th power of the distance from the 

source (x = 1.2-1.4) (Ekstedt and Stalberg, 1973; Gath and Stalberg, 1979; Roeleveld et al., 1997; 

Staudenmann et al., 2010). Overall, high EMG amplitudes are quantified in individuals with lower 

subcutaneous tissue thickness in multiple muscles (Hemigway et al., 1995; Roeleveld et al., 1997; 

Farina and Rainoldi, 1999; Farina et al., 2002; Kuiken et al., 2003; Nordaner et al., 2003; Al 

Harrach et al. 2017). In addition to reductions in sEMG amplitude, mean power frequency is 

reduced with increases in subcutaneous tissue thickness (Roeleveld et al., 1997; Farina et al., 2002; 

Staudenmann et al., 2010).  

The thickness of the subcutaneous tissue layer and the distance between the sEMG 

electrode and the muscle influence the relationship between EMG signal amplitude and EMG 

amplitude cancellation. The sEMG amplitude depends on the net motor unit activity or recruitment 
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and discharge rate of active motor units. Active motor units closest to the EMG electrode dominate 

the recorded sEMG signal. As the force level progressively increases and motor units are recruited, 

the mean power frequency also increases due to higher muscle fiber conduction velocity 

(Andreassen and Arendt-Nielsen, 1987). Increases in the contraction level amplify the EMG 

amplitude's cancellation, resulting from the algebraic summation of positive and negative phases 

of the motor unit action potentials (Keenan et al., 2005). 

Additionally, the sEMG detection distance relative to the muscle contraction is ~1-1.5 cm 

(Fuglevand et al., 1992). However, in instances where large motor units are active, the detection 

area may increase to ~3.5 cm (Fuglevand et al., 1992). Although largely superficial in males, the 

pectoralis major muscle is located deep to the breast/subcutaneous tissue in females. The distance 

between the sEMG electrode and pectoralis major depends on the female’s breast anatomy, 

including breast size and location of the breast tissue distribution. Therefore, the ability to acquire 

pectoralis major activation in females may depend on breast tissue thickness. For example, in 

females with low breast tissue, more information regarding the pectoralis major activation may be 

acquired.  

2.5. Motor unit overview 

The motor unit consists of the alpha motor neuron located in the ventral horn of the spinal 

cord, its axon, and muscle fibers that are innervated by the same axon (Sherrington, 1925). The 

role of motor units is to convert neural input from the central nervous system into the muscle force, 

which is crucial in the generation of movement (Heckman and Enoka, 2012). Synaptic input 

arriving from the central nervous system converges onto alpha motor neurons. From here, the 

synaptic input is converted into trains of action potentials that are relayed from motor neurons to 

the innervated muscle fibers, eliciting a contraction of all muscle fibers innervated by the motor 
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unit (Enoka and Duchateau, 2015). The axon of each alpha motor neuron projects as a peripheral 

or cranial nerve to the target muscle (Enoka and Duchateau, 2015), innervating on average 300 to 

thousand muscle fibers, depending on the muscle size (Enoka and Fuglevand, 2001). Muscle fibers 

belonging to a single motor unit are commonly distributed throughout the muscle and intermingle 

with muscle fibers innervated by other motor neurons. In some muscles, the fibers are confined to 

discrete neuromuscular compartments, which correspond to the muscle regions innervated by that 

peripheral nerve.  

2.5.1. Motor unit recruitment and discharge rate (Rate coding) 

Motor units play a role in force production/control through several different mechanisms. 

The magnitude of muscle force is dependent on the concurrent motor unit recruitment and 

modulation of the rate at which motor neurons discharge action potentials (i.e., rate coding or 

discharge rate; Duchateau et al., 2006). The recruitment of motor units is progressive and occurs 

according to Henneman’s principle (Henneman et al., 1965), whereby motor units are recruited 

based on size, from smallest to largest. For example, during voluntary contractions, motor units 

innervating the fewest number of muscle fibers (i.e., the smallest, low threshold motor units) are 

recruited first. Therefore, the ability to precisely grade force during submaximal contractions 

depends on the size and the number of low threshold motor units in the muscle. 

In contrast, large (high threshold) motor units are recruited when contractions are powerful 

or rapid (Enoka and Duchateau, 2015). Therefore, at high contractions, the recruitment of motor 

units increases only if the motor neuron pool's discharge rate is high. Hence, most motor units are 

recruited during weak (i.e., low force) contractions, with progressively fewer recruited at moderate 

and high contractions. The motor unit recruitment is modulated by the alpha motor neuron pool's 

input and output of the alpha motor neuron pool to the muscle fibers (Heckman and Enoka, 2012). 
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The electrical output generated by the motor unit depends on the rate at which the motor neuron 

discharges action potentials (Enoka and Duchateau, 2015). Motor unit physiology was examined 

in multiple shoulder muscles, such as the upper trapezius and biceps. No studies to date, however, 

evaluated motor unit physiology in pectoralis major.  

2.6. Methodological considerations: Advantage of high-density surface electromyography  

Global features of muscle activation are commonly investigated using classic, low-spatial 

resolution or fine wire EMG, while motor unit physiology is evaluated with indwelling EMG. Each 

of these methods has some inherent limitations in capturing the activation of multifunctional, large 

muscles such as the pectoralis major. These limitations are briefly discussed below, with an 

alternative, more objective, non-invasive method presented (i.e., high-density surface 

electromyography) to evaluate muscle activity and neural decoding concurrently.  

The most widely used method to investigate pectoralis major activity is low spatial 

resolution EMG in bipolar mode. A waveform acquired using classic or fine wire EMG results 

from active motor units located within the electrode's detection volume. Therefore, this method 

typically allows for signal acquisition from a small region of the muscle. Global properties of 

muscle activation are commonly investigated, such as amplitude [e.g., root mean square (RMS)] 

and power spectral components [e.g., mean and median power frequency]. However, depending 

on the location of signal acquisition and the number of electrodes, classic EMG methods may not 

represent the whole muscle's activation, particularly in large muscles, such as the pectoralis major. 

Also, the detection of regional differences in muscle activation may not occur with this method. 

The pick-up area of low spatial resolution EMG is relatively small when considering the muscle's 

size. 
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Further, multifunctional, compartmentalized muscles exhibit a heterogeneous spatial 

distribution of EMG amplitude that is dependent on the force level (Holtermann et al. 2005; 

Holtermann and Roeleveld, 2006; Holtermann et al. 2008) and may also depend on the task. The 

spatial distribution provides information on the distribution of electrical potential on the skin 

surface during a muscle contraction, which could be related to motor unit distribution or motor 

unit recruitment within different compartments (Farina et al. 2008). In addition, the classic EMG 

cannot be used to identify the neural contribution to muscle activity (Martinez-Valdes et al. 2018), 

limiting its usefulness in interpreting any changes, differences, or alterations in muscle activation. 

On the other hand, indwelling EMG, which involves the insertion of electrodes into the muscle, is 

typically used to examine motor unit physiology. However, this method is invasive, elicits slight 

discomfort, only allows for the acquisition of EMG signals from a small region of the muscle (i.e., 

within the indwelling electrode detection area), and only a few motor units can be discriminated 

from these recordings (Farina and Holobar, 2016).  

The more recent development of high-density (multichannel) surface electromyography 

(HD-sEMG) systems, however, has enabled concurrent investigation of the global features of 

muscle activation and monitoring of active motor units (Merletti et al. 2008; Holobar et al. 2009; 

Farina and Holobar, 2016; Negro et al. 2016a). HD-sEMG consists of an array of electrodes spaced 

close to one another and provides a non-invasive approach to investigate neural and neuromuscular 

properties in muscles where the insertion of the needles is not desirable (Merletti et al. 2008). 

Coupled with the decomposition algorithms based on blind source separation (Farina et al. 2004; 

Holobar et al. 2009; Negro et al. 2016a), HD-sEMG allows for the identification of many 

concurrently active motor units. The convolutive blind source separation algorithm uses semi-

automatic statistical methods to identify motor unit spike trains and extracts information regarding 
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motor unit discharge rates (Holobar and Zazula, 2007; Farina and Holobar, 2016; Negro et al. 

2016a). This algorithm was validated using a two-source method in the abductor digiti minimi and 

the tibialis anterior (Negro et al. 2016) for a broad range of forces. Further, its accuracy was also 

validated in animals (Thompson et al. 2018) and healthy or compromised human muscles 

(Hyngstrom et al. 2018; Martinez-Valdes et al. 2018; Murphy et al. 2018; Perreira et al. 2019; 

Kapelner et al. 2019; Cogliati et al. 2020; Martinez-Valdes et al. 2020). 

HD-sEMG, therefore, combines the main advantages of classic surface and indwelling 

EMG, capturing muscle activity with a high spatial and temporal resolution, which creates unique 

opportunities for pectoralis major investigations. Acquisition of EMG signals from the whole 

muscle in males captures information on pectoralis major activation and neural control, providing 

unparalleled information on holistic neuromusculoskeletal control of this muscle. Additionally, 

using HD-sEMG to acquire pectoralis major activation in females has multiple advantages. First, 

classic sEMG recordings can acquire signals from approximately two independent pectoralis major 

locations in females prior to breast tissue affecting the signal's quality. In contrast, HD-sEMG 

provides a tool to capture the activity from multiple, available locations (i.e., whole clavicular, 

superior, and middle sternocostal regions), breaking new ground in acquiring and characterizing 

pectoralis major activity in females. Secondly, examining pectoralis major motor unit physiology 

using indwelling EMG (i.e., needle) in females is challenging, highly invasive, and inadvisable 

due to the unknown side effects of such methods on breast tissue. With HD-sEMG, therefore, these 

limitations and challenges are circumvented.    

2.7. Overview of shoulder restrictions following pectoralis major injury  

 Insights into potential functional contributions of pectoralis major regions to arm mobility 

emerge by evaluating pectoralis major comorbidities. In general, injuries to the pectoralis major 
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are rare, although the number of cases increased in frequency in the past 20 years (ElMaraghy et 

al., 2012). The most common activities causing pectoralis major rupture are weightlifting 

(typically bench press), wrestling, rugby, gymnastics, and boxing (de Castro Pochini et al. 2014; 

Butt et al. 2015). Injuries to the sternocostal and abdominal regions elicit on average 8% to 40%  

reduction in vertical or horizontal adduction, internal rotation, extension, or flexion strength, as 

well as extension range of motion (Pavlik et al. 1998; Schepsis et al. 2000; Hanna et al. 2001; 

Provencher et al. 2010; de Castro Pochini et al. 2013; Marsh et al., 2020). In case of injuries, 

surgical repair of the pectoralis major results in recovery of strength (~99%) and functional 

outcomes (~ 97%) more than conservative treatment (~56%; Bak et al. 2000; Hanna et al. 2001; 

Cordasco et al. 2017) and is recommended in individuals who are young and active (Provencher 

et al. 2010). Long-term reductions in vertical adduction strength (~30%) and trends towards 

reductions in internal rotation strength occur in females who undergo subpectoral breast 

reconstruction surgery, which involves disinsertion of inferior sternocostal and abdominal regions 

of the pectoralis major (Leonardis et al. 2019). In addition, these females also have reduced (~30%) 

shoulder stiffness during vertical adduction (Leonardis et al. 2019). Further, limitations in flexion 

and extension range of motion exist in individuals whose pectoralis major is used as a pedicled 

flap to reconstruct the head and neck following cancer (Moukarbel et al. 2010). Additionally, 

pectoralis major transfers aimed at restoring scapular movement typically result in reductions in 

adduction strength (Iceton and Harris, 1987; Post, 1995).  

2.8 Conclusion 

This literature review provides an overview of (1) basic properties of muscle architecture 

and motor units; (2) a novel method to evaluate the spatial distribution of muscle activity and 

extract neural properties using HD-sEMG; and (3) pectoralis major architectural properties, 
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broadly defined function, activation, and injury as it relates to pectoralis major function. The 

pectoralis major is morphologically complex and is commonly depreciated in typical shoulder 

function and health. This is partly due to the limited understanding of its contribution and 

importance in arm mobility. This dissertation addresses several critical methodological challenges 

that currently prevent deeper insights into the pectoralis major’s sophisticated and complex 

function. Further, it provides an unparalleled characterization of pectoralis major 

neuromusculoskeletal control in males and females through holistic examinations of global muscle 

activation and neural decoding, leading to significant biomechanical and neuroscientific advances. 

Lastly, this dissertation's findings can be used to guide surgical decision-making and rehabilitation 

strategies following pectoralis major compromise. The purpose of the experiments to follow are 

twofold: (1) to investigate regional pectoralis major activation in healthy males and females in 

tasks typically requiring pectoralis major activation; and (2) to investigate the neural control of 

pectoralis major to understand better the mechanisms behind neural components of mechanical 

force production within this muscle. Each study’s aims and hypotheses are outlined below (Figure 

2). 

Study 1 examines whether the standard placement of classic EMG electrodes mischaracterizes 

whole pectoralis major activation. The following hypotheses were made:  

Hypothesis 1: The EMG amplitudes in the lower sternocostal region derived with HD-sEMG will 

be larger compared to EMG amplitudes from upper sternocostal regions derived by classic EMG, 

specifically in adduction, internal rotation, and extension tasks.  

Hypothesis 2: The HD-sEMG and neural decoding approach will provide additional information 

on neuromuscular and neural properties related to the global EMG activation. 
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As Study 1 demonstrates, current methods do not capture whole pectoralis major activity. A novel, 

more holistic framework combining HD-sEMG and neural decoding is proposed for future studies 

investigating its neuromusculoskeletal control. This framework shows that decomposing HD-

sEMG signals into neuromuscular and neural properties can provide additional information 

regarding the pectoralis major’s neuromusculoskeletal control.   

Characterization of pectoralis major activity is particularly challenging in females due to 

the muscle's location with respect to the breast. Currently, the effect of varying breast tissue 

thickness on HD-sEMG amplitude and mean power frequency is unknown, making it challenging 

to (1) determine if pectoralis major activation acquisition is feasible in all females and (2) identify 

the exact location (i.e., row of HD-sEMG array) at which the signal quality substantially declines 

to the level of inherent noise. Therefore, the purpose of Study 2 was to inform methods and data 

analyses in Studies 3 and 4, as well as inform on methodological considerations in any future 

studies that examine HD-sEMG signals in females. The following hypotheses were made:  

Hypothesis 1: Females with the largest breast tissue thickness (i.e.,> 10 cm) will have lower EMG 

amplitudes across pectoralis major regions than females with low breast tissue thickness.  

Hypothesis 2: HD-sEMG mean power frequency will be significantly less in females with large 

breast tissue thickness than those with low breast tissue thickness.  

Studies 3 and 4 build on the findings from Study 2 and focus on characterizing regional 

pectoralis major activation in females using data only from the superior HD-sEMG array. 

Currently, no foundational knowledge on regional pectoralis major activation exists in females. 

However, this knowledge is essential, considering sex-related differences in muscle activity and 

neural control exist in other muscles (Anders et al. 2004; Bouffard et al. 2019; Cid et al. 2019). 
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Additionally, establishing typical activation of pectoralis major in females is vital for improving 

guidelines relating to the prevention of injury, rehabilitation, exercise, and surgical procedures 

(i.e., breast reconstruction surgeries). The following hypotheses were made:  

Hypothesis 1: In adduction 90, adduction 60, apprehension, extension, and internal rotation middle 

sternocostal region will have higher normalized EMG amplitude than the clavicular and superior 

sternocostal region.  

Hypothesis 2: In flexion, the clavicular region will have higher normalized EMG amplitude than 

the superior and middle sternocostal region.  

Hypothesis 3: In horizontal adduction, clavicular and superior sternocostal regions will have 

higher EMG amplitude than the middle sternocostal region.  

 Studies 5 and 6 examines global activation of pectoralis major in males, establishing 

critical knowledge on regional pectoralis major contribution to a range of tasks. Previous studies 

characterizing pectoralis major activity using classic EMG captured the activation from a small 

region of the muscle and directly placed several EMG electrodes on the innervation zones (Paton 

and Brown, 1994; Brown et al. 2007; Wickham et al. 2004; 2012). The distance of the EMG 

electrodes overlaying each of the compartments was small (~30 mm as per Paton and Brown, 

1994), increasing the possibility of capturing the activation of the surrounding regions. Further, 

the authors did not investigate pectoralis major activity in internal rotation or abduction 90 with 

adduction external 90 (i.e., ADDER90). These two tasks are highly relevant, as the pectoralis 

major is described as an internal rotator alongside subscapularis and latissimus dorsi, while 

adduction external 90 is typically the task in which the pectoralis major is injured during exercise. 

Therefore, Studies 5 and 6 aimed to examine the spatial distribution of the whole pectoralis major 
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activation using HD-sEMG, bypassing some of these limitations. The following hypotheses were 

made:  

Hypothesis 1: In adduction 90, 60, adduction external 90, internal rotation (60 and 90), and 

extension, lower sternocostal regions will have higher normalized EMG amplitude than clavicular 

and superior sternocostal regions.  

Hypothesis 2: In flexion, the clavicular region will have higher normalized EMG amplitude than 

superior and lower sternocostal regions.  

Hypothesis 3: In horizontal adduction, the clavicular and superior sternocostal regions will have 

higher normalized EMG amplitude than lower sternocostal regions.  

   In Study 7, neural and neuromuscular control of pectoralis major is for the first time non-

invasively explored in males and females, showing atypical motor unit behaviour. Gaining insight 

into these properties is essential, considering the importance of spinal motor neurons in mechanical 

force generation. Across Studies 3, 4, 5, and 6, EMG activity either did not change or increased 

across effort levels. However, the exact mechanisms behind changes in EMG amplitude could not 

be deciphered. Therefore, this study aimed to complement global EMG findings and elucidate how 

neural and neuromuscular properties contribute to change in effort level, leading to essential 

findings on how pectoralis major may modulate force across efforts. The following hypotheses 

were made:  

Hypothesis 1: The discharge rate of motor units will increase with the effort level, indicating 

reliance on motor unit rate coding to increase the effort level.  

Hypothesis 2: Motor unit action potential amplitude will increase with the effort level, indicating 

the influence of the neuromuscular properties on the sEMG amplitude.  
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Figure 2: Dissertation experiments. Study 1 investigated if the current evaluation of EMG activity using classic EMG electrodes underestimates the 

pectoralis major's activity and proposed a framework to holistically investigate its neuromusculoskeletal control using a combined HD-sEMG and neural 

decoding approach in healthy males. Black circles on the first set of images indicate the standard location from which the pectoralis major activity is 

currently investigated. The second set of images shows that acquiring HD-sEMG from the whole muscle can provide more information regarding the global 

activity and neural and neuromuscular properties. Study 2 is a methodological study in females, which examined the effect of varying breast tissue 

thicknesses on HD-sEMG signal amplitude and mean power frequency in healthy females. The findings of Study 2 were used to inform methods in studies 

3 and 4. Studies 3, 4, 5, and 6 investigated fundamental regional pectoralis major activation in healthy females (3 and 4) and males (5 and 6) in eight tasks 

across multiple effort levels. Lastly, Study 7 culminated by evaluating pectoralis major neural control (i.e., motor unit physiology) in males and females.   
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Chapter 3. Framework for investigation of the pectoralis major neuromusculoskeletal 

control: A combined high-density surface electromyography and neural decoding approach 

 

3.0. Abstract 

Pectoralis major assists in several shoulder movements, including humeral vertical and 

horizontal adduction, flexion, extension, and internal rotation. Despite its involvement in 

numerous daily, work, and exercise activities, its neuromusculoskeletal control is mostly unknown 

and understudied. The purpose of this study was to outline knowledge gaps in the current 

understanding of pectoralis major control, challenges in acquiring relevant quantitative data, and 

provide a framework to enhance functional pectoralis major knowledge. A novel framework is 

proposed combining high-density surface electromyography (HD-sEMG) recordings with a neural 

decoding algorithm. Macroscopic and motor unit level analyses are used to investigate pectoralis 

major activation and neural control in eight tasks in low (15-25% MVE) and moderate (50% MVE) 

efforts in healthy males. Virtually derived bipolar EMG amplitudes were quantified for clavicular 

and upper sternocostal regions, based on common locations used to acquire EMG signals from 

pectoralis major using classic EMG. HD-sEMG amplitudes from three pectoralis major regions 

(i.e., clavicular, upper, and lower sternocostal) were compared to virtually derived bipolar EMG 

amplitudes from the upper sternocostal region to determine if current classic EMG methods 

mischaracterize pectoralis major activity. Additionally, for the first time, the feasibility of 

evaluating motor unit physiology in the pectoralis major is presented and explored as an essential 

method to decipher neural and neuromuscular contributions to the control of pectoralis major. 

Current findings demonstrate that classic EMG mischaracterizes pectoralis major activation in 

several tasks and effort levels, highlighting the importance of acquiring signals from multiple 

pectoralis major regions. Additionally, the proposed framework allows for a holistic 
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characterization of pectoralis major neuromusculoskeletal control with implications in 

fundamental, exercise, and clinical sciences.  
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3.1 Introduction 

The pectoralis major fundamentally enables the mobility of the shoulder complex. It 

originates from the mid clavicle, sternum, true ribs, and external oblique fascia and converges into 

a bilaminar tendon that inserts into the bicipital groove of the humerus (Wolfe et al. 1992; Fung et 

al. 2009). It spans multiple joints, including the sternoclavicular, acromioclavicular, glenohumeral, 

and intercostal joints and is broadly divided into clavicular, sternocostal, and abdominal regions 

(Fung et al. 2009; Haladaj et al. 2019). Its multipennate architecture assists in several arm 

movements, including humeral horizontal and vertical adduction, internal rotation, flexion, and 

extension against resistance. Thus, pectoralis major activation enables a vast array of daily work 

and exercise activities.  

However, neuromusculoskeletal control of pectoralis major is still largely ambiguous, with 

most of the extant scientific research focusing on its involvement in exercise. Due to the general 

lack of knowledge on its role in upper extremity mobility, various surgical procedures, 

biomechanical models, and non-targeted rehabilitation and exercise programs were developed, 

neglecting pectoralis major regions' key contributions. For example, breast and neck 

reconstruction surgeries routinely resect or disinsert pectoralis major regions, compromising 

shoulder health (see Moukarbel et al. 2010; Leonardis et al. 2019; Vidt et al. 2020). Biomechanical 

models often discount key contributions of abdominal regions (Hogfors et al. 1987; Dickerson et 

al. 2007; Jastifer et al., 2012; Seth et al., 2019), leading to potentially erroneous ergonomic and 

clinical solutions. Lastly, non-specific rehabilitation programs developed for breast cancer 

survivors commonly do not address severely compromised pectoralis major integrity (Hayes et al. 

2011; Stout et al. 2012; Vidt et al. 2020). As such, these issues mandate an unraveling of pectoralis 

major control to enable the development and optimization of surgical procedures, treatments, 

rehabilitation protocols, and biomechanical models. 
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Commonly, pectoralis major activation is investigated using low spatial resolution surface 

electromyography (sEMG) recordings from the clavicular and superior sternocostal regions (Cram 

and Kasman, 1998; Hermens and Freriks, 1997). These standards neglect to examine the activation 

of the middle, inferior sternocostal, and abdominal regions. Indeed, only a few studies investigated 

all regions' activation using classic EMG (Paton and Brown, 1994; Wickham et al. 1998; Brown 

et al. 2007). These studies demonstrated that the normalized EMG amplitude of regional activation 

depended on the task and effort level. For instance, exerting low submaximal isometric effort in 

adduction and extension activated the abdominal region to a greater extent than the clavicular and 

sternocostal regions. In contrast, the superior sternocostal region activated more during forward 

flexion (Paton and Brown, 1994). Differential regional activation was attributed to distinct regional 

neural control. 

The amplitude of the interference EMG is dependent on the number of active motor units, 

their discharge rate, and the amplitude of their motor unit action potentials (MUAPs). Therefore, 

interference EMG is a combination of the active motor units' central and peripheral properties 

(Farina et al. 2004). For these reasons, EMG amplitude alone cannot identify the neural 

contribution to muscle activity (Martinez-Valdes et al. 2018), limiting the usefulness of 

interpreting any muscle activation alterations. However, this knowledge is essential in studies 

evaluating training regimens, rehabilitation, or treatment effects, as they may affect neural or 

neuromuscular control of each region separately. For instance, studies in breast cancer survivors 

have used mainly classic EMG to characterize pectoralis major activation changes following 

oncological treatment (Shamley et al. 2007, 2012; Brookham et al. 2018) or exercise protocol 

(Hagstrom et al. 2017). Although some of these studies showed alterations in EMG amplitude (i.e., 

increase or decrease) in BCS (Shamley et al. 2007; 2012; Brookham et al. 2018), it is still unknown 
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whether these changes are due to the disruption in neural or neuromuscular systems, or both. 

Further, anatomically, the pectoralis major consists of eight independent partitions (Fung et al. 

2009). The existence of these partitions suggests that each region may be controlled independently 

by the central nervous system. Therefore, discernment of this complex behaviour requires a more 

in-depth and deliberate investigation into neural components of pectoralis major activation.  

This paper aims to demonstrate current limitations in acquiring EMG signals from the 

pectoralis major to provide future directions in investigating pectoralis major 

neuromusculoskeletal control. This includes showing that: a) classic EMG recordings 

mischaracterize pectoralis major activation in several tasks; b) high-density sEMG recordings can 

provide more information regarding the regional activation of the pectoralis major in different 

tasks; and c) the potential exists for extraction of neuromuscular and neural components from raw 

EMG signals using high-density surface electromyography (HD-sEMG; Figure 3). The primary 

hypothesis was that the EMG amplitudes in the lower sternocostal region derived with HD-sEMG 

would be larger compared to EMG amplitudes from upper sternocostal regions derived by classic 

EMG, specifically in adduction, internal rotation, and extension tasks. The secondary hypothesis 

was that the HD-sEMG and neural decoding approach would provide additional information on 

neuromuscular and neural properties related to the global EMG activation. 
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Figure 3: Framework for assessing the pectoralis major neuromusculoskeletal control from the 

experimental setup, acquisition of HD-sEMG signals to motor unit decomposition. A: Two HD-

sEMG arrays positioned on the pectoralis major (64 channels in each array). The superior array is 

the array closest to the clavicle. The inferior array is the second array located right below the 

superior array. B: An example of a trapezoidal ramped effort with eight channels from the superior 

(i.e., top) HD-sEMG array recorded in a monopolar mode. The Force trace is overlaid in black. C-

D: Representative spatial maps from a single participant of the pectoralis major activation 

normalized to the maximal effort in adduction (C) and adduction external 90 (D) tasks. Black 

circles on the spatial maps depict the locations of classic EMG electrodes from which signals are 

commonly acquired. A single electrode in the bipolar configuration is currently placed on the 

clavicular region, while the second bipolar electrode is placed on the upper sternocostal region 

(see Cram and Kasman, 1998). E: Representative example of the motor unit action potentials from 

the superior array. F: Representative example of motor unit discharge rate in a submaximal effort 

(15% MVE).  
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3.2. Methods 

3.2.1. Participants 

Data presented in this study is from eighteen (25 ± 4.7 years) and ten (25.8 ± 5.3 years) 

healthy, right-hand dominant, young males collected as a part of two different protocols, 

respectively, to avoid fatigue during the collection. The chosen sample size was selected using a 

priori power analyses. Sample size calculations were performed in G*Power 3.1 (Universitat 

Dusseldorf, Dusseldorf, Germany). Sample size calculations indicated that a minimum of 16 

participants is required to obtain sufficient power (Cohen, 1988) in both protocols. The effect size 

chosen (f2 = 0.31) is on the lower end of the observed effect size in previous studies, which reported 

effect sizes between 0.2 to 0.6 (Paton and Brown, 1994; Brown et al. 2007; Wickham et al. 2004). 

Males were recruited through word-of-mouth or by posters in kinesiology, engineering, 

psychology, and student center buildings. The inclusion criteria included healthy right-hand 

dominant males between 18-40 years old. All recruited males were recreationally active. 

Participants had no known musculoskeletal, neuromuscular, or neurological disease and no low 

back pain in the past six months. Each participant provided written informed before the beginning 

of the study. The study was reviewed and received ethics clearance from the institutional Office 

of Research Ethics (ORE #31747 and ORE #40849) and conformed to the Declaration of Helsinki.  

 

3.2.2. High-density surface electromyography 

Pectoralis major activation was acquired in several tasks in different effort levels using two 

HD-sEMG arrays, each consisting of 64 electrodes in monopolar mode (interelectrode distance 

(IED): 1 mm; ELSCH064NM3, OTBioelecttronica, Torino, Italy; Figure 3A). Before applying 

electrodes, the pectoral area was shaved, cleaned with abrasive paste, and gently cleansed with 
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water. The electrode arrays were applied on the skin using a 1 mm thick two-sided adhesive foams 

filled with electroconductive gel. The superior array was placed ~ 2 cm inferior to the clavicle, 

with the middle of the array located between the sternum and the axilla and parallel to muscle 

fibers. The inferior array was placed immediately below the superior one. The arrays were fixed 

with adhesive tape and connected to a 128 channel EMG amplifier (EMGUSB2+, 

OTBioelecttronica, Torino, Italy). All signals were sampled at 2048 Hz and band-pass filtered with 

a cut-off frequency between 10-500 Hz with a 12-bit A/D converter (5V dynamic range). Signals 

were amplified between 100-5000 V/V. One wet reference electrode was wrapped around the 

participant’s right wrist, and a reference electrode was placed on the right clavicle.  

 

3.2.3. Electrocardiography (ECG) 

Electrocardiography (ECG) was recorded using silver-silver chloride (Ag-AgCl) 

disposable electrodes placed over the left chest at six costal level, approximately along the anterior 

axillary line; and medially at the sternocostalis junction in monopolar mode (Drake and Callaghan, 

2006). Before the electrodes' placement, the area overlaying the anatomical landmarks was shaved 

and cleaned with abrasive gel and water. A reference electrode was placed on the acromion.  ECG 

was collected using a wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, 

Arizona, USA). Raw signals were band-pass filtered from 10-1000 Hz and differentially amplified 

with a CMRR > 100dB and an input impedance of 100 MΩ. Analog signals were converted to 

digital using a 16-bit A/D card with a ±10 V range. The sampling frequency was 1500 Hz.  
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3.2.4. Force measurement  

Raw voltage was acquired concurrently with HD-sEMG and ECG. Participants exerted 

effort against a custom-built arm-cuff attached to a six-degree of a freedom force transducer 

(MC3A, AMTI MA, USA) mounted on a robotic arm (Motoman Robotics Division, Yaskawa 

America, USA). The sampling rate was set to 1500 Hz and amplified (1000x) using VICON Nexus 

1.7.1 software. 

 

3.2.5. Experimental protocol 

All participants underwent a brief warm-up and training on how to generate maximal 

voluntary effort (MVE) in different tasks. Following this, participants practiced submaximal 

efforts against an attachment with visual feedback of their force output provided on a monitor. 

Next, participants performed two task-specific 5 second MVEs in each task against an arm-cuff 

while sitting comfortably on a chair with their torso secured with a padded strap. The forearm and 

upper arm were secured inside a custom-made attachment. Participants performed submaximal 

and maximal trials in eight tasks: Study 1: a) adduction from 90° of abduction (Figure 4A); b) 

adduction from 90° of abduction and external rotation (i.e., adduction external 90; Figure 4B); c) 

adduction from 60° of abduction (Figure 4C); c) internal rotation from 60° of abduction (Figure 

4D); and Study 2: a) flexion at 20° of abduction (Figure 4E); b) extension at 20° of abduction 

(Figure 4F); c) internal rotation from 90° of abduction and 20° of internal rotation (Figure 4G); 

and d) horizontal adduction from 90° of abduction and 50° of flexion in the transverse plane 

(Figure 4H). During MVE's performance, participants were verbally encouraged by the 

investigator. Each MVE was separated by 2 minutes of rest. Maximal MVEs were quantified using 

a custom-made program in LabVIEW (National Instruments, version 3.1). If the maximal trials 
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within a task differed by more than 10 N, a third trial was performed to ensure consistency between 

MVEs. Additionally, off-axis forces were monitored in a custom-made program in LabVIEW 

(National Instruments, version 3.1). Participants were required to exert an effort of at least 80% in 

the target direction. If this was not achieved, participants were provided with verbal feedback, and 

the trial was repeated. For each task, the mean of two task-specific maximal MVE trials was used 

to scale all submaximal trials (see below).  
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Figure 4: Experimental setup for two studies. Tasks included: Study 1: A: adduction from 90° of 

abduction; B: adduction from 90° of abduction and 90° of external rotation (adduction external 

90); C: adduction from 60° of abduction; D: internal rotation from 60° of abduction; Study 2: E: 

flexion at 20° of abduction; F: extension at 20° of abduction; G: internal rotation from 90° of 

abduction and 20° of internal rotation; and H: horizontal adduction from 90° of abduction and 50° 

of flexion in the transverse plane. 
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In each task, participants performed submaximal ramped isometric efforts scaled to 15%, 

25%, and 50% of task-specific MVE. Each effort level was performed twice and lasted 60 seconds, 

60 seconds, and 30 seconds, respectively, with 3 to 5-minute rest breaks provided between the 

trials. Participants were encouraged to report feelings of fatigue and the need for longer rest 

periods. If requested by the participant, longer rest periods were provided. For 15% and 25% MVE, 

participants ramped at ~2% MVE/s, while at 50% MVE, the ramp was ~3% MVE/s. For each trial, 

participants were provided with visual feedback (i.e., trapezoid) of the required force output on a 

monitor and live feedback of the force level they were exerting against the attachment. Tasks were 

fully randomized between participants, as well as within a participant. Effort levels were 

randomized within each task, with each submaximal effort performed consecutively within a task. 

 

3.3. Data analysis 

3.3.1. HD-sEMG signal processing (Macroscopic level analysis) 

Before analyses, all data were visually inspected in a custom-made program in MATLAB 

(MATLAB 2019b; The Mathworks, Inc.). Tasks and effort levels with low differential EMG 

activity (i.e., below noise levels) were taken out from further analyses. These included the 

following tasks and effort levels: adduction external 90 and internal rotation 90 (15% MVE) and 

extension (15% and 25% MVE).  

ECG was removed from monopolar HD-sEMG signals. Due to the differences in sampling 

frequencies between HD-sEMG and ECG, ECG was first interpolated to 2048 Hz (i.e., HD-sEMG 

sampling frequency). Following this, HD-sEMG signals were cross-correlated with the ECG, 

matching the timing of the peak-to-peak amplitude of each heartbeat between two signals. Each 

trial was visually inspected to ensure the algorithm correctly recognized the ECG peaks. The 
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precise timing of each ECG peak surrounded by 250-millisecond windows before and after the 

peak was determined and used to avoid the quantification bias of the root mean square (RMS) 

amplitude.  

HD-sEMG signal processing involved multiple steps. Raw HD-sEMG data were band-pass 

filtered with a 3rd order Butterworth filter (20-500 Hz), and differential derivation was quantified 

from right to left (i.e., from right axilla towards the sternum) from the monopolar recordings. RMS 

was quantified for each differential channel. The resultant force was used as a reference to analyze 

only the first half of the hold. The most stable part of the resultant force was selected by dividing 

the signal into 5-second segments and performing the analysis on the one with the lowest 

coefficient of variation in force. All submaximal data was normalized to maximal trials. For 

adduction 60 and internal rotation, adduction 90 and adduction external 90, and flexion and 

extension maximal trials were combined as the arm posture was similar. To quantify the maximum, 

a mean of 3 seconds of data for each channel was extracted from each maximal trial. Following 

this, maximal mean value across trials was extracted for each channel, and all submaximal trials 

were normalized to these values. Hence, each channel within a submaximal trial was normalized 

to their maximal value achieved during MVEs. Once the data were normalized, the HD-sEMG 

arrays were divided into clavicular (rows 1-5), upper sternocostal (rows 6-13), and lower 

sternocostal (rows 14-16) regions, and the mean for each region was quantified (Fung et al. 2009).  

 

3.3.2. Derived bipolar surface electromyography 

  Derived bipolar sEMG signals were quantified for clavicular and sternocostal regions to 

compare with HD-sEMG recordings as depicted by four circles in Figures 5 and 6. These signals 
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were derived from approximate HD-sEMG channels where classic EMG electrodes are typically 

placed on the pectoralis major.  

 

3.3.3. HD-sEMG decomposition (Motor unit-level analysis) 

HD-sEMG signals were decomposed using a convolutive blind source separation 

algorithm, which was validated in multiple muscles (Negro et al. 2016; Hyngstrom et al. 2018; 

Martinez-Valdes et al. 2018; Thompson et al. 2018; Murphy et al. 2018; Kapelner et al. 2019; 

Pereira et al. 2019; Cogliati et al. 2020; Martinez-Valdes et al. 2020). The decomposition precision 

was determined using the silhouette measure (SIL) that was shown to correlate well with the 

accuracy in estimating the motor unit discharge patterns (Negro et al. 2016). SIL threshold was set 

to 0.90, and only those motor unit discharge patterns deemed to have high accuracy were included 

in the analyses. The individual two-dimensional motor unit action potential profiles were extracted 

using spike trigger averaging. A motor unit tracking algorithm was implemented to determine if 

tracking motor units between effort levels within a task is feasible. This algorithm matches motor 

units with maximally similar motor unit action potential shapes (Martinez-Valdes et al. 2017), 

based on two-dimensional normalized cross-correlation. The cross-correlation threshold was set 

to > 0.8. Only motor units that met this threshold at the end with respect to the beginning of the 

two efforts were considered for further analyses.  

 

3.3.4. Force analysis 

Acquired raw voltage data in X, Y, and Z direction was processed for submaximal and 

maximal trials. Raw voltages were low-pass filtered with a 3rd order Butterworth filter with a cut-

off frequency of 15 Hz. Subsequently, they were converted to Newtons using a custom-made 
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program in MATLAB (MATLAB 2019b; The Mathworks, Inc.). Mean force data in Newtons that 

matched the most stable part of the force (i.e., HD-sEMG signals analyzed above) was quantified. 

Force acquired in submaximal trials was then normalized to the mean of the two maximal values 

quantified in task-specific MVEs. Normalized force data was used to confirm that all participants 

received the same amount of feedback and exerted 15%, 25%, or 50% MVE during submaximal 

trials.  

 

3.4. Statistical Analyses 

All statistical analyses were performed in SPSS (IBM, version 21). Due to issues with the 

force feedback, data from all efforts for one participant in flexion were discarded from further 

analyses. Before statistical comparisons, data were checked for normality and sphericity using the 

Shapiro-Wilk test and Mauchly’s test of sphericity, respectively. Data that were not normally 

distributed were ln transformed. To compare classic EMG derived upper sternocostal amplitudes 

to HD-sEMG derived lower sternocostal amplitudes, paired two-tailed t-tests were performed 

within each effort level in adduction 90, internal rotation 60, adduction external 90, flexion, 

horizontal adduction, extension, and internal rotation 90. In adduction 60, paired two-tailed t-tests 

were performed in 15% and 50% MVE, and Wilcoxon Signed rank test in 25% MVE. Further, to 

clarify if differences between amplitudes existed for three regions, one-way repeated measures 

ANOVA was performed in the following tasks: extension (50% MVE), adduction 60 (15% MVE), 

and flexion (15% MVE) with within-subject factor Region (clavicular (clav), upper sternocostal 

(upper stern), lower sternocostal (lower stern). If significant main effects were found, posthoc 

comparisons with a Dunn-Bonferonni correction were performed between lower sternocostal and 

clavicular, and lower and upper sternocostal region. Significance was set to p < 0.05.  
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3.5 Results 

3.5.1. Macroscopic level analyses (Amplitude) 

 In general, classic EMG derived amplitudes for the upper sternocostal region were lower 

than HD-sEMG derived amplitudes for the lower sternocostal region in adduction external 90 at 

25% and 50% MVE and adduction 90 and internal rotation 60 at 15% and 25% MVE. When HD-

sEMG amplitudes were compared between clavicular, upper, and lower sternocostal regions in 

extension and adduction 60, it was discovered that lower sternocostal regions activate more than 

the upper sternocostal regions. Lastly, no differences between classic EMG derived amplitudes 

and HD-sEMG derived amplitudes were quantified for horizontal adduction and internal rotation 

90.  

 

3.5.1.1 Extension  

  No differences existed between classic EMG derived upper sternocostal region amplitudes 

and HD-sEMG derived lower sternocostal region amplitudes at 50% MVE (p = 0.14). When 

comparing amplitudes between regions derived from HD-sEMG, a main effect of Region existed 

(F(1.1,10.6) = 28.1, p < 0.0001; Figure 5A), such that lower sternocostal regions activated 76% more 

than upper sternocostal (p < 0.0001) and 423% more than clavicular region (p < 0.0001). 

Specifically, 9 out of 10 participants showed a propensity for high activation of the lower 

sternocostal region.  

 

3.5.1.2 Adduction External 90 

 Normalized HD-sEMG lower sternocostal region amplitudes were statistically higher than 

upper sternocostal derived amplitudes (Figure 5B). Specifically, at 25% MVE, lower sternocostal 
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regions had 34% higher amplitude than upper sternocostal classic EMG derived amplitudes (p < 

0.001). Similarly, at 50% MVE, HD-sEMG lower sternocostal region amplitudes were 13% higher 

than upper sternocostal classic EMG derived amplitudes (p = 0.03). In general, high activity in the 

lower sternocostal regions was quantified in 15 out of 18 participants at 25% MVE and 50% MVE.  

 

3.5.1.3 Adduction 90  

 Normalized HD-sEMG lower sternocostal region amplitudes were statistically higher than 

classic EMG derived amplitudes (Figure 5C). Specifically, at 15% MVE, lower sternocostal region 

HD-sEMG amplitudes were 45% higher than upper sternocostal classic EMG derived amplitudes 

(p < 0.001), while at 25% MVE, lower sternocostal regions quantified from HD-sEMG had 23% 

higher amplitude than upper sternocostal classic EMG derived amplitudes (p = 0.003). At 50% 

MVE, no statistical differences between HD-sEMG lower sternocostal region amplitudes and 

upper sternocostal classic EMG derived amplitudes existed (p = 0.5). However, out of 18 

participants, 12 showed a propensity for a greater lower sternocostal region activation in this effort.  
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Figure 5: Mean normalized regional pectoralis major activation with standard deviations in 

different tasks and effort levels quantified using classic EMG or HD-sEMG paired with a 

representative spatial map of an example effort. A: Mean normalized regional pectoralis major 

activation in extension (HD-sEMG derived amplitudes). The lower sternocostal region activated 

more than the clavicular and the upper sternocostal region. A representative spatial map from a 

single participant shows high activation of the lower sternocostal region at 50% MVE. B: 

Comparison of classic EMG derived upper sternocostal region amplitudes with HD-sEMG derived 

lower sternocostal region amplitudes in adduction external 90. HD-sEMG derived amplitudes were 

higher in 25% and 50% MVE. Representative spatial maps from a single participant show high 

activation of the lower sternocostal regions in both efforts. C: Comparison of classic EMG derived 

upper sternocostal amplitudes with HD-sEMG derived lower sternocostal region amplitudes in 

adduction 90. HD-sEMG derived amplitudes were higher at 15% and 25% MVE, but not at 50% 

MVE. Representative spatial maps from a single participant show high activations of the lower 

sternocostal regions at 15% and 25% MVE. White circles on the spatial maps depict commonly 

acquired classic EMG signals from the clavicular and upper sternocostal regions. Significant 

differences between regions or two techniques are denoted with an asterisk (*).   
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3.5.1.4 Internal Rotation 60 

HD-sEMG derived lower sternocostal region amplitudes were statistically higher than 

upper sternocostal classic EMG derived amplitudes at 15% (29%; p < 0.001) and 25% MVE (16%; 

p = 0.03; Figure 6A), but not at 50% MVE (p = 0.054). However, at 50% MVE, 10 out of 18 

participants showed a propensity for a greater lower sternocostal region activation.  

 

3.5.1.5 Adduction 60 

HD-sEMG derived lower sternocostal region amplitudes were not statistically higher than 

upper sternocostal classic EMG derived amplitudes at 15% (p = 0.108) and 25% MVE (p = 0.67; 

Figure 6B). At 50% MVE, classic EMG derived sternocostal region amplitudes were 17% higher 

than HD-sEMG derived lower sternocostal region amplitudes (p = 0.008).  

The interpretation of regional activation differed between the two techniques. Using classic 

EMG, no differences existed between clavicular and sternocostal region activity at 15% MVE (p 

= 0.59). However, comparisons of clavicular, upper, and lower sternocostal region EMG 

amplitudes using HD-sEMG yielded a main effect of Region (F(1.1,19.2) = 5.01, p = 0.033). Planned 

comparisons showed that lower sternocostal region had higher EMG amplitudes than upper 

sternocostal region (p < 0.0001; Figure 6B), but not clavicular region (p = 0.92).  
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Figure 6: Mean normalized regional pectoralis major activation with standard deviations in 

different tasks and effort levels quantified using classic EMG or HD-sEMG paired with a 

representative spatial map of an example effort. A: Comparison of classic EMG derived upper 

sternocostal amplitudes with HD-sEMG derived lower sternocostal region amplitudes in internal 

rotation 60. HD-sEMG derived amplitudes were higher at 15% and 25% MVE, but not 50% MVE. 

Representative spatial maps from a single participant show high activations of the lower 

sternocostal regions at 15% and 25% MVE. B: Comparison of classic EMG derived upper 

sternocostal amplitudes with HD-sEMG derived lower sternocostal region amplitudes in adduction 

60. Classic EMG derived amplitudes were higher at 50% MVE (top panel). Upon closer 

examination, the lower sternocostal regions activated more than upper sternocostal regions at 15% 

MVE when quantified with HD-sEMG (middle panel). Representative spatial map from a single 

participant at 15% MVE shows high activations of the lower sternocostal regions at these two 

effort levels (bottom panel). White circles on the spatial maps depict commonly acquired classic 

EMG signals from the clavicular and upper sternocostal regions. Significant differences between 

regions or two techniques are denoted with an asterisk (*).  
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3.5.1.6 Flexion  

Classic EMG derived amplitudes were not different than HD-sEMG derived amplitudes at 

15% (p = 0.24), 25% (p = 0.81), or 50% MVE (p = 0.39). 

 

3.5.1.7 Internal Rotation 90 

No statistically significant differences existed between classic EMG derived sternocostal 

region amplitudes and HD-sEMG derived lower sternocostal region amplitudes at 25% (p = 0.58) 

or 50% MVE (0.98). 

 

3.5.1.8 Horizontal Adduction  

Classic EMG derived amplitudes were not different than HD-sEMG derived amplitudes at 

15% (p = 0.73), 25% (p = 0.36), or 50% MVE (p = 0.76). 

 

3.5.2 Motor unit level analyses 

 The decomposition of HD-sEMG signals was possible in multiple participants. 

Specifically, pairing HD-sEMG with neural decoding could extract motor unit discharge patterns 

with SIL value greater than the selected threshold of 0.9, particularly at low efforts (i.e., 15 or 25% 

MVE). The majority of motor units successfully decomposed were in the clavicular and upper 

sternocostal regions (i.e., superior array). The decomposition's success depended on the task, as 

the motor unit yield was highest in adduction at 60 and 90, internal rotation at 60, flexion, and 

horizontal adduction.  

The possibility to detect multiple motor units within or across efforts is presented in Figures 

7 and 8. The topographical map of activation in adduction at 60 depicted in Figure 7, for instance, 
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shows three motor units with distinct topographical signatures. All three motor units are located 

near the sternum, with two motor units (2 and 3) close to the sternoclavicular joint. Additionally, 

finding several motor units with different topographies within different low effort levels is also 

feasible (Figure 8). Figure 8 also shows the widespread activity of these motor units between 

regions. Lastly, it is also possible to implement motor unit matching (or tracking) between low 

effort levels (Figure 9), allowing for an investigation into how motor units in pectoralis major 

contribute to an increase in effort. For example, in Figure 9, two motor units are shown in 

horizontal adduction. In both examples, the motor unit discharge rate did not change between effort 

levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Spatial map of pectoralis major activation in the superior array in a single trial from a 

single participant in adduction 60 at 15% MVE with depictions of 2D motor unit action potential 

topographical distributions and motor unit discharge rates related to the motor unit. A: Spatial map 

from the superior array shows high activity in the clavicular region spreading upper sternocostal 

region. B: Examples of motor unit action potentials and discharge rates from superior array related 

to the spatial activation map decomposed using a convolutive blind source separation algorithm. 

These figures show a confined spatial distribution of motor unit action potentials without 

differences in the discharge rate.  
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Figure 8: Spatial map of pectoralis major activation in the superior and inferior array in a single 

trial from a single participant in horizontal adduction at 15% MVE (A) and 25% MVE (B) with a 

depiction of 2D motor unit action potential topographical distributions related to the two effort 

levels. Motor unit action potential topographical distributions are spread throughout the whole 

muscle at 15% and 25% MVE.   
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Figure 9: An example of a motor unit matching between 15% and 25% MVE (A) and 25% and 

50% MVE (B) in horizontal adduction from a single participant. Motor units in both matched 

trials show no change in discharge rate despite the increase in effort level. These two motor units 

had a cross-correlation of 0.97 and 0.95 in (A) and (B). A representative motor unit action 

potential spatial maps for each effort level from a single participant are depicted at the bottom, 

showing the location and the spread of motor unit action potentials.  
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3.6. Discussion 

 This study demonstrates that pectoralis major activation is mischaracterized using standard 

classic EMG acquisition methods in several tasks, which rely on pectoralis major activation. 

Additionally, pairing HD-sEMG recordings with neural decoding provides important, 

complementary information on neural control aspects contributing to this activation. Therefore, a 

holistic framework is proposed to increase knowledge and understanding of the 

neuromusculoskeletal control of pectoralis major and its role in shoulder health.  

 

3.6.1. Investigating pectoralis major activation using high-density surface 

electromyography 

Characterization of regional pectoralis major control is not trivial, as its activation is highly 

dependent on the task and effort level. While several seminal EMG studies in male participants 

emphasized the importance of lower sternocostal regions in several arm tasks (Paton and Brown, 

1994; Wickham et al. 1998; Brown et al. 2007), the acquisition of sEMG signals from these regions 

did not gain momentum in the scientific community. Indeed, many studies investigating pectoralis 

major activity still acquire sEMG signals from the clavicular and upper sternocostal regions, while 

some record solely from a single location (typically sternocostal; for examples, see: Schwartz et 

al. 2017; Dicus et al. 2018; MacLean et al. 2019; Leonardis et al. 2020; Quittman et al. 2020; 

Alizadeh et al. 2020). However, present findings demonstrate that the acquisition of EMG signals 

from two common sEMG locations mischaracterizes pectoralis major activation in at least five out 

of the eight tasks studied. Additionally, even at effort levels where no significant differences exist 

between derived bipolar and HD-sEMG amplitudes, such as at 50% MVE in adduction 90 and 

internal rotation at 60, multiple participants activate the lower sternocostal more than the upper 
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sternocostal regions. This suggests that in some tasks, high inter-subject variability in pectoralis 

major activation exists.  These variations may be due to architectural differences in pectoralis 

major between individuals (Haladaj et al. 2019). Therefore, to mitigate these mischaracterizations 

and capture the whole muscle's activity, sEMG should also be acquired from lower sternocostal 

regions.  

In some instances, sampling from small muscle regions can lead to misestimations in 

pectoralis major activity. For example, in adduction 60, comparisons between clavicular and upper 

sternocostal regions at 15% MVE revealed no differences in activation with either classic EMG or 

HD-sEMG method. However, when the whole muscle activity was quantified with HD-sEMG, 

subtle differences between the upper and lower sternocostal regions emerged in support of 

previous reports (Paton and Brown, 1994). Differences in activation between these two regions 

would not be revealed if sampled only from two superior locations. Similarly, in extension, 

differences between upper sternocostal (classic EMG) and lower sternocostal (HD-sEMG) 

amplitudes did not exist. However, the acquisition of EMG from lower sternocostal regions 

revealed substantially larger amplitudes than the upper sternocostal region and underestimated 

regional pectoralis major activation. Indeed, mechanically, lower sternocostal regions are essential 

in this task (Wolfe et al. 1992). Therefore, these two examples reinforce the importance of 

acquiring signals from multiple pectoralis major regions to avoid mischaracterizing their behaviour 

and function. 

Indeed, several anatomical and clinical studies have alluded to the importance of lower 

sternocostal regions in these tasks. Architecturally, lower sternocostal regions have greater lateral 

pennation angles, shorter fiber bundle lengths (Fung et al. 2009), and larger adductor moment arms 

(Ackland et al. 2008) than the upper sternocostal and clavicular regions. As the pectoralis major 
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consists of a bilaminar tendon, lower sternocostal regions attach to an independent (i.e., posterior) 

tendon. In contrast, the clavicular and upper sternocostal regions attach to the anterior tendon 

(Fung et al. 2009). Additionally, lower sternocostal regions also receive independent innervation 

by the medial pectoral nerve, while the lateral pectoral nerve branches to innervate the clavicular 

and upper sternocostal regions (Wickham et al. 2004; Haladaj et al. 2019).  

The role of pectoralis major in arm mobility is often revealed in clinical case scenarios. For 

example, direct or indirect injuries to the pectoralis major contribute to substantial reductions in 

adduction (vertical and horizontal), internal rotation, flexion, and extension strength and inability 

to perform tasks (Schepsis et al., 2000; Bak et al. 2000; Provencher et al., 2010; Marsh et al., 

2020). Additionally, surgical procedures that resect or disinsert pectoralis major regions elicit 

substantial long-term deficits in adduction, internal rotation, flexion, and extension (Leonardis et 

al. 2019; Mourkarbel et al. 2010; Vidt et al. 2020).  

 

3.6.2. The importance of investigating neural and neuromuscular properties of motor units  

The acquisition of whole pectoralis major activity with HD-sEMG has additional 

advantages in increasing knowledge on this muscle's intricate control. Pairing HD-sEMG with 

neural decoding can be used to gain otherwise unavailable insights into motor units' neural and 

neuromuscular properties in pectoralis major. In the present study, motor units with different motor 

unit action potential signatures were quantified across multiple tasks. For example, in horizontal 

adduction, the distribution of motor unit action potentials was spread throughout all muscle 

regions. In other tasks, such as adduction 60, motor unit action potential distribution was more 

confined to the muscle's specific regions. These observations suggest a potentially differential 

topographical spread of motor unit activations within pectoralis major regions in different tasks.  
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Knowledge of topographical information of motor unit action potentials in healthy 

individuals is essential to delineate neuromuscular or neural deficits in clinical populations. For 

example, the spatial distribution of motor unit action potentials can be used to determine the 

location and number of necessary detection points on pectoralis major for improved control of 

myoelectric prostheses (Kapelner et al. 2019) or rehabilitation protocols using functional electrical 

stimulation. Further, one of the major challenges in characterizing pectoralis major function is in 

its multipennate architecture. Hence, topographical distribution of motor unit action potentials may 

be used to estimate muscle fiber length and orientations across regions, as was demonstrated for 

complex facial musculature (Lapatki et al. 2006). Pectoralis major also has at least two known 

innervation zones (Barbero et al. 2010; Mancebo et al. 2019), which can be identified by extracting 

individual motor unit action potentials from HD-sEMG signals, but not from classic, low-spatial 

resolution EMG.  

Identification of motor unit discharge rates in conjunction with neuromuscular information 

could be leveraged for multiple applications. For example, investigating the change in motor unit 

discharge rate between effort levels may be used to study the generation and control of force in 

this muscle. Additionally, neural decoding can be used to develop novel upper extremity 

neuromechanical models for estimating mechanical function from motor unit decoding, such as 

those recently developed and tested for the lower limb (Sartori et al. 2017). The development of 

such models is particularly important in cases where raw EMG data cannot be acquired from the 

lower sternocostal regions, such as in females. In these cases, decoded motor neuron activity from 

the clavicular and upper sternocostal regions, for example, could be used to predict 

neuromusculoskeletal control of lower sternocostal regions, as well as augment currently available 

shoulder biomechanical models (Dickerson et al. 2007).  
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3.7 Limitations 

This study had some limitations. The study included only young males, and therefore, 

findings may not transfer to females, aging, or clinical population. The setup did not have an arm 

brace to fix the elbow into 90° of flexion. However, the investigators observed all trials to ensure 

posture maintenance, and in cases when this did not occur, the trial was repeated. Crosstalk from 

the surrounding muscles, such as the pectoralis minor, serratus anterior, external obliques, or 

intercostal muscles, may have influenced the patterns of regional activation quantified in this 

study. Attempts were made to minimize the degree of crosstalk by sampling EMG from many 

closely spaced electrodes (10 mm interelectrode distance) and quantifying differential derivation 

in the post-processing steps. Challenges existed in acquiring HD-sEMG signals from the whole 

abdominal region, specifically below the nipple and approximately over the floating ribs. This was 

due to the design of the HD-sEMG arrays, which were not produced to accommodate the curvature 

of the chest. Lastly, it is known that the pectoralis major consists of at least two innervation zones 

(Barbero et al. 2012; Mancebo et al. 2019). Due to the challenges in quantifying the innervation 

zones from motor unit action potentials, the exact location of the innervation zones was 

challenging to determine. Therefore, this study quantified the mean normalized EMG amplitudes 

across innervation zones, which may have influenced the findings. 

3.8 Conclusions 

 This paper proposes a new framework for investigating neuromusculoskeletal control of 

pectoralis major by combining HD-sEMG with neural decoding. The framework showed: 1) 

limitations in using low-spatial resolution sEMG recordings to draw inferences regarding 

pectoralis major activation; 2) improved characterization of pectoralis major activation using high-

density sEMG recordings; and 3) ability to decode HD-sEMG into neural and neuromuscular 

constituents, providing a more holistic representation of pectoralis major neuromusculoskeletal 
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function. This approach has broad implications in an emergent fundamental understanding of arm 

function. It can be particularly useful to investigate alterations in neural processes in clinical 

populations with compromised pectoralis major integrity. Additionally, improvements in 

pectoralis major EMG acquisition methods may lead to better characterizations of pectoralis 

major’s activity and, therefore, an increase in understanding the pectoralis major’s function in 

shoulder health. 
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Chapter 4: Characterization of the effects of breast tissue on the amplitude and frequency 

spectrum of high-density electromyography signals from pectoralis major in healthy 

females 

4.0. Abstract 

Pectoralis major is essential in the performance of functional tasks. However, evaluating 

its electromyographic (EMG) activity in females is challenging due to the breast tissue. While 

EMG amplitude and mean power frequency (MNF) decrease with an increase in subcutaneous 

tissue, no existing data evaluated the effect of breast tissue on the EMG signal. Due to this, it is 

difficult to determine the cut-off point at which the estimation of EMG amplitude is no longer 

advisable, particularly as it pertains to the high-density EMG (HD-sEMG) in this cohort. This 

study's aim was twofold: (1) to determine the location at which amplitude and MNF significantly 

decline and if differences in this location exist between three groups with different breast tissue 

thicknesses; and (2) to provide guidelines for investigating pectoralis major activity in females. 

Twenty healthy, right-hand dominant females (22.4 ± 2.2 years) were divided into three groups 

based on breast tissue thickness: Cup A (<7 cm); cup B (7 to 10 cm); and Cup C/D/DD (>10 cm). 

Pectoralis major activity was acquired using two HD-sEMG arrays in two tasks: adduction 60 and 

adduction 90, at two effort levels: 25% and 50% scaled to the task-specific maximal voluntary 

effort (MVE). The root mean square was quantified at baseline and in the hold phase of the task 

for each HD-sEMG channel. MNF was quantified for the hold phase of the task for each HD-

sEMG channel. Subsequently, mean amplitude and MNF across seven channels for each row were 

quantified, and the pectoralis major was divided into four regions: clavicular, first, second, and 

third sternocostal. MNF increased in the inferior array, irrespective of the group. The location (i.e., 

HD-sEMG row) at which MNF increased was ~ row 8-11, depending on the group. EMG 

amplitude was not different between groups for any region or effort level in adduction 60 (all p > 
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0.05). In contrast, in adduction 90, EMG amplitudes were ~191% higher in Cup A (p = 0.046) and 

~400% higher in Cup B (p = 0.032) in second sternocostal region in comparison to Cup C/D/DD 

at 50% MVE. In contrast, EMG amplitudes were higher only in Cup B in comparison to Cup 

C/D/DD at 25% MVE (~187%; p = 0.022). Current findings indicate that HD-sEMG signals 

acquired from the inferior array have low, inconsistent amplitudes and high mean power 

frequency. Therefore, the acquisition of EMG from this location is not advisable in females.  
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4.1. Introduction 

Pectoralis major plays a fundamental role in humeral mobility, stability, and overall 

shoulder health. However, in females, an overlying, non-evenly distributed breast tissue layer 

complicates the evaluation of pectoralis major activation using surface electromyography (sEMG).  

During a muscle contraction, electrical signals are low-pass filtered and attenuated as they pass 

through the medium of subcutaneous and connective tissue (Gath and Stalberg, 1977; Lindstrom 

and Magnusson, 1977; Lowery et al., 2002; Farina et al., 2004; De Luca, 1979; Fuglevand et al., 

1992; Al Harrach et al., 2017). Therefore, the greater the distance between the recording electrode 

and the activated muscle, the larger the filtering and attenuation of the EMG signal, due to the 

change in the shape of motor unit action potentials (Farina and Holobar, 2016). Indeed, lower 

sEMG amplitudes were quantified in individuals with larger subcutaneous tissue thickness in 

upper trapezius (Nordaner et al., 2003), multifidus, iliocostalis (Hemingway et al., 1995), and 

biceps brachii (Al Harrach et al., 2017).  

In females, the thickness, distribution, and composition of breast tissue changes from 

superior to inferior regions of the pectoralis major, making it challenging to acquire consistent 

signals across all regions. For instance, the size, the composition, and the distribution of the breast 

tissue vary between females (Coltman et al. 2018). However, the acquisition of sEMG signals from 

multiple pectoralis major regions is essential in fully characterizing its activity. It has differential 

activation dependent on the task and, in some instances, effort level (Paton and Brown, 1994; 

Wickham et al., 2004). The ability to acquire pectoralis major activity in females and the exact 

location at which EMG signals can no longer be acquired may be influenced by cup size and breast 

tissue distribution overlying the muscle. No existing data evaluate breast tissue's effect on the EMG 

signal, increasing the difficulty in determining the cut-off point (or location). The estimation of 
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EMG amplitude is no longer advisable, particularly as it pertains to the high-density surface 

electromyography (HD-sEMG). Therefore, characterizing the effect of cup size on EMG 

amplitude and mean power frequency is a prerequisite for evaluating the feasibility of assessing 

pectoralis major activation in a female cohort. The purpose of this study was to determine the 

location (i.e., channel row) at which the HD-sEMG signal significantly declines in amplitude and 

mean power frequency (MNF) and determine if group differences (i.e., based on cup size) exist. 

This study aimed to provide guidelines for investigating pectoralis major activity in females across 

broad breast tissue thicknesses (i.e., cup sizes) for different scenarios. The primary hypothesis was 

that females with the largest breast tissue thickness (i.e. > 10 cm) will have lower EMG amplitudes 

across pectoralis major regions than females with low breast tissue thickness. The secondary 

hypothesis was that HD-sEMG mean power frequency will be significantly less in females with 

large breast tissue thickness than those with low breast tissue thickness.  

4.2. Methods 

4.2.1. Participants 

Twenty healthy, right-hand dominant females (22.4 ± 2.2 years; weight: 61.7 ± 4.7 kg; 

height: 164.3 ± 7.5 cm) participated in this study. Participants were recruited by word-of-mouth 

or using posters advertising the kinesiology, psychology, engineering, and student center building 

study. The inclusion criteria included healthy young (between 18-40 years old), right-hand 

dominant females. Females who underwent breast reconstruction or augmentation surgeries were 

not included in the study. All recruited females were recreationally active. Participants reported 

no history of musculoskeletal injury to the right arm, back, or low back pain in the past six months 

and no neurological disease presence. Additionally, none of the participants showed positive signs 
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of impingement, as determined by Apley’s Scratch and Hawkin’s test. This study was reviewed 

and received ethics clearance from the institutional office of research ethics.  

Before the beginning of the study, investigators collected anthropometric data. The 

participant’s ribcage and chest circumference were measured using a measuring tape. Ribcage 

circumference involved measuring around the ribcage, just under the breasts, in the area where the 

bra band is located. Chest circumference was measured starting from the fullest part of the 

participant’s bust, with measuring tape wrapped around under armpits. During breast 

circumference measurements, extra care was taken not to compress the breast tissue. Additionally, 

participants were asked to self-report their band and cup size (Table 2). All participants wore a 

normal bra (i.e., no sports bra) to allow for placement of the HD-sEMG arrays over the muscle 

without compressing the breast tissue.   
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Table 2: Anthropometric and self-reported measurements for each participant.   

Participant 

number 

Ribcage 

circumference 

(cm) 

Chest 

circumference 

(cm) 

Breast thickness 

(cm; objective 

measurement) 

Self-reported 

cup and band 

size 

S001 74.3 86.5 12.2 34C 

S002 79.6 86.6 7 34A 

S003 78.3 86 7.7 36C 

S004 87 103.5 16.5 32D 

S005 80 96 16 34D 

S006 79.4 83.5 4.1 32B 

S007 77 90.6 13.6 32DD 

S008 82.5 89.4 6.9 34B 

S009 85.1 94.1 9 34B 

S010 77 90.2 13.2 34C 

S011 84.8 94 9.2 36D 

S012 81 86.2 5.2 32B 

S013 81.5 90.3 8.8 32A 

S014 87.2 93.5 6.3 34B 

S015 73.7 89 15.3 32B 

S016 78.7 81.9 3.2 32B 

S017 84 87.2 3.2 34B 

S018 80.9 89.6 8.7 32DD 

S019 80.4 96.3 15.9 28A 

 

4.2.2. High-density surface electromyography  

High-density surface electromyography was acquired from pectoralis major in two tasks at 

two effort levels. Two HD-sEMG arrays consisting of 64 electrodes each (ELSCH064NM3, 

OTBioelecttronica, Torino, Italy) recorded pectoralis major activation in monopolar mode (Figure 

10A). Arrays consisted of electrodes in an 8 by 8 matrix with an inter-electrode distance of 10 mm. 

Before applying the arrays, the pectoral area was cleaned with abrasive paste and water to reduce 

impedance. The electrode arrays were applied on the skin using 1 mm thick two-sided adhesive 

foam with holes filled with an electroconductive gel that corresponds to the electrode surface. The 

superior HD-sEMG electrode was placed ~2 cm inferior to the clavicle, with ~15% mediolateral 
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distance from the sternum. The second HD-sEMG electrode array was placed directly below the 

superior one (i.e., touching the first array). The arrays were fixed with adhesive tape and connected 

to a 128 channel EMG amplifier (EMGUSB2+, OTBioelecttronica, Torino, Italy). One wet 

reference electrode was wrapped around the participant’s right wrist, and a reference electrode was 

placed on the right clavicle. All signals were bandpass filtered with cut off frequency between 10 

– 500 Hz and sampled at 2048 Hz with a 12-bit A/D converter (5V dynamic range). HD-sEMG 

signals were amplified by a factor between 100-5000 V/V depending on the task, effort level, and 

participant. The saturation level for 128 channels was monitored online by OTBioLab software 

(OTBioelecttronica, Torino, Italy). In case more than ten channels were saturated during task 

performance, the trial was terminated, gain adjusted, and the trial repeated.  
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Figure 10: Schematic of experimental setup and protocol. A: Two 64 channel high-density surface 

electromyography arrays were placed on the breast overlying the pectoralis major. The top array 

represents the superior array, while the bottom array represents the inferior array. Each array 

consists of 64 channels (a total of 16 rows for two HD-sEMG arrays). Arrays were divided into 

pectoralis major regions, with rows 1-3 representing clavicular; 4-8 representing first sternocostal; 

9-13 representing second sternocostal; and 14-16 representing a third sternocostal region. B: 

Participants performed submaximal efforts in two tasks: adduction at 60 (left) and adduction at 90 

(right). C: Participants performed ramped submaximal tasks at 25% and 50% MVE. Amplitude 

measures were quantified from the baseline and hold. Mean power frequency was quantified in the 

hold phase.  
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4.2.3. Force measurement  

The raw voltage from the transducer was acquired simultaneously with HD-sEMG as 

participants exerted effort against a custom-built arm-cuff attached to a six-degree of a freedom 

force transducer (MC3A, AMTI MA, USA) mounted on a robotic arm (Motoman Robotics 

Division, Yaskawa America, USA). The sampling rate was set to 1500 Hz and amplified (1000x) 

using VICON Nexus 1.7.1 software. 

 

4.2.4. Electrocardiography measurement (ECG) 

Concurrently with HD-sEMG measures, electrocardiography (ECG) was acquired for each 

participant using silver-silver chloride (Ag-AgCl) disposable electrodes in a monopolar 

configuration. Three electrodes were placed over the left chest at the 6th costal level, approximately 

along the anterior axillary line, and medially at the sternocostalis junction (Drake and Callaghan, 

2006). Before the placement of the electrodes, the area was shaved and cleaned with abrasive gel 

and water. A reference electrode was placed on the right acromion. ECG was collected using a 

wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals 

were band-pass filtered from 10-1000 Hz and differentially amplified with a CMRR > 100dB and 

an input impedance of 100 MΩ. Analog signals were converted to digital using a 16-bit A/D card 

with a ±10 V range. The sampling frequency was 1500 Hz.  

 

4.2.5. Experimental protocol 

Experimental protocol included a performance of task-specific maximal voluntary efforts 

(MVE) and isometric ramped submaximal trials in two tasks at two effort levels. Before the 

experimental protocol, all participants underwent a brief warm-up and training on how to elicit 

MVE, after which they practiced submaximal efforts against the arm cuff with real-time visual 
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force feedback provided on a monitor. This training served to precondition the muscle-tendon unit 

(Maganaris et al., 2002). Following this, participants performed two task-specific 5-second MVEs 

in the following tasks: a) adduction from 60° of humeral abduction, and b) adduction from 90° of 

humeral abduction (Figure 10B). During MVE's performance, participants were verbally 

encouraged by the investigators. Each MVE was separated by 2 minutes of rest. Maximal MVE 

values were quantified using a custom-made program in LabVIEW (National Instruments, version 

3.1). For each task, the mean of two MVE trials was used to scale all submaximal trials within that 

task.  

Participants performed submaximal ramped isometric efforts scaled to 25% and 50% task-

specific MVE. Each effort level was performed twice and lasted 60 and 30 seconds, respectively, 

with 3 to 5-minute rest breaks implemented between the trials. Participants were encouraged to 

report feelings of fatigue and the need for longer rest periods. The submaximal trial included rest 

at the beginning of the trial, a ramp-up, hold, and ramp down (Figure 10C). The rate of the ramp 

was ~2% MVE/s for 25% MVE and ~3% MVE/s for 50% MVE. For each trial, participants were 

provided with visual feedback of the required force output on a monitor and live feedback of the 

level of force exerted to enable matching. Tasks and effort levels were fully randomized between 

participants, while each effort level was repeated twice consecutively. 

 

4.3 Data Analysis 

4.3.1. Breast tissue thickness (Anthropometrics) 

Breast tissue thickness was quantified by taking the difference between chest and ribcage 

circumference. This measurement was then used to divide the sample into three groups: Cup A 
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(breast tissue thickness: less than 7 cm); cup B (breast tissue thickness: between 7 to 10 cm); and 

Cup C/D/DD (breast tissue thickness: more than 10 cm).  

 

4.3.2. High-density surface electromyography signal processing  

Signal processing involved multiple stages. Before any analyses, all 128 HD-sEMG 

channels were inspected for artifacts using a custom-made MATLAB program (MATLAB 2019b; 

Mathworks, Inc.). Channel was tagged and removed if it contained movement artifacts, was 

saturated, or had insufficient skin contact (i.e., no signal detected). These channels were 

subsequently interpolated in data analyses. One participant’s data could not be used due to the 

technical issues with HD-sEMG signal acquisition, and hence, their data were excluded from 

further analyses. Following visual inspection of the signals, acquired ECG was interpolated to 

2048 Hz. The HD-sEMG signals in submaximal trials were cross-correlated with the ECG data to 

match the timing of the peak amplitude of each heartbeat. Each trial was visually inspected to 

ensure the heart rate peaks were correctly recognized by the algorithm (Figure 11A). The precise 

timing of each ECG peak surrounded by 250-millisecond windows before and after the peak was 

determined and used to avoid the quantification bias of the root mean square (RMS) amplitude and 

mean power frequency (MNF). Raw HD-sEMG data were band-pass filtered with a 3rd order 

Butterworth filter (20-500 Hz), and differential derivation was quantified from left to right (i.e., 

from axilla towards sternum). RMS and MNF were quantified for each differential channel, as 

described below.  
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Figure 11: Example of ECG removal and differential EMG amplitudes for each group across the 

two high-density surface electromyography arrays. A: Electrocardiography measures were 

interpolated to 2048 Hz to match HD-sEMG sampling frequency. The HD-sEMG submaximal 

signals were cross-correlated with the ECG to match the timing of the peak amplitude of each 

heartbeat (figure on the left). Each trial was visually inspected to ensure the heart rate peaks were 

correctly recognized by the algorithm (figure on the right). B: Example of differential HD-sEMG 

signals from the first and fiftieth channel of the superior array and forty-third channel of the inferior 

array for one participant in each of the three groups (all data to scale). Reductions in raw EMG 

amplitude can be observed from superior to an inferior array and between groups, particularly Cup 

A/Cup B, in comparison to Cup C/D/DD. Note the lack of EMG signal in the inferior array.  
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4.3.3. HD-sEMG amplitude  

Amplitude analyses involved quantifying two measures: 3-second amplitude of the signal 

at the baseline (i.e., before ramp-up) and 3-second amplitude of the signal in the hold phase (Figure 

10C). For the hold phase, the resultant force was used to focus on the first quarter of the hold 

(Figure 10C). In both baseline and hold phase, the most stable part was selected by dividing the 

resultant force into 3-second segments and performing EMG analyses on the segment with the 

lowest coefficient of variation in force.  

A thresholding technique was used to determine if the hold's EMG signal was larger than 

the baseline. The signal amplitude within the hold phase had to be two times greater than the 

baseline. The difference between EMG amplitude at baseline and hold was quantified for each 

channel to determine if the hold phase's amplitude is larger than two times the baseline noise, 

yielding 112 data points across two arrays. Mean across seven channels within each row was then 

quantified for each trial and effort level within each task, yielding a total of 16 amplitude measures 

corresponding to 16 rows across two HD-sEMG arrays. Subsequently, each trial was divided into 

clavicular (rows 1-3), first sternocostal (rows 4-8), second sternocostal (rows 9 – 13), and third 

sternocostal (rows 14-16) region (Figure 10A). The overall division of the pectoralis major signals 

into the clavicular and sternocostal region was based on the landmarks from Fung et al. 2009. The 

sternocostal region's subsequent divisions into three parts were performed to divide the first and 

second array. The mean of the two trials within each effort level and the task was determined for 

each region.  

  



70 
 

4.3.4. Mean power frequency 

 Mean power frequency was quantified on the same 3 seconds of data as the EMG amplitude 

in the hold phase. Mean power frequency was quantified using Welch’s power spectral density 

estimate. Segments were windowed with a rectangular non-overlapping window. Following this, 

the mean of the mean power frequency measure for each row of the HD-sEMG array was 

determined.  

 

4.3.5. Mean power frequency cut-off for HD-sEMG arrays 

 The mean power frequency values were closely examined for each cup group to determine 

the exact row of channels at which MNF was consistent. A changepoint statistic was implemented 

in a custom-made program in MATLAB on the standard deviation within each group to determine 

the statistically significant point of this change. The changepoint statistic determines the location 

at which the signal changes abruptly. 

 

4.3.6. Mean power frequency as a cut-off for individual data 

 Similarly to the above, the statistical changepoint was applied to individual data within an 

effort, task, and group. This was performed to determine if the statistical changepoint method can 

be used on individual data. This may be of importance in clinical cohorts, where analyses of 

individual data may be necessary. The output for each participant was compared to the statistical 

changepoint detected in the group data. Success was judged if the statistical changepoint location 

determined within an individual matched that of the group level location plus/minus an additional 

row.  
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4.4. Statistical Analyses 

 The changepoint statistic was applied to the standard deviation of the mean power 

frequency for each group and each participant, task, and effort level to determine the significant 

changes in MNF of the signal across rows. This statistic determines the point at which the mean 

power frequency standard deviation changes significantly between the rows of channels. Group 

differences in EMG amplitude were tested. A non-parametric Kruskal Wallis test was used to 

determine differences in amplitude between Groups (Cup A, Cup B, Cup C/D/DD) for each Region 

(clavicular, first, second, and third sternocostal). If significant differences between groups existed, 

the Mann-Whitney U test with Dunn-Bonferonni correction was used as a post-doc to determine 

between which group significant differences existed. Significance was set to p < 0.05.  

 

4.5. Results 

4.5.1. Mean power frequency (Group and individual levels) 

 In general, mean power frequency had a consistent pattern across the rows in the superior 

array but changed significantly in the inferior array. In the superior array, the range of mean power 

frequencies was between 57 to 87 Hz for adduction 60 and 63 to 119 Hz for adduction 90 at both 

efforts. In the inferior array, mean power frequency increased in adduction 60 and adduction 90. 

As determined by the changepoint statistic, the cut-off depended on the task and cup group but 

was similar between effort levels (Table 3; Figures 12A-D denoted by arrows). For Cup A, mean 

power frequency statistically increased after row 9 (i.e., inferior array; middle sternocostal region) 

in both tasks and effort levels (denoted by arrows in Figure 12). In Cup B, mean power frequency 

statistically increased after row 11 (i.e., inferior array; middle sternocostal region). In contrast, in 

cup C/D/DD, mean power frequency increased after row 8 (last row of the superior array) and 9 
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(first row of an inferior array) at 25% and 50% MVE, respectively (denoted by arrows in Figure 

12).  

 

Figure 12: Mean power frequency in adduction 60 (A and B) and adduction 90 (C and D) at 25% 

and 50% MVE across three groups for each row of HD-sEMG superior and inferior array. The 

first row for each group is closest to the clavicle, while the last row is closest to the nipple. Mean 

power frequency is constant within the superior array irrespective of the group, task, and effort 

level. However, mean power frequency increases in an inferior array in all groups, tasks, and 

efforts. Arrows within each group depict the row at which statistical changepoint detected 

significant changes in mean power frequency.  
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Table 3: Group-level analyses in mean power frequency for each task, effort level, and group. 

The table depicts the cut-off row for EMG measurement as determined by the changepoint 

statistic for each task, effort level, and group. MNF: mean power frequency. Rows 1 through 8: 

superior array; rows 9 through 16: inferior array.  

Task Effort 

Level 

Group MNF row 

number cut-off  

(last accepted)  

ADD60 25% Cup A 9 

  Cup B 11 

  Cup C/D/DD 8 

ADD60 50% Cup A 9 

  Cup B 11 

  Cup C/D/DD 9 

ADD90 25% Cup A 9 

  Cup B 11 

  Cup C/D/DD 8 

ADD90 50% Cup A 9 

  Cup B 11 

  Cup C/D/DD 9 

 

In addition to group-level analyses, statistical changepoints identified were similar between 

group and individual level analyses if the mean power frequency values followed a similar pattern 

across the two arrays (Figure 13). This pattern was defined as the mean power frequency between 

50 to 100 Hz in the superior array (rows 1 through 8) and an increase in mean power frequency 

(more than ~100 Hz) in the inferior array (Supplementary Figure 1). In a few individuals, however, 

the statistical changepoint detected on the individual level did not match that of the group (see 

Figure 13D, participant 1). The mean power frequency in these participants was high (typically 

MNF > 100 Hz) in the first several rows of the superior array. In such cases, raw EMG data should 

be more thoroughly inspected to determine the source of the data's noise and usability.  
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Figure 13: Mean individual mean power frequency examples for each group for a specific task 

and effort level. Arrows indicate the row at which the statistical changepoint detected significant 

mean power frequency changes within an individual. Please note interindividual variability in 

mean power frequency and statistical changepoint location.  
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4.5.2. Group differences in EMG amplitude 

 No differences in EMG amplitude existed between groups at 25% or 50% MVE in 

adduction at 60° task (all p > 0.05; Figure 14A). In adduction at 90°, differences between groups 

for second sternocostal region existed at 25% MVE (p = 0.047) and 50% MVE (p = 0.045), but 

not other regions (all p > 0.05; Figure 14B). Second sternocostal region amplitudes were 187% 

higher in Cup B group than Cup C/D/DD group at both 25% MVE (p = 0.022) and ~400% higher 

at 50% MVE (p = 0.032). Further, second sternocostal region amplitudes were also ~191% higher 

in Cup A than Cup C/D/DD (p = 0.046) at 50% MVE.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



76 
 

 

Figure 14: Violin plots for EMG amplitude with individual scatter points for each pectoralis major 

region across groups, tasks, and effort levels. A and B: No significant differences between groups 

exist in EMG amplitude in the four regions at two efforts in adduction 60. C and D: In adduction 

90, differences between groups emerged for the middle sternocostal region. Significant differences 

are denoted by an asterisk (*). Negative amplitude values indicate a larger inherent noise than the 

EMG signal. Cup A: gray; Cup B: blue; Cup C/D/DD: green. White circles in the middle of violin 

plots denote median.  
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4.6. Discussion 

 This is the first study to evaluate breast tissue's influence on HD-sEMG amplitude and 

mean power frequency and provide evidence-based guidelines for recording and characterizing 

pectoralis major activation in females using HD-sEMG. Further, it confirms the feasibility of 

detecting HD-sEMG amplitudes from a superior HD-sEMG array, irrespective of the cup size.  

 

4.6.1. Increase in mean power frequency in inferior HD-sEMG array 

 Stable mean power frequency existed in the superior array, but a progressive increase in 

HD-sEMG mean power frequency occurred in the inferior array. This finding contrasts with 

previous research, which demonstrated declines in mean power frequency with increases in 

subcutaneous tissue thickness (Farina et al. 2002b; Cescon et al. 2008; Minetto et al. 2013). It is 

possible that despite thick subcutaneous tissue overlying the muscles in these studies, the EMG 

signal, although low in amplitude, remained higher than the level of internal noise. In the present 

study, visual inspection of the EMG amplitude in the inferior array confirmed the lack of EMG 

signal and a substantial increase in internal noise, particularly in the bottom parts of the inferior 

array (see Figure 11). Therefore, the estimate of the mean power frequency in the inferior array is 

not of the EMG signal but internal noise.  

Commonly, high mean power frequency was attributed to increases in muscle fiber 

conduction velocity (Andreassen and Arendt-Nielsen, 1987), motor unit recruitment, and 

differences in muscle fiber type (von Tscharner and Nigg, 2008). However, EMG spectral 

properties do not provide information regarding motor unit recruitment or muscle fiber type 

(Farina, 2008). Additionally, pectoralis major regions consist of predominantly Type II fibers 
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(Johnson et al., 1973; Srinivasan et al., 2007). Therefore, increases in mean power frequency in 

the inferior array are not likely due to the regional differences in muscle fiber type.  

Quantification of mean power frequency across HD-sEMG arrays overlaying the pectoralis 

major in females may be used to determine the location (i.e., row of channels) at which 

characterization and evaluation of the EMG signal amplitude is no longer advisable. This applies 

across cup size groups, as the mean power frequency remained consistent across rows 1 through 

8, following which it increased from rows 9 through 16, irrespective of the group. Therefore, 

caution is recommended when interpreting HD-sEMG signals acquired after row 8. Since the bulk 

of the breast tissue underlies the inferior HD-sEMG array, changes in this array's mean power 

frequency are expected. The breast tissue thickness progressively increases from top to bottom of 

the inferior array, increasing the distance between the HD-sEMG electrodes and the pectoralis 

major, thus filtering and attenuating the HD-sEMG signals (Farina and Holobar, 2016). 

Additionally, some interindividual variability in mean power frequency values existed 

within each group (see Supplementary Figure 2). These differences may be due to the variability 

in breast tissue composition, which is influenced by body mass index, hormones, and age (Page 

and Steele, 1999; Vandeweyer and Hertens, 2002; Boyd et al., 2009; Coltman et al., 2018). 

Previous studies also demonstrated that some females have a large proportion of fibroglandular 

breast tissue, while others primarily contain adipose tissue (Brisson et al. 1984; Graham et al. 

1995). All these factors may also influence the EMG power spectrum and may have contributed 

to interindividual differences in the current sample of females. 
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4.6.2. Group differences in amplitude  

In general, the HD-sEMG amplitudes acquired from the superior HD-sEMG array were 

comparable across thickness groups and were not higher in Cup A as hypothesized. Differences in 

amplitude between groups only existed in adduction 90 at 25% and 50% MVE in the second 

sternocostal region. The EMG amplitude was higher in Cup B at 25% MVE, and Cup A and B 

compared to C/D/DD at 50% MVE. Mechanisms for these differences are unclear, as adduction 

60 demonstrated no differences. Group differences in adduction 90 may be due to breast tissue 

composition or re-distribution of breast tissue, which is common between activities in healthy 

females (Gibson et al. 2019). Alternatively, it is plausible that intersubject differences in activation 

patterns contributed to the differences quantified between the groups in this task. For example, 

some participants may have activated the clavicular or upper sternocostal more than middle and 

inferior sternocostal regions, as well as other muscles surrounding the shoulder complex.  

  

4.7. Limitations 

Several considerations delimit the study findings. Gross anthropometric measurements 

were used to quantify breast tissue thickness, limiting volumetric resolution. The ultrasound 

machine limitations hindered the ability to quantify breast tissue thickness in all females. These 

limitations included inability to pair the ultrasound system with the motion tracking system to 

quantify the exact orientation and location of the linear transducer with respect to the sternum in 

post-processing steps; inability to quantify the breast tissue thickness at several locations of the 

breast due to the equipment limitations in adjusting the image depth to visualize the muscle fibers, 

particularly at the level of the nipple; and lastly, the low ultrasound image quality, hampering the 

ability to precisely determine the boundaries of skin and breast tissue, as well as breast tissue and 
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muscle fibers. Further, skin thickness or breast tissue composition was not quantified in the current 

study, although these measures may influence signal characteristics (Al Harrach et al. 2017). 

Additionally, crosstalk from the surrounding muscles, such as the pectoralis minor, serratus 

anterior, external obliques, or intercostal muscles, may have influenced the patterns of regional 

activation quantified in this study. Attempts were made to minimize the degree of crosstalk by 

sampling EMG from many closely spaced electrodes (10 mm interelectrode distance) and 

quantifying differential derivation in the post-processing steps. Finally, this study acquired signals 

from healthy, young females, and hence, the results do not apply to the aging population, as the 

female breast changes with age (Brown et al. 1999).  

4.8. Conclusions and future directions 

 Examining pectoralis major activation in females is challenging due to the overlying breast 

tissue and compounded by individual differences in breast tissue thickness and variations in the 

composition of this tissue overlying the muscle. Females are commonly excluded from research 

evaluating pectoralis major activation due to the overlying breast tissue. In the present study, HD-

sEMG signals acquired at the level of the inferior array had low, inconsistent amplitudes and 

demonstrated a substantial increase in mean power frequency irrespective of the group in 

comparison to the superior array. Therefore, the acquisition of HD-sEMG signals from superior to 

middle regions of the pectoralis major is feasible in females, irrespective of the breast size. 

Additionally, a novel method is proposed (i.e., changepoint statistic) to determine the cut-off point 

or location at which acquisition and interpretation of the EMG signal is not advisable. This method 

can be applied to individual or group level mean power frequency data to determine the location 

at which evaluation and quantification of HD-sEMG signals are not advisable.  
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Chapter 5: Differential regional pectoralis major activation indicates functional diversity in 

healthy females 

 

5.0 Abstract 

 Pectoralis major activation fundamentally enables numerous tasks. Despite its importance 

in arm mobility, regional pectoralis major activation in females is unknown, leading to ineffective 

recommendations for rehabilitation, as well as surgical decisions that biomechanically 

compromise shoulder health. Knowledge of regional pectoralis major activations is, therefore, 

crucial to inform these decisions. Regional pectoralis major activation was acquired in twenty 

females (22.4 ± 2.2 years) in four isometric tasks: adduction from 90° or 60° of arm abduction; 

adduction at 90° of abduction with 90° external rotation; and internal rotation from 60° of 

abduction; at three submaximal efforts: 15%, 25%, and 50% scaled to individual task-specific 

maximal voluntary effort. High-density surface electromyography (HD-sEMG) was used to 

acquire the activation of clavicular, superior, and middle sternocostal regions. Normalized regional 

mean root mean square amplitudes were quantified for each region. Activity between regions 

across effort levels was compared within each of the tasks. Differences in regional activations were 

dependent on the task and effort level. The clavicular and middle sternocostal region had higher 

EMG amplitudes than the superior sternocostal region (10-16%) in internal rotation, irrespective 

of the effort level. The clavicular region had higher EMG amplitudes than both sternocostal regions 

in adduction 60 at 15% (~19%) and 25% MVE (~17%). Middle sternocostal regions were more 

active than clavicular (~15%) and superior sternocostal (~22%) region at 15% MVE in adduction 

90, than superior sternocostal at 25% (~15%) and 50% (~8%) MVE in adduction 90, and across 

all efforts in adduction external 90 (~12-44%). Lastly, in adduction 60, all three regions activated 

to the same magnitude at 50% MVE. These findings provide novel concepts regarding 

fundamental control capacities while also informing rehabilitation strategies.   
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5.1 Introduction 

Anatomically intricate pectoralis major enables arm mobility in multiple directions 

facilitating various daily, work, and exercise tasks. It assists in humeral horizontal and vertical 

adduction, flexion, internal rotation, and extension against resistance. Anatomical findings 

differentiate pectoralis major into three anatomically distinct regions: clavicular, sternocostal, and 

abdominal (Lewis, 1901; Ashley, 1952; Wolfe et al., 1992; Fung et al., 2009). Sternocostal regions 

also subdivide into four anatomically divergent partitions (Fung et al. 2009), indicating possible 

functional differentiation (Paton and Brown, 1994).  

Pectoralis major’s extensive blood supply often motivates surgical harvesting as a 

myocutaneous flap, allowing resected regions to serve as surrogates to aid in breast reconstruction 

(Cemal et al., 2013; Nelson et al., 2018). These surgeries typically fail to consider the 

biomechanical consequences of regional disinsertion on shoulder health, focusing on cosmetic 

outcomes. However, long-term functional limitations such as reductions in strength, range of 

motion, and changes in pectoralis major material properties are frequently reported in females who 

underwent these surgeries (de Haan et al., 2007; Forthomme et al., 2010; Leonardis et al., 2019). 

As females comprise most breast reconstruction recipients, this establishes the undeniable 

importance of delineating regional pectoralis major contribution in tasks necessitating its 

activation in females.  

Regional pectoralis major activation in females is unknown, as females are commonly 

excluded from studies evaluating pectoralis major activity due to the challenges in surface 

electromyography (sEMG) acquisition. However, several studies in males demonstrated that the 

magnitude of partitional activation depends on the task performed and effort level (Paton and 

Brown, 1994; Wickham et al., 2004; Wickham and Brown, 2012). For example, during adduction 
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at low efforts, localized activity was quantified in abdominal partitions, increasing recruitment of 

additional partitions at high efforts (70% MVE; Paton and Brown, 1994). Currently, it is unknown 

if differences in regional pectoralis major activity exist in females.  

While the characterization of muscle activity using classic EMG provides some 

information regarding the regional activity, it is limited to sampling from a small region of the 

muscle and does not allow for evaluation of this activity across all accessible areas of the pectoralis 

major. As inferior regions are inaccessible due to the breast tissue, the acquisition of EMG signals 

from available locations of the pectoralis major is essential in females. High-density surface 

electromyography (HD-sEMG) consists of an array of electrodes. It can be used to circumvent 

classic EMG limitations, as it allows for sampling of muscle activity from multiple regions of the 

muscle simultaneously, providing high temporal and spatial resolution (Merletti et al. 2010). 

Therefore, this study's purpose was to characterize the pectoralis major's spatial activity using HD-

sEMG in healthy, young females during low-to-moderate submaximal isometric efforts in four 

arm tasks. The primary hypothesis was that the middle sternocostal regions will have higher 

normalized EMG activity than superior sternocostal and clavicular regions in all tasks studied.  

5.2 Methods 

5.2.1. Participants 

Twenty healthy, right-hand dominant, young females participated (22.4 ± 2.2 years; Table 

4). The chosen sample size was selected using a priori power analyses. Sample size calculations 

in G*Power 3.1 (Universitat Dusseldorf, Dusseldorf, Germany) indicated that a minimum of 16 

participants is required to obtain sufficient power (Cohen, 1988). The effect size chosen (f2 = 0.31) 

is on the lower end of the observed effect size in previous studies, which reported effect sizes 
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between 0.2 to 0.6 (Paton and Brown, 1994; Brown et al. 2007; Wickham et al. 2004). Females 

were recruited using word-of-mouth and posters advertising the study in the kinesiology, 

engineering, psychology, and student center buildings. All recruited females were recreationally 

active. The inclusion criteria included healthy young (between 18-40 years old), right-hand 

dominant females. Females who underwent breast reconstruction or augmentation surgeries were 

not included in the study. All participants were free from musculoskeletal or neurological injuries 

in the right arm or low back pain in the past six months. Additionally, no participants tested 

positive for signs of impingement, as determined by Hawkin’s impingement and Apley’s Scratch 

test. All participants wore a normal bra (i.e., no sports bra) to allow electrode placement over the 

muscle without compressing the electrodes. Participants were instructed by the investigator not to 

consume any caffeinated drinks the morning of the session and drink plenty of water the day before 

the session. All participants refrained from engaging in strenuous physical activity for 24 hours 

before the session. This study received ethics clearance by the institutional office of research 

ethics, and all participants provided informed consent.  

Initially, anthropometric measurements were collected, including height, weight, rib cage 

and chest circumference, clavicle, and sternum length (Table 4). Rib cage circumference was 

measured using a measuring tape wrapped around the rib cage, just under the breasts, in the area 

where the bra band is located. In contrast, chest circumference was measured starting from the 

fullest part of the participant’s bust, with measuring tape wrapped under the axilla. Clavicle length 

was measured from the acromion to the sternal notch, while the sternal length was measured from 

the sternal notch to the palpated xiphoid process. The clavicular and sternal length were used to 

scale the normalized EMG data to account for differences in pectoralis major size.  
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Table 4: Participant demographics and anthropometric measurements (± standard deviation) for 

nineteen participants included in this study's analyses.  

Age (years) 22.4 ± 2.3 

Height (cm) 164.4 ± 7.7 

Weight (kg) 62 ± 4.6 

Chest circumference (cm) 90.2 ± 5.1 

Ribcage circumference (cm) 80.6 ± 3.8 

Breast tissue thickness at the nipple (cm) 9.5 ± 4.4 

Clavicle length (cm) 15.3 ± 1.6 

Sternum length (cm) 20.6 ± 2.2 

 

5.2.2. High-density surface electromyography  

HD-sEMG was acquired from a pectoralis major using two arrays in monopolar mode 

(ELSCH064NM3, OTBioelecttronica, Torino, Italy; Figure 15A). Each array consisted of sixty-

four channels in an 8 by 8 matrix with a 10 mm inter-electrode distance. The arrays were fixed 

with adhesive tape and connected to a 128-channel EMG amplifier (EMGUSB2+, 

OTBioelecttronica, Torino, Italy). Before applying the electrodes, the pectoral area was cleaned 

with abrasive paste and gently cleansed with water. The electrode holes were filed with 

electroconductive gel, and the arrays were applied on the skin using 1 mm thick two-sided adhesive 

foam. The superior array was placed ~ 2 cm inferior to the clavicle, with the middle of the array 

located between the sternum and the axilla and parallel to muscle fibers. The inferior array was 

placed immediately below the superior one. All EMG signals were bandpass filtered with a cut-

off frequency between 10 – 500 Hz and sampled at 2048 Hz with a 12-bit A/D converter (5V 

dynamic range). HD-sEMG signals were amplified by a factor between 100-5000 V/V, depending 

on the task and effort level. One wet reference band was wrapped around the participant’s right 

wrist, while one reference electrode was placed on the right clavicle. 
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Figure 15: Location of HD-sEMG arrays and schematic of tasks investigated. A: Two HD-sEMG 

64-channel arrays were fixed over the pectoralis major. The white square indicates a superior HD-

sEMG array, which was used for analyses. Superior HD-sEMG was used for analyses divided into 

regions: rows 1 to 2 clavicular; 3 to 5 superior sternocostal; and 6 to 8 middle sternocostal. B: 

Tasks included adduction from 60° of abduction (ADD60), which required pulling towards the 

torso; adduction from 90° of abduction (ADD90), which involved pushing downwards; adduction 

from 90° of abduction and 90° of external rotation (ER90), which involved pushing downwards; 

and internal rotation from 60° of abduction (IR60), which involved medially rotating the forearm 

towards the torso. Black arrows indicate the direction of effort. The figure also displays the arm-

cuff and the location of the six-degree-of-freedom transducer.  
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5.2.3. Force measurement 

The raw voltage of exerted effort was acquired concurrently with the HD-sEMG signals. 

Participants exerted effort against a custom-built arm cuff attached to a six-degree-of-freedom 

transducer (MC3A, AMTI MA, USA) mounted on a robotic arm (Figure 15B; Motoman Robotics 

Division, Yaskawa America, USA). The sampling rate was 1500 Hz and amplified (1000x) using 

VICON Nexus 1.7.1 software. 

 

5.2.4. Electrocardiography (ECG) 

Electrocardiography (ECG) was acquired concurrently with HD-sEMG to eliminate the 

heart rate contamination in post-processing steps. ECG was recorded using silver-silver chloride 

(Ag-AgCl) disposable electrodes in a monopolar configuration. Three electrodes were placed over 

the left chest at the 6th costal level, approximately along the anterior axillary line, and medially at 

the sternocostalis junction (Drake and Callaghan, 2006). ECG was collected using a wireless 

telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals were 

band-pass filtered from 10-1000 Hz and differentially amplified with a CMRR > 100dB and an 

input impedance of 100 MΩ. Analog signals were converted to digital using a 16-bit A/D card 

with a ±10 V range. The sampling frequency was 1500 Hz.  

 

5.2.5. Additional shoulder muscle monitoring 

The activity of six additional shoulder muscles was acquired and monitored concurrently 

with HD-sEMG. Upper trapezius, latissimus dorsi, deltoid (anterior, middle, and posterior), and 

infraspinatus activity was collected. sEMG activity was recorded using silver-silver chloride (Ag-

AgCl) disposable electrodes with a 1 cm diameter and a fixed inter-electrode spacing of 2 cm in a 
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bipolar configuration. Before the electrode placement, the area overlying the muscle belly was 

shaved and cleansed with abrasive gel and water. Placement of the sEMG electrodes was 

confirmed with palpation while the participant exerted a low, submaximal contraction of the 

muscle in positions described in Supplementary Table 1 (Cram and Kasman, 1998; Kelly et al., 

1996). The reference electrode was placed on the acromion. sEMG was collected using a wireless 

telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals were 

band-pass filtered from 10-1000 Hz and differentially amplified with a CMRR > 100dB and an 

input impedance of 100 MΩ. Analog signals were converted to digital using a 16-bit A/D card 

with a ±10 V range. The sampling frequency was 1500 Hz.  

 

5.2.6. Experimental protocol 

Participants performed task-specific maximal voluntary efforts (MVE) and isometric 

ramped submaximal trials in four tasks at three effort levels. Before the experimental protocol, all 

participants underwent a brief warm-up and training on how to elicit MVE, after which they 

practiced submaximal efforts against the arm cuff with real-time visual force feedback provided 

on a monitor. This training served to precondition the muscle-tendon unit (Maganaris et al., 2002) 

and familiarize the participant with the task. The participant sat on a chair with an upright torso 

with the trunk secured using a padded strap throughout all trials. The arm was secured in the cuff 

to minimize movement during task performance. Participants performed two 5-second task-

specific MVEs in the following isometric tasks (Figure 15B): a) adduction (ADD60) and b) 

internal rotation (IR60) from 60° of arm abduction; c) adduction from 90° of arm abduction 

(ADD90); and d) adduction from 90° of arm abduction and 90° of arm external rotation (adduction 

external 90; ADDER90). While the majority of occupational and daily tasks rely on a combination 
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of arm postures and exertion directions, the tasks and effort levels chosen reflect tasks which are 

typically evaluated following pectoralis major compromise (see Brookham et al. 2018; Brookham 

et al. 2018; Leonardis et al. 2019; Lipps et al. 2019). During MVE's performance, participants 

were verbally encouraged by the investigators. Each MVE was separated by 2 minutes of rest. 

Maximal MVE values were quantified using a custom-made program in LabVIEW (National 

Instruments, version 3.1). The mean of two maximal task-specific MVEs was used to scale all 

submaximal trials within each task. During MVE performance, the off-axis forces were monitored 

in LabVIEW, such that at least 80% of the effort generated had to be directed in the target direction. 

If this was not achieved, the participant was provided with verbal feedback on the task-specific 

effort direction, and the trial was repeated. Additionally, if two maxima generated in MVE trials 

differed by more than 10 Newtons, a third trial was performed to ensure consistency between 

MVEs.  

Participants performed three submaximal ramped isometric efforts at 15%, 25%, and 50% 

of the task-specific MVE. These submaximal effort levels reflect muscle activation levels required 

in many occupational and daily tasks. Each effort level was performed twice and lasted 60, 60, and 

30 seconds, respectively, with rest breaks provided between the trials. Participants were 

encouraged to report feelings of fatigue and the need for longer rest periods. If requested by the 

participant, longer rest periods were provided. Participants ramped-up at ~2% MVE/s, maintained 

the effort level, and then ramped down at ~2% MVE/s. Tasks were fully randomized between 

participants, as well as within a participant. Effort levels were randomized within each task, with 

each submaximal effort performed consecutively within a task. Participants received visual 

feedback of the required force output on a monitor and live feedback of each trial's exerted effort 

level.  
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5.3. Data Analysis 

5.3.1. HD-sEMG signal processing (Amplitude) 

For all participants, HD-sEMG data analyses focused on the superior array due to the effect 

of breast tissue on HD-sEMG amplitude and mean power frequency in the inferior array, quantified 

in Chapter 4. Any trials with motion artifact, low skin-electrode contact, or substantial saturation 

were removed from further analyses (~1.5% of total trials). Technical issues related to signal 

acquisition contaminated data from one participant across tasks and one participant in two tasks, 

prompting their removal from analysis for these tasks. Before processing HD-sEMG, acquired 

ECG was used to remove heart rate contamination from monopolar HD-sEMG signals. ECG was 

interpolated to 2048 Hz, and the HD-sEMG signals were cross-correlated with the heart rate data 

to match the timing of each heartbeat's peak amplitude. Each trial was visually inspected to make 

sure the algorithm correctly recognized the ECG peaks. The precise timing of each ECG peak 

surrounded by 250-millisecond windows before and after the peak was determined and used to 

avoid the quantification bias of the root mean square (RMS) amplitude.  

Raw HD-sEMG data were band-pass filtered with a 3rd order Butterworth filter (20-500 

Hz), and the differential derivation was quantified from left to right (i.e., from axilla towards 

sternum). RMS was quantified for each differential channel. The resultant force was used to focus 

on the first half of the hold. The most stable part of the hold was selected by dividing the resultant 

force into 5-second segments and performing EMG analyses on the force segment with the lowest 

coefficient of variation. Maximal trials were combined for adduction and internal rotation at 60° 

and adduction tasks at 90° as these were performed at the same arm posture. For each HD-sEMG 

channel within MVE, the mean of a 3-second window surrounding the maximal force was 

extracted. Subsequently, each channel's maximal value across four MVE trials was extracted, 
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following which each channel in a submaximal trial was normalized to the channel-specific 

maximal value. Following EMG normalization, spatial scaling was applied for each participant to 

account for differences in pectoralis major size. Each participant’s normalized EMG amplitudes 

were scaled to the participant with the largest pectoralis major. The largest pectoralis major was 

determined based on sternal and clavicular length measurements. Following normalization, the 

superior HD-sEMG array was divided into clavicular (rows 1-2), superior sternocostal (rows 3-5), 

and middle sternocostal (rows 6-8) region.  Subsequently, the mean for each region across all 

channels was quantified (Figure 15A). The regional divisions in the HD-sEMG array were based 

on the anatomical description of each region’s location (Fung et al., 2009). Subsequently, the 

regional mean of the two trials within each task and effort level was quantified.  

 

5.3.2. Force  

 Raw voltage data acquired in submaximal and maximal trials was processed. Raw voltages 

were filtered using a 3rd order low-pass Butterworth filter with a cut-off frequency of 15 Hz and 

converted to Newtons using a custom-made program in MATLAB 2019b. Mean force data in 

Newtons that matched the most stable part of the force (i.e., HD-sEMG signals were analyzed 

above) was quantified. Force acquired in submaximal trials was then normalized to the mean of 

the two maximal values quantified in task-specific MVEs. Normalized force data was used to 

confirm that all participants received the same amount of feedback and exerted 15%, 25%, or 50% 

MVE during submaximal trials.  
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5.3.3. Bipolar surface electromyography 

 Bipolar EMG data in task-specific maximal MVE and submaximal trials were processed. 

All sEMG data was band-pass filtered with a 2nd order Butterworth filter (30-500 Hz), and RMS 

was quantified. MVE and submaximal trials were processed using the same methods and for the 

same force segment for HD-sEMG. For submaximal trials, this included a mean of a 5-second 

segment with the lowest coefficient of variation in force. Maximal trials were combined for 

adduction and internal rotation at 60° and adduction tasks at 90° as these were performed at the 

same arm posture. The mean of a 3-second window surrounding the maximal force was extracted, 

following which maximal value across four trials was quantified. Submaximal trials were then 

normalized to muscle-specific maxima. sEMG was normalized to task-specific MVEs to not 

underestimate EMG activity by normalizing to standard MVEs (Maciukiewicz et al. 2019). Mean 

across 5 seconds of normalized RMS data was quantified for each submaximal trial. Subsequently, 

the mean of two task-specific submaximal trials was quantified.  

 

5.4. Statistical Analyses 

All statistical analyses were performed in SPSS (IBM, version 21). Before any 

comparisons, the data were checked for normality and sphericity using the Shapiro-Wilk test and 

Mauchly’s test of sphericity, respectively. Data in all tasks were not normally distributed and were 

ln transformed. Two-way repeated-measures analysis of variance (ANOVA) examined mean 

normalized EMG amplitude for each task with within-subject factors Region (clavicular, superior, 

and middle sternocostal) and Effort (15, 25, 50% MVE). If significant interactions between Region 

and Effort were found, planned comparisons with Dunn-Bonferonni correction were performed. 

EMG amplitudes quantified for additional shoulder muscles were ranked from highest to lowest 
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activity based on each task's activation level. They were used to determine which additional 

shoulder muscles contributed highly to the task. Partial eta-squared (ηp2) examined the effect sizes 

related to significant differences. Ƞp2 less than 0.06 was deemed as “small,” 0.07-0.14 as 

“moderate,” and greater than 0.14 as “large” (Cohen, 1969). The significance level was set to p < 

0.05.  

 

5.5 Results 

In general, middle sternocostal regions activated more than superior sternocostal and 

clavicular regions in adduction with external rotation at all effort levels (ADDER90; Figure 16C). 

In internal rotation, the clavicular and middle activated more than the superior sternocostal regions 

across effort levels (Figure 16D). Additionally, differential regional activation existed in adduction 

at 60° and 90° of abduction and depended on the effort level (Figure 16A and 16B). All participants 

received the same amount of feedback across tasks and effort levels (Table 5).  
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Figure 16: Scaled mean normalized (%MVC) spatial topographical maps for each task and effort 

level across the whole sample. A: Scaled mean normalized topographical maps for 15%, 25%, and 

50% MVE in isometric adduction from 60° of abduction. Note the high activations of the clavicular 

and the middle sternocostal regions at low effort levels. B: Scaled mean normalized topographical 

maps for 15%, 25%, and 50% MVE in isometric adduction from 90° of abduction. Note the high 

activations of the middle sternocostal regions at low effort levels, with increases in the clavicular 

region's activation as effort increases. C: Scaled mean normalized topographical maps for 15%, 

25%, and 50% MVE in isometric adduction from 90° of abduction and 90° external rotation. Note 

the high activations of the middle sternocostal regions irrespective of the effort level. D: Scaled 

mean normalized topographical maps for 15%, 25%, and 50% MVE in isometric internal rotation. 

Note the high activation of the clavicular and the middle sternocostal regions irrespective of the 

effort level. Blue colour indicates low activation. Red colour indicates high activations.  
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Table 5: Mean force (N) and mean %MVE ± standard deviation achieved for each task and effort 

level. 

Task Effort Level Mean Force (N) Mean %MVE 

Adduction 60 15% 30 ± 6.4 15.7 ± 1.2 

 25% 49.3 ± 10.7 25.8 ± 1.5 

 50% 95.4 ± 19.5 50.3 ± 5 

 100% 187.9 ± 42.8 - 

Adduction 90 15% 24.6 ± 6.2 14.9 ± 1.3 

 25% 40.9 ± 10.3 24.9 ± 2.5 

 50% 83.7 ± 18.4 51.1 ± 1.8 

 100% 163 ± 34.9 - 

Internal Rotation 15% 22.7 ± 6.4 15.8 ± 1.2 

 25% 37.4 ± 10.2 26.1 ± 2.7 

 50% 75.6 ± 19.9 52.8 ± 6.5 

 100% 145.3 ± 43 - 

Adduction External 

90 

15% 24.2 ± 6.7 14.5 ± 2.3 

 25% 41.4 ± 9 24.9 ± 2 

 50% 84.5 ± 16.6 51 ± 1.7 

 100% 165.4 ± 30.6 - 

 

5.5.1. Adduction at 60° of abduction 

Region by Effort interaction existed in adduction 60° (F(2.4, 41.2) = 10.09, p < 0.0001, ηp2 = 

0.37; Figure 17A). Compared to the superior sternocostal region, the EMG amplitude was 19% 

higher in the clavicular at 15% MVE (p < 0.0001). Similarly, at 25% MVE, the EMG amplitude 

was 16% higher in the clavicular (p < 0.0001) than in the superior sternocostal region. At 50% 

MVE, the EMG amplitude was similar between regions (all p > 0.025).  

Along with the pectoralis major, additional shoulder muscles contributed to the 

performance of this task. Specifically, the middle and posterior deltoid and upper trapezius 

activated at 15% MVE between 16-17% MVC (Figure 18A). At 25% and 50% MVE, latissimus 

dorsi, posterior, and middle deltoid activated between 25-27% MVC at 25% MVE and 50-54% 

MVC at 50% MVE (Figure 18A; Supplementary Table 2).  
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5.5.2. Adduction at 90° of abduction 

Region by Effort interaction existed in adduction from 90° (F(2.4, 43.9) = 3.6, p = 0.027, ηp2 

= 0.16; Figure 17B). Middle sternocostal activated 15% more than clavicular and 22% more than 

superior sternocostal region at 15% MVE (mid. stern > clav, p = 0.024; mid. stern > sup. stern, p 

< 0.001). At 25% MVE, the middle sternocostal amplitude was 15% higher than superior 

sternocostal (p = 0.001), but not different than the clavicular region (p = 0.04). Lastly, at 50% 

MVE, EMG amplitudes in the middle sternocostal region were 8% higher than the superior 

sternocostal region (p = 0.012), but not different than the clavicular region (p = 0.21).  

At 15% MVE, the upper trapezius activated with pectoralis major (~22% MVC), while at 

25% MVE, both upper trapezius and middle deltoid activated between 17-18% MVC (Figure 18B). 

At 50% MVE, anterior deltoid, latissimus dorsi, and middle deltoid activated between 34-36% 

MVC (Figure 18B; Supplementary Table 2).  
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Figure 17: Mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, superior, and middle sternocostal regions across 15%, 25%, and 50% MVE for each 

task. Each region is denoted in different shades: clavicular region: red; superior sternocostal region 

(sup. stern): grey; middle sternocostal region (mid. stern): purple. White dots in the middle of each 

violin plot are medians. A: Isometric adduction at 60° abduction (ADD60). The clavicular region 

activated more than superior sternocostal at 15% and 25% MVE. B: Isometric adduction at 90° 

abduction (ADD90). The middle sternocostal region activated more than the clavicular and 

superior sternocostal region at 15% MVE. At 25% and 50% MVE, the middle sternocostal region 

activated more than superior sternocostal region C: Isometric adduction at 90° of abduction and 

90° external rotation (ADDER90). The middle sternocostal region activated more than clavicular 

and middle sternocostal irrespective of the effort level. D: Isometric internal rotation (IR60). 

Clavicular and middle sternocostal regions were more active than the superior sternocostal region 

regardless of the effort level. Asterisk (*) denotes significant differences between regions.  
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Figure 18: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in adduction 

60 (A) and adduction 90 (B). Each coloured line depicts the effort level: blue: 15% MVE; red: 

25% MVE; and 50% MVE: grey. The magnitude of activation is represented on the Y-axis, with 

each additional inner circle representing an increase in 10% MVC.  
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5.5.3. Adduction at 90° of abduction and 90° of external rotation (Adduction external 90)  

Region by Effort interaction existed while adducting in adduction external 90 task (F(1.8, 

32.7) = 4.1, p = 0.028, ηp2 = 0.18; Figure 17C). At 15% MVE, middle sternocostal had 42% and 

44% higher amplitudes than clavicular and superior sternocostal regions, respectively (mid. stern 

> clav, p < 0.001; mid. stern > sup. stern, p < 0.001). At 25% MVE, the amplitudes were 29% and 

37% higher in the middle sternocostal than the clavicular and the superior sternocostal region, 

respectively (mid. stern > clav, p = 0.001; mid. stern > sup. stern, p < 0.001). High activity in the 

middle sternocostal region remained at moderate effort (i.e. 50% MVE; mid. stern > clav:12%, p 

= 0.007; mid. stern > sup. stern: 19%, p < 0.001).   

At 15% MVE, upper trapezius activated highly (22% MVC). As the effort increased to 

25% MVE, infraspinatus (23% MVC), latissimus dorsi (20% MVC), and upper trapezius (22% 

MVC) had high activations. At 50% MVE, infraspinatus (42% MVC), latissimus dorsi (42% 

MVC), middle (39% MVC), and posterior deltoid (40% MVC) had high activity (Figure 19A; 

Supplementary Table 2).  

 

5.5.4. Internal rotation  

In internal rotation, Region by Effort interaction existed (F(2.5, 43.1) = 4.77, p = 0.008, ηp2 = 

0.21; Figure 17D). At 15% MVE, both the clavicular (16%, p < 0.001) and middle sternocostal 

regions (9%, p = 0.020) activated more than the superior sternocostal region. Similarly, at 25% 

MVE, both also activated more than the superior sternocostal region (p = 0.001; clav by 14%; p = 

0.007; mid. stern by 10%). In moderate efforts, both clavicular (p = 0.013) and middle sternocostal 

region (p = 0.007) activated 10% more than the superior sternocostal region.  
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At 15% MVE, the upper trapezius activated ~15% MVC to assist the pectoralis major 

(Figure 19B; Supplementary Table 2). In contrast, at 25% and 50% MVE, the highest activity was 

quantified in latissimus dorsi (18-38% MVC), middle (16-33% MVC), and posterior deltoid (17%-

32% MVC).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in adduction 

external 90 (A) and internal rotation (B). Each coloured line depicts the effort level: blue: 15% 

MVE; red: 25% MVE; and 50% MVE: grey. The magnitude of activation is represented on the Y-

axis, with each additional inner circle representing an increase in 10% MVC.  
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5.6. Discussion 

Differential regional pectoralis major activation emerged across tasks and effort levels, 

indicating complex task and effort interactions. The clavicular and middle sternocostal regions 

activated highly in tasks without external rotation. In contrast, in the task with external rotation, 

the middle sternocostal region activated more than the other two regions at all effort levels, 

indicating a specialized role.  

Regional contributions to internal rotation are unclear. While some studies demonstrated 

clavicular region involvement in this task (Wolfe et al., 1992; Stegink-Jansen et al., 2011), reduced 

internal rotation strength occurred following an injury to the sternocostal regions (Schepsis et al., 

2000; Provencher et al., 2010; Leonardis et al., 2019; Marsh et al., 2020). However, anatomical 

studies suggest that both regions may support internal rotation moment (Ackland and Pandy, 

2011). Although both regions can internally rotate the arm, the clavicular region has two-to-three 

times shorter internal rotation moment arm than the sternocostal, with the longest internal rotation 

moment arm in the sternocostal region at 30-60° of abduction (Ackland and Pandy, 2011). 

Additionally, at 60° of abduction, the clavicular region has an abductor moment arm (Ackland et 

al., 2008). Correspondingly, the clavicular and middle sternocostal regions had similar EMG 

amplitudes in this task, reflecting dual contributions to isometric internal rotation effort and 

postural maintenance of arm abduction.  

In isometric adduction, arm posture, and the required effort level dictated regional 

activations. Adductor moment arm lengths vary by region and within each region, by arm 

abduction angle (Ackland et al., 2008). Specifically, the clavicular region has a larger abductor 

moment at 90° than 60° of abduction when the arm is not externally rotated. In comparison, 

sternocostal regions have longer adductor moment at 60° than 90° of abduction (Ackland et al., 
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2008). Accordingly, the clavicular region activated to maintain arm abduction, while the middle 

sternocostal regions generated complementary isometric adduction. Differences between these 

tasks emerged in spatial activity changes with increasing effort. At 50% MVE in 60° of abduction, 

higher relative EMG amplitudes occurred in the superior and middle sternocostal region. In 

contrast, higher effort in 90° of abduction produced high activations in the middle sternocostal 

region. This may result from the greater adduction leverage of the sternocostal regions in 60° of 

abduction, while the clavicular region has more leverage at 90° of abduction (Ackland et al., 2008).  

In adduction with external rotation, middle sternocostal regions had higher EMG 

amplitudes than the clavicular and superior sternocostal region. Relatively greater EMG 

amplitudes were previously quantified in the sternocostal in comparison to the clavicular region in 

isometric and dynamic tasks involving similar postures (Nadon et al. 2016; MacLean et al. 2019). 

In contrast, no such regional differences existed in stiffness in a similar task in males (Leonardis 

et al. 2017), suggesting equivalent regional contributions. Differences between studies may be due 

to sex-related differences. The clavicular region is more passively stretched than the sternocostal 

region in this arm posture (Leonardis et al. 2017), although both regions experience ~33% strains 

(Stegnik-Jansen et al., 2011). It is unknown, however, if differences in strain exist between 

sternocostal partitions.  

5.6.1. Implications for surgical disinsertion or injury to pectoralis major regions 

The clavicular and superior/middle sternocostal regions were essential in maintaining 

submaximal efforts in internal rotation and adduction tasks. Accordingly, injury to the sternocostal 

regions may reduce the ability to maintain isometric submaximal adduction efforts at 90° of 

abduction and external rotation, prompting increased compensatory activation by other adductors, 

such as latissimus dorsi and external rotator muscles (Chopp-Hurley et al., 2016). Further, such 
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injury may significantly affect the performance of vertical adduction without external rotation in 

low efforts. Supportingly, individuals who underwent subpectoral breast reconstruction involving 

sternocostal disinsertion could not maintain shoulder joint stiffness at 10% MVE in the 

submaximal vertical adduction torque task (Leonardis et al., 2019). Reductions in vertical 

adduction strength also existed in a subpectoral reconstruction group (Leonardis et al., 2019) and 

breast cancer survivors following radiation (Lipps et al., 2019).  

5.6.2. Evidence of partitional activation in pectoralis major regions 

Lower EMG amplitudes emerged in the superior compared to the middle sternocostal 

region for multiple tasks, suggesting potential functional differentiation between sternocostal 

partitions. Data on partitional sternocostal moment arms are lacking. A single study demonstrates 

variations in partitional adduction moment arms when the upper extremity is at 20° of abduction 

in the frontal plane (Brown et al., 2007). However, adduction moment arms throughout the range 

of motion were not evaluated, and internal rotation moment arms were not defined. Distinct 

anatomical differences in sternocostal muscle fiber bundles (Brown et al., 2007; Fung et al. 2009) 

suggest possible functional differences between partitions. The largest differences between 

superior and middle sternocostal fibers exist in the lateral pennation angle, with superior fibers 

exhibiting greater pennation angles than middle sternocostal fibers (Fung et al., 2009). While it is 

plausible that lower EMG amplitudes in superior partitions resulted from possible innervation zone 

proximity, lower EMG amplitudes would be more prominent laterally (i.e., towards the axilla) as 

defined previously (Mancebo et al., 2019). Further, higher EMG amplitudes in superior fibers 

occurred for moderate effort levels. The present results provide preliminary evidence for 

partitional functional differentiation. 
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5.7. Limitations 

Methodological limitations accompany this study. Previous studies in males quantified 

higher activations in the inferior sternocostal and abdominal partitions, particularly in tasks 

requiring isometric adduction (Paton and Brown, 1994). While these regions may also highly 

activate in females, their recording was infeasible due to the overlying breast tissue. Secondly, the 

study included only young females, and therefore, findings may not transfer to other cohorts. 

Finally, present results likely do not reflect muscular activations in unstudied tasks, including 

horizontal adduction, flexion, and extension against resistance. 

Additionally, crosstalk from the surrounding muscles, such as the pectoralis minor, serratus 

anterior, external obliques, or intercostal muscles, may have influenced the patterns of regional 

activation quantified in this study. Attempts were made to minimize the degree of crosstalk by 

sampling EMG from many closely spaced electrodes (10 mm interelectrode distance) and 

quantifying differential derivation in the post-processing steps.  Lastly, it is known that at least one 

innervation zone is located within the superior region of the pectoralis major (Mancebo et al. 

2019). Due to the challenges in quantifying the innervation zones from motor unit action 

potentials, the exact location of these innervation zones was challenging to determine. Therefore, 

this study quantified the mean normalized EMG amplitudes across the innervation zones, which 

may have influenced the findings. 

5.8. Conclusions 

 This study provides unprecedented evidence for differential regional pectoralis major 

activation in females and regional activation dependency on the task performed and effort level 

required. Specifically, present findings indicate localized activation of the middle sternocostal 

regions in tasks requiring adduction with external rotation irrespective of the effort level. In 



105 
 

contrast, both clavicular and middle sternocostal regions activate in tasks involving internal 

rotation and adduction without external rotation. These novel findings may be used to inform 

surgical interventions which resect pectoralis major regions or rehabilitation protocols aimed at 

pectoralis major recovery following compromise.  
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Chapter 6: Task and effort level influence regional pectoralis major activation in healthy 

females: A high-density electromyography study 

6.0 Abstract 

Pectoralis major activation fundamentally enables commonly performed tasks. Despite 

important contributions to arm mobility, ambiguity exists regarding its regional activation in 

females. Knowledge of regional activation is critical for the development of targeted rehabilitation 

protocols in compromised populations. This study quantified regional pectoralis major activation 

in low-to-moderate ramped isometric efforts in nine young, healthy females in four arm tasks: a) 

extension; b) flexion; c) horizontal adduction; and d) internal rotation; at four effort levels: 15%, 

25%, 50%, and 75% scaled to the individual task-specific maximal voluntary effort (MVE). High-

density surface electromyography from clavicular, superior, and middle sternocostal regions was 

used to compute the regional mean root mean square amplitudes (normalized to maxima). Middle 

sternocostal regions had higher EMG amplitudes than clavicular and superior sternocostal regions 

in extension (all p < 0.001) and internal rotation (p < 0.0001) across all effort levels. In horizontal 

adduction, clavicular had 22% and 19% higher EMG amplitudes, respectively, than middle 

sternocostal region at 15% MVE (p = 0.018) and 25% MVE (p = 0.019). Additionally, clavicular 

region had 14% higher EMG amplitudes than superior sternocostal region at 25% MVE (p = 

0.017). All three regions had similar EMG amplitudes at 50% and 75% MVE (all p > 0.025). In 

flexion, clavicular region had higher EMG amplitudes at 15% MVE (p = 0.022) and 25% MVE (p 

= 0.005) than other two regions. At 50% and 75% MVE, all three regions displayed similar EMG 

amplitudes (all p > 0.025). Present findings indicate differential regional pectoralis major 

activation, providing foundational knowledge regarding fundamental activation and informing 

surgical and rehabilitation interventions.  
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6.1 Introduction 

Arm movement requires simultaneous activation of multiple shoulder muscles. One of 

these muscles is the pectoralis major, which contributes to humeral mobility and overall shoulder 

stability. Remarkably, it also allows for the mobility of the sternoclavicular, acromioclavicular, 

and indirectly, scapulothoracic joints. Comprised of at least three anatomically distinct regions 

(Ashley, 1952; Fung et al. 2009; Lewis 1901; Wolfe et al. 1992), pectoralis major activation assists 

in humeral horizontal and vertical adduction, flexion, internal rotation, and extension against 

resistance. Indeed, its multipennate architecture permits for variation in regional moment arms 

throughout the range of motion (Ackland et al. 2008; Ackland and Pandy, 2011), shifting regional 

activations based on the arm posture (Paton and Brown, 1994; Wickham et al. 2004; Wickham and 

Brown, 2012). However, these mechanical contributions and functional divisions are even more 

sophisticated. The most recent anatomical evidence suggests the presence of multiple partitions 

within sternocostal and abdominal regions (Fung et al. 2009), which may activate differentially 

depending on the arm posture, effort level, and task performed.  

 Despite its multifunctional role, pectoralis major regions are commonly resected and used 

as donor tissues in various surgical interventions involving head, neck, or breast reconstruction 

and restoring functional limitations in other shoulder muscles. These surgical procedures rarely 

consider the biomechanical consequences of pectoralis major disinsertion. Several studies 

investigating the effects of pectoralis major resection showed reduced arm strength (Steinmann 

and Wood, 2003; de Haan et al. 2007; Leonardis et al. 2019), restrictions in mobility (Steinmann 

and Wood, 2003), and changes in pectoralis major material properties (Leonardis et al. 2019).  

Data on regional pectoralis major activation in females is lacking. However, information 

regarding regional pectoralis major activation in females is essential to resolve the 
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pathophysiology of functional limitations in compromised populations and develop improved 

surgical procedures. A limited understanding of regional activation in females motivates precise 

examination of regional pectoralis major activation and function using advanced techniques. High-

density surface electromyography (HD-sEMG), consisting of an array of electrodes, can capture 

the whole muscle's EMG activation, enabling quantification of the spatial distribution of muscle 

activity. As the acquisition of EMG signals from pectoralis major in females is limited to the 

superior to middle regions, the possibility to acquire EMG signals from available muscle locations 

is essential. Therefore, the present study aimed to characterize regional pectoralis major activation 

in low, moderate, and high ramped isometric efforts in healthy, young females in four arm tasks. 

The range of effort levels and arm tasks chosen in this study reflect a range of muscular responses 

and focus on the tasks which require pectoralis major activation. The primary hypothesis was that 

the middle sternocostal region will have higher normalized EMG than the superior sternocostal 

and clavicular region in internal rotation 90 and extension. Further, in flexion, it was hypothesized 

that the clavicular region will have higher normalized EMG amplitudes than the superior and 

middle sternocostal regions. Lastly, in horizontal adduction, it was hypothesized that clavicular 

and superior sternocostal regions will have higher normalized EMG amplitudes than middle 

sternocostal regions.  

6.2 Methods 

6.2.1. Participants 

Nine healthy, right-hand dominant young females (24.5 ± 3.1 years; height: 165 ± 3.5 cm; 

weight: 61 ± 8.9 kg; Table 6) participated. The chosen sample size was selected using a priori 

power analyses. Sample size calculations in G*Power 3.1 (Universitat Dusseldorf, Dusseldorf, 

Germany) indicated that a minimum of 16 participants is required to obtain sufficient power 

(Cohen, 1988). The effect size chosen (f2 = 0.31) is on the lower end of the observed effect size in 
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previous studies, which reported effect sizes between 0.2 to 0.6 (Paton and Brown, 1994; Brown 

et al. 2007; Wickham et al. 2004). The actual sample did not satisfy the quantified a priori sample 

as collections were halted due to the Canadian government's lockdown measures due to the 

COVID-19 pandemic. Females were recruited using word-of-mouth and posters advertising the 

study in the kinesiology, engineering, psychology, and student center buildings. All recruited 

females were recreationally active. The inclusion criteria included healthy young (between 18-40 

years old), right-hand dominant females. Females who underwent breast reconstruction or 

augmentation surgeries were not included in the study. Participants reported no history of 

musculoskeletal or neurological injuries in the right arm or low back and had no back pain in the 

past six months. No participants tested positive for signs of impingement, as screened with 

Hawkin’s impingement and Apley’s Scratch test. Participants did not engage in strenuous physical 

activity at least 24 hours before the session. Participants were instructed by the investigator not to 

consume any caffeinated drinks the morning of the session and drink plenty of water the day before 

the session. All participants wore a normal bra (i.e., no sports bra) to mitigate breast tissue 

compression and allow placement of HD-sEMG arrays over the pectoralis major. This study was 

reviewed and received ethics clearance from the Institutional Research Ethics (ORE #31747) and 

conformed with the Declaration of Helsinki.  

Before the experimental protocol, height, weight, rib cage, chest circumference, clavicle, 

and sternum length were measured. Rib cage circumference involved measurements around the 

rib cage, just under the breasts, in the area where the bra band is located. Chest circumference was 

measured starting from the fullest part of the participant’s bust, with measuring tape wrapped 

around under the axilla. Clavicle length was measured from acromion to sternal notch, while the 

sternal length was measured from the sternal notch to the palpated xiphoid process. The clavicular 
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and sternal length were used to scale the normalized EMG data to account for differences in 

pectoralis major size.  

Table 6: Participant demographics and anthropometric measurements (± standard deviation).  

Age (years) 24.5 ± 3.1 

Height (cm) 165 ± 3.5 

Weight (kg) 61 ± 8.9 

Chest circumference (cm) 87.9 ± 7 

Ribcage circumference (cm) 77.2 ± 8 

Clavicle length (cm) 16.3 ± 1.2 

Sternum length (cm) 19.6 ± 1.5 

 

6.2.2. High-density surface electromyography  

Two HD-sEMG arrays consisting of 64 electrodes in an 8 by 8 matrix with a 10 mm inter-

electrode distance were used to acquire EMG from pectoralis major in monopolar mode 

(ELSCH064NM3, OTBioelecttronica, Torino, Italy; Figure 20A). The superior array was placed 

~2 cm inferior to the clavicle, with the middle of the array located between the sternum and the 

axilla, parallel to the muscle fibers. The inferior array was placed directly below the superior array. 

The arrays were fixed with adhesive tape and connected to a 128 channel EMG amplifier 

(EMGUSB2+, OTBioelecttronica, Torino, Italy). Before applying the electrodes, the skin 

overlying the pectoralis major was cleaned with abrasive paste and water. The electrode holes were 

filled with electroconductive gel, and the arrays were applied on the skin using a 1 mm thick two-

sided adhesive foam. All EMG signals were bandpass filtered with a cut-off frequency between 

10 – 500 Hz and sampled at 2048 Hz with a 12-bit A/D converter (5V dynamic range). HD-sEMG 

signals were amplified by a factor between 100-5000 V/V and depended on the task, participant, 

and effort level. Saturation of the HD-sEMG signal was visually monitored during the collection 

using OTBioLab software (OTBioelecttronica, Torino, Italy). If more than ten channels were 

saturated during the trial, the collection of the trial was stopped, the gain was adjusted, and the 
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trial was repeated. One wet reference electrode was wrapped around the participant’s right wrist, 

while a reference electrode was placed on the right clavicle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Figure depicting the location of superior and inferior HD-sEMG arrays overlaying the 

pectoralis major and a schematic of an experimental setup. A: Two HD-sEMG 64-channel arrays 

were fixed on the pectoralis major. The white square indicates a superior HD-sEMG array, which 

was used for analyses. The superior array was divided into regions: rows 1-2 clavicular; 3-5 

superior sternocostal; and 6 to 8 middle sternocostal. B: Tasks included: a) extension from 20° of 

abduction (EXT); b) flexion from 20° of abduction (FLEX); c) horizontal adduction from 90° of 

abduction and 50° of flexion in the transverse plane (HORADD), and d) internal rotation from 90° 

of abduction and 20° of internal rotation (IR90).  
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6.2.3.Force measurement 

Raw voltage in X, Y, and Z directions were acquired concurrently with the HD-sEMG 

signals. Participants exerted effort against a custom-built arm-cuff attached to a 6 degree of a 

freedom force transducer (MC3A, AMTI MA, USA) mounted on a robotic arm (Figure 20B; 

Motoman Robotics Division, Yaskawa America, USA). The force transducer's sampling rate was 

set to 1500 Hz and amplified (1000x) using VICON Nexus 1.7.1 software. 

 

6.2.4. Electrocardiography measurement (ECG) 

Electrocardiography (ECG) was acquired concurrently with HD-sEMG using silver-silver 

chloride (Ag-AgCl) disposable electrodes in a monopolar configuration. The purpose of ECG 

collection was to eliminate heart rate contamination in post-processing steps without distorting the 

EMG signals. Three electrodes were placed over the left chest at the 6th costal level, approximately 

along the anterior axillary line, and medially at the sternocostalis junction (Drake and Callaghan, 

2006). Before the placement of electrodes, the area was cleaned with abrasive gel and water. ECG 

was collected using a wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, 

Arizona, USA). Raw signals were band-pass filtered from 10-1000 Hz and differentially amplified 

with a CMRR > 100dB and an input impedance of 100 MΩ. Analog signals were converted to 

digital using a 16-bit A/D card with a ±10 V range. The sampling frequency was 1500 Hz.  

 

6.2.5. Additional shoulder muscle monitoring 

The activity of six additional shoulder muscles was recorded and monitored using bipolar 

sEMG. Upper trapezius, latissimus dorsi, infraspinatus, anterior, middle, and posterior deltoid 

activity was monitored in the background. sEMG activity was recorded using silver-silver chloride 
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(Ag-AgCl) disposable electrodes with a 1 cm diameter and a fixed inter-electrode spacing of 2 cm 

in a bipolar configuration. Before the electrode placement, the area overlying the muscle belly was 

shaved and cleaned with abrasive gel and water. Placement of the sEMG electrodes was confirmed 

with palpation while the participant exerted a low, submaximal contraction of the muscle in 

positions described in Supplementary Table 1 (Cram and Kasman, 1998; Kelly et al., 1996). A 

reference electrode was placed on the acromion. sEMG was collected using a wireless telemetered 

system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals were band-pass 

filtered from 10-1000 Hz and differentially amplified with a CMRR > 100dB and an input 

impedance of 100 MΩ. Analog signals were converted to digital using a 16-bit A/D card with a 

±10 V range. The sampling frequency was 1500 Hz.  

 

6.2.6. Experimental protocol 

During the experimental protocol, participants performed task-specific maximal voluntary 

efforts (MVE) and submaximal ramped isometric trials in four tasks at three effort levels. All 

participants underwent a brief warm-up and training on how to generate maximal voluntary effort 

(MVE) and ramped submaximal isometric tasks. This training served to familiarize the participant 

with each of the tasks and precondition the muscle-tendon unit (Maganaris et al., 2002).  

Submaximal tasks were performed against the arm-cuff with visual feedback of the participant’s 

force output provided on a monitor. The participant was comfortably sitting on a chair with an 

upright torso secured using a padded strap throughout all trials. Following practice, participants 

performed two trials of task-specific 5-second MVEs in four tasks (Figure 20B): a) extension from 

20° of abduction (EXT); b) flexion from 20° of abduction (FLEX); c) horizontal adduction from 

90° of abduction and 50° of flexion in the transverse plane (HORADD), and d) internal rotation 
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from 90° of abduction and 20° of internal rotation (IR90). These tasks were chosen as they reflect 

tasks that typically require the activation of the pectoralis major and are involved in many daily, 

work, and athletic activities. During MVE performance, participants were verbally encouraged by 

the investigators. Each MVE was separated by 2 minutes of rest. Maximal MVE values were 

quantified using a custom-made program in LabVIEW (National Instruments, version 3.1). For 

each task, the mean of two task-specific MVE trials was used to scale all submaximal trials within 

that task. During MVE performance, the off-axis forces were controlled in the LabVIEW program, 

such that participants were required to achieve above 80% exertion of effort in a specific axis. If 

unsuccessful in meeting this criterion, the participant was provided with verbal feedback, and the 

trial was repeated. Additionally, if two maxima generated in MVE trials differed by more than 10 

Newtons, a third trial was performed to ensure consistency between MVEs.  

Participants performed submaximal ramped isometric tasks for each task, scaled to 15, 25, 

50, and 75% MVE according to the task-specific maxima defined above. These effort levels were 

chosen to reflect approximate submaximal muscle activation levels required in daily, occupational, 

and athletic activities. Tasks and effort levels were completely randomized between and within 

participants, while each trial within an effort was performed twice consecutively. Each trial lasted 

60 seconds for 15% and 25%, 30 seconds for 50%, and 10 seconds for 75%. Three to five-minute 

rest breaks interposed trials, with more time allocated if requested by the participant. Participants 

were encouraged to report feelings of fatigue and the need for longer rest periods. For 15% and 

25% MVE, participants slowly ramped up at ~2% MVE/s, held the effort, and then ramped down 

at ~2% MVE/s. At 50% MVE, participants ramped up and down at ~3% MVE/s, while at 75% 

MVE, the ramp was set to ~5% MVE/s. During each trial, visual feedback of the required effort 
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and live feedback of the effort level they were exerting against an arm cuff were displayed on a 

monitor.  

6.3. Data Analysis 

6.3.1. HD-sEMG signal processing  

Before analyses, HD-sEMG signals for each channel were inspected for artifacts using a 

custom-made MATLAB program (MATLAB 2019b; Mathworks, Inc.). Channel was tagged and 

removed if it contained movement artifacts, was saturated, or had insufficient skin contact (i.e., no 

signal detected). These channels were subsequently interpolated in data analyses. Further, the 

differential amplitude of HD-sEMG signals across channels was below inherent noise levels in 

extension and internal rotation at 15% MVE across all participants, prompting the removal of this 

effort level from further analyses for these tasks. Lastly, any trials with substantial saturation, 

artifacts, or low electrode-skin contact were removed from further analyses (~1.2% of the trials). 

Data analyses focused on the superior array for all participants due to the effect of breast 

tissue on HD-sEMG amplitude and mean power frequency in the inferior array. Before signal 

processing, ECG was used to eliminate heart rate contamination from monopolar HD-sEMG 

signals. ECG was interpolated to 2048 Hz, and the HD-sEMG signals were cross-correlated with 

the heart rate data to match the timing of each heartbeat's peak amplitude. Each trial was visually 

inspected to make sure the algorithm correctly recognized the ECG peaks. The precise timing of 

each ECG peak surrounded by 250-millisecond windows before and after the peak was determined 

and used to avoid quantifying the root mean square (RMS) amplitude in these segments.  

Raw HD-sEMG data were band-pass filtered with a 3rd order Butterworth filter (20-500 

Hz), and the differential derivation was quantified from left to right (i.e., from axilla towards 

sternum). The root mean square (RMS) was quantified for each differential channel. The resultant 
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force was used as a reference to analyze only the first half of the hold. The most stable part of the 

resultant force was selected by dividing the force signal into 5-second segments and performing 

the analyses on the one with the lowest coefficient of variation. All submaximal data were 

normalized to maximal trials. Maximal trials were combined for flexion and extension as the arm 

posture was the same. For each HD-sEMG channel within MVE, a 3-second mean window 

surrounding the maximal force was extracted. Subsequently, the maximal mean value was 

quantified for each channel. Following this, each channel within a submaximal trial was 

normalized to the channel and task-specific maximal value. Following EMG normalization, spatial 

scaling was applied for each participant to account for differences in pectoralis major size. 

Normalized EMG amplitude was defined in an individual pectoral system by scaling each 

individual’s EMG data to the participant whose clavicle and the sternal length was the longest. 

Following scaling, the superior HD-sEMG array was divided into clavicular (rows 1-2), superior 

sternocostal (rows 3-5), and middle sternocostal (rows 6-8) regions, and the mean for each region 

was quantified. This division was based on the regional anatomical descriptions defined by (Fung 

et al., 2009). Subsequently, the regional mean of the two trials within each task and effort level 

was quantified. 

 

6.3.2.Force  

 Raw voltage data collected in submaximal and maximal trials was low pass filtered using 

a 3rd order Butterworth filter with a cut-off frequency of 15 Hz and converted to Newtons using a 

custom-made program in MATLAB. The mean force that matched the most stable part of the 

resultant force (i.e., same as for HD-sEMG analyses) was quantified for all submaximal trials and 

normalized to the task-specific MVE. Normalized force data was used to confirm that all 
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participants received the same amount of feedback and exerted 15%, 25%, or 50% MVE during 

submaximal trials.  

 

6.3.3. Bipolar surface electromyography 

Bipolar sEMG data for additional shoulder muscles in task-specific maximal MVEs and 

submaximal trials were analyzed. All sEMG data was band-pass filtered with a 2nd order 

Butterworth filter (30-500 Hz), and RMS of the signal was quantified across the whole submaximal 

and maximal trial. Subsequently, RMS for each muscle in the submaximal trial was quantified for 

the same force segment as for HD-sEMG (i.e., a 5-second segment with the lowest coefficient of 

variation in force). In maximal trials, the mean of a 3-second window surrounding the maximal 

force was extracted. Maximal trials were combined for flexion and extension, as these were 

performed in the same arm posture. Submaximal trials were then normalized to posture specific 

maxima for each muscle. RMS was normalized to task-specific MVEs to not underestimate EMG 

activity by normalizing to standard MVEs (Maciukiewicz et al. 2019). Subsequently, the mean for 

each muscle for each effort level and the task was quantified.  

 

6.4. Statistical Analyses 

All statistical analyses were performed in SPSS (IBM, version 21). Before any 

comparisons, the data were checked for normality and sphericity using the Shapiro-Wilk test and 

Mauchly’s test of sphericity, respectively. Data across all tasks were not normally distributed and 

were, therefore, ln transformed. Two-way repeated-measures analysis of variance (ANOVA) was 

performed on EMG amplitude in flexion and horizontal adduction with within-subject factor 

Region (clavicular, superior sternocostal, middle sternocostal) and Effort (15%, 25%, 50%, 75% 
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MVE). Similarly, for extension and internal rotation, two-way repeated-measures ANOVA was 

performed on EMG amplitudes with within-subject factor Region (clavicular, superior 

sternocostal, middle sternocostal) and Effort (25%, 50%, 75% MVE). If significant interactions 

between Region and Effort emerged, planned comparisons with Dunn-Bonferonni correction were 

performed to determine significant differences between regions within an effort level. EMG 

amplitudes quantified for additional shoulder muscles were ranked from highest to lowest activity 

based on the activation level for each task. They were used to determine which additional shoulder 

muscles contributed highly to the task. Partial eta-squared (ηp2) defined the effect size of the 

significant differences in EMG parameters. With ηp2 less than 0.06 deemed “small,” 0.07-0.14 

“moderate,” and greater than 0.14 “large” (Cohen, 1969). Significance was set to p < 0.05.  

 

6.5 Results 

Generally, middle sternocostal regions activated more than superior sternocostal and 

clavicular regions in extension and internal rotation. Regional activation depended on the effort 

level in horizontal adduction and flexion. All participants received the same amount of feedback 

across tasks and effort levels (Table 7).  
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Table 7: Mean force in Newtons and as a percent of MVE (± standard deviation) for all tasks and 

effort levels.  

Task Effort Level Mean Force (N) Mean %MVE 

Flexion 15% 19.9 ± 6 13.8 ± 2.8 

 25% 34.3 ± 9.1 23.7 ± 3.05 

 50% 71.8 ± 17.8 49.8 ± 4.01 

 100% 143.6 ± 32.3 - 

Horizontal 

Adduction 

15% 24.8 ± 7.8 15.3 ± 2.04 

 25% 40.9 ± 11.5 25.4 ± 1.81 

 50% 81.4 ± 21.2 50.8 ± 2.28 

 100% 159.4 ± 38.9 - 

Internal Rotation 15% 15 ± 4.8 14.7 ± 2.32 

 25% 26.3 ± 7.4 25.8 ± 2.8 

 50% 54.2 ± 14.2 53.5 ± 6.2 

 100% 103.8 ± 33.2 - 

Extension 15% 24.5 ± 6.12 16.1 ± 2.4 

 25% 39.4 ± 10.6 25.9 ± 4.5 

 50% 81.1 ± 19.7 53.4 ± 8.8 

 100% 152.7 ± 35.9 - 

 

6.5.1. Flexion 

Region by Effort interaction existed for flexion (F(1.7,14.1) = 12.2, p = 0.001, ηp2 = 0.6; Figure 

21A). Clavicular region had 22% and 21% higher EMG amplitudes, respectively, than superior 

sternocostal region at 15% and 25% MVE (15% MVE: p = 0.022, 7 out of 9 participants; 25% 

MVE: p = 0.005; 9 out of 9 participants). In contrast, EMG amplitudes were not significantly 

different between the clavicular and middle sternocostal region at either effort (all p > 0.025). At 

50% and 75% MVE all three regions had similar EMG amplitudes (all p > 0.025).  

Along with the pectoralis major, additional shoulder muscles displayed high activity. 

Specifically, at 15% MVE, anterior and middle deltoid, infraspinatus, and upper trapezius were 

highly activated (~17-20% MVC; Figure 22A; Supplementary Table 3). At 25% and 50% MVE, 

anterior deltoid, infraspinatus, and middle deltoid had high activity (25% MVE: ~29% MVC; 50% 

MVE: 47-57% MVC; Figure 22A), while at 75% MVE, high activity was quantified for anterior 
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(~78% MVC) and middle deltoid (~72% MVC), infraspinatus (~67% MVC), and upper trapezius 

(~64% MVC).  

 

6.5.2. Horizontal adduction 

Region by Effort interaction existed for horizontal adduction (F(6,48) = 28.37, p < 0.0001, 

ηp2 = 0.78; Figure 21B). Clavicular region activated 22% more than middle sternocostal region at 

15% MVE (p = 0.018; 8 out of 9 participants). Additionally, clavicular region activated 14% more 

than superior sternocostal region at 25% MVE (p = 0.017; 8 out of 9 participants), as well as 19% 

more than middle sternocostal region (p = 0.019; 7 out of 9 participants). At 50% and 75% MVE 

all three regions had similar EMG amplitudes (all p > 0.025).  

Additional shoulder muscles are activated highly in horizontal adduction. At 15% MVE, 

middle deltoid (~28% MVC), upper trapezius (~25% MVC), and infraspinatus (~26% MVC; 

Figure 22B; Supplementary Table 3) had the highest activation. At 25% MVE, upper trapezius 

(~29% MVC), middle (~30% MVC), and posterior deltoid (~29% MVC) were highly activated 

alongside pectoralis major, while at 50% MVE, upper trapezius (~48% MVC) had high activation. 

At 75% MVE, the upper trapezius had the highest activity (~62% MVC). 
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Figure 21: Mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, superior, and middle sternocostal regions with mean normalized (%MVC) spatial 

topographical maps across the whole sample in 15%, 25%, 50%, and 75% MVE in flexion and 

horizontal adduction. In violin graphs, each region is denoted in different shades: clavicular region: 

red; superior sternocostal region (sup. stern): grey; middle sternocostal region (mid. stern): purple. 

White dots in the middle of each violin plot are medians. In topographical maps, the red colour 

indicates high activation, while the blue colour indicated low activation. Asterisk (*) denotes 

significant differences between regions. A: Flexion. The clavicular region activated more than 

superior sternocostal in 15% and 25% MVE. All three regions activated the same in 50% and 75% 

MVE. B: Horizontal adduction. The clavicular region had higher EMG amplitudes than the middle 

sternocostal at 15% MVE. At 25% MVE, the clavicular region had higher EMG amplitudes than 

superior and middle sternocostal. At 50% and 75% MVE, all three regions had similar EMG 

amplitudes.    
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Figure 22: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in flexion and 

horizontal adduction. Each coloured line depicts the effort level: blue: 15% MVE; red: 25% MVE; 

and 50% MVE: grey; and 75% MVE: teal. The magnitude of activation is represented on the Y-

axis, with each additional inner circle representing an increase in 10% MVC.  
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6.5.3. Extension 

Region by Effort interaction existed (F(1.77,14.1) = 12.6, p = 0.001, ηp2 = 0.61; Figure 23A). 

At 25% MVE, middle sternocostal region EMG amplitude was ~2 times higher than the clavicular 

region (p < 0.001; 8 out of 9 participants) and superior sternocostal region (p < 0.001; 9 out of 9 

participants). At 50% MVE, EMG amplitudes were 78% and 81% greater in middle sternocostal 

region than clavicular (p = 0.001; 8 out of 9 participants) and superior sternocostal (p < 0.001; 9 

out of 9 participants). At 75% MVE, EMG amplitudes remained high in the middle sternocostal in 

comparison to clavicular (60%; p = 0.004; 8 out of 9 participants) and superior sternocostal region 

(69%; p < 0.001; 9 out of 9 participants). Clavicular and superior sternocostal region activated to 

the same degree in all efforts (all p > 0.025). 

Additional shoulder muscles also activated highly alongside pectoralis major in this task. 

Specifically, latissimus dorsi and posterior deltoid displayed high activations at 25% MVE (~20% 

MVC), 50% MVE (~44% MVC), and 75% MVE (~72-78% MVC; Figure 24A; Supplementary 

Table 3). 

 

6.5.4. Internal rotation 

A main effect of Region (F(2,16) = 166, p < 0.0001, ηp2 = 0.95; Figure 23B) and Effort (F(2,16) 

= 24.6, p < 0.0001, ηp2 = 0.75) existed for internal rotation. Middle sternocostal region had higher 

EMG amplitudes than clavicular (14%; p = 0.002; 8 out of 9 participants) and superior sternocostal 

region (24%; p < 0.001; 9 out of 9 participants). No differences existed between clavicular and 

superior sternocostal regions (p > 0.025). 

Additional shoulder muscles displayed high activations in this task. At 25% MVE, all six 

muscles activated ~20-25% MVC (Figure 24B; Supplementary Table 3). At 50% MVE, 
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infraspinatus had the highest activation (~54% MVC), while at 75% MVE, latissimus dorsi 

displayed the highest activity (~73% MVC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23: Mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, superior, and middle sternocostal regions with mean normalized (%MVC) spatial 

topographical maps across the whole sample in 25%, 50%, and 75% MVE in extension and internal 

rotation. Each region is denoted in a different colour in violin graphs: clavicular region: red; 

superior sternocostal region (sup. stern): grey; middle sternocostal region (mid. stern): purple. 

White dots in the middle of each violin plot depict medians. In topographical maps, red colour 

indicates high activation, while blue indicated low activation. Asterisk (*) denotes significant 

differences between regions. A: Extension. Middle sternocostal regions had higher EMG 

amplitudes than clavicular and superior sternocostal region, across all efforts. B: Internal rotation. 

The middle sternocostal region had higher EMG amplitudes than clavicular and superior 

sternocostal regions.  
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Figure 24: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in extension 

and internal rotation. Each coloured line depicts the effort level: blue: red: 25% MVE; and 50% 

MVE: grey; and 75% MVE: teal. The magnitude of activation is represented on the Y-axis, with 

each additional inner circle representing an increase in 10% MVC.  
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6.6. Discussion 

 This is the first study to provide novel evidence of differential regional pectoralis major 

activation in healthy females. Regional pectoralis major activity differed between the tasks 

evaluated and, in some tasks, such as horizontal adduction and flexion, depended on the effort 

level. Specifically, maintaining low effort elicited higher EMG amplitudes in the clavicular region 

in both flexion and horizontal adduction, while EMG amplitudes increased in other regions at 

moderate-to-high efforts. In contrast, middle sternocostal regions activated highly compared to 

clavicular and superior sternocostal regions in internal rotation and extension across all effort 

levels.  

Effort level dictated which pectoralis major regions had higher EMG amplitudes in 

isometric flexion. In the present study, middle sternocostal and clavicular regions had similar EMG 

amplitudes, suggesting equivalent involvement. In contrast, high activation of the clavicular region 

was previously quantified in males in the same task (Paton and Brown, 1994). The disparity 

between the studies may lay in the location of EMG electrode placement or sex-related differences 

in regional pectoralis major activation. Anatomically, the clavicular and middle sternocostal 

regions are architecturally distinct. The clavicular region has shorter fiber bundle lengths but 

greater medial and lateral pennation angles than the middle sternocostal region (Brown et al. 2007; 

Fung et al. 2009). 

Further, in flexion, regional moment arm lengths also differ, such that the clavicular region 

has longer flexor moment arms than the superior sternocostal region (Ackland et al., 2008). 

Additionally, at 20° of abduction, the clavicular region may also act as an abductor (Ackland et al. 

2008). Therefore, the clavicular region may activate to maintain arm in abduction, while the middle 

sternocostal region activates to generate and sustain flexion at low efforts. Increased contribution 
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of middle sternocostal regions was particularly evident at moderate and high efforts. While 

absolute EMG amplitudes increased in all three regions, the relative increase was greater in the 

middle sternocostal regions (from 25% to 50% MVE: 128%, from 25% to 75% MVE: 251%). This 

is especially important to consider in the context of daily tasks, such as carrying and holding a 

heavy grocery bag, which requires sustained moderate efforts. 

Similar to flexion, effort level dictated which pectoralis major regions had higher EMG 

amplitudes in horizontal adduction. Pectoralis major has a large horizontal adduction moment arm 

when the arm is at 90° of abduction (Kuechle et al. 1997; Bassett et al. 1990). Supportingly, 

clavicular and superior sternocostal regions had similar EMG amplitudes at 15% MVE, while 

EMG amplitudes were higher in clavicular than other regions at 25% MVE. Higher EMG 

amplitudes (Paton and Brown, 1994; McDonald et al. 2012) and greater stiffness (Leonardis et al. 

2017) were previously quantified in clavicular compared to the sternocostal region at low efforts 

in this task. Additionally, in the present study, an increased contribution of sternocostal regions 

was evident in moderate and high efforts, such that relative EMG amplitudes in the superior and 

middle sternocostal regions substantially increased. Increased activation of sternocostal regions at 

high efforts was previously quantified in males in a similar task (Paton and Brown, 1994). Thus, 

despite the clavicular region's architectural and mechanical advantages for this task, the 

sternocostal regions act to maintain performance in moderate and high efforts.  

In contrast to horizontal adduction and flexion, a more localized activation specific to 

middle sternocostal regions occurred in internal rotation and extension tasks. While both clavicular 

and sternocostal regions contribute to internal rotation (Wolfe et al. 1992; Provencher et al. 2010; 

Stegnik-Jansen et al. 2011; Leonardis et al. 2019; Marsh et al. 2020), sternocostal regions also 

have a mechanical advantage in extension against resistance (Paton and Brown, 1994; Brown et 
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al. 2007; Stegnik-Jansen et al. 2011). Internal rotation moment arms decrease with arm abduction 

for all regions (Ackland and Pandy, 2011). When the arm is at 90° of abduction, the estimated 

length of internal rotation moment arms for clavicular and sternocostal regions is ~1.7 mm and 

~6.4 mm, respectively (Ackland and Pandy, 2011). Therefore, sternocostal regions have a greater 

mechanical advantage than the clavicular region to assist in internal rotation in this arm posture. 

In extension, increased fiber lengthening in the lower sternocostal regions occurs when extending 

the arm from neutral to 30° of extension (Wolfe et al. 1992). Lower sternocostal regions are more 

likely to assist in extension against resistance, mainly when the arm is at 20° of abduction. Higher 

EMG amplitudes in the lower sternocostal regions, irrespective of the effort level, were quantified 

in males (Paton and Brown, 1994; Brown et al. 2007). Plausibly, lower sternocostal regions may 

also be highly engaged in this task in females, but their recording in the current study was infeasible 

due to the overlying breast tissue. 

6.6.1. Existence of partition specific activation in the sternocostal region 

Present findings indicate a specialized role of the middle sternocostal regions in 

comparison to the superior sternocostal regions. Architecturally, the superior sternocostal region 

has greater medial and lateral muscle fiber pennation angles than the middle sternocostal region 

(Fung et al. 2009). Further, an average of five to six nerves branching from the brachial plexus as 

a lateral pectoral nerve innervate different muscle fiber bundles within the sternocostal region 

(Manktelow et al. 1980; Haladaj et al. 2019), indicating the possibility for differential regional 

innervation. Due to the architectural differences, middle sternocostal regions may have a greater 

advantage in isometric internal rotation and extension. This preliminary evidence suggests possible 

differences in functionality between the two sternocostal regions and should be probed further. 
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6.6.2. Implications of findings to clinical cases 

 Collectively, clavicular and sternocostal fiber regions demonstrated fundamental utility in 

horizontal adduction, flexion, extension, and internal rotation. Correspondingly, injury to the 

sternocostal regions may reduce the ability to maintain moderate-to-high efforts in horizontal 

adduction and flexion while also reducing the capability to maintain effort in extension and internal 

rotation. Additionally, an intact clavicular region may be sufficient to maintain low horizontal 

adduction and flexion effort, as suggested previously (Leonardis et al. 2019). However, 

maintaining moderate-to-high efforts required in some athletic activities and specific daily tasks, 

such as lifting a heavy grocery bag, may be compromised, prompting compensatory activations of 

other shoulder muscles. Reductions in internal rotation and extension strength were evident in 

females who underwent subpectoral breast reconstruction surgery (de Haan et al., 2007; Leonardis 

et al. 2019), although the maintenance of effort in these tasks is yet to be examined. 

6.7. Limitations 

Inherent methodological limitations accompany this work. HD-sEMG could not be 

acquired from all regions of the pectoralis major due to the overlying breast tissue. Higher EMG 

amplitudes were previously quantified in inferior pectoralis major in male participants in isometric 

extension (Paton and Brown, 1994). Plausibly, this region may also highly activate in females. 

Future studies may consider using fine-wire EMG to investigate these regions. Secondly, only 

young females were recruited for this study, limiting the findings to other age groups. Finally, a 

subset of tasks was assessed, resulting in potential difficulty in transferring insights to other tasks. 

Additionally, crosstalk from the surrounding muscles, such as the pectoralis minor, serratus 

anterior, external obliques, or intercostal muscles, may have influenced the patterns of regional 
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activation quantified in this study. Attempts were made to minimize the degree of crosstalk by 

sampling EMG from many closely spaced electrodes (10 mm interelectrode distance) and 

quantifying differential derivation in the post-processing steps. Lastly, it is known that at least one 

innervation zone is located within the superior region of the pectoralis major (Mancebo et al. 

2019). Due to the challenges in quantifying the innervation zones from motor unit action 

potentials, the exact location of these innervation zones was challenging to determine. Therefore, 

this study quantified the mean normalized EMG amplitudes across the innervation zones, which 

may have influenced the findings. 

6.8. Conclusions 

 This investigation provides the most comprehensive electromyographic evaluation of 

pectoralis major activation in healthy females across a subset of tasks and effort levels, providing 

novel data regarding regional pectoralis major activation in this cohort. The regional activity of 

pectoralis major in females depends on the task and effort level. It reinforces the need to consider 

the full complexity of regional pectoralis major activation in healthy and compromised 

populations. This knowledge is particularly crucial in evaluating pectoralis major damage, 

exercise, and surgical interventions involving the disinsertion of specific pectoralis major regions. 
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Chapter 7: Divergent regional pectoralis major activation in adduction and internal 

rotation in healthy males: A high-density electromyography study 

7.0. Abstract 

 Pectoralis major assists in numerous daily tasks, although its regional activation and 

functional importance to typical shoulder function remain ambiguous. Lack of knowledge on its 

contributions has led to mischaracterizations in its activation in fundamental, exercise, and clinical 

research. Increased knowledge of regional pectoralis major activation is critical in understanding 

its role in shoulder control and improving current practices in acquiring its activation. The present 

study explored regional pectoralis major activation in four isometric tasks in healthy males. Two 

high-density surface electromyography arrays captured regional activation in four tasks: adduction 

at 90° of arm abduction and 90° of the external arm rotation (i.e., adduction external 90); adduction 

at 60° of arm abduction; and internal humeral rotation at 60° of abduction at four effort levels: 

15%, 25%, 50%, and 75% scaled to task-specific maxima acquired in maximal voluntary efforts 

(MVE). At 15% and 25% MVE, lower sternocostal regions activated between 14-31% more than 

upper sternocostal regions in internal rotation and adduction 60. In contrast, at 50% and 75% MVE, 

all regions activated equally in these tasks (all p > 0.025). In adduction 90, lower sternocostal 

regions activated more than the upper sternocostal (~20-39%) at 15%, 25%, 50% MVE, and 

clavicular (~23-56%) regions across all effort levels. Similarly, in adduction external 90, the lower 

sternocostal region activated 51% more than the clavicular and 26% more than the upper 

sternocostal region, irrespective of the effort level. Current findings reveal that lower sternocostal 

regions activate highly in adduction and internal rotation tasks, necessitating their surveillance to 

describe pectoralis major function adequately.   
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7.1. Introduction 

Pectoralis major activation enables the performance of numerous functional tasks. This 

multipennate muscle crosses at least three shoulder joints – sternoclavicular, acromioclavicular, 

and glenohumeral. It consists of three distinct regions: clavicular, sternocostal, and abdominal 

(Ashley, 1952; Fung et al., 2009; Lewis 1901; Wolfe et al., 1992), with more recent anatomical 

studies describing four and three partitions within the sternocostal and abdominal regions, 

respectively (Fung et al. 2009). Due to its architecture, the pectoralis major is multifunctional and 

assists in humeral vertical and horizontal adduction, flexion, internal rotation, and extension 

against resistance.  

Commonly, pectoralis major activation is evaluated using classic, low-spatial resolution 

surface electromyography (sEMG) in bipolar derivation, such that EMG is acquired from 

clavicular and/or sternocostal regions. The number of electrodes and the location of sEMG 

electrode placement differs between studies, as some acquired EMG from clavicular and superior 

sternocostal regions (for example, see: Lauver et al. 2015; MacLean et al. 2019; Ho et al. 2019; 

Leonardis et al. 2020), while others only evaluated activity from a single pectoralis major location 

(usually sternocostal; for example see: Schwartz et al. 2017; Dicus et al. 2018; Quittmann et al. 

2020; Alizadeh et al. 2020). Therefore, no consensus exists on classic sEMG electrode placement, 

resulting in conflicting and highly variable findings on pectoralis major activation across studies. 

Further, assessment of middle/inferior sternocostal and abdominal region activation is often 

neglected, despite their functional importance and anatomical divergence from superior regions. 

Indeed, only several studies characterized activation of these regions (Paton and Brown, 1994; 

Glass and Armstrong, 1997; Wickham et al. 2004; Brown et al. 2007; Muyor et al. 2019). However, 

even in these studies, the location and orientation of sEMG electrode placement varied. 
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Collectively, considerable variability in sEMG electrode location and orientation increases the 

difficulty in interpreting and drawing inferences regarding pectoralis major contribution in 

different tasks.  

Recording pectoralis major activation using classic EMG is not trivial. Multi-functional 

muscles such as pectoralis major do not activate homogeneously. Their activity is highly 

dependent on the arm posture, task, and effort level (Paton and Brown, 1994; Wickham et al. 2004; 

Brown et al. 2007; Holtermann et al. 2008; Farina et al. 2008; Watanabe et al. 2012). Additionally, 

at least two known innervation zones exist in pectoralis major (Barbero et al. 2012; Mancebo et 

al. 2019). As such, EMG amplitude quantified using classic EMG is dependent on the location of 

the EMG electrodes and provides limited information on the activation of the whole muscle.  

High-density surface electromyography (HD-sEMG), consisting of an array of electrodes, 

enables the acquisition of EMG signals from the whole muscle, allowing for quantification of 

spatial distribution in muscle activity. A single study to date evaluated pectoralis major activation 

using HD-sEMG during a bench press (Mancebo et al. 2019), demonstrating a large deviation in 

the spatial distribution of activity within pectoralis major regions in this exercise. Therefore, 

characterizing the spatial distribution of muscle activity within pectoralis major using HD-sEMG 

may provide greater insight into pectoralis major contribution in different tasks, role in 

fundamental shoulder function, and differences in regional activation across tasks. This knowledge 

can then be leveraged for more informed EMG electrode placement and improved characterization 

of pectoralis major changes following exercise training, treatment, or rehabilitation. Therefore, 

this study aimed to characterize regional pectoralis major spatial distribution at low to high efforts 

in four submaximal isometric tasks in healthy males. The tasks in this study reflect tasks in which 

pectoralis major activation is necessary. In contrast, different effort levels reflect a wide range of 
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muscular responses required in the performance of daily, occupational, and exercise tasks. The 

primary hypothesis was that the lower sternocostal regions will have higher normalized EMG 

amplitudes than superior sternocostal and clavicular regions across all tasks studied.  

7.2. Methods 

7.2.1. Participants 

Nineteen healthy, right-hand dominant males (25 ± 4.7 years; weight: 75.3 ± 8.1 kg; height: 

173.5 ± 5 cm; Table 8) participated. The chosen sample size was selected using a priori power 

analyses. Sample size calculations in G*Power 3.1 (Universitat Dusseldorf, Dusseldorf, Germany) 

indicated that a minimum of 16 participants is required to obtain sufficient power (Cohen, 1988). 

The effect size chosen (f2 = 0.31) is on the lower end of the observed effect size in previous studies, 

which reported effect sizes between 0.2 to 0.6 (Paton and Brown, 1994; Brown et al. 2007; 

Wickham et al. 2004). Males were recruited using word-of-mouth or posters advertising the study 

in the kinesiology, engineering, psychology, and student center buildings. The inclusion criteria 

included healthy right-hand dominant, young males (between 18 and 40 years old). All males 

recruited were recreationally active. Participants did not engage in strenuous physical activity at 

least 24 hours before the session. Participants were instructed by the investigator not to consume 

any caffeinated drinks the morning of the session and drink plenty of water the day before the 

session. All participants reported no history of musculoskeletal injury to the right arm or back and 

no back pain in the past six months or the presence of neurological disease. Further, no participants 

displayed positive signs of impingement, as screened with Appley’s Scratch and Hawkin’s 

impingement tests. This study was reviewed and received ethics clearance from the Institutional 

Office of Research Ethics and conformed to the Declaration of Helsinki.  
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When participants arrived at the laboratory, their height, weight, rib cage, chest 

circumference, clavicle, and sternal length were measured. The chest was measured starting from 

the fullest part of the participant’s bust, with measuring tape wrapped around under the axilla. Rib 

cage circumference involved measuring around the rib cage, just beneath the fullest part of the 

participant’s bust. Next, the clavicular length was measured from the acromion to the sternal notch, 

while the sternal length was measured from the sternal notch to the palpated xiphoid process.  

Table 8: Participant demographics and anthropometric measurements (± standard deviation). 

Age (years) 25 ± 4.7 

Height (cm) 173.5 ± 8.1 

Weight (kg) 75.3 ± 8.1 

Chest circumference (cm) 99.7 ± 7.8 

Ribcage circumference (cm) 94.7 ± 7.2 

Breast tissue thickness at the nipple (cm) 4.9 ± 2.4 

Clavicle length (cm) 17.2 ± 1.7 

Sternum length (cm) 18.8 ± 2.1 

 

7.2.2. High-density surface electromyography  

Two 64-channel high-density surface electromyography (HD-sEMG) arrays in the 

monopolar mode were used to acquire regional pectoralis major activation (ELSCH064NM3, 

OTBioelecttronica, Torino, Italy; Figure 25A). Electrode arrays consisted of channels in an 8 by 8 

matrix with a 10 mm inter-electrode distance. Before applying the electrodes, the skin overlying 

the pectoralis major was shaved if necessary and cleaned with abrasive paste and water to reduce 

impedance. Two HD-sEMG arrays were applied on the skin using a 1 mm thick two-sided adhesive 

foam with holes filled with electroconductive gel. The superior array was placed ~ 2 cm inferior 

to the clavicle. The middle of the array was positioned between the sternum and the axilla, parallel 

to the muscle fibers. The inferior array was placed directly below the superior array with no space 

in between the two arrays.  The arrays were fixed with adhesive tape and connected to a 128 
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channel EMG amplifier (EMGUSB2+, OTBioelecttronica, Torino, Italy). All EMG signals were 

bandpass filtered with a cut-off frequency between 10 – 500 Hz and sampled at 2048 Hz with a 

12-bit A/D converter (5V dynamic range). HD-sEMG signals were amplified by a factor between 

100-5000 V/V depending on the task, effort level, and participant. The level of saturation was 

monitored online. If more than 5% of the channels were saturated during the trial, the trial was 

immediately terminated, gain adjusted, and the trial repeated. One wet reference band was wrapped 

around the participant’s right wrist, while a reference electrode was placed on the right clavicle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: HD-sEMG array and bipolar sEMG electrode location. A: Two 64 channel high-

density arrays were placed overlying the pectoralis major muscle (128 channels total). B: 

Additional shoulder muscles were collected using bipolar sEMG.  
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7.2.3. Force measurement 

Raw voltage was acquired concurrently with HD-sEMG while participants exerted effort 

against an arm cuff. The custom-made arm cuff was attached to a six-degree-of-freedom (6-DOF) 

force transducer (MC3A, AMTI MA, USA) mounted on a robotic arm (Figure 26; Motoman 

Robotics Division, Yaskawa America, USA). Force was sampled at 1500 Hz and amplified 

(1000x) using VICON Nexus 1.7.1 software. 

 

7.2.4. Electrocardiography measurement (ECG) 

Electrocardiography (ECG) was collected with HD-sEMG and force measures. ECG was 

captured using silver-silver chloride (Ag-AgCl) disposable electrodes in a monopolar 

configuration. Before the placement of electrodes, the area was shaved and cleaned with abrasive 

gel and water. Three electrodes were placed over the left chest at the 6th costal level, approximately 

along the anterior axillary line, and medially at the sternocostalis junction (Drake and Callaghan, 

2006). ECG was collected using a wireless telemetered system (Noraxon Telemyo 2400 T G2 

Noraxon, Arizona, USA). Raw signals were band-pass filtered between 10-1000 Hz and 

differentially amplified with a CMRR > 100dB and an input impedance of 100 MΩ. Analog signals 

were converted to digital using a 16-bit A/D card with a ±10 V range. The sampling frequency 

was 1500 Hz.  

 

7.2.5. Additional shoulder muscle monitoring 

The activity of six additional shoulder muscles was concurrently recorded with HD-sEMG, 

ECG, and force. Upper trapezius, latissimus dorsi, deltoid (anterior, middle, and posterior), and 

infraspinatus activity was monitored in the background (Figure 25B). sEMG activity was recorded 
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using silver-silver chloride (Ag-AgCl) disposable electrodes with a 1 cm diameter and a fixed 

inter-electrode spacing of 2 cm in a bipolar configuration. Before the placement of the electrodes, 

the area overlying the muscle belly was shaved and cleaned with abrasive gel and water. Placement 

of the sEMG electrodes was confirmed with palpation while the participant exerted a low, 

submaximal contraction of the muscle in positions described in Supplementary Table 1 (Kelly et 

al., 1996; Cram and Kasman, 1998). A reference electrode was placed on the acromion. sEMG 

was collected using a wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, 

Arizona, USA). Raw signals were band-pass filtered from 10-1000 Hz and differentially amplified 

with a CMRR > 100dB and an input impedance of 100 MΩ. Analog signals were converted to 

digital using a 16-bit A/D card with a ±10 V range. The sampling frequency was 1500 Hz.  

 

7.2.6. Experimental protocol 

Experimental protocol included the performance of several maximal voluntary efforts 

(MVE) and isometric ramped submaximal trials in four tasks at four effort levels. All participants 

underwent a brief warm-up and training on how to generate MVE in different tasks. Following 

this, participants practiced exerting an effort against an arm-cuff with visual feedback of their force 

provided on a monitor. This training served to precondition the muscle-tendon unit (Maganaris et 

al., 2002) and familiarize the participant with the submaximal task. The participant sat on a chair 

with the torso secured to the chair by a padded strap for all trials. Additionally, the arm was secured 

in the arm-cuff to mitigate any arm movement during the task performance. Following training 

and familiarization, participants performed two 5-second task-specific MVEs in the following 

isometric tasks (Figure 26): a) adduction (ADD60; Figure 26A) and b) internal rotation (IR60; 

Figure 26B) from 60° of arm abduction; c) adduction from 90° of arm abduction (ADD90; Figure 
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26C); and d) adduction from 90° of arm abduction and 90° of arm external rotation (ER90; Figure 

26D). During MVE performance, participants were verbally encouraged by the investigator. Each 

MVE was separated by 2 minutes of rest. Maximal MVEs were quantified using a custom-made 

program in LabVIEW (National Instruments, version 3.1). For each task, the mean of two maximal 

task-specific MVE trials was used to scale all analogous submaximal trials. During MVE 

performance, off-axis forces were monitored in the LabVIEW program, such that participants were 

required to achieve above 80% of the total effort along the intended transducer axis. If this was 

not accomplished, participants received verbal feedback, and the trial was repeated. Additionally, 

if the second MVE trial was different from the first by 10 Newtons, the MVE trial was repeated to 

ensure consistency between MVEs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



140 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: Experimental protocol. Participants performed four tasks: A: adduction from 60° of 

abduction (ADD60); B: adduction from 90° of abduction (ADD90); C: adduction from 90° of 

abduction and 90° of external rotation (ADDER90); D: internal rotation from 60° of abduction 

(IR60).  
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For each task, participants performed submaximal ramped isometric efforts scaled to task-

specific MVE. The effort levels included: 15%, 25%, 50%, and 75% MVE. Participants performed 

each effort level twice, and trials lasted 60, 60, 30, and 10 seconds, respectively, with three to five-

minute rest breaks between the trials, with more time allocated if requested by the participant. 

Participants were encouraged to report feelings of fatigue and the need for longer rest periods. At 

15% and 25% MVE, participants ramped up at ~2% MVE/s, held the effort, and then ramped down 

at ~2% MVE/s. At 50% MVE, participants ramped at ~3% MVE/s, while at 75% MVE, 

participants ramped at ~5% MVE/s. Tasks were fully randomized between participants, as well as 

within a participant. Effort levels were randomized within each task, with each submaximal effort 

performed consecutively within a task. Intratrial visual feedback provided on a monitor displayed 

the required effort level and live feedback of the exerted effort against the arm-cuff.  

 

7.3. Data Analysis 

7.3.1. HD-sEMG signal processing  

Pre-processing steps in data analysis involved visual inspection of the raw HD-sEMG data 

and removal of heart rate from the monopolar HD-sEMG signals. Before signal processing, raw 

HD-sEMG data was inspected for any artifacts or channel saturation in a custom-made program 

in MATLAB (MATLAB 2019b; Mathworks Inc.). Channels that saturated or had artifacts were 

tagged and removed. Subsequently, values for those channels were interpolated. Next, acquired 

ECG was used to remove heart rate contamination from monopolar HD-sEMG signals. ECG was 

interpolated to 2048 Hz, and the HD-sEMG signals were cross-correlated with the heart rate data 

to match the timing of each heartbeat's peak amplitude. Each trial was visually inspected to make 

sure the algorithm correctly recognized the ECG peaks. The precise timing of each ECG peak 
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surrounded by 250-millisecond windows before and after the peak was determined and used to 

avoid the quantification bias of the root mean square (RMS) amplitude.  

Raw HD-sEMG data were band-pass filtered with a 3rd order Butterworth filter (20-500 

Hz), and the differential derivation was quantified from left to right (i.e., from axilla towards 

sternum). RMS was quantified for each differential channel. Following this, the resultant force 

was used to focus on the first half of the hold. The most stable part of the hold was selected by 

dividing the resultant force into 5-second segments and performing EMG analyses on the force 

segment with the lowest coefficient of variation. All submaximal data were normalized to maximal 

trials. Maximal trials were combined for adduction, and internal rotation at 60° and adduction tasks 

at 90° as these tasks were performed at the same arm posture and direction. For each HD-sEMG 

channel within MVE, the mean window of the 3-second data segment surrounding the maximal 

force achieved was extracted. Following this, each channel's maximal value within posture-

specific MVEs was extracted, and each channel within a submaximal trial was normalized to the 

channel-specific maximal value within two tasks. Following EMG normalization, spatial scaling 

was applied for each participant to account for differences in pectoralis major size. Normalized 

EMG amplitude was defined in an individual pectoral system by scaling each participant’s EMG 

data to the participant whose clavicle and the sternal length was the longest. Normalized scaled 

data was then divided into clavicular (rows 1-3), upper sternocostal (rows 4-13), and lower 

sternocostal (rows 13-16) regions. This division was based on an anatomical description of 

regional locations (Fung et al., 2009). Subsequently, the regional mean of the two trials within 

each task and effort level was quantified.  
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7.3.2. Force  

 Raw voltage data obtained in submaximal and maximal trials were processed in a custom-

made program in MATLAB. First, the raw voltage was converted to Newtons and filtered using a 

3rd order low-pass Butterworth filter with a cut-off frequency of 15 Hz. The mean force that 

matched the most stable part of the resultant force (i.e., same as for HD-sEMG analyses) was 

quantified for all submaximal trials and normalized to the task-specific MVE. Normalized force 

data was used to confirm that all participants received the same amount of feedback and exerted 

15%, 25%, or 50% MVE during submaximal trials.  

 

7.3.3. Bipolar surface electromyography  

Bipolar EMG data in task-specific maximal MVEs and submaximal trials were processed. 

Before analyses, sEMG data were visually inspected for any artifacts using a custom-made 

MATLAB program. Subsequently, all sEMG data was band-pass filtered with a 2nd order 

Butterworth filter (30-500 Hz), and RMS was quantified. The mean 5-second RMS for each 

muscle was quantified for the same force segment as for HD-sEMG submaximal trials. Similarly, 

for MVEs, the mean of a 3-second window surrounding the maximal force was extracted and 

matched the same window used to extract maxima in HD-sEMG. Maximal trials were combined 

for adduction 60, and internal rotation and adduction 90, and adduction external 90 as these tasks 

were performed in the same arm posture. Subsequently, maximal value across posture-specific 

MVEs was quantified, and submaximal trials were normalized to the muscle-specific maxima. 
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7.3.4. Data removal 

Data from one participant had to be removed due to the technical issues with the acquisition 

of HD-sEMG signals. Additionally, the amplitude of HD-sEMG signals across channels was low 

(i.e., below inherent noise levels) in adduction external 90 at 15% MVE across all participants, 

prompting the removal of this effort level from further analyses. Further, several participants 

experienced fatigue in 75% MVE effort during the ramping, prompting the removal of two 

participants in adduction 60° task and four participants from adduction at 90° task. Lastly, ~1% of 

the trials were removed due to artifacts, saturation, or low electrode-skin contact. 

 

7.4. Statistical Analyses 

All statistical analyses were performed using SPSS (IBM, version 21). Before any 

comparisons, the data were checked for normality and sphericity using the Shapiro-Wilk test and 

Mauchly’s test of sphericity, respectively. Not normally distributed data were ln transformed.  

Two-way repeated-measures analysis of variance (ANOVA) was performed on EMG amplitude 

in adduction at 60°, adduction 90°, and internal rotation with within-subject factors Region 

(clavicular, upper, and lower sternocostal) and Effort (15%, 25%, 50%, 75% MVE). Similarly, for 

adduction external 90, two-way repeated-measures ANOVA was performed on EMG amplitudes 

with within-subject factor Region (clavicular, upper and lower sternocostal) and Effort (25%, 50%, 

75% MVE). If significant interactions between Region and Effort existed, planned comparisons 

with Dunn-Bonferonni correction were performed to determine significant differences. EMG 

amplitudes quantified for additional shoulder muscles were ranked from highest to lowest activity 

based on the activation level for each task. They were used to determine which additional shoulder 

muscles contributed highly to the task. Partial eta-squared (ηp2) assessed the effect size of the 
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significant differences in EMG amplitudes. ηp2 less than 0.06 was deemed as “small,” 0.07-0.14 

as “moderate,” and greater than 0.14 as “large” (Cohen, 1969). Significance was p < 0.05.  

 

7.5. Results 

Generally, lower sternocostal regions had higher EMG amplitudes across all effort levels 

in tasks when the arm was at 90° of elevation, and for low effort levels (i.e., 15% and 25% MVE) 

in tasks when the arm was at low elevations (i.e., 60° of abduction). All three regions activated 

similarly in moderate and high effort levels (i.e., 50% and 75% MVE) when the arm was at 60° of 

abduction. All participants received the same amount of feedback across tasks and effort levels 

(Table 9).  
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Table 9: Mean force in Newtons and as a percent of MVE (± standard deviation) for all tasks and 

effort levels.  

 

Task Effort Level Mean Force (N) Mean %MVE 

Adduction 60 15% 45.6 ± 4.8 15.6 ± 1.1 

 25% 75.2 ± 8.5 25.7 ± 1.8 

 50% 151.9 ± 17.2 51.8 ± 2.4 

 75% 228.5 ± 28.4 77.9 ± 3 

 100% 293.8 ± 39.5 - 

Adduction 90 15% 47 ± 14.5 15.9 ± 1.8 

 25% 76.7 ± 21.6 26 ± 1.8 

 50% 151.2 ± 42.8 50 ± 2.6 

 75% 228.6 ± 63.4 77 ± 5 

 100% 295 ± 82.9 - 

Internal Rotation 15% 41.8 ± 10.3 16 ± 2.8 

 25% 69.1 ± 18.2 26.1 ± 1.4 

 50% 138.5 ± 37.1 52.3 ± 1.8 

 75% 207.5 ± 58.1 78 ± 2.2 

 100% 258.5 ± 72.7 - 

Adduction External 

90 

15% 40.8 ± 9.4 14.8 ± 1.5 

 25% 68.5 ± 14.7 24.9 ± 1.6 

 50% 139.7 ± 30.5 50.7 ± 3.1 

 75% 208.1 ± 46.3 75.4 ± 3.8 

 100% 274 ± 59.9 - 

 

7.5.1. Internal rotation 

During internal rotation, a significant Region by Effort interaction existed (F(2.1,37) = 5.1, p 

= 0.009, ηp2 = 0.23; Figure 27A). Specifically, lower sternocostal region activated 30% more than 

the upper sternocostal region at 15% MVE (p < 0.0001; 15 out of 18 participants) and 21% more 

at 25% MVE (p = 0.001; 14 out of 18 participants). At 50% MVE and 75% MVE all three regions 

activated to the same magnitude (all p > 0.025).  

 Several additional shoulder muscles were activated alongside the pectoralis major. 

Specifically, at 15% MVE, the latissimus dorsi and upper trapezius were highly activated, while 

at 25%, 50%, and 75% MVE, high activations were quantified only in the latissimus dorsi 

(Supplementary Table 4; Figure 28A).  
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7.5.2. Adduction from 60° of abduction  

A significant Region by Effort interaction existed (F(2.1,32) = 12.5, p < 0.0001, ηp2 = 0.45; 

Figure 27B). Specifically, lower sternocostal region activated 25% more than upper sternocostal 

region at 15% MVE (p = 0.003; 10 out of 16 participants) and 14% more at 25% MVE (p = 0.004; 

9 out of 14 participants), but not at 50% MVE (p = 0.92) or 75% MVE (p = 0.49). Clavicular and 

upper sternocostal region, and clavicular and lower sternocostal region activated similarly across 

all efforts (all p > 0.025).  

Additional shoulder muscles had high activations in this task. Latissimus dorsi and middle 

deltoid had high activations across all efforts (Supplementary Table 4; Figure 28B). At 50% MVE 

and 75% MVE, the posterior deltoid also had high activity.  
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Figure 27: Scaled mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, upper, and lower sternocostal regions with mean normalized (%MVC) spatial 

topographical maps across the whole sample in 15%, 25%, 50%, and 75% MVE in internal rotation 

and adduction from 60° of arm abduction. Each region is denoted in a different colour in violin 

graphs: clavicular region: red; upper sternocostal region (up. stern): grey; lower sternocostal region 

(low. stern): purple. White dots in the middle of each violin plot are medians. In topographical 

maps, the red colour indicates high activation, while the blue colour indicates low activation. 

Asterisk (*) denotes significant differences between regions. A: Internal rotation. The lower 

sternocostal region activated more than the upper sternocostal at 15% and 25% MVE. All three 

regions activated the same in 50% and 75% MVE. B: Adduction 60°. The lower sternocostal 

region had higher EMG amplitudes than the upper sternocostal at 15% and 25% MVE. At 50% 

and 75% MVE, all three regions had similar EMG amplitudes. 
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Figure 28: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in internal 

rotation and adduction 60. Each coloured line depicts the effort level: blue: 15% MVE; red: 25% 

MVE; 50% MVE: grey; and 75% MVE: teal. The magnitude of activation is represented on the 

Y-axis, with each additional inner circle representing an increase in 10% MVC.  
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7.5.3. Adduction from 90° of abduction  

A significant Region by Effort effect emerged (F(2.6,34.9) = 6.2, p = 0.002,  ηp2 = 0.32; Figure 

29A). Specifically, the lower sternocostal region activated 56% more than clavicular in 15% MVE 

(p = 0.002; 13 out of 14 participants), 37% more at 25% MVE (p = 0.016; 12 out of 14 participants), 

44% more at 50% MVE (p < 0.001; 12 out of 14 participants) and 23% more at 75% MVE (p = 

0.01; 11 out of 14 participants). Further, lower sternocostal region also activated 39% more than 

the upper sternocostal region at 15% MVE (p < 0.0001; 13 out of 14 participants), 28% more at 

25% MVE (p = 0.002; 12 out of 14 participants), and 20% more at 50% MVE (p = 0.006; 11 out 

of 14 participants), but similarly at 75% MVE (p = 0.15). Additionally, upper sternocostal region 

activated 21% more than clavicular at 50% MVE (p = 0.004) and 15% more at 75% MVE (p = 

0.008), but not at 15% MVE (p = 0.04) or 25% MVE (p = 0.11).  

Other shoulder muscles had high activations. At 15% MVE, the upper trapezius was highly 

active (~19% MVC), while at 25% MVE, latissimus dorsi (14% MVC), upper trapezius (14% 

MVC), anterior (15% MVC), and middle deltoid (15% MVC) all displayed high activations 

(Figure 30A; Supplementary Table 4). At 50% and 75% MVE, latissimus dorsi (53% MVC) and 

anterior deltoid (54% MVC) had high activations. 

 

7.5.4. Adduction from 90° of abduction and external rotation  

Significant main effects of Region (F(2,34) = 93.7, p < 0.0001, ηp2 = 0.84) and Effort 

(F(1.1,18.8) = 17.9, p < 0.0001, ηp2 = 0.51; Figure 29B) existed. Specifically, lower sternocostal 

region activated 51% more than clavicular (p < 0.001; 14 out of 18 participants) and 26% more 

than the upper sternocostal region (p < 0.001; 15 out of 18 participants). Additionally, upper 

sternocostal region activated 20% more than the clavicular region (p < 0.001; 12 out of 18 
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participants). EMG amplitude increased with effort level, such that EMG amplitudes were 332% 

higher at 50% MVE in comparison to 15% MVE and 71% higher in comparison to 25% MVE (all 

p < 0.001). Additionally, EMG amplitudes were 72% higher at 25% MVE in comparison to 15% 

MVE (p < 0.001).  

Other shoulder muscles had high activations in this task. Specifically, infraspinatus and 

upper trapezius had high activations at 25% MVE (~21-23% MVC; Figure 30B; Supplementary 

Table 4). At 50% MVE, infraspinatus, latissimus dorsi, anterior, and middle deltoid had high 

activity (~41-43% MVC). Lastly, at 75% MVE, latissimus dorsi and infraspinatus had high activity 

(~67% - 75% MVC).  
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Figure 29: Scaled mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, upper, and lower regions with mean normalized (%MVC) spatial topographical maps 

across the whole sample in15%, 25%, 50%, and 75% MVE in adduction at 90°, and 15%, 25%, 

and 50% MVE in adduction external 90. Each region is denoted in a different colour in violin 

graphs: clavicular region: red; upper sternocostal region (up. stern): grey; lower sternocostal region 

(low. stern): purple. White dots in the middle of each violin plot are medians. In topographical 

maps, the red colour indicates high activation, while the blue colour indicates low activation. 

Asterisk (*) denotes significant differences between regions. A: Adduction from 90° (ADD90). 

The lower sternocostal region activated more than upper sternocostal and clavicular regions at all 

effort levels. Further, the upper sternocostal activated more than the clavicular region at 50% and 

75% MVE. B: Adduction external 90. The lower sternocostal region had higher EMG amplitudes 

than the upper sternocostal and clavicular regions.  
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Figure 30: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in adduction 

90 and adduction external 90. Each coloured line depicts the effort level: blue: 15% MVE; red: 

25% MVE; 50% MVE: grey; and 75% MVE: teal. The magnitude of activation is represented on 

the Y-axis, with each additional inner circle representing an increase in 10% MVC.  
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7.6 Discussion 

   

7.6.1. The importance of lower sternocostal regions in adduction and internal rotation at 

low efforts 

Lower sternocostal regions demonstrated functional relevance during adduction and 

internal rotation tasks. In the present study, localized lower sternocostal region activation occurred 

at low efforts in internal rotation and adduction 60 and in adduction tasks when the arm was 

elevated to 90°. These findings support the hypothesis of functionally distinct lower sternocostal 

region activation in specific tasks and effort levels. Similar localized activation was reported in 

adduction at low efforts (Paton and Brown, 1994). In a single previous study, the sternocostal 

region had greater stiffness than clavicular in adduction at 30% MVE, but not at 15% MVE 

(Leonardis et al. 2017). Findings from that study suggested greater involvement of the sternocostal 

region at moderate than low effort levels. When adduction was performed with the arm externally 

rotated, regional differences in stiffness disappeared (Leonardis et al. 2017), indicating potentially 

equivalent contributions of the two regions in this task. However, since shear wave velocities were 

examined only from the clavicular and middle sternocostal regions, no corresponding lower 

sternocostal region information exists.  

The lower sternocostal region's muscle fiber bundles have greater lateral pennation angles 

compared to the clavicular and the superior sternocostal regions (Fung et al. 2009; Brown et al. 

2007). Therefore, their primary action facilitates tasks requiring downward (i.e., vertical and 

horizontal adduction) and inward (i.e., internal rotation) effort requirements. Correspondingly, 

lower sternocostal regions have greater adduction and internal rotation moment arms than upper 

sternocostal and clavicular regions, particularly at 60° and 90° of abduction (Ackland et al. 2008; 
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Ackland and Pandy, 2011). The lower sternocostal regions also have independent innervation 

(Manktelow et al. 1980; Haladaj et al. 2019), an independent tendon attachment (Wolfe et al. 1992; 

Fung et al. 2009), and vascular supply (Manktelow et al. 1980). This evidence collectively suggests 

a functional distinction between the lower sternocostal, clavicular, and upper sternocostal regions.  

7.6.2. The influence of moderate and high efforts on regional activation 

 In moderate and high efforts, the entire pectoralis major activated during adduction and 

internal rotation at 60°. Increasing the effort level while adducting the arm from 60° of abduction 

contributes to a dispersion of activity across multiple regions, although the bulk of the activation 

is in the inferior sternocostal and abdominal regions (Paton and Brown, 1994; Brown et al., 2007). 

These contrasting findings are not surprising, considering the current study acquired activity from 

the whole muscle, while previous work recorded from localized muscle sites (see Paton and 

Brown, 1994 for electrode placement). Previous work examined short bursts of pectoralis major 

activation at 70-75% MVE, while the present study required maintaining an effort for a longer 

period. Increased activity in the clavicular region may be due to its role in controlling the 

sternoclavicular and acromioclavicular joints. Therefore, some participants may have increased 

the activation of this region to stiffen the joints for more precise modulation of effort (Osu et al. 

2002). On the other hand, upper sternocostal regions also have adduction and internal rotation 

moment arms (Ackland et al. 2008; Ackland and Pandy, 2011), and therefore, can contribute to 

these types of tasks.  

The lower sternocostal region activity remains high in adduction at 90° with or without 

external rotation. The localized activity of these regions at high efforts was previously noted in a 

similar arm posture (Paton and Brown, 1994; Brown et al. 2007). However, some activity also 

occurred in the upper sternocostal regions. In general, the pectoralis major and latissimus dorsi 
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activate together to maintain adduction in this arm posture, with preferential recruitment of the 

lower pectoralis major regions (Brown et al. 2007). At rest, both the clavicular and upper 

sternocostal regions have high stiffness when the arm is at 90° of elevation (Leonardis et al. 2017). 

External rotation of the arm increases stiffness in both regions, possibly due to the stretch 

experienced by all three regions as the arm is externally rotated (Leonardis et al. 2017). Therefore, 

lateral pennation angles of the lower sternocostal region likely increase more than in other regions, 

increasing adduction contributions. Supportingly, the clavicular region has a large abductor 

moment arm at 90° of arm elevation, while the lower sternocostal region acts as an adductor 

(Ackland et al. 2008).  

7.6.3. Practical implications 

 Present findings suggest that injuries to the lower sternocostal region may compromise the 

ability to adduct and internally rotate the arm, prompting compensatory activation in other 

adductors and internal rotators, such as the latissimus dorsi and subscapularis. Reductions in 

adduction and internal rotation strength occur in individuals with compromised abdominal and 

sternocostal regions (Schepsis et al., 2000; Provencher et al., 2010; Leonardis et al., 2019; Lipps 

et al., 2019; Marsh et al., 2020). Additionally, the incidence rate of pectoralis major ruptures 

increases when the arm is abducted and externally rotated (i.e., adduction external 90; Bak et al. 

2000). Lastly, the inability to maintain shoulder stiffness in vertical adduction is also present in 

individuals who had subpectoral breast reconstruction (Leonardis et al. 2019).  

 In addition to the clinical implications above, current findings provide information 

regarding the characterization of pectoralis major activation. As the lower sternocostal region 

activity was high across all tasks and efforts, it is recommended that the activation of these regions 

is acquired and evaluated in future studies involving adduction and internal rotation tasks. The 
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surface EMG placements should also avoid known innervation zones (Barbero et al. 2012; 

Mancebo et al. 2019). Further, high interindividual variability in regional pectoralis major 

activation emphasizes the importance of acquiring EMG signals from all three regions to limit 

mischaracterizations of its overall activation, particularly in tasks at low arm elevations. These 

variations may arise from multiple sources, including architectural differences between individuals 

(Haladaj et al. 2019), functional uses of pectoralis major in daily activities, or sport-specific 

adaptations. Activities such as weightlifting or bodybuilding and sports requiring adduction and 

internal rotation (i.e., racquet sports) may promote utilization of the lower sternocostal regions 

more than other activities. The activation of all pectoralis major regions should also be considered 

in exercise training regimens, as exercise-induced changes in regional activity may depend on the 

direction and task. 

 

7.7. Limitations 

This study had some limitations. The study included only young males, and therefore, 

findings may not transfer to other cohorts. These tasks likely do not reflect muscle activation in 

other tasks, such as horizontal adduction, flexion, and extension against resistance. The setup did 

not include an arm brace to fix the elbow into 90° of flexion. However, the investigators observed 

all trials to ensure posture maintenance, and in cases when this did not occur, the trial was repeated. 

Additionally, crosstalk from the surrounding muscles, such as the pectoralis minor, serratus 

anterior, external obliques, or intercostal muscles, may have influenced the patterns of regional 

activation quantified in this study. Attempts were made to minimize the degree of crosstalk by 

sampling EMG from many closely spaced electrodes (10 mm interelectrode distance) and 

quantifying differential derivation in the post-processing steps. Challenges existed in acquiring 

HD-sEMG signals from the parts located directly underneath the nipple and approximately over 
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the floating ribs. This was mainly due to the HD-sEMG arrays, which were not produced to 

accommodate the curvature of the chest. Lastly, it is known that the pectoralis major consists of at 

least two innervation zones (Barbero et al. 2012; Mancebo et al. 2019). Due to the challenges in 

quantifying innervation zones from motor unit action potentials, the exact location of the 

innervation zones was challenging to determine. Therefore, this study quantified the mean 

normalized EMG amplitudes across innervation zones, which may have influenced the findings. 

7.8. Conclusions 

 Mounting evidence, including present findings, promote focusing future research on 

functional implications of the lower sternocostal regions in fundamental arm function. This is 

especially important considering these regions likely contribute across effort levels in adduction 

and internal rotation tasks. Specifically, these tasks appear in numerous daily activities, such as 

reaching and lowering, carrying a grocery bag, combing; occupational tasks, such as painting; or 

exercise activities, such as tennis and squash. Additionally, these regions are more prone to injury 

in occupational and exercise tasks that involve eccentric contractions with heavy loads (Wolfe et 

al. 1992; Bak et al. 2000; Fung et al. 2009). Therefore, distinct regional activations in these tasks 

reinforce the importance of acquiring EMG signals from all pectoralis major regions, including 

the lower sternocostal region.   
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Chapter 8: The task influences regional pectoralis major activity in healthy males 

8.0. Abstract 

 Pectoralis major is an architecturally complex muscle that assists in multi-functional task 

performance and supports arm movement over a wide range of motion. Although its function is 

broadly defined, very little knowledge exists on how its regions activate and contribute to arm task 

performance. Limited understanding of its regional activation has led to a largely simplified view 

of its function and role in shoulder mobility and stability. In turn, this has led to inaccurate 

inferences on its activation in daily, exercise, and occupational tasks and the development of 

surgical procedures undervaluing its purpose in shoulder health. Therefore, to circumvent these, 

the present study explored regional pectoralis major activation in healthy males in isometric tasks. 

Two high-density surface electromyography (HD-sEMG) arrays acquired regional (clavicular, 

upper, and lower sternocostal) pectoralis major activity in four tasks, which typically require the 

activation of the pectoralis major: flexion, horizontal adduction, internal rotation, and extension, 

at three effort levels: 15%, 25%, and 50% scaled to participant’s maxima obtained in maximal 

voluntary efforts. Regional normalized root mean square EMG amplitudes were quantified and 

compared within each task as a function of effort level. All three regions had similar normalized 

EMG amplitudes in flexion and horizontal adduction, irrespective of the effort level. In extension, 

EMG amplitudes in the lower sternocostal region were 83% higher than in the upper sternocostal 

(p = 0.001) and 376% higher than in the clavicular region (p = 0.001), while upper sternocostal 

region had 159% higher EMG amplitudes than clavicular region (p = 0.002). In internal rotation, 

lower sternocostal region had 49% higher EMG amplitudes than clavicular region (p = 0.012). 

This study demonstrated for the first time that all three regions of the pectoralis major assist in 
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flexion and horizontal adduction. In contrast, lower sternocostal regions have a specialized role in 

tasks involving internal rotation and extension.  
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8.1. Introduction 

 Pectoralis major assists in the performance of numerous daily tasks. This multi-functional 

muscle consists of three distinct regions: clavicular, sternocostal, and abdominal, that join to insert 

into a bilaminar tendon (Lewis 1901; Ashley, 1952; Wolfe et al., 1992; Fung et al., 2009). The 

sternocostal and abdominal regions divide into additional partitions hypothesized to have divergent 

mechanical contributions to humeral mobility (Paton and Brown, 1994; Wickham et al. 2004; 

Brown et al. 2007; Fung et al. 2009). The role of each pectoralis major region is broadly described. 

The clavicular region assists in flexion, horizontal adduction, and internal rotation, the sternocostal 

in vertical and horizontal adduction, as well as flexion, and the abdominal in vertical adduction 

and extension.  

 Despite holistically identified regional contributions, pectoralis major activation and role 

in typical shoulder function is mostly unknown and understudied. It is commonly not considered 

necessary in functional task performance despite its multifunctional role (David et al. 2012; Hage 

et al. 2014). Hence, its regions are commonly resected and used as a myocutaneous flap in the 

neck and head reconstruction surgeries following cancer or injury (Liu et al. 2001) in the repair of 

anterosuperior rotator cuff tears (Gavriildis et al. 2009; Philipp et al. 2017; Kany, 2020), or the 

treatment of serratus anterior dysfunction (Sanchez et al. 2017). However, mounting evidence 

shows decreased shoulder function with damage to the pectoralis major. For example, reductions 

in strength and range of motion in flexion and extension, respectively, occurred in individuals 

following neck reconstruction surgeries (Moukarbel et al. 2010). Studies evaluating pectoralis 

major activity commonly acquire surface electromyography (sEMG) from slightly different 

locations of the sternocostal region, resulting in variable and conflicting findings even for the same 

tasks. Considering the presence of multiple partitions within sternocostal regions (Paton and 
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Brown, 1994; Fung et al. 2009) and the presence of at least two innervation zones (Barbero et al. 

2012; Mancebo et al. 2019), selection of the exact location of electromyographic (EMG) recording 

from the sternocostal region is not trivial. Additionally, abdominal region activation is rarely 

acquired and reported, despite its distinct contributions to vertical adduction and extension (Wolfe 

et al. 1992; Paton and Brown, 1994; Ackland et al. 2008; Fung et al. 2009; Stegink-Jansen et al. 

2011), and its hypothesized role in other tasks, such as flexion and horizontal adduction (Brown 

et al. 2007).  

Limited seminal studies investigated regional activation of pectoralis major in different 

tasks and effort levels. Reported classic, low-spatial resolution sEMG data reflected a dependency 

of pectoralis major region activation on task, and sometimes effort level (Paton and Brown, 1994; 

Brown et al. 2007). The setup included multiple electrodes located medially (i.e., towards the 

sternum; see Paton and Brown, 1994). However, classic EMG methods provide limited 

information on the activation of the whole muscle, excluding the possibility of evaluating the 

spatial distribution of activity across a muscle. In contrast, high-density surface electromyography 

(HD-sEMG), consisting of an array of electrodes, enables multiple recordings from the whole 

muscle and construction of spatial distributions of muscle activity. This information elucidates the 

localization or distribution of muscle activity across regions, clarifying how regions of the 

pectoralis major activation may contribute variously to different tasks. Therefore, the present study 

characterized regional pectoralis major activation in low to moderate efforts during four 

submaximal isometric tasks in healthy males. The primary hypothesis was that the lower 

sternocostal regions will have higher normalized EMG amplitudes than superior sternocostal and 

clavicular regions in extension and internal rotation 90. Further, it was hypothesized that in flexion, 

the clavicular region will have higher normalized EMG amplitudes than other regions. Lastly, in 
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horizontal adduction, it was hypothesized that clavicular and superior sternocostal regions will 

have higher normalized EMG amplitude than lower sternocostal regions. 

 

8.2. Methods 

8.2.1 Participants 

Ten healthy, right-hand dominant males participated (25.8 ± 5.3 years; weight: 71.3 ± 10.5 

kg; height: 173.07 ± 6.67 cm; Table 10). The chosen sample size was selected using a priori power 

analyses. Sample size calculations in G*Power 3.1 (Universitat Dusseldorf, Dusseldorf, Germany) 

indicated that a minimum of 16 participants is required to obtain sufficient power (Cohen, 1988). 

The effect size chosen (f2 = 0.31) is on the lower end of the observed effect size in previous studies, 

which reported effect sizes between 0.2 to 0.6 (Paton and Brown, 1994; Brown et al. 2007; 

Wickham et al. 2004). The actual sample did not satisfy the quantified a priori sample as 

collections were halted due to the Canadian government's lockdown measures due to the COVID-

19 pandemic.  Males were recruited using word-of-mouth or posters advertising the study in the 

kinesiology, engineering, psychology, and student center buildings. The inclusion criteria included 

healthy right-hand dominant, young males (between 18 and 40 years old). All males recruited were 

recreationally active. Participants reported no history of musculoskeletal injuries to the right arm 

or low back, including low back pain in the past six months and no neurological disease presence. 

All participants tested negative for signs of impingement, as screened with Hawkin’s impingement 

and Apley’s Scratch test. Participants did not engage in strenuous physical activity at least 24 hours 

before the session. This study was reviewed and received ethics clearance from the institutional 

office of research ethics and conformed to the Declaration of Helsinki.  
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Before the experimental protocol, stature, body weight, rib cage circumference, chest 

circumference, clavicle, and sternum length were measured. Rib cage circumference was measured 

around the rib cage, just under the nipple. Chest circumference was measured starting from the 

fullest part of the participant’s chest (i.e., nipple area), with measuring tape wrapped around under 

the axilla. Clavicle length was measured from acromion to sternal notch, while the sternal length 

was measured from the sternal notch to the palpated xiphoid process.  

Table 10: Participant demographics and anthropometric measurements (± standard deviation). 

Age (years) 25.8 ± 5.3 

Height (cm) 173 

Weight (kg) 71.3 ± 10.5 

Chest circumference (cm) 93.8 ± 8.3 

Ribcage circumference (cm) 89.1 ± 8.5 

Breast tissue thickness at the nipple (cm) 4.7 ± 2.3 

Clavicle length (cm) 17.7 ± 2.3 

Sternum length (cm) 17.5 ± 1.9 

  

8.2.2. High-density surface electromyography  

Pectoralis major activity was acquired using two 64-channel high-density surface 

electromyography (HD-sEMG) arrays in monopolar mode (ELSCH064NM3, OTBioelecttronica, 

Torino, Italy; Figure 31A). Each array consisted of electrodes in an 8 by 8 matrix with a 10 mm 

inter-electrode distance. Before applying the electrodes, the pectoral area was shaved, cleaned with 

abrasive paste and water to reduce impedance. The HD-sEMG arrays were applied on the skin 

using 1 mm thick two-sided adhesive foam with holes filled with electroconductive gel. The 

superior array was placed ~ 2 cm inferior to the clavicle with the midline of the array located 

between the sternum and the axilla and parallel to muscle fibers. The inferior array was placed 

directly below the superior array. The arrays were fixed with adhesive tape and connected to a 128 

channel EMG amplifier (EMGUSB2+, OTBioelecttronica, Torino, Italy). All HD-sEMG signals 
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were bandpass filtered with a cut-off frequency between 10 – 500 Hz and sampled at 2048 Hz with 

a 12-bit A/D converter (5V dynamic range). HD-sEMG signals were amplified by a factor between 

100-5000 V/V depending on the task, effort level, and participant. Saturation of HD-sEMG signals 

was monitored online in the OTBioLab software, and if saturation occurred in more than ten 

channels, the trial was terminated, gain adjusted, and trial repeated. One wet reference band was 

wrapped around the participant’s right wrist, while a reference electrode was placed on the right 

clavicle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31: HD-sEMG array location and experimental setup. A: Two 64 channel high-density 

arrays were placed over the pectoralis major muscle (128 channels total). B: Participants 

performed four tasks: flexion, horizontal adduction; internal rotation; and extension against a six-

degrees-of-freedom MSA-6 transducer attached to a robotic arm.   
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8.2.3. Force measurement  

An effort was exerted against a custom-made arm cuff and acquired concurrently with HD-

sEMG. The force was acquired using a six-degree-of-freedom (6-DOF) MSA-6 transducer 

(MC3A, AMTI MA, USA) mounted on a robotic arm (Figure 31B; Motoman Robotics Division, 

Yaskawa America, USA). All force data were sampled at 1500 Hz and amplified (1000x) using 

VICON Nexus 1.7.1 software. 

 

8.2.4. Electrocardiography measurement (ECG) 

Electrocardiography (ECG) was acquired concurrently with HD-sEMG and force. ECG 

was collected using silver-silver chloride (Ag-AgCl) disposable electrodes in a monopolar 

configuration using a wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, 

Arizona, USA). Before the placement of electrodes, the area was shaved, cleaned with abrasive 

gel and water. Three electrodes were placed over the left chest at the 6th costal level, approximately 

along the anterior axillary line, and medially at the sternocostalis junction (Drake and Callaghan, 

2006). Raw signals were band-pass filtered from 10-1000 Hz and differentially amplified with a 

CMRR > 100dB and an input impedance of 100 MΩ. Analog signals were converted to digital 

using a 16-bit A/D card with a ±10 V range. The sampling frequency was 1500 Hz.  

 

8.2.5. Additional shoulder muscle monitoring 

Bipolar EMG was concurrently acquired with HD-sEMG, ECG, and force from six 

additional shoulder muscles. The muscles included were: upper trapezius, latissimus dorsi, deltoid 

(anterior, middle, and posterior), and infraspinatus. sEMG activity was recorded using silver-silver 

chloride (Ag-AgCl) disposable electrodes with a 1 cm diameter and a fixed inter-electrode spacing 
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of 2 cm in a bipolar configuration. Before the placement of the electrodes, the area overlying the 

muscle belly was shaved and cleaned with abrasive gel and water. The placement of the sEMG 

electrodes was confirmed with palpation while the participant exerted a low, submaximal 

contraction of the muscle in positions described in Supplementary Table 1 (Cram and Kasman, 

1998; Kelly et al., 1996). A reference electrode was placed on the acromion. sEMG was collected 

using a wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw 

signals were band-pass filtered from 10-1000 Hz and differentially amplified with a CMRR > 

100dB and an input impedance of 100 MΩ. Analog signals were converted to digital using a 16-

bit A/D card with a ±10 V range. The sampling frequency was 1500 Hz.  

 

8.2.6. Experimental protocol 

The experimental protocol included eight maximal voluntary efforts (MVE) and six 

isometric ramped submaximal trials (two trials per effort level) in each of the four tasks. All 

participants underwent a brief warm-up and training on how to generate MVE in different tasks. 

Following this, participants practiced exerting effort against an arm-cuff with visual feedback of 

their force provided on a monitor. This training served to precondition the muscle-tendon unit 

(Maganaris et al., 2002) and familiarize the participant with the tasks. The participant sat on a chair 

with the trunk secured to the chair by a padded strap. Additionally, the arm was also secured with 

padding in the arm cuff to reduce the arm's movement during maximal and submaximal trial 

performance. Participants performed two task-specific 5-second MVEs against an arm cuff in the 

following tasks (Figure 31B): a) flexion from 20° of abduction (FLEX); b) horizontal adduction 

from 90° of abduction and 50° of flexion in the transverse plane (HORADD); c) internal rotation 

from 90° of abduction and 20° of internal rotation (IR90); and d) extension from 20° of abduction 
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(EXT). During MVE performance, participants were verbally encouraged. Each MVE was 

separated by 2 to 3 minutes of rest. MVEs were quantified using a custom-made program in 

LabVIEW (National Instruments, version 3.1). During MVE performance, off-axis forces were 

monitored via the LabVIEW program, such that participants were required to achieve above 80% 

of the total force along the intended transducer axis. If this was not achieved, the participant was 

provided with verbal feedback, and the trial was repeated. Additionally, if the two MVEs differed 

by more than 10N, an additional MVE trial was collected. For each task, the mean of two task-

specific MVE trials was used to scale all analogous submaximal trials.  

Participants performed submaximal ramped isometric efforts scaled to task-specific MVEs. 

Each task consisted of three effort levels: 15%, 25%, and 50% MVE. Participants performed two 

trials for each effort, lasting 60 seconds for 15% MVE and 25% MVE and 30 seconds for 50% 

MVE. Three to four-minute rest breaks were provided between trials, with more time allocated if 

requested by the participant. Participants were encouraged to report feelings of fatigue and the 

need for longer rest periods. Submaximal trials consisted of a ramp-up, hold, and ramp-down. At 

15% and 25% MVE participants ramped at ~2% MVE/s, while at 50% MVE, the ramp was ~ 3% 

MVE/s. Tasks were fully randomized between and within participants. Effort levels were 

randomized within each task, with each submaximal effort performed consecutively within a task. 

Live intratrial visual feedback provided via a monitor displayed the required effort level and 

exerted force to facilitate matching.  

8.3. Data Analysis 

8.3.1. HD-sEMG signal processing  

Data analysis involved several pre-processing steps. First, ECG was removed from 

monopolar HD-sEMG signals. Before removal, ECG was interpolated to 2048 Hz, and the HD-
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sEMG signals were cross-correlated with the ECG to match the timing of each heartbeat's peak 

amplitude. Each trial was visually inspected to make sure the algorithm correctly recognized the 

ECG peaks. The precise timing of each ECG peak surrounded by 250-millisecond windows before 

and after the peak was determined and used to avoid the quantification bias of the root mean square 

(RMS) amplitude.  

Following ECG removal, HD-sEMG signals were processed. Raw HD-sEMG data were 

band-pass filtered with a 3rd order Butterworth filter (20-500 Hz), and the differential derivation 

was quantified from left to right (i.e., from axilla towards sternum). RMS was quantified for each 

differential channel. The resultant force was used to focus on the first half of the hold. The most 

stable part of the hold was selected by dividing the resultant force into 5-second segments and 

performing EMG analyses on the segment with the lowest coefficient of variation in force. All 

submaximal data were normalized to maximal trials. Maximal trials were combined for flexion 

and extension as these tasks were performed at the same arm posture. For each HD-sEMG channel 

within MVE, the mean of a 3-second segment surrounding the maximal force achieved was 

extracted. Each channel within a submaximal trial was normalized to the channel-specific maxima. 

Following EMG normalization, spatial scaling was applied for each participant to account for 

differences in pectoralis major size by scaling EMG data of each participant to the participant with 

the largest pectoralis major, according to the clavicle and sternal length. Normalized data was 

divided into clavicular (rows 1-3), upper sternocostal (rows 4-13), and lower sternocostal (rows 

13-16) regions. Subsequently, the regional mean of the two trials within each task and effort level 

was quantified. This division was based on an anatomical description of regional locations (Fung 

et al., 2009).  
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8.3.2. Force  

 Raw voltage data acquired in submaximal and maximal trials was low pass filtered using 

a 3rd order Butterworth filter with a cut-off frequency of 15 Hz. Raw voltage was then converted 

to Newtons using a custom-made program in MATLAB 2019b. The mean force that matched the 

most stable part of the resultant force (i.e., same as for HD-sEMG analyses) was quantified for all 

submaximal trials was normalized to the task-specific MVE. Normalized force data was used to 

confirm that all participants received the same amount of feedback and exerted 15%, 25%, or 50% 

MVE during submaximal trials.  

 

8.3.3. Bipolar surface electromyography 

Bipolar sEMG data for additional shoulder muscles in task-specific maximal MVEs and 

submaximal trials were analyzed. All sEMG data was band-pass filtered with a 2nd order 

Butterworth filter (30-500 Hz), and RMS of the signal was quantified across the whole submaximal 

and maximal trial. Subsequently, RMS for each muscle in the submaximal trial was quantified for 

the same force segment as for HD-sEMG (i.e., a 5-second segment with the lowest coefficient of 

variation in force). In maximal trials, the mean of a 3-second window surrounding the maximal 

force was extracted. Maximal trials were combined for flexion and extension, as these were 

performed in the same arm posture. Submaximal trials were then normalized to posture specific 

maxima for each muscle. RMS was normalized to task-specific MVEs to not underestimate EMG 

activity by normalizing to standard MVEs (Maciukiewicz et al. 2019). Subsequently, the mean for 

each muscle for each effort level and the task was quantified.  
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8.3.4.Data removal 

The amplitude of HD-sEMG signals across channels was below the noise level in extension 

at 15% and 25% MVE and internal rotation at 15% MVE in most participants, prompting the 

removal of these trials from further analyses. In total, ~1% of the trials were removed due to 

saturation, low skin-electrode contact, or artifacts. 

 

8.4. Statistical Analyses 

All statistical analyses were performed using SPSS (IBM, version 21). Before any 

comparisons, the data were checked for normality and sphericity using the Shapiro-Wilk test and 

Mauchly’s test of sphericity, respectively. Not normally distributed data were ln transformed.  

Two-way repeated-measures analysis of variance (ANOVA) was performed on EMG amplitude 

for flexion and horizontal adduction with within-subject factor Region (clavicular, upper, and 

lower sternocostal) and Effort (15, 25, 50% MVE). Similarly, for internal rotation, two-way 

repeated-measures ANOVA was performed on EMG amplitudes with within-subject factor Region 

(clavicular, upper, and lower sternocostal) and Effort (25%, 50% MVE). For extension, planned 

comparisons between regions (clavicular, upper, and lower sternocostal) with Dunn-Bonferonni 

correction were performed for 50% MVE. If significant interactions between Region and Effort 

existed, planned comparisons with Dunn-Bonferonni correction were performed to determine 

significant differences. EMG amplitudes quantified for additional shoulder muscles were ranked 

from highest to lowest activity based on the activation level for each task. They were used to 

determine which additional shoulder muscles contributed highly to the task. Partial eta-squared 

(ηp2) assessed the effect size of the significant differences in EMG amplitudes. ηp2 less than 0.06 

was deemed as “small,” 0.07-0.14 as “moderate,” and greater than 0.14 as “large” (Cohen, 1969). 

Significance was p < 0.05.  
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8.5. Results 

Differential regional activation existed in two out of the four tasks. Specifically, in internal 

rotation and extension, lower sternocostal regions had high normalized EMG amplitudes. In 

contrast, in flexion and horizontal adduction, all three regions had similar normalized EMG 

activity. All participants received the same amount of feedback across tasks and effort levels 

(Table 11).  

Table 11: Mean force in Newtons and as a percent of MVE (± standard deviation) for all tasks 

and effort levels.  

Task Effort Level Mean Force (N) Mean %MVE 

Flexion 15% 24.3 ± 5.6 14.5 ± 1.9 

 25% 41.1 ± 10.5 24.5 ± 2.9 

 50% 86.1 ± 18.7 51.4 ± 3.9 

 100% 168.6 ± 40.3 - 

Horizontal 

Adduction 

15% 34.3 ± 12.6 15.7 ± 2.2 

 25% 57.5 ± 19.1 26.5 ± 1.8 

 50% 114.6 ± 37.8 52.8 ± 2.5 

 100% 216.6 ± 70.7 - 

Internal Rotation 25% 27.9 ± 10 22.9 ± 4 

 50% 58.3 ± 20.2 47.9 ± 8.9 

 100% 121.6 ± 36.1 - 

Extension 50% 103.5 ± 22.2 53 ± 5.7 

 100% 198.8 ± 51.5 - 
 

8.5.1. Internal rotation 

In internal rotation, significant main effects of Region (F(2,18) = 7.9, p = 0.003, ηp2 = 0.46; 

Figure 32A) and Effort (F(1,9) = 24.7, p = 0.001, ηp2 = 0.73) occurred. Specifically, lower 

sternocostal region activated 49% more than the clavicular region (p = 0.012). No differences 

existed between upper and lower sternocostal or clavicular and upper sternocostal regions (all p > 

0.025). EMG amplitudes were 71% higher at 50% MVE in comparison to 25% MVE (p < 0.0001).  
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Other shoulder muscles are also activated highly (Figure 33B; Supplementary Table 5). 

Specifically, at 25% and 50% MVE, infraspinatus (~23%-47% MVC) and latissimus dorsi (~24%-

47% MVC) activated highly. 

 

8.5.2.Extension 

Differences in EMG amplitudes between regions existed in extension at 50% MVE (Figure 

32B). The abdominal region had ~84% higher EMG amplitudes than sternocostal (p = 0.001) and 

~376% higher than clavicular (p = 0.001). Further, sternocostal region had ~160% higher EMG 

amplitudes than clavicular region (p = 0.002).  

Alongside the pectoralis major, an additional shoulder muscle activated highly in this task 

(Figure 33B; Supplementary Table 5). Specifically, the latissimus dorsi displayed high activity 

(~41% MVC).  
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Figure 32: Scaled mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, upper, and lower sternocostal regions with mean normalized (%MVC)spatial 

topographical maps across the whole sample in 25% and 50% MVE for internal rotation and 50% 

MVE in extension. In violin graphs, each region is denoted in different shades: clavicular region: 

blue; upper sternocostal region: grey; lower sternocostal region: red. White dots in the middle of 

each violin plot are medians. In topographical maps, the red colour indicates high activation, while 

the blue colour indicates low activation. Asterisk (*) denotes significant differences between 

regions. A: Internal rotation (IR). The lower sternocostal activated more than upper sternocostal 

and clavicular regions at both efforts. B: Extension (EXT). The lower sternocostal region had 

higher EMG amplitudes than the upper sternocostal and clavicular regions. Additionally, the upper 

sternocostal region had higher EMG amplitudes than the clavicular region.  
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Figure 33: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in internal 

rotation (A) and extension (B). Each coloured line depicts the effort level: blue: 15% MVE; red: 

25% MVE; and 50% MVE: grey. The magnitude of activation is represented on the Y-axis, with 

each additional inner circle representing an increase in 10% MVC.  
 

 

8.5.3.Flexion 

A significant main effect of Effort existed in flexion (F(1.12,10.1) = 58.9, p < 0.0001, ηp2 = 

0.86; Figure 34A). EMG amplitude increased with effort level (all p < 0.025). Specifically, EMG 
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amplitude was ~28% and 147% higher at 25% MVE and 50% MVE in comparison to 15% MVE, 

respectively, and ~92% higher at 50% MVE in comparison to 25% MVE. There were no 

differences in EMG amplitude between regions.  

In this task, other shoulder muscles are also activated highly (Figure 35A; Supplementary 

Table 5). Specifically, at 15% MVE, the upper trapezius activated highly (~21% MVC), while at 

25% MVE, the upper trapezius (21% MVC) and anterior deltoid (~21% MVC) activated highly. 

Lastly, at 50% MVE, infraspinatus (~35% MVC), anterior (~40% MVC), and middle deltoid 

(~40% MVC) activated highly. 

 

8.5.4. Horizontal adduction 

A significant main effect of Effort emerged (F(1.2,10.9) = 59.3, p < 0.001,  ηp2 = 0.86; Figure 

34B). EMG amplitudes increased with increases in effort (all p < 0.025). Specifically, EMG 

amplitudes were ~44% and ~178% higher at 25% MVE and 50% MVE, respectively, than 15% 

MVE, and ~94% higher at 50% MVE than 25% MVE. There were no differences in EMG 

amplitude between regions.  

Additional shoulder muscles are activated highly in this task (Figure 35B; Supplementary 

Table 5). Specifically, at 15% MVE, infraspinatus activated highly (~23% MVC). At 25% MVE, 

additional muscles had high activations alongside infraspinatus (~21% MVC) and included 

anterior (~22% MVC) and middle deltoid (~21% MVC). At 50% MVE, latissimus dorsi (~47% 

MVC) and anterior deltoid (~38% MVC) had high activations.  
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Figure 34: Scaled mean normalized EMG amplitude violin graphs with individual scatter data for 

clavicular, sternocostal, and abdominal regions with mean normalized (%MVC) spatial 

topographical maps across the whole sample in 15%, 25%, and 50% MVE in flexion and horizontal 

adduction. In violin graphs, each region is denoted in different shades: clavicular region: blue; 

upper sternocostal region: grey; lower sternocostal region: red. White dots in the middle of each 

violin plot are medians. In topographical maps, the red colour indicates high activation, while the 

blue colour indicates low activation. Asterisk (*) denotes significant differences between regions. 

A: Flexion (FLEX). All three regions had similar EMG amplitudes across efforts. B: Horizontal 

adduction (HORADD). All three regions had similar EMG amplitudes across efforts.  
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Figure 35: Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper 

trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regions in flexion (A) 

and horizontal adduction (B). Each coloured line depicts the effort level: blue: 15% MVE; red: 

25% MVE; and 50% MVE: grey. The magnitude of activation is represented on the Y-axis, with 

each additional inner circle representing an increase in 10% MVC.  
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8.6. Discussion 

 This study sought to investigate regional pectoralis major activation in four tasks that 

typically require pectoralis major activation at low to moderate effort levels. While the lower 

sternocostal region was highly active during internal rotation and extension, all three regions 

activated to the same magnitude in horizontal adduction and flexion irrespective of the effort level. 

Present findings provide novel evidence on regional pectoralis major activation, with implications 

in fundamental and clinical studies.  

8.6.1. Relevance of lower sternocostal region in extension and internal rotation 

 In internal rotation, the lower sternocostal region had higher EMG amplitudes than the 

clavicular region. Previously, all three regions were implicated in this task (Wolfe et al., 1992; 

Stegink-Jansen et al., 2011; Leonardis et al., 2019; Marsh et al., 2020; Ackland and Pandy, 2011). 

The regional contributions to internal rotation depend on arm abduction and flexion angle 

(Ackland and Pandy, 2011). Specifically, when the arm is at 90° of abduction, the internal rotation 

moment arms are longer in the lower than upper sternocostal or clavicular region (Ackland and 

Pandy, 2011).  

Similarly, the lower sternocostal region activated more than clavicular and upper 

sternocostal regions in extension. The role of the pectoralis major in this task was previously 

examined in mechanical and EMG studies. From both perspectives, this task was solely attributed 

to lower sternocostal regions (Paton and Brown, 1994; Wolfe et al. 1992), although the pectoralis 

major is considered a weak extensor. In a simulated bench press, Wolfe et al. demonstrated 

lengthening of the abdominal muscle fibers in extension between 0° and 30°, with the largest 

demands placed on the inferior fibers (1992). Greater lateral pennation angles of this region 

compared to upper sternocostal and clavicular regions (Fung et al. 2009) make the lower 
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sternocostal regions more likely to contribute to extension, mainly when the arm is closest to the 

torso.  

Anatomically, it is suggested that the lower sternocostal region may have a divergent role 

compared to the clavicular and upper sternocostal regions. This region receives independent 

innervation from the medial pectoral nerve (Manktelow et al. 1980; Haladaj et al. 2019) and inserts 

into the posterior tendon, with the most inferior partitions attaching to the most superior part of 

the tendon (Fung et al. 2009). This region has greater lateral pennation angles, shorter fiber bundle 

lengths, and flexor moment arms than sternocostal and clavicular regions (Fung et al. 2009; Brown 

et al. 2007). The differential localized activity in this region in the current study supports the lower 

sternocostal region's functional distinction from upper sternocostal and clavicular regions.  

8.6.2. Regional pectoralis major activation in flexion and horizontal adduction 

 Prior studies investigating regional pectoralis major activity using classic EMG in 

horizontal adduction and flexion tasks reported contrasting findings that may be due to the 

performance of these tasks in different arm postures or effort levels. For example, pectoralis major 

regions activated similarly at high effort levels during flexion when the arm was at 20° of abduction 

(Brown et al. 2007), but clavicular and abdominal regions activated when flexing from 60° of 

forward flexion (Paton and Brown, 1994). Similarly, for horizontal adduction at 90° of arm 

abduction, low efforts elicited higher EMG amplitudes in the clavicular, lower sternocostal, and 

abdominal regions, in comparison to the superior sternocostal regions, while horizontal adduction 

at 20° of abduction resulted in the high activity of all three regions (Brown et al. 2007; Paton and 

Brown, 1994). In contrast, the clavicular and the sternocostal regions had similar activations in 

both isometric (Diefenbach and Lipps, 2019; McDonald et al. 2012; McDonald et al. 2014) and 

more dynamic tasks, such as bench press (Lauver et al. 2015).  
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Regional architectural properties estimated from cadavers may provide insights into these 

activation patterns. Anatomically, regional flexion and horizontal adduction moment arms highly 

depend on the arm posture (Ackland and Pandy, 2011; Ackland et al. 2008; Brown et al. 2007; 

Kuechle et al. 1997) and elbow joint angle (Yu et al. 2011). In a cadaver, flexion and horizontal 

adduction moment arm are longer in the clavicular and superior sternocostal regions than lower 

sternocostal regions (Ackland et al. 2008; Yu et al. 2011). This data suggests that mechanically, 

clavicular, and superior sternocostal regions, compared to lower sternocostal regions, have the 

advantage of producing torque in flexion and horizontal adduction. However, in the current study, 

the lower sternocostal regions had a similar activation to clavicular and upper sternocostal regions 

in flexion and horizontal adduction. 

The discrepancy between mechanical and activation patterns may be due to the influence 

of contraction intensity on architectural properties in vivo. In a cadaver, clavicular and lower 

sternocostal regions have the greatest pennation angles, while upper sternocostal regions have the 

longest fiber bundle length (Fung et al. 2009). However, increases in contraction intensity in vivo 

alter these properties. For example, an increase in contraction intensity increases the pennation 

angle by ~60-250% and reduces muscle fascicle length by ~30-55% (Herbert and Gandevia, 1995; 

Hodges et al. 2003; Narici and Maganaris, 2006). The extent of these changes is also influenced 

by the joint position, such that larger changes are evident when the muscle-tendon unit is more 

stretched (Narici and Maganaris, 2006). However, these properties were not investigated in vivo 

in pectoralis major, limiting the understanding of the relationship between muscle activity and 

architecture in this muscle. Indeed, in flexion, clavicular regions and the anterior deltoid act to 

initiate flexion, activating ~ -47 ms before other regions (Brown et al. 2007). However, EMG 
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amplitude increases in both sternocostal and abdominal regions once the flexion is initiated. 

Therefore, all three regions must activate to maintain flexion (Brown et al. 2007).  

8.6.3. Practical Implications 

 The tasks examined in this study are common in the performance of activities of daily 

living. For example, horizontal adduction and flexion enable reaching for an object on a shelf; 

extension permits pulling actions, while internal rotation facilitates unbuttoning a bra. Current 

findings suggest that maintaining effort in flexion or horizontal adduction requires the activation 

of all three pectoralis major regions. In contrast, abdominal regions activate to maintain internal 

rotation and extension effort. Therefore, these findings emphasize the importance of acquiring 

EMG signals from all pectoralis major regions in tasks involving horizontal adduction, flexion, 

extension, or internal rotation. 

Injuries to the pectoralis major typically occur in weightlifters in extension tasks. Injuries 

typically occurred during a bench press, in the final phase of eccentric contraction, as the athlete 

transitions to concentric contraction (Petilon et al. 2005; Cordasco et al. 2017). One of the side-

effects of such injuries was an inability to extend the arm (Pavlik et al. 1998). Additionally, injuries 

to the pectoralis major also elicit reductions in horizontal or vertical adduction and internal rotation 

strength (Pavlik et al. 1998; Schepsis et al., 2000; Provencher et al., 2010; Marsh et al., 2020). 

Surgical procedures that use pectoralis major as a pedicled flap to reconstruct head and neck 

following injuries or cancer commonly provoke strength reductions in flexion and extension range 

of motion (Moukarbel et al. 2010). Collectively, injuries or procedures affecting the pectoralis 

major may compromise shoulder function or prompt compensatory activity in other shoulder 

muscles involved in these tasks, particularly in the latissimus dorsi, anterior or posterior deltoid, 

and subscapularis.  
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8.7. Limitations 

Several limitations must delimit the interpretation of findings. Only young males 

participated; therefore, findings may not transfer to other cohorts, such as females or aging 

populations. The data reported may not reflect regional pectoralis major activity for these tasks in 

other arm postures. In the current study, the pectoralis major had low activation in extension and 

internal rotation tasks at low efforts. The low activation may be due to a lack of significant 

involvement of the pectoralis major in this task or arm posture. Future studies should try to acquire 

EMG signals in these tasks in different arm postures. Additionally, crosstalk from the surrounding 

muscles, such as the pectoralis minor, serratus anterior, external obliques, or intercostal muscles, 

may have influenced the patterns of regional activation quantified in this study. Attempts were 

made to minimize the degree of crosstalk by sampling EMG from many closely spaced electrodes 

(10 mm interelectrode distance) and quantifying differential derivation in the post-processing 

steps. Challenges existed in acquiring HD-sEMG signals from the parts located directly underneath 

the nipple and approximately over the floating ribs. This was mainly due to the HD-sEMG arrays, 

which were not produced to accommodate the curvature of the chest. Lastly, it is known that the 

pectoralis major consists of at least two innervation zones (Barbero et al. 2012; Mancebo et al. 

2019). Due to the challenges in quantifying innervation zones from motor unit action potentials, 

the exact location of the innervation zones was challenging to determine. Therefore, this study 

quantified the mean normalized EMG amplitudes across innervation zones, which may have 

influenced the findings. 

8.8. Conclusions 

 All three pectoralis major regions worked together to accomplish horizontal adduction and 

flexion, while the lower sternocostal fibers contribute more so to internal rotation and extension. 
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These tasks are requisite in daily tasks, such as reaching and pulling, or in exercise tasks such as 

bench press. Therefore, compromise of pectoralis major regions either in exercise or in surgical 

procedures that resect pectoralis major may limit the ability to perform these tasks or prompt 

compensatory activations in surrounding shoulder musculature, potentially predisposing 

individuals to shoulder injury.   



185 
 

Chapter 9: Inner workings of the pectoralis major: Insights into neural control in isometric 

efforts  

9.0. Abstract 

 Pectoralis major contributes extensively to shoulder stability and mobility. However, its 

underlying neuromusculoskeletal control is currently unknown. Two sets of experiments aimed at 

exploring the pectoralis major neural control were performed in males and females using high-

density surface electromyography (HD-sEMG). Participants performed several ramped isometric 

tasks involving adduction, internal rotation, flexion, and horizontal adduction at three effort levels: 

15%, 25%, and 50% scaled to the task-specific maximal voluntary effort (MVE). HD-sEMG 

signals were decomposed using a convolutive blind source separation algorithm. Motor units were 

matched between effort levels using a motor unit matching algorithm. For matched motor units in 

males, the mean discharge rate and coefficient of variation were quantified across the hold and 

compared between effort levels. Individual two-dimensional motor unit action potentials were 

extracted using spike trigger averaging. The mean peak-to-peak amplitude was quantified for the 

clavicular and sternocostal region. In females, motor unit physiology focused on general 

observation due to low motor unit yield across tasks and effort levels.  In males, across all tasks, 

motor unit discharge rate did not differ between 15% and 25% MVE (all p > 0.05) or between 25% 

and 50% MVE in horizontal adduction (p = 0.11). Additionally, motor unit action potential 

amplitude was not different between regions or effort levels in any task, except for adduction 60. 

In this task, the peak-to-peak amplitude of motor unit action potentials was larger in the clavicular 

region at 25% MVE than 15% MVE (p = 0.016). For the first time, motor unit physiology in 

pectoralis major is explored across several tasks, effort levels, and in both sexes. Current findings 

indicate that the pectoralis major relies heavily on motor unit recruitment for increases in effort 
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levels. These findings provide insights into the pectoralis major's neural control and lay the 

groundwork for interpreting healthy aging or clinical case scenarios. 
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9.1. Introduction 

 Pectoralis major is a large, multipennate muscle that has a multifunctional role in arm 

movements. Its regions function to adduct vertically and horizontally, flex, internally rotate and 

extend the arm against resistance. It is typically divided into clavicular, sternocostal, and 

abdominal regions (Lewis 1901; Ashley, 1952; Wolfe et al., 1992; Fung et al., 2009). The 

clavicular region crosses the sternoclavicular, acromioclavicular, and indirectly controls the 

scapulothoracic joint, while all regions are responsible for controlling the glenohumeral and 

intercostal joints. However, recent anatomical evidence points to the existence of four and three 

compartments in sternocostal and abdominal regions, respectively (Fung et al. 2009). Anatomical 

studies identified differential innervation of pectoralis major muscle fiber bundles. The lateral 

pectoral nerve innervates the clavicular and superior sternocostal regions, while the medial 

pectoral nerve innervates the inferior sternocostal regions (Manktelow et al. 1980; Porzionato et 

al. 2012; Haladaj et al. 2019). Different regional innervation indicates that the pectoralis major 

may contain neuromuscular compartments (English et al. 1993), increasing the possibility of 

differential contributions of these compartments to mechanical force production of the whole 

pectoralis major.  

A small number of studies investigated differences in normalized electromyographic 

(EMG) amplitude between compartments. These studies reported that compartmental EMG 

amplitude depended on the task, arm posture, and in some instances, effort level (Paton and Brown, 

1994; Wickham et al., 2004; Wickham and Brown, 2012). For example, when the arm was 

abducted at 90°, compartments in the abdominal region had higher EMG amplitudes in isometric 

adduction (Paton and Brown, 1994). However, all compartments activated similarly when the arm 

was positioned closer to the trunk (Paton and Brown, 1994).  
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Differential activation of compartments was attributed to independent control of motor 

units within each compartment by the central nervous system (Paton and Brown, 1994). While 

plausible, the sEMG signal depends on many physiological and non-physiological factors (e.g., 

crosstalk and volume conductor properties) and reflects both central and peripheral properties of 

motor units (Farina et al. 2004; Martinez-Valdes et al. 2018). Therefore, motor unit behaviour 

cannot be inferred solely based on normalized EMG amplitudes (Martinez-Valdes et al. 2018). As 

such, the neuromusculoskeletal control of the pectoralis major remains unclear and understudied. 

However, this knowledge is critical to delineate the contribution of pectoralis major to typical 

shoulder function and assess deficits resulting from pectoralis major compromise.  

Different techniques exist to discriminate between peripheral and central properties of 

motor units. One such method is high-density surface electromyography (HD-sEMG), consisting 

of an array of electrodes that, coupled with a motor unit decomposition algorithm, can provide 

information on motor unit physiology (Farina et al. 2016). Therefore, this study sought to 

investigate the neuromusculoskeletal control of pectoralis major in males and females in different 

tasks suspected to require the muscle in low (15%-25% MVE) to moderate (50% MVE) effort 

levels. The primary hypothesis was that the motor unit discharge rate will increase with effort level 

in all tasks, indicating reliance on motor unit rate coding for modulation and an increase in effort 

level. The secondary hypothesis was that the motor unit action potential amplitude will increase 

with effort level within a task, indicating the influence of neuromuscular properties on sEMG 

amplitude.  
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9.2. Methods 

9.2.1. Participants 

This study consisted of linked studies. In Study 1, eighteen and twenty healthy, right-hand 

dominant males and females, respectively, participated (Males: 25 ± 4.7 years; weight: 75.3 ± 8.1 

kg; height: 173.5 ± 5 cm; Females: 22.4 ± 2.2 years; weight: 61.7 ± 4.7 kg; height: 164.3 ± 7.5 

cm). In Study 2, ten and nine healthy, right hand dominant males and females participated (Males: 

25.8 ± 5.3 years; weight: 71.3 ± 10.5 kg; height: 173.07 ± 6.67 cm; Females: 24.5 ± 3.1; weight: 

61 ± 8.9 kg; height: 165.6 ± 3.5 cm). The chosen sample size was selected using a priori power 

analyses. Sample size calculations in G*Power 3.1 (Universitat Dusseldorf, Dusseldorf, Germany) 

indicated that a minimum of 16 participants is required to obtain sufficient power (Cohen, 1988). 

The effect size chosen (f2 = 0.31) is on the lower end of the observed effect size in previous studies, 

which reported effect sizes between 0.2 to 0.6 (Paton and Brown, 1994; Brown et al. 2007; 

Wickham et al. 2004). The second study sample did not satisfy the quantified a priori sample 

calculations as collections were halted due to the COVID-19 pandemic. Males and females were 

recruited using word-of-mouth or posters advertising the study in the kinesiology, engineering, 

psychology, and student center buildings. The inclusion criteria included healthy right-hand 

dominant, young males and females (between 18 and 40 years old). All recruited participants were 

recreationally active. The inclusion criteria for both sexes in both studies included healthy young 

(between 18-40 years old), right-hand dominant males, and females. Females who underwent 

breast reconstruction or augmentation surgeries were not included in the study. Participants 

reported no history of musculoskeletal injuries to the right arm or low back, including low back 

pain in the past six months and no neurological disease presence. All participants tested negative 

for signs of impingement, as screened with Hawkin’s impingement and Apley’s Scratch test. 

Participants did not engage in strenuous physical activity at least 24 hours before the session. 
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Participants were instructed by the investigator not to consume any caffeinated drinks the morning 

of the session and drink plenty of water the day before the session. This study was reviewed and 

received ethics clearance from the Institutional Office of Research Ethics and conformed to the 

Declaration of Helsinki.  

 

9.2.2. High-density surface electromyography  

Two 64-channel high-density surface electromyography (HD-sEMG) arrays were used to 

acquire regional pectoralis major activation in monopolar mode (ELSCH064NM3, 

OTBioelecttronica, Torino, Italy; Figure 36A). Electrode arrays consisted of channels in an 8 by 8 

matrix with a 10 mm inter-electrode distance. Before applying the electrodes, the skin overlying 

the pectoralis major was cleaned with abrasive paste and water. The electrode arrays were applied 

on the skin using 1 mm thick two-sided adhesive foam with holes filled with electroconductive 

gel. The superior array was placed ~ 2 cm inferior to the clavicle, with the middle of the array 

positioned between the sternum and the axilla and parallel to muscle fibers. The inferior array was 

placed directly below the superior array.  The arrays were fixed with adhesive tape and connected 

to a 128 channel EMG amplifier (EMGUSB2+, OTBioelecttronica, Torino, Italy). One wet 

reference band was wrapped around the participant’s right wrist, while a reference electrode was 

placed on the right clavicle. All EMG signals were bandpass filtered with a cut-off frequency 

between 10 – 500 Hz and sampled at 2048 Hz with a 12-bit A/D converter (5V dynamic range). 

HD-sEMG signals were amplified by a factor between 100-5000 V/V. Saturation of channels was 

monitored online in the OTBiolab software (OTBioelecttronica, Torino, Italy). If more than ten 

channels were saturated, the trial was terminated, gain adjusted, and trial repeated.  

 



191 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: Representative figures of HD-sEMG array location and bipolar sEMG location. A: 

Two HD-sEMG arrays were positioned on the pectoralis major in males and females. The top array 

represented the superior array and was located ~ 2 cm away from the clavicle. The bottom array 

represented the inferior array and was located directly below the superior array. B: Bipolar sEMG 

was used to acquire and monitor data from additional shoulder muscles, including anterior, middle, 

and posterior deltoid; infraspinatus; latissimus dorsi; and upper trapezius.  

 

9.2.3. Force Measurement  

Raw voltage was acquired during submaximal and maximal efforts concurrently with HD-

sEMG. The effort was exerted against a custom-built arm cuff attached to a six-degree-of-freedom 

(6-DOF) force transducer (MC3A, AMTI MA, USA) mounted on a robotic arm (Figure 37A and 

B; Motoman Robotics Division, Yaskawa America, USA). Force was sampled at 1500 Hz and 

amplified (1000x) using VICON Nexus 1.7.1 software. 
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9.2.4. Additional shoulder muscle monitoring 

The activity of six additional shoulder muscles was acquired with sEMG. Upper trapezius, 

latissimus dorsi, deltoid (anterior, middle, and posterior), and infraspinatus activity was monitored 

in the background (Figure 36B). sEMG activity was recorded using silver-silver chloride (Ag-

AgCl) disposable electrodes with a 1 cm diameter and a fixed inter-electrode spacing of 2 cm in a 

bipolar configuration. Before the placement of the electrodes, the area overlying the muscle belly 

was shaved and cleaned with abrasive gel and water. Placement of the sEMG electrodes was 

confirmed with palpation while the participant exerted a low, submaximal contraction of the 

muscle in positions described in Supplementary Table 1 (Cram and Kasman, 1998; Kelly et al., 

1996). A reference electrode was placed on the acromion. sEMG was collected using a wireless 

telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw EMG signals 

were band-pass filtered from 10-1000 Hz, and differentially amplified with a CMRR > 100dB and 

an input impedance of 100 MΩ. Analog signals were converted to digital using a 16-bit A/D card 

with a ±10 V range. The sampling frequency was 1500 Hz.  

 

9.2.5. Experimental protocol 

Experimental protocol included the performance of several maximal voluntary efforts 

(MVE) and isometric ramped submaximal trials in five tasks at three effort levels. All participants 

underwent a brief warm-up and training on how to generate MVE in different tasks. Next, 

participants practiced exerting an effort against an arm-cuff with visual feedback of their force 

provided on a monitor. This training served to precondition the muscle-tendon unit (Maganaris et 

al., 2002) and familiarize the participant with the task. Following training and familiarization, 

participants performed two trials of task-specific 5-second MVEs against an arm cuff. The 
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participant sat on a chair with the trunk secured with a padded strap throughout all trials. 

Additionally, the arm was also secured in the arm-cuff with padding to minimize arm movement 

during task performance. Participants performed maximal and submaximal trials in the following 

tasks (Figure 37A and 37B): Study 1: a) adduction and b) internal rotation from 60° of arm 

abduction; c) adduction from 90° of arm abduction; and d) adduction from 90° of arm abduction 

and 90° of arm external rotation (adduction external 90), and Study 2: a) flexion from 20° of 

abduction and b) horizontal adduction from 90° of abduction and 50° of flexion in the transverse 

plane. During MVE performance, participants were verbally encouraged. Each MVE was 

separated by 2 minutes of rest. Maximal MVEs were quantified using a custom-made program in 

LabVIEW (National Instruments, version 3.1). For each task, the mean of two task-specific MVE 

trials was used to scale all analogous submaximal trials. During MVE performance, off-axis forces 

were monitored in the LabVIEW program, such that participants were required to achieve above 

80% of the total force along the intended transducer axis. Additionally, if the second MVE trial 

was more than 10 N different than the first, a third MVE trial was performed to ensure consistency 

in MVEs.  
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Figure 37: Schematic representation of the tasks and experimental protocol. A: Study 1 consisted 

of four tasks: adduction 60°, which required isometric efforts towards the sternum from 60° of 

abduction; adduction 90°, which required isometric efforts towards the sternum from 90° of 

abduction; adduction external 90, which required isometric efforts towards the sternum from 90° 

of abduction and 90° of external rotation; and internal rotation, which required isometric efforts 

by medially rotating the arm towards the sternum from 60° of abduction. B: Study 2 consisted of 

two tasks: flexion, which required isometric efforts pushing forward, and horizontal adduction, 

which required isometric efforts pushing across the body from 90° of elevation. C: Schematic of 

the experimental protocol. HD-sEMG was acquired while participants performed ramped 

isometric efforts at 15%, 25%, and 50% MVE. The decomposition of the signals was performed 

on the hold part of the trapezoid.  
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For each task, participants performed submaximal ramped isometric efforts scaled to task-

specific MVE (Figure 37C). The effort levels included: 15%, 25%, and 50% MVE. Participants 

performed each effort level twice, and trials lasted 60 seconds for 15% and 25% MVE and 30 

seconds for 50% MVE with three to five-minute rest breaks between the trials. Participants were 

encouraged to report feelings of fatigue and the need for longer rest periods, with more time 

allocated if requested by the participant. Each submaximal trial consisted of a ramp up, hold, and 

ramp down. For 15% and 25% MVE, participants ramped ~2% MVE/s and at 50% MVE, ~3% 

MVE/s. Tasks were fully randomized between and within participants. Effort levels were 

randomized within each task, with each submaximal effort performed consecutively. Intratrial 

visual feedback was provided on a monitor and displayed the required effort level and live 

feedback of the effort exerted against the attachment.  

 

9.3. Data Analysis 

9.3.1. HD-sEMG decomposition  

HD-sEMG processing involved several steps. Before any analyses, HD-sEMG signals 

were visually inspected in the custom-made program in MATLAB. Any trials that were saturated 

had an artifact or had insufficient skin contact (i.e., no signal detected) were removed from further 

analyses. Following this, monopolar HD-sEMG signals were bandpass filtered with a 3rd order 

Butterworth filter (20-500 Hz). EMG signals in the monopolar mode were decomposed to 

individual motor unit action potentials using the convolutive blind source separation algorithm. 

This algorithm was previously validated for a broad range of forces in multiple muscles (Negro et 

al. 2016; Hyngstrom et al. 2018; Martinez-Valdes et al. 2018; Thompson et al. 2018; Murphy et 

al. 2018; Kapelner et al., 2019; Pereira et al. 2019; Cogliati et al. 2020; Martinez-Valdes et al. 
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2020). A trained investigator manually inspected all decomposed motor units, and only those 

motor units with a reliable discharge pattern were analyzed further (Del Vecchio et al. 2020). The 

decomposition's accuracy was determined using the silhouette measure (SIL), whose threshold 

was set to 0.9. SIL is a normalized accuracy index for EMG decomposition [see (Negro et al. 2016) 

for more details]. Decomposition was performed across the whole hold. Further, for each channel, 

the individual two-dimensional motor unit action potentials were extracted using spike trigger 

averaging.  

 

9.3.2. Motor unit matching  

 In male participants, motor unit tracking was used to match motor units between different 

effort levels within a task. This method builds on the convolutive blind source separation technique 

(Negro et al. 2016). It is used to extract motor units with maximally similar motor unit action 

potential shapes (Martinez-Valdes et al. 2017). Two-dimensional (2D) normalized cross-

correlation was used to match motor units between effort levels. Motor units were matched based 

on similarity using a threshold of 0.8 of 2D cross-correlation. Each match was visually inspected. 

Only motor units with motor unit action potential waveforms correlated by > 0.8 at the end with 

respect to the beginning of the two efforts were considered for further analyses. Previously, it was 

demonstrated that the likelihood of two motor units displaying the same discharge characteristics 

across days (or in this case, effort levels) is highly unlikely if initial decomposition is performed 

incorrectly (Martinez-Valdes et al., 2017; Del Vecchio et al. 2020). Once the algorithm 

successfully matched a motor unit between two effort levels, the mean discharge rate across the 

hold was evaluated to determine if the motor unit's discharge rate changed with an increase in 

effort level.  
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 The mean discharge rate and coefficient of variation (CoV) of the inter-spike interval were 

quantified for 5-second intervals across the hold for the matched motor units. CoV of the inter-

spike interval was quantified as the standard deviation of the inter-spike interval divided by the 

mean inter-spike interval. Peak-to-peak motor unit action potentials were quantified for the 

clavicular and sternocostal region of matched motor units. The mean peak-to-peak amplitude of 

motor unit action potentials for the clavicular region was quantified across rows 1 through 3, while 

for the sternocostal region across rows 4 through 8. These divisions followed anatomically 

described landmarks by Fung et al. (2009).   

 

9.3.3. Motor unit analyses (Females) 

 Motor unit analyses in females focused on the superior array due to the declines in surface 

EMG amplitude in the inferior array because of the breast tissue. For motor units that were 

successfully decomposed, mean discharge rate and CoV of inter-spike-interval were quantified for 

5-second intervals across the hold. Motor unit tracking was implemented to determine if this 

method may be feasible in females. Since motor units could not be matched due to the low yield 

in the number of successfully decomposed motor units (as described in Results), all motor unit 

data was averaged within a trial. The mean across participants is reported.  

 

9.3.4. Force  

 Raw voltage data obtained in submaximal and maximal trials was processed. Raw voltage 

in X, Y, and Z directions was filtered using a 3rd order low-pass Butterworth filter with a cut-off 

frequency of 15 Hz and converted to Newtons using a custom-made program in MATLAB 2019b. 

Force acquired in submaximal trials was normalized to the mean of the two maximal values 
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quantified in task-specific MVEs. Normalized force data was used to confirm that all participants 

exerted similar effort levels at 15%, 25%, or 50% MVE.  

 

9.3.5. Bipolar surface electromyography 

 Bipolar EMG data in task-specific maximal MVEs and submaximal trials were processed. 

All sEMG data was band-pass filtered with a 2nd order Butterworth filter (30-500 Hz), and RMS 

of the signal was quantified. For maximal trials, the mean of 3-second data surrounding the 

maximal force achieved was extracted. The sEMG signals in submaximal trials were then 

normalized to muscle-specific maxima. Following normalization, the mean of the two trials and 

henceforth, mean muscle activation was quantified only for the participants whose decomposition 

was successful and included in the analyses (see below). Each muscle's mean activity was ranked 

from highest to lowest to quantify which muscles contributed to the task alongside the pectoralis 

major.  

 

Statistical Analyses 

 All statistical analyses were performed using SPSS (IBM, version 21). Before statistical 

comparisons, the data were checked for normality using the Shapiro-Wilk test. Not normally 

distributed data were ln transformed. For matched motor units, paired samples, a two-tailed t-test 

with a Dunn-Bonferonni correction was used to compare if mean discharge rate and coefficient of 

variation (CoV) differed between 15% and 25% MVE within each task or between 25% and 50% 

MVE in horizontal adduction. Additionally, a two-way repeated measure analysis of variance 

(ANOVA) was performed on motor unit action potential peak-to-peak amplitude to determine the 
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effect of Region (clavicular, sternocostal) and Effort Level (15%, 25% MVE). Significance was 

set to p < 0.05.  

9.5. Results 

 The number of motor units decomposed across five tasks was 251 at 15% MVE and 173 at 

25% MVE in male participants. Total matched motor units across two effort levels in all tasks 

were 112 (Table 12). Decomposition of 50% MVE was not successful for most tasks due to the 

increase in the number of superimposed motor unit action potentials in the interference signal. 

However, in horizontal adduction, 16 motor units that were successfully decomposed at 50% MVE 

in four male participants were matched to motor units at 25% MVE to evaluate if the discharge 

rate changed between these effort levels (described below). Further, the adduction external 90 task 

did not yield any motor units in males and was excluded from further analyses in this cohort. The 

amount of force feedback was the same in all participants included in the analyses below (Table 

13).  
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Table 12: Summary of motor unit physiology in male participants in adduction 60, internal 

rotation, adduction 90, flexion, and horizontal adduction at 15% and 25% MVE. 50% MVE is also 

reported for horizontal adduction. The number of motor units, including the number of 

participants, successfully decomposed, is included in column 3. The mean discharge rate, CoV 

inter-spike interval, peak-to-peak motor unit action potential for the clavicular and sternocostal 

region (with standard deviation) for each task, and effort level is also reported.  

 

 

 

 

 

 

 

 

 

 

Task Effort 

Level 

(%MVE) 

Number of 

Motor Units 

(Number of 

Participants) 

Discharge 

Rate (pps) 

Coefficient 

of 

Variation 

(CoV) 

Clavicular 

Motor Unit 

Action 

Potential 

Peak-to-

Peak (µV) 

Sternocostal 

Motor Unit 

Action 

Potential 

Peak-to-

Peak (µV) 

Adduction 

60 

15  11 (N = 8) 13.8 ± 2.4 15.9 ± 2.7 44.2 ± 31.7 39.2 ± 15.8 

 25 9 (N = 8) 14.4 ± 1.4 19.1 ± 4 72.7 ± 44 58.4 ± 25.2 

Internal 

Rotation 

15 13 (N = 6) 13.9 ± 1.1 18.2 ± 3.4 49.1 ± 23.8 39.6 ± 23.8 

 25 11 (N = 6) 14.5 ± 1 19.1 ± 2.4 59.3 ± 20.3 47.6 ± 19.7 

Adduction 

90 

15 12 (N = 7) 12 ± 3.6 21.1 ± 5.7 16 ± 10.8 10.8 ± 8.3 

 25 10 (N = 7) 12.3 ± 3.4 19.7 ± 5.7 22 ± 9.6 16.9 ± 12.7 

Flexion 15 8 (N = 5) 13.2 ± 1.6 18.5 ± 4 25.4 ± 9.7 22.1 ± 4.1 

 25 10 (N = 5) 13.9 ± 1.6 19.4 ± 4.2 31 ± 15.4 28.8 ± 14.7 

Horizontal 

Adduction 

15 15 (N = 6) 15 ± 2.6 17 ± 2.5 33.7 ± 21.8 28.7 ± 28.8 

 25 13 (N = 6) 13.3 ± 2.7 22.2 ± 5.2 68 ± 42.8 43.9 ± 43.9 

 50 16 (N = 4) 15.9 ± 2.8 19.7 ± 2.2 132.7 ± 

57.5 

99.3 ± 75.5 
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Table 13: Summary of mean force represented in Newtons and a percentage of MVE exerted by 

the male participants across tasks and effort levels, including the maximal voluntary effort. The 

table represents means with standard deviations.  

Task Effort Level Mean Force (N) Mean %MVE 

Adduction 60 15% 45.7 ± 6.1 15.7 ± 0.75 

 25% 75.6 ± 10.3 26.1 ± 1.7 

 100% 290.1 ± 38.9 - 

Adduction 90 15% 48.4 ± 20.1 15.2 ± 2.2 

 25% 79.5 ± 29.9 25 ± 1.6 

 100% 314.7 ± 112.5 - 

Internal Rotation 15% 44.7 ± 11.7 15.2 ± 1.7 

 25% 74.3 ± 17.3 25.5 ± 1.9 

 100% 290.7 ± 64.4 - 

Flexion 15% 25.4 ± 7.4 13.6 ± 1.1 

 25% 45.1 ± 12.4 24.2 ± 1.2 

 100% 185.4 ± 45.9 - 

Horizontal 

Adduction 

15% 39.1 ± 13.1 16.8 ± 1 

 25% 63.4 ± 21.8 27.3 ± 1.6 

 50% 110.4 ± 38.7 53.5 ± 1.9 

 100% 233.7 ± 86 - 

  

 The total number of motor units decomposed across tasks was 33 at 15% MVE and 14 at 

25% MVE in females (Table 14). Motor unit decomposition was successful in four females with 

low breast tissue thickness (range: 3.2-7 cm) and one female with high breast tissue thickness (13.6 

cm). All engaged in moderate to high physical activity levels. Motor unit decomposition in females 

was not successful in Study 2 (i.e., flexion, horizontal adduction), yielding no motor units for any 

task. Therefore, analyses in females focused on data generated in Study 1.  
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Table 14: Summary of motor unit physiology in female participants in adduction 90, internal 

rotation, and adduction external 90 tasks at 15% and 25% MVE. The number of motor units, 

including the number of participants, successfully decomposed is included in column 3. Mean 

discharge rate, Coefficient of Variation, peak-to-peak motor unit action potential for the clavicular 

and sternocostal region (with standard deviation) for each task, and effort level is also reported.  

 

9.5.1. Males  

9.5.1.1. Mean discharge rate of the matched motor units 

 Mean discharge rate did not differ between 15% and 25% MVE in adduction 60 (p = 0.53; 

d = 0.2; Figure 38), internal rotation 60 (p = 0.44; d = 0.4; Figure 39), adduction 90 (p = 0.71; d = 

0.14; Figure 40), flexion (p = 0.4; d = 0.4; Figure 41A and 42A), or horizontal adduction (p = 

0.058; d = 0.9; Figure 41B and 42B). Further, in horizontal adduction, mean discharge rate was 

not different between 25% and 50% MVE (p = 0.11; d = 1.01; Figure 41C and 42C).   

9.5.1.2. Mean coefficient of variation (CoV) of inter-spike interval of the matched motor units 

 Mean CoV of inter-spike interval did not differ between 15% and 25% MVE in adduction 

60 (p = 0.06; Figure 38), internal rotation 60 (p = 0.27; Figure 39), adduction 90 (p = 0.63; Figure 

40), and flexion (p = 0.69; Figure 41A). In horizontal adduction, mean CoV inter-spike interval 

Task Effort 

Level 

(%MVE) 

Number of 

Motor Units 

(Number of 

Participants) 

Discharge 

Rate (pps) 

Coefficient 

of 

Variation 

(CoV) 

Clavicular 

Motor 

Unit 

Action 

Potential 

Peak-to-

Peak (µV) 

Sternocostal 

Motor Unit 

Action 

Potential 

Peak-to-

Peak (µV) 

Adduction 90 15 18 (N = 5) 9.4 ± 1.3 17.3 ± 2.1 9.3 ± 7.5 6.7 ± 2.2 

 25 4 (N = 3) 9 ± 2.1 19.7 ± 4.1 20.6 ± 13.8 12.9 ± 1.8 

Internal 

Rotation 

15 5 (N = 2) 14.8 ± 1.2 14.1 ± 0.8 10.2 ± 1.1 11.9 ± 1.6 

 25 1 (N = 1) 12.1 15.9 27.8 12.6 

Adduction 

External 90 

15 10 (N = 2) 8.8 ± 0.6 17.9 ± 0.5 11.1 ± 10.2 7.2 ± 3.5 

 25 9 (N = 3) 9.9 ± 0.6 17 ± 1.5 14.9 ± 14.8 9.4 ± 6.4 
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was higher at 25% than 15% MVE (p = 0.04; Figure 41B). Further, mean CoV ISI was not different 

between 25% and 50% MVE in horizontal adduction (p = 0.13; Figure 42C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Motor unit behaviour in adduction 60° in males. A: Mean discharge rate (top panel 

left) and mean CoV inter-spike interval (top panel right) between efforts for matched motor units. 

B: Representative examples of three motor units in adduction 60°, showing instantaneous 

discharge rate across time at 15% and 25% MVE. Each colour represents the discharge rate of the 

same motor unit in 15% and 25% MVE. Note no change in discharge rate between effort levels in 

all three motor units. C: Motor unit action potentials obtained from high-density sEMG signals 

corresponding to the motor units displayed in B. The motor unit signatures were extracted using 

spike-trigger averaging from the discharge times shown in B. D: Peak-to-peak motor unit action 

potential heatmaps corresponding to the motor unit action potential signatures in C for 15% and 

25% MVE.   
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Figure 39: Motor unit behaviour in internal rotation in males. A: Mean discharge rate (top panel 

left) and mean CoV inter-spike interval (top panel right) between efforts for matched motor units. 

B: Representative examples of three motor units in internal rotation, showing instantaneous 

discharge rate across time at 15% and 25% MVE. Each colour represents the discharge rate of the 

same motor unit in 15% and 25% MVE. Note no change in discharge rate between effort levels in 

all three motor units. C: Motor unit action potentials obtained from high-density sEMG signals 

corresponding to the motor units displayed in B. The motor unit signatures were extracted using 

spike-trigger averaging from the discharge times shown in B. D: Peak-to-peak motor unit action 

potential heatmaps corresponding to the motor unit action potential signatures in C for 15% and 

25% MVE.   
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Figure 40: Motor unit behaviour in adduction 90° in males. A: Mean discharge rate (top panel 

left) and mean CoV inter-spike interval (top panel right) between efforts for matched motor units. 

B: Representative examples of three motor units in adduction 90°, showing instantaneous 

discharge rate across time at 15% and 25% MVE. Each colour represents the discharge rate of the 

same motor unit in 15% and 25% MVE. Note no change in discharge rate between effort levels in 

all three motor units. C: Motor unit action potentials obtained from high-density sEMG signals 

corresponding to the motor units displayed in B. The motor unit signatures were extracted using 

spike-trigger averaging from the discharge times shown in B. D: Peak-to-peak motor unit action 

potential heatmaps corresponding to the motor unit action potential signatures in C for 15% and 

25% MVE.   
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Figure 41: Mean discharge rate and CoV inter-spike-interval in flexion (A), and horizontal 

adduction (B and C) in males. A and B: Mean discharge rate did not differ between 15% and 25% 

MVE in flexion and horizontal adduction. CoV inter-spike-interval did not differ in flexion but 

was significantly larger in horizontal adduction. C: Mean discharge rate and CoV inter-spike 

interval did not differ between 25% and 50% MVE in horizontal adduction.  
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Figure 42: Motor unit behaviour in flexion (A) and horizontal adduction (B and C) in males. A 

(top panel): Representative example of one motor unit in flexion, showing instantaneous 

discharge rate across time at 15% and 25% MVE. Each colour represents the discharge rate of the 

same motor unit in 15% and 25% MVE. Note no change in discharge rate between effort levels in 

the motor unit. Bottom panel: Motor unit action potentials obtained from high-density sEMG 

signals corresponding to the same motor unit displayed in the top panel (A) with peak-to-peak 

motor unit action potential heatmaps corresponding to 15% and 25% MVE. The motor unit 

signatures were extracted using spike-trigger averaging from the discharge times shown in A. B 

(top panel): Representative example of one motor unit in horizontal adduction, showing 

instantaneous discharge rate across time at 15% and 25% MVE. Each colour represents the 

discharge rate of the same motor unit in 15% and 25% MVE. Note no change in discharge rate 

between effort levels in the motor unit. Bottom panel: Motor unit action potentials obtained from 

high-density sEMG signals corresponding to the same motor unit displayed in the top panel (B) 

with peak-to-peak motor unit action potential heatmaps corresponding to 15% and 25% MVE. The 
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motor unit signatures were extracted using spike-trigger averaging from the discharge times shown 

in B. C: Representative example of two motor units in horizontal adduction, showing 

instantaneous discharge rate across time at 25% and 50% MVE. Each colour represents the 

discharge rate of the same motor unit in 25% and 50% MVE. Note no change in discharge rate 

between effort levels in the two motor units. Bottom panel: Motor unit action potentials obtained 

from high-density sEMG signals corresponding to the same motor unit displayed in the top panel 

(C) with peak-to-peak motor unit action potential heatmaps corresponding to 25% and 50% MVE. 

The motor unit signatures were extracted using spike-trigger averaging from the discharge times 

shown in C. 

9.5.1.3. Motor unit action potential amplitude of the matched motor units 

 No main effects or interactions in peak-to-peak motor unit action potentials existed for 

adduction 90, internal rotation, flexion, or horizontal adduction (all p > 0.05). A region by effort 

level interaction existed in adduction 60 (F(1,7) = 7.22, p = 0.031, Ƞp2 = 0.5), where the peak to 

peak amplitude in the clavicular, but not sternocostal region was 65% larger at 25% than 15% 

MVE (p = 0.016; d = 1.09). No differences existed between regions in either effort level in this 

task.   

9.5.2. Females 

9.5.2.1. General observations on unmatched motor units 

 Due to the low number of motor units decomposed in females, this section focuses on 

general motor unit physiology (Table 14). Various spatial distributions of motor unit action 

potentials occurred in motor units that were successfully decomposed (Figure 43 and Figure 44).  

The ability to match motor units between 15% and 25% MVE was explored in adduction 

90 and adduction external 90, as two to three participants yielded successfully decomposed motor 

unit data at both efforts in these tasks (Figure 43). The discharge rate between 15% and 25% MVE 

in the motor units that were matched did not change (Figure 43A and D), even though the effort 

level increased as quantified by normalized effort levels (Figure 43B and E). The mean discharge 

rate was ~9 pps in adduction 90, ~14.8 in internal rotation, and ~8.8 pps in adduction external 90 
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at 15% MVE (Table 14). Although the ability to match motor units in females was possible in two 

females in two different tasks, the low number of motor units did not allow for statistical 

comparisons in motor unit discharge rate and CoV inter-spike-interval. 
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Figure 43: Motor unit behaviour in adduction 90 and adduction external 90 in females with motor 

unit action potential signatures. A: Representative example of one motor unit in adduction 90, 

showing instantaneous discharge rate across time at 15% and 25% MVE. Each colour represents 

the discharge rate of the same motor unit in 15% and 25% MVE. Note no change in discharge rate 

between effort levels in the motor unit. B: Same motor unit displayed in A with force overlayed 

for 15% and 25% MVE. C: Motor unit action potentials obtained from high-density sEMG signals 

corresponding to the same motor unit displayed in the top panel (A) with peak-to-peak motor unit 

action potential heatmaps corresponding to 15% and 25% MVE. The motor unit signatures were 

extracted using spike-trigger averaging from the discharge times shown in A. D: Representative 

example of one motor unit in adduction external 90, showing instantaneous discharge rate across 

time at 15% and 25% MVE. Each colour represents the discharge rate of the same motor unit in 

15% and 25% MVE. Note no change in discharge rate between effort levels in the motor unit. E: 

Same motor unit displayed in D with force overlayed for 15% and 25% MVE. F: Motor unit action 
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potentials obtained from high-density sEMG signals corresponding to the same motor unit 

displayed in the top panel (D) with peak-to-peak motor unit action potential heatmaps 

corresponding to 15% and 25% MVE. The motor unit signatures were extracted using spike-trigger 

averaging from the discharge times shown in D.  

Motor unit action potential spatial distributions differed within (Figure 44A) and between 

participants (Figure 44B). Two motor unit action potential distributions depicted within a 

participant in Figure 44A show a confined motor unit within the clavicular region. In internal 

rotation, motor units with a diverse distribution of motor unit action potentials between participants 

were observed (Figure 44B). Based on these examples, it appears that motor unit distributions in 

tasks at 90° of abduction are more localized towards the sternum. In contrast, in internal rotation, 

motor unit action potentials are spread out across the muscle and towards the sternum. 

Additionally, different motor unit action potential distributions occurred between different tasks 

within a participant (Participant 1 in Figures 44A and 44B).  

 

9.5.3. Global activation of other shoulder muscles in males 

 Additional shoulder muscles activated alongside the pectoralis major in males. 

Specifically, in adduction 60, the middle deltoid had high activity in both efforts (~18% -23% 

MVC; Supplementary Figure 2). At 25% MVE, the latissimus dorsi (~20% MVC) also has high 

activation. In internal rotation, the latissimus dorsi activated highly at 15% and 25% MVE (15%-

19% MVC). In adduction 90, the upper trapezius was highly active at both effort levels (~15% - 

18% MVC), while at 25% MVE, the latissimus dorsi and middle deltoid were also highly active 

(~13% to 15% MVC). In flexion, the upper trapezius and anterior deltoid activated highly in both 

efforts (19-24% MVC; Supplementary Figure 3). Lastly, in horizontal adduction, anterior deltoid 

activated highly at both efforts (17% - 23% MVC). Additionally, infraspinatus activated highly at 
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15% MVE, while at 25% MVE, latissimus dorsi and upper trapezius also had high activations 

(18% - 20% MVC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Motor unit action potential signatures in three female participants in adduction 90 and 

internal rotation. A: Examples of two motor units in adduction 90 from a single participant at 15% 

MVE. Note the spatial distribution of motor unit action potentials. B: Examples of two motor units 

from two participants in internal rotation at 15% MVE. Note the spatial distribution of motor unit 

action potentials.  
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9.6. Discussion 

Motor units within the pectoralis major behave peculiarly. One striking initial observation 

was that motor units at low effort levels (i.e., 15%-25% MVE) discharged quite highly (~12-15 

pps) in comparison to some other commonly investigated muscles, such as vastus lateralis and 

vastus medialis (~11 pulses per second (pps) at 30% MVE; 15 pps at 75% MVE; Vila-Cha et al. 

2010; Martinez-Valdes et al. 2018), or tibialis anterior (~13 pps at 30% MVE; Erim et al. 1996). 

However, discharge rates approximated reported values for biceps brachii (~16 pps at 10% MVE; 

Holobar et al. 2009) and upper trapezius (~21.5 at 10% MVE; Holobar et al. 2009). Further, 

irrespective of the task, the matched motor unit mean discharge rate did not change, despite 

increased effort level either from 15% to 25% MVE across tasks or 25% to 50% MVE in horizontal 

adduction. These findings contrast with motor unit findings in other muscles, which demonstrated 

an increase in discharge rate with increases in effort level (De Luca et al. 1982; Del Vecchio et al. 

2017). The current physiological reason and mechanism behind this finding are uncertain, although 

some hypotheses are proposed and outlined below.  

Low-threshold motor units in pectoralis major may reach their saturation level at a 

relatively low effort level (i.e., <15% MVE). Typically, saturation in motor unit discharge rate 

occurs at ~20 pps (Fuglevand et al. 2015) as documented for multiple muscles, such as biceps 

(Mottram et al. 2009; 2014), latissimus dorsi, triceps, brachioradialis, pectoralis major (Bracchi et 

al. 1966), vastus lateralis (De Luca and Contessa, 2012), deltoid (De Luca et al. 1982), and upper 

trapezius (Westgaard and De Luca, 2001). An elegant study examining motor unit discharge rates 

in multiple human and animal muscles demonstrated that the mean discharge rate of single motor 

units differs between muscle groups and depends on the level of neuraxis the muscle is innervated 

(Bracchi et al. 1966). For example, motor units in the deltoid, innervated by the motoneurons at 
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the level of C4 and C5 of the spinal cord discharge at ~17 pps at the maximal effort (Bracchi et al. 

1996). In contrast, motor units in the soleus innervated by motoneurons at the level of L5-S2 

discharge at ~ ten pps at the maximal effort (Bracchi et al. 1966). At maximal voluntary 

contractions, motor units in the pectoralis major discharge at ~19.45 ± 2.6 pps (Bracchi et al. 1966). 

Therefore, low-threshold motor units in the pectoralis major likely modulate discharge rate within 

a narrow window of effort levels (below 15% MVE). After this, the pectoralis major seems to rely 

on motor unit recruitment to increase force. Reliance on recruitment is common for large shoulder 

muscles, as deltoid, trapezius, and biceps rely primarily on motor unit recruitment (De Luca, 1985; 

De Luca et al., 1982; Westgaard and De Luca, 2001; Kukulka and Clamann, 1981). Since the 

pectoralis major is involved in powerful contractions and maintaining posture, finely tuned 

discharge rates existing for incremental modulations of force may not be necessary (De Luca, 

1985). Additionally, the pectoralis major consists of predominantly fast, powerful Type II muscle 

fibers (Johnson et al., 1973; Srinivasan et al., 2007), typically innervated by large high-threshold 

motoneurons (Burke, 1981; Henneman and Mendell, 1981). Therefore, the recruitment of these 

units may be enough to increase contractile force without altering the discharge rate substantially.  

The contribution of the afferent feedback and descending drive to motoneurons also 

influences the modulation of the discharge rate in force control (Enoka and Duchateau, 2017). 

Similar firing rates between effort levels in pectoralis major motor units may be due to a peripheral 

feedback loop involving muscle receptors (i.e., muscle spindle activity), recurrent inhibition by 

Renshaw cells, or activation of persistent inward currents (PICs). The density of muscle spindles 

in the pectoralis major is currently unknown. However, postural muscles, including muscles of the 

shoulder girdle, have a lower density of muscle fiber spindles than more distal muscles in dogs 

(Buxton and Peck, 1990) and humans, respectively (Banks, 2006). Alternatively, Renshaw 
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inhibition may be involved, as it would suppress the activity of active motor units while additional 

motor units are recruited (De Luca et al. 1982). As such, Renshaw inhibition is generally more 

pronounced in proximal rather than distal muscles (Katz et al. 1993) and emerges more in low-

threshold than in high-threshold motor units (Hultborn et al. 1988). On the other hand, the lack of 

change in motor unit discharge rate may also be due to persistent inward Ca2+ and Na+ currents, 

which modulate motoneuron excitability (Heckman et al. 2008). Previously, it was proposed that 

these channels are more prominent in postural muscles due to their role in supporting tonic 

activation (Wilson et al. 2015).   

 Alternatively, a lack of change in motor unit discharge rate with effort level may originate 

from the pectoralis major's multi-functional nature. Specifically, not all motor units may act in the 

primary direction of the external force produced at the arm. Some motor units may enable control 

of the sternoclavicular or acromioclavicular joints. Multiple matched motor units were located near 

the sternoclavicular joint, discharging at similar firing rates despite differing effort levels. In 

addition, in Chapters 7 and 8, the pectoralis major's clavicular region consistently exhibited similar 

normalized EMG amplitudes in adduction 60, adduction 90, internal rotation, flexion, and 

horizontal adduction at 15% and 25% MVE, coinciding with these physiological findings.  

However, it is essential to recognize that the control of the four articular joints within the 

shoulder complex requires coordinated activation of over twenty muscles surrounding the shoulder 

complex. Shoulder muscles act about these joints to produce multidirectional forces and moments, 

with several muscles having instantaneously similar lines of action (Ackland et al. 2008; Ackland 

and Pandy, 2011). Hence, the pectoralis major is most likely not the sole contributor to increasing 

effort in the tasks explored in this study. For example, in adduction and internal rotation, the 

latissimus dorsi activates as a moment synergist to pectoralis major (Wickham et al. 2004), while 
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the middle deltoid activates as an antagonist. However, additional muscles, such as the upper 

trapezius, may also activate at higher arm elevations (e.g., adduction 90) to control the 

scapulothoracic joint. In tasks such as horizontal adduction and flexion, anterior deltoid, upper 

trapezius, or infraspinatus may also activate with the pectoralis major. Therefore, these 

relationships may change depending on the arm posture and task (McDonald et al. 2012; Nadon et 

al. 2016; Diefenbach and Lipps, 2019; Leonardis et al. 2020). Collectively, the recruitment of 

different pectoralis major regions and motor units within these regions may be influenced by an 

increase in the activation of surrounding shoulder musculature, which complicates the 

interpretation of even the most sophisticated analyses.  

9.6.1. Motor unit decomposition in females 

Single motor unit decomposition was successful in five females. While statistical analyses 

were infeasible on a group level, evaluation of motor unit physiology on an individual level 

provided some insights. Different motor unit action potential distributions occurred between 

different tasks in the same individual and between individuals within the same task in the current 

study. While motor unit action potentials are affected by tissue thickness, the HD-sEMG arrays in 

the current study were located on the pectoralis major's superior regions, diminishing some of 

these effects. These unique insights into pectoralis major control are relevant, particularly in 

clinical cohorts, such as breast cancer survivors. The sheer number of individualized surgical and 

non-surgical breast cancer treatments elicits highly variable side effects in pectoralis major 

activation and function, and transitively shoulder and whole arm function. The distribution of 

motor unit action potentials can also provide crucial information regarding newly formed motor 

units that result from reinnervation of the muscle (Kapelner et al. 2016) or denervation of muscle 

fibers within a single motor unit. Even though motor unit-specific analyses in females in the current 
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work are too preliminary to infer differences in motor unit physiology in selected tasks, they 

provide essential information and a starting point for future work in this area.  

9.6.2. Number of decomposed motor units in males and females 

 The number of correctly identified and decomposed motor units varied between effort 

levels. In general, fewer motor units were decomposed at 25% than 15% MVE. A smaller number 

of motor units at 25% MVE does not mean that fewer motor units were recruited. Previously, 

~30% reduction in the number of motor units successfully decomposed was quantified in tibialis 

anterior as the effort level increased (Hassan et al. 2019; Del Vecchio et al. 2020). This is primarily 

due to challenges in isolating spike trains at higher effort levels, as additional motor units are 

recruited (Del Vecchio et al. 2020). The number of motor units decomposed also varied between 

participants, as in some participants, decomposition was not successful. In contrast, in others, five 

to seven motor units in a single trial were identified. EMG parameters are highly influenced by 

subcutaneous tissue thickness, muscle architecture, or muscle fiber alignment underneath the 

electrode (Farina et al. 2002; Holobar et al. 2014). These factors likely influenced the 

decomposition success in some participants (Del Vecchio et al., 2020). Further, the number of 

motor units successfully decomposed depends substantially on the muscle (Del Vecchio et al. 

2020). Additional challenges, such as breast tissue thickness and composition, disadvantaged 

decomposition success in females. In previous studies, the total number of motor units decomposed 

was markedly less in females than males in thenar muscles, first dorsal interosseus, wrist flexors, 

and biceps (for example, see Pereira et al. 2019; Del Vecchio et al. 2020).  
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9.7. Limitations 

 The major limitation of this study is that decomposition was successful only at low efforts. 

Attempts were made to decompose motor units at 50% MVE. However, difficulties arose in 

isolating spike trains due to additional motor units contaminating recordings as effort level 

increased. Improvements in decomposition algorithms for multi-functional muscles, such as 

pectoralis major in the future, should enable reliable decomposition and tracking of motor units 

over a broader range of effort levels. Further, decomposition success was relatively low for the 

inferior array in male participants. The exact reason behind this is unknown but could be due to 

thicker subcutaneous tissue or deeper localization of motor units. Additionally, the total number 

of successfully decomposed motor units and the number of participants where decomposition was 

successful was low due to the decomposition challenges. Therefore, findings in this study should 

be taken with caution. Future studies should consider recruiting a larger number of participants to 

increase the probability of successful decomposition and increase the number of motor units 

decomposed. Only young, healthy males and females participated in this study, and therefore, it is 

unknown how the current findings transfer onto the aging and clinical cohorts.  

9.8. Conclusions 

 Novel insights emerge from this dataset on the inner workings of a large, multifunctional 

shoulder muscle, prompting several fascinating discussion points. Initially, it is important to note 

that the investigation and discovery of pectoralis major neuromusculoskeletal control are feasible 

at low effort levels, particularly in males. As decomposition algorithms continually improve, 

similar investigations may be possible in females. Further, the modulation of rate coding and 

recruitment of motor units in the pectoralis major is unlike that observed in other muscles. 
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Compared to other muscles, its sophisticated and intricate control appears to rely heavily on motor 

unit recruitment, starting at very low effort levels.  
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Chapter 10: General discussion and conclusions 

 This dissertation's main objective was to establish critical foundational knowledge on 

regional pectoralis major function in males and females. Within this objective, several 

methodological and fundamental discoveries emerged. First, several key methodological 

challenges in investigating pectoralis major in males and females were overcome, leading to the 

following findings:  

1. Current assessment of EMG activity within the sternocostal region using classic EMG 

electrodes underestimates the activity and contribution of lower pectoralis major regions, 

especially in adduction, internal rotation, and extension across effort levels.  

2. HD-sEMG can be used to acquire EMG from ~ ½ of the pectoralis major in females 

irrespective of the breast tissue thickness, providing unprecedented insights into pectoralis 

major activation in this cohort.  

3. Specific to males, pairing HD-sEMG with neural decoding can non-invasively quantify 

neural and neuromuscular properties at low (15-25% MVE) and occasionally, moderate 

(i.e., horizontal adduction, 50% MVE) effort levels across several tasks. Decomposition at 

50% MVE (4/5 tasks) is challenging and currently not feasible. Nonetheless, pairing these 

two non-invasive methods generates groundbreaking insights into the motor function of 

this complicated muscle.  

4. The decomposition of HD-sEMG signals into neural properties in females is possible, 

although with low yields in motor unit numbers and high dependency on the task and 

participant. However, the sole fact that some motor units were decomposed gives me 

increased confidence that, with improvements in methods, this will be possible in the 

future.   
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Secondly, several key foundational discoveries emerged regarding the fundamental 

neuromusculoskeletal control of pectoralis major in males and females:  

1. In females, clavicular, superior, and middle sternocostal regions contribute differentially 

across tasks and effort levels. The differential activity is more evident at low effort levels 

than moderate or high efforts. In contrast, moderate or high effort require high activation 

of all three regions.  

2. In males, clavicular, upper, and lower sternocostal regions contribute differentially across 

tasks, and sometimes, effort levels. Lower sternocostal regions solely assist in tasks 

involving internal rotation 60 and 90, extension, adduction external 90, and adduction 60 

and 90. All three regions activated to the same magnitude in flexion and horizontal 

adduction (across all efforts), and moderate to high efforts in internal rotation 60, and 

adduction 60. 

3. Motor units in pectoralis major have a strikingly high discharge rate at low effort levels 

(15-25% MVE), averaging ~14 pps.  

4. Pectoralis major relies heavily on motor unit recruitment, rather than motor unit rate 

coding, to increase effort. This fascinating discovery brings us one step closer to 

understanding how such a large, postural muscle generates mechanical force.  

10.1. Acquisition of EMG signals from pectoralis major in males: Recommendations and 

considerations 

 Study 1 findings demonstrated limitations in the current assessment of pectoralis major 

activation due to the location of classic EMG electrodes on the sternocostal region. Specifically, 

the lower sternocostal region contribution is underestimated, especially in adduction, internal 

rotation, and extension across effort levels. Further, in exercise and clinical case scenarios, 
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quantification of EMG amplitude cannot reveal the exact mechanisms behind observed activity 

(Martinez-Valdes et al. 2018). Considering this, two critical considerations in EMG acquisition 

emerged:  

1. Acquisition of EMG from at least three pectoralis major locations (i.e., clavicular, 

upper, and lower sternocostal region) is advised to provide better estimates and avoid 

mischaracterization of its activation, particularly in studies which examine fundamental 

shoulder function in daily, occupational, and exercise tasks. 

2. Pairing HD-sEMG with a neural decoding algorithm is feasible in pectoralis major. 

Therefore, clinical and exercise studies should consider pairing HD-sEMG with neural 

decoding, combining quantifications of the spatial distribution of muscle activity with 

insights into the motor function to decipher the mechanisms behind any observed 

alterations in EMG amplitude. 

10.2. Regional pectoralis major activation depends on the task in males and females 

In females, a complex relationship between task and effort level existed. Clavicular and 

middle sternocostal regions played a significant role in low efforts, specifically in adduction, 

internal rotation 60°, flexion, and horizontal adduction. In three tasks, increased effort level 

resulted in high activation of all three regions, except in internal rotation, where high activity in 

clavicular and middle sternocostal regions was maintained at high efforts. In contrast, middle 

sternocostal regions exhibited high activity in adduction external 90, extension, and internal 

rotation 90°.  In adduction, adduction external 90, internal rotation, and extension of other regions 

of the pectoralis major (i.e., lower sternocostal) may also be involved. However, challenges existed 

in the acquisition of EMG signals from these regions due to breast tissue thickness. Nonetheless, 

current findings indicate a potentially middle-to-bottom heavy distribution of activation in 
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adduction, adduction external 90, internal rotation, and extension. The top-heavy distribution of 

muscle activity is seen in flexion and horizontal adduction. Thus, resection or disinsertion of the 

middle sternocostal (or lower) regions may compromise pectoralis major function in adduction, 

internal rotation, and extension. Since pectoralis major function is compromised, this would 

prompt compensatory activation of the superior pectoralis major regions or additional shoulder 

muscles. Considering flexion and horizontal adduction relies heavily on activation of the top 

regions, resections of the lower pectoralis major region should not influence the performance of 

these tasks. Indeed, some of these deficits or lack thereof were quantified in breast cancer survivors 

who underwent subpectoral breast reconstruction (Leonardis et al. 2019). 

In males, regional activation depended on the task, and in some instances, on effort level. 

While low efforts required localized activity in the lower sternocostal regions in internal rotation 

and adduction at 60°, increased efforts required the recruitment of clavicular and upper 

sternocostal regions in these tasks. This contrasts with the previous EMG study, which showed no 

such interactions in adduction at 60° (Paton and Brown, 1994). However, their classic EMG 

electrodes were located medially (i.e., towards the sternum), close to the defined innervation zone. 

As such, increases in a muscle contraction may have resulted in the shift of EMG electrodes 

directly over the innervation zones, suppressing their EMG amplitudes. The exact mechanism 

behind current findings is unknown but could be due to the interaction between architectural, 

neural, and biomechanical properties. For example, an increase in effort level may require the 

recruitment of other regions to increase the sternoclavicular or glenohumeral joint stability. 

Adduction and internal rotation at higher arm elevations, on the other hand, were not influenced 

by an increase in effort level, suggesting higher reliance on the lower sternocostal regions in the 

performance of these tasks at high arm elevations. Lastly, regional activation in flexion, horizontal 
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adduction, and extension was not influenced by effort level. In both flexion and horizontal 

adduction, all three regions activated similarly, in contrast to previous suggestions of sole 

clavicular region involvement in these tasks (Paton and Brown, 1994; Stegink-Jansen et al. 2011). 

In contrast, extension at moderate efforts requires localized activation generated in the lower 

sternocostal regions, complementing previous mechanical studies (Wolfe et al. 1992). These 

findings collectively indicate that compromise to lower sternocostal regions may elicit deficits 

across the tasks investigated in this dissertation. Indeed, inability to perform or strength reductions 

across these tasks were reported in male athletes with sternocostal injuries (Pavlik et al. 1998; 

Schepsis et al. 2000; Hanna et al. 2001; Provencher et al. 2010; de Castro Pochini et al. 2013; 

Marsh et al., 2020).  

10.3. Pectoralis major relies on motor unit recruitment for mechanical force generation 

 Neural decoding of pectoralis major activity revealed highly sophisticated neural control 

summarized in three key findings. First, pectoralis major motor units discharge at relatively high 

rates at low effort levels (i.e., 15% MVE). Second, in males, the pectoralis major does not increase 

motor unit discharge rate with increases in effort level, unlike most muscles, but instead relies 

heavily on additional motor unit recruitment. While similar neural control occurs in large muscles, 

like deltoid, trapezius, and biceps brachii (De Luca, 1985; De Luca et al., 1982; Westgaard and De 

Luca, 2001; Kukulka and Clamann, 1981), none of these muscles rely on motor unit recruitment 

at such low effort levels. Pectoralis major is a large, powerful muscle with primary roles in 

maintaining arm posture and gross motor function. Therefore, it is plausible that rate coding is not 

a predominant factor in increasing mechanical force in this muscle, as the tasks in which pectoralis 

major assists do not require fine force modulation. Lastly, motor units decomposed were 

predominantly located in the superior pectoralis major, close to the sternum and near the 
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sternoclavicular joint, showing first physiological evidence that the clavicular region may be 

involved in the stabilization of the sternoclavicular joint. These findings reveal aspects of 

fundamental pectoralis major control and provide a basis for interpreting healthy aging or clinical 

case scenarios. Since pectoralis major relies heavily on motor unit recruitment, losses in the 

number of motor units, by either damage or aging, may reduce mechanical force affecting 

strategies for tasks that involve the glenohumeral, sternoclavicular, and indirectly, scapulothoracic 

joints.  

10.4. Pectoralis major HD-sEMG signal decomposition: Challenges and limitations 

This dissertation presents the first account of HD-sEMG signal decomposition in pectoralis 

major in males and females. Although signals were decomposed, some specific methodological 

challenges and limitations should be considered and addressed in the future. Firstly, although 

decomposition using the blind convolutive separation method was performed across all tasks, 

effort levels, and in both cohorts, it was not always successful. Specifically, HD-sEMG signals 

could only be decomposed in 11 out of 19 males in Study 5; 8 out of 10 males in Study 6; 5 out of 

20 females in Study 3, and 0 out of 9 females in Study 4. Additionally, the decomposition of signals 

was not always possible for the inferior array in males. The decomposition's success also depended 

on the task and effort level, with most motor units successfully decomposed in adduction 60, 

adduction 90, internal rotation 60, flexion, and horizontal adduction at low effort levels (15-25% 

MVE). Decomposition of signals at 50% and 75% MVE proved challenging, except in 50% MVE 

in horizontal adduction, which yielded some motor units, albeit in a limited number of participants 

(N = 4).  

Challenges in the decomposition of HD-sEMG signals exist for other muscles in males (see 

Del Vecchio et al. 2020), with studies exploring motor unit physiology in females reporting much 
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lower yields than those in males (Del Vecchio et al. 2020). The reasons behind these limitations 

are currently unknown. However, they could be due to multiple factors such as subcutaneous tissue 

thickness (particularly in females), muscle architectural properties, alignment of muscle fibers 

underneath the array, and potential contamination of EMG recordings (i.e., inability for 

decomposition algorithm to isolate spike trains due to additional motor unit recruitment) at high 

effort levels (Farina et al. 2002; Del Vecchio et al. 2020; Holobar et al. 2014). Therefore, it is 

essential to build on the current findings and investigate whether different tasks, ramps (trapezoidal 

or triangular), HD-sEMG array position, and alignment with muscle fibers may improve 

decomposition outcomes at low effort levels in males and females before improvements in the 

decomposition algorithm are achieved.  

10.5. Limitations 

 Muscle activation and neural properties may be influenced by age, exercise status, or 

compromise. This dissertation's findings only pertain to healthy young (between 18 to 40 years), 

recreationally active males and females. It is currently unknown how aging, exercise status, or 

compromise affect the pectoralis major activation and neural properties. Additionally, data was 

acquired only from the dominant (right) limb, and it is unknown if handedness may influence the 

current findings. Further, in females, the bra type may have influenced breast tissue distribution 

overlying the muscle. All females wore a regular bra (i.e., no sports bra) to mitigate these effects. 

However, the exact type of bra, band width, or cup was not controlled and may have influenced 

some of the MNF and EMG amplitude measures in Chapter 4. 

 The EMG technique is typically influenced by muscle crosstalk, skin-electrode movement, 

and in the instance of the pectoralis major muscle, ECG artifact. Crosstalk from the pectoralis 

minor, serratus anterior, intercostal muscles, and external oblique may have influenced some of 
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the EMG amplitudes reported in this dissertation. However, crosstalk effects were mitigated by 

using closely spaced electrodes (HD-sEMG array; IED: 10 mm). The effect of the skin-electrode 

movement was mitigated by evaluating the pectoralis major activation in isometric efforts and only 

comparing EMG amplitudes within a task and not between tasks. Lastly, pectoralis major EMG 

signals are typically contaminated by ECG artifact as the muscle is close to the heart. This aspect 

was considered in the experimental protocol development by referencing the HD-sEMG to the 

same side of the body (i.e., right side) and collecting ECG in synchrony with HD-sEMG to be 

removed in post-processing steps.  

 The thickness of the breast tissue was examined using anthropometric measurements. The 

type of the ultrasound device available in the department (i.e., clinical as opposed to the research 

ultrasound) posed difficulties in obtaining high-quality ultrasound images from all breast locations 

to examine variations in the thickness. Further, the pairing of the ultrasound device with the motion 

tracking system was not possible due to the lack of a trigger system (i.e., pedal on the ultrasound). 

Future studies interested in examining the effect of breast tissue thickness on HD-sEMG 

amplitudes and MNF should consider pairing the two devices to quantify objective measures of 

breast tissue thickness. Further, the quantification of breast tissue composition using an ultrasound 

device may also provide invaluable information for further examining the pectoralis major 

activation in females. Additionally, the effect of age on skin thickness, breast tissue thickness, and 

breast tissue composition should also be quantified before evaluating pectoralis major activation 

in older females, as these may influence the HD-sEMG signal quality.  

 In both cohorts, limitations existed in characterizing either lower sternocostal/abdominal 

regions (i.e., females) or ½ of the abdominal region (i.e., males). In females, pectoralis major 

activation was not characterized in the lower sternocostal/abdominal regions due to the current 



228 
 

limitations in HD-sEMG technology. Indwelling EMG was considered, but not used as the needle 

EMG effects on the breast tissue are presently unknown. Additionally, different needle lengths 

would have to be designed and individualized depending on the thickness of each participant’s 

breast tissue, which was out of this dissertation's scope. In males, HD-sEMG signals could not be 

acquired from ~½ of the abdominal region. Attempts were made during piloting to acquire EMG 

signals from these regions using a third 32-channel HD-sEMG array. However, challenges existed 

as the HD-sEMG arrays were not designed to accommodate the shape of the chest, resulting in a 

significant loss in skin-electrode contact during HD-sEMG acquisition. Therefore, future studies 

should consider using smaller HD-sEMG electrodes, indwelling EMG, or classic EMG to capture 

the rest of the abdominal region activity.  

 In males, the inferior HD-sEMG array was not aligned with the lower 

sternocostal/abdominal region muscle fibers due to the limitations in the technology and time 

restrictions. Due to the ultrasound device limitations discussed earlier, challenges in quantifying 

these regions' pennation angle arose during piloting. The quantification of the exact fiber bundle 

pennation angle was difficult and inaccurate based on the inability to pair ultrasound with the 

Vicon motion-tracking device consistently. Future studies should consider pairing the ultrasound 

and motion tracking system to quantify each participant’s sternocostal and abdominal region 

muscle fiber pennation angle and use this data to align the HD-sEMG with muscle fiber pennations. 

Alternatively, paired HD-sEMG-ultrasound electrodes, as described by Botter et al. (2019), may 

provide significant improvements in aligning the HD-sEMG arrays with the muscle fiber bundles. 

10.6. Future outlook on understanding the intricacies of pectoralis major control 

The precise contribution of pectoralis major to typical shoulder function has broad 

implications in fundamental, exercise, and clinical sciences. Specifically, in clinical sciences, the 
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pectoralis major’s role and contribution to shoulder complex mobility and stability are mostly 

underestimated, leading to this muscle's frequent resection or disinsertion in various surgical 

procedures. Experiments in the current dissertation represent the first transformative step in 

understanding the pectoralis major's neuromusculoskeletal control. However, further work and 

knowledge are necessary to encourage a change in these protocols. On the fundamental level, a 

couple of questions arise. For example, does the pectoralis major modulate rate coding below 15% 

MVE or above 50% MVE? What is the role of neuromuscular partitions in the pectoralis major, 

and how do they contribute to mechanical force production within the shoulder complex? Does 

every partition rely on motor unit recruitment, or do motor units in some partitions rely on rate 

coding? How do motor units in the inferior pectoralis major regions modulate force? What is the 

effect of aging on pectoralis major control, and how does this influence shoulder complex stability 

and arm mobility? Additionally, improvements in technology and methodology are required for 

progress. For example, the pairing of ultrasonography or magnetic resonance imaging with high-

density surface electromyography may clarify potential interactions between the neural and 

architectural properties. Further, improvements in the decomposition algorithms in the future 

should enable the successful decomposition of many motor units in males and, potentially, 

females, illuminating the intricate control of this fascinating and crucial muscle. Collectively, the 

methodological and fundamental breakthroughs in this dissertation lay the groundwork to, for the 

first time, unravel the intricate control of a powerful and understudied shoulder muscle and 

advance the development of methodological tools to further explore such large muscles in the 

future.  
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Appendix: Supplementary Information 

 

Supplementary Table 1: Description of EMG electrode placement for each shoulder muscle 

monitored in the background alongside a pectoralis major.  

Muscle Electrode Placement 

Anterior 

Deltoid 

3.5 cm below the anterior angle of the 

acromion, parallel to muscle fibers 

Middle Deltoid Lateral aspect of the upper arm, and 

approximately 3 cm below the acromion, 

parallel to the muscle fibers 

Posterior 

Deltoid 

2 cm below the posterior lateral surface 

of the acromion, parallel to muscle fibers 

Infraspinatus 4 cm below, and parallel to the spine of 

the scapula, on the lateral aspect of the 

infrascapular fossa  

Upper 

Trapezius 

Along the ridge of the shoulder, slightly 

lateral to one half the distance between 

C7 and the acromion 

Latissimus 

Dorsi 

Approximately 4 cm below the inferior 

angle of the scapula, half the distance 

between the spine and the lateral edge of 

the torso, oriented in a slightly oblique 

angle of approximately 25 degrees 
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Supplementary Table 2: Mean normalized sEMG amplitude ± standard deviation across tasks and effort levels for infraspinatus, 

latissimus dorsi, upper trapezius, anterior, middle, and posterior deltoid. (1) denotes the first rank in terms of highest EMG activation. 

 

 

 

Task Effort 

Level 

Infraspinatus 

(%MVE) 

Latissimus 

Dorsi (%MVE) 

Upper Trapezius 

(%MVE) 

Anterior Deltoid 

(%MVE) 

Middle Deltoid 

(%MVE) 

Posterior Deltoid 

(%MVE) 

Adduction 60 15% 11.2 ± 6.7 15.2 ± 8.9 16.2 ± 8.6(1) 10.5 ± 8.7 17.3 ± 8.5(1) 16.9 ± 6.7(1) 

 25% 17.3 ± 10.6 26 ± 9.5(1) 16.3 ± 8.1 17.3 ± 13.6 27 ± 13(1) 25.6 ± 7.5(1) 

 50% 30.5 ± 15.1 54.6 ± 18.5(1) 28 ± 17.3 33.5 ± 16.9 50.1 ± 15(1) 53.9 ± 13.1(1) 

Adduction 90 15% 10.5 ± 3.8 10.2 ± 5.5 22.6 ± 9.4(1) 11.4 ± 9.3 15.4 ± 8.2 10.8 ± 6.4 

 25% 12.6 ± 5 14.6 ± 7.2 18.7 ± 7.3(1) 15.1 ± 8.5 17.3 ± 8.7 13.1 ± 5.5 

 50% 23 ± 8.5 34.4 ± 12.4(1) 29.2 ± 8.2 35.9 ± 14.9(1) 34.6 ± 16.4(1) 26.4 ± 8.1 

Adduction 

External 90 

15% 18.3 ± 5.7 15 ± 7.2 21.5 ± 6.9(1) 9.7 ± 6.1 12.1 ± 6.5 13.5 ± 7 

 25% 22.6 ± 6.5(1) 20 ± 7.8 22.4 ± 5.5(1) 14.5 ± 6.8 17 ± 9.6 18.6 ± 8 

 50% 42.4 ± 11.8(1) 42.4 ± 17.5(1) 36.8 ± 10.4 34.6 ± 16.9 38.7 ± 17.6 39.8 ± 13.8 

Internal 

Rotation 

15% 6.1 ± 3.3 10.5 ± 7.1 15.2 ± 12(1) 9.1 ± 6.8 11.4 ± 4.7 11 ± 4.5 

 25% 9.9 ± 5.8 18.2 ± 8.4(1) 15.9 ± 9.7 13.3 ± 7.6 16.3 ± 6.6 16.9 ± 5.8 

 50% 21.6 ± 14 37.5 ± 13.4(1) 26.5 ± 18.4 28.6 ± 15.7 33.2 ± 12.5(1) 32 ± 10.7(1) 
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Supplementary Table 3: Mean normalized sEMG amplitude ± standard deviation across tasks and effort levels for infraspinatus, 

latissimus dorsi, upper trapezius, anterior, middle, and posterior deltoid. (1) denotes the first rank in terms of highest EMG activation. 
Task Effort 

Level 

Infraspinatus 

(%MVE) 

Latissimus 

Dorsi (%MVE) 

Upper Trapezius 

(%MVE) 

Anterior Deltoid 

(%MVE) 

Middle Deltoid 

(%MVE) 

Posterior Deltoid 

(%MVE) 

Flexion 15% 18.9 ± 10.4(1) 4.8 ± 2.5 17.4 ± 13.2(1) 19.9 ± 3.5(1) 19 ± 9(1) 4.6 ± 2 

 25% 29.6 ± 18.5(1) 7.5 ± 4.4 22.7 ± 11.3 29.5 ± 6.1(1) 28.4 ± 13.8(1) 8.7 ± 5.6 

 50% 47.3 ± 18.5(1) 11.3 ± 5.8 44.1 ± 15.3 56.8 ± 13.9(1) 50.5 ± 11.3(1) 13.6 ± 6.1 

 75% 66.8 ± 20.7(1) 16.9 ± 9.1 64.2 ± 23(1) 77.8 ± 15.6(1) 71.8 ± 16.3(1) 23.1 ± 9.3 

Horizontal 

Adduction 

15% 25.5 ± 12.3(1) 20.5 ± 7.6 25.3 ± 11.5(1) 19.4 ± 9.2 28.1 ± 14.2(1) 23.7 ± 10.6 

 25% 26.9 ± 13.5 24.9 ± 9.9 28.6 ± 17.1(1) 23 ± 13.5 30.1 ± 19.3(1) 28.6 ± 12.2(1) 

 50% 36.4 ± 19 40.3 ± 16.2(1) 48 ± 22.3(1) 40.7 ± 14.7(1) 35.8 ± 19.2 39.7 ± 15.3 

 75% 42.1 ± 16.8 53.6 ± 12.9 61.6 ± 24(1) 55.5 ± 18.5 41.8 ± 21.4 54.2 ± 21 

Extension 25% 12.6 ± 4.8 20.9 ± 13.4(1) 12.3 ± 8 1.3 ± 0.8 5.7 ± 3.7 20.8 ± 11.9(1) 

 50% 29.9 ± 12 44.7 ± 17.2(1) 24.2 ± 17.2 4 ± 3.1 15.6 ± 6.8 46.5 ± 13.6(1) 

 75% 44.2 ± 9.3 71.6 ± 19.5(1) 40.6 ± 26.6 6.2 ± 2.9 30.2 ± 13.1 78.4 ± 27.3(1) 

Internal 

Rotation 

25% 23.4 ± 9.2 24.4 ± 8.6 21.1 ± 11.2 23.2 ± 8.1 24.6 ± 23.1 23.3 ± 18 

 50% 54.3 ± 23.8(1) 45.3 ± 12.2 40.8 ± 22.7 50.2 ± 22.4 37.4 ± 25.6 40.2 ± 19.9 

 75% 59.4 ± 32.1 72.7 ± 14.8(1) 61.2 ± 24 66.5 ± 19.1 44 ± 21.4 51.1 ± 11.4 
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Supplementary Table 4: Mean normalized sEMG amplitude ± standard deviation across tasks and effort levels for infraspinatus, 

latissimus dorsi, upper trapezius, anterior, middle, and posterior deltoid. (1) denotes the first rank in terms of highest EMG activation. 

Task Effort 

Level 

Infraspinatus 

(%MVE) 

Latissimus 

Dorsi (%MVE) 

Upper Trapezius 

(%MVE) 

Anterior Deltoid 

(%MVE) 

Middle Deltoid 

(%MVE) 

Posterior Deltoid 

(%MVE) 

Adduction 60 15% 10.3 ± 6.6  14.2 ± 9.4(1)  12.7 ± 9  8.4 ± 11.6 15.7 ± 6.9 (1) 12.9 ± 4.6  

 25% 12.4 ± 6.6 22.1 ± 15.2(1) 13.8 ± 8.9 10.9 ± 9.4 22.8 ± 44(1) 20.3 ± 9.6 

 50% 25.7 ± 12 40.7 ± 21.5(1) 28.1 ± 16.8 25.1 ± 14.7 46.2 ± 18.9(1) 42.5 ± 17.7 

 75% 50.2 ± 16 62.9 ± 21.9(1) 51 ± 19.9 41.9 ± 18 69.4 ± 23.3(1) 69.3 ± 22.1(1) 

Adduction 90 15% 6.8 ± 2.5 10.1 ± 6.9 19.1 ± 15.6(1) 10.2 ± 7.7 11.2 ± 6.1 5.8 ± 5.8 

 25% 7.6 ± 3.4 14.2 ± 9(1) 14.2 ± 6.8(1) 15 ± 9.2(1) 15 ± 7.9(1) 6.6 ± 5.1 

 50% 16.1 ± 7.1 40.8 ± 25.7(1) 28 ± 16 42.8 ± 27.5(1) 33.6 ± 20.1 16.1 ± 11.8 

 75% 28.9 ± 12.2 52.5 ± 24.7(1) 42.4 ± 21 53.7 ± 19(1) 48.3 ± 28.7 32.1 ± 20.5 

Adduction 

External 90 

15% 17.4 ± 11.7(1) 10.5 ± 4.7 21.3 ± 14.2(1) 9.3 ± 7.8 11.2 ± 7.7 10.4 ± 6 

 25% 23.3 ± 13.3(1) 16.4 ± 6 21.6 ± 9.7(1) 15 ± 11.4 13.7 ± 6.6 15.8 ± 14 

 50% 43 ± 15.2 43.2 ± 16.2 38.3 ± 17.2 42.1 ± 24.9 41 ± 25.6 32.9 ± 19.8 

 75% 66.8 ± 18.2 74.9 ± 18.4 55.8 ± 19.2 58.2 ± 27.9 55.3 ± 27.6 58.8 ± 24.1 

Internal 

Rotation 

15% 4.2 ± 2.9 15.8 ± 8.5(1) 12.8 ± 9.8(1) 4.8 ± 3.4 10.1 ± 4.5 9.5 ± 4.2 

 25% 6 ± 4 23.1 ± 11.6(1) 13.5 ± 9.2 8.7 ± 8.4 15.3 ± 8.6 13.8 ± 6.2 

 50% 13.3 ± 8.1 46.5 ± 17.7(1) 25.5 ± 17.7 19.9 ± 17.7 33.9 ± 19.3 31.2 ± 14.8 

 75% 24.6 ± 18.2 70.1 ± 25.2(1) 43.7 ± 28.3 29.1 ± 23.2 50.1 ± 25.5 51.8 ± 27.3 
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Supplementary Table 5: Mean normalized sEMG amplitude ± standard deviation across tasks and effort levels for infraspinatus, 

latissimus dorsi, upper trapezius, anterior, middle, and posterior deltoid. (1) denotes the first rank in terms of highest EMG activation. 

Task Effort 

Level 

Infraspinatus 

(%MVE) 

Latissimus 

Dorsi (%MVE) 

Upper Trapezius 

(%MVE) 

Anterior Deltoid 

(%MVE) 

Middle Deltoid 

(%MVE) 

Posterior Deltoid 

(%MVE) 

Flexion 15% 10.8 ± 7.4 3.7 ± 5.3 21.1 ± 13(1) 16.1 ± 9.5 12.4 ± 6.5 1.9 ± 2.2 

 25% 16.9 ± 10.1 4.6 ± 6.1 21.4 ± 13.1(1) 20.5 ± 11.1(1) 18 ± 9.4 2.2 ± 1.9 

 50% 34.6 ± 16.9(1) 8.7 ± 11 43 ± 21 39.6 ± 19.8(1) 39.8 ± 21.4(1) 4.5 ± 3.4 

Horizontal 

Adduction 

15% 22.5 ± 13.4(1) 15.4 ± 13.2 14 ± 13.8 14 ± 14.7 16.9 ± 14.5 16.6 ± 8.9 

 25% 21.4 ± 16.8(1) 19.8 ± 10.3 17 ± 24.7 22.1 ± 26.2(1) 21.2 ± 19.9(1) 19.4 ± 8.1 

 50% 25.5 ± 15.9 46.8 ± 28.9(1) 24.7 ± 15 38.3 ± 21.4(1) 27.8 ± 17.4 31.7 ± 17 

Internal 

Rotation 

25% 22.6 ± 10.7(1) 24.4 ± 15(1) 18.2 ± 12.4 15.6 ± 5.7 18.4 ± 7.7 17.9 ± 11.9 

 50% 47 ± 21.6(1) 46.5 ± 24.9(1) 27.7 ± 25.5 32.6 ± 14.9 36.8 ± 18.6 40.3 ± 28 

Extension 50% 18.5 ± 5.7 41.1 ± 18.3(1) 22.1 ± 16.3 2 ± 1 13.5 ± 8.2 34.8 ± 15.7 
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Supplementary Figure 1: Violin plots of mean power frequency in each task and effort level 

across groups and regions. Note the increase in mean power frequency for the inferior array, as 

well as in Cup C/D/DD.  
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Supplementary Figure 2: Representative polar plots of muscle activity distribution across 

shoulder muscles in adduction 60, internal rotation, and adduction 90 in males. A: Muscle activity 

distribution in adduction 60°, showing high activation of middle deltoid and latissimus dorsi. B: 

Muscle activity distribution in internal rotation, showing high activity in latissimus dorsi. C: 

Muscle activity distribution in adduction 90°, showing high activity in the upper trapezius and 

middle deltoid.  
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Supplementary Figure 3: Representative polar plots of muscle activity distribution across 

shoulder muscles in flexion and horizontal adduction in males. A: Muscle activity distribution in 

flexion, showing high activation of the anterior deltoid and upper trapezius. B: Muscle activity 

distribution in horizontal adduction, showing high activity in anterior deltoid and pectoralis major.  

 

 


