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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, iexact role in typical shoulder function is ambiguous. Due to this, the
pectoralis major is typically classified as ar
occupational tasks dismissed, and its purpose in arm movements diminished. ilavoenvging
evidence associates direct or indirect injury to this muscle to debilitatingdomgarm disability.
A more deliberate investigation of its role in typical shoulder function is paramount for developing
targeted treatments, exercises, and bgit@tion 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 messepr
pectoralis major activation in several tasks and effort levels in healthy males. It proposes a holistic
framework, combining higldensity surface electromyography (HBEMG) and neural decoding.

This framework allows for an investigation of the sgatiatribution of whole pectoralis major
activation, with indepth insights into its neural and neuromuscular control. In study 2,
methodological challenges in EMG acquisition from pectoralis major in females are addressed,
demonstrating that HBEMG signis in the array oveaying the breast have low amplitudes and
high mean power frequency. However, the acquisition ofdEMG signals from the top regions

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



major activation in maleStudy 5 and 6)evealedower sternocostal regianvolvementin tasks
requiring adduction, internal rotation, and extension. All three regions assisted in flexion and
horizontal adduction. Lastly, studyrévealed 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. Firsthe scope of this wortepregnts 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 contrdi,Las
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 understanishg the complexities ofshau | d e r function. Thi s
outcomes collectively highlight the utility of examining the neuromusculoskeletal contitod of

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 contributifige pectoralis major is a singularly large,
multi-functional muscle located on the anterior aspect of the chesmultiple attachmentsave
a high contribution to arm mobility, specifically the tasks involving vertical and horizontal
adduction, internalatation, flexion, and extension against resistance. Althdbgtpectoralis
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 goifag 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 stam from

minimalunderstanding ahepectd al i s maj or 6s role in typical

Complications arise in the precise interpretatiothefelectromyographic (EMG) signals
in numerous studies examinitigepectoralis major activation using classic EMG. Typically, EMG
signals are acquirettom the superior regions (i.eclavicular 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. Inferencesgetmr
activation and (dys)function are commonly drawn based on these recordings. Haivever,
middle/lower sternocostal and abdominal regions are architecturally divérgegt et al., 2009)
have independent innervation (Haladaj et al. 2019), attackdpaaateéendon (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; 2012Jhese anatomical complexitiesuggest a problematic

mischaracterization adhe pectoralis major astation in fundamental and exercise studies.



The lack of recognitiomf thep e c t o r a | impertamea ip typicaél shoulder function
led to the development sfirgical procedures that compromise shoulder function and health. These
procedures includel] breast reconstruction surgeries, which disinsert mitbdieferior regions
of the pectoralis major from its origin to accommodate and support the breast implaetstarel
the natural look of the breast (Cemal et al. 2013; Nelson et al. 2018); 4d) dmel neck
reconstruction surgeries following cancer, which disinsert or resect various regions of the
pectoralis major (Liu et al. 2001); and (3) surgeries involving restoration of scapular
movement, which use the whole sternocostal region as a transplant to correct for scapular winging
(Iceton and Harris, 1987; Post, 1998)these procedures, it is commonly assumed that other intact
shoulder muscles will adapt amdmpensate for the losses resulting frtima pectoralis major
disinsertion or resection (Brumback et al. 1992; Clough et al. 2002). However, mounting evidence
suggests that resection or disinsertionthe pectoralis major leads to reductions in shoulder
strength (~2626%), range of motion, increased shoulder instability, decreased shoulder stiffness,
and consequently, substantial arm disability (de Haan et al. Riflikarbel et al. 201(Hage et
al. 2014; Leonardis et al. 2018; 2018)timately, these dicits 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,t hi s d i smirmaryt parposeavasdte investiga and characterize
fundamental pectoralis major activation and neural control using-daghity surface
electromyography (HBEMG) to establish critical foundational knowledge on regional pectoralis
major functionin healthy cohortsThis dissertation bégs with a literature review exploring the
following themes: 1)hepectoralis major anatomy, from architecture to functiorth@pectoralis

major activation, including a brief overview on the influence of subcutaneous tissue on EMG



amplitude and frequency spectrum; 3) motor unit overview, including methods to evaluate motor
unit recruitment and discharge rate; 4) overview of cumregthodological limitations evaluating
the pectoralis major activation with a summary of the advantagasin§HD-sEMG; and 5an

overview of shoulder restrictions followirilge pectoralis major injury.



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 abdominallfFigure
originates from the midlavicle, sternum, rihsand the external digue 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, joicitsding the
sternoclavicular and glenohumerathile the sternocostal and abdominal regions cross the
glenohumeral and intercostal joints. The architecture of eaeh riéigion varies, suggestirg

versatile and differential function.

Figure 1. Representation of thigpical divisions of the pectoralis major muscle: the
clavicular, sternocostal, and abdominal region. Adapted and modified from Gray,
1990.



2.1.1. General description of architectural properties

Mechanically, skeletal muscle generates power, force and proogesnent, allowing
for the maintenance of functional independengechitectural properties ahe skeletal muscle
have considerable effects on force development and production (Narici, 1999), as muscle fibers
are arranged relative to the axis of force egation (Huijing, 1992; Lieber, 1992; Rand
Edgerton, 1992). Skeletal muscles are commonly defined based on the physiological (PCSA) or
anatomical crossectional area (ACSA), muscle fiber pennation angle (PA), and fiber or muscle

fascicle length.

The physiological or anatomical crosectional area is relatedtieemu s cl eds funct
capability. Both are measured in a plane perpendicullietmuscle fibers or horizontally across
the widest part of the muscle belly. Mathematically, PCSA is quangBetie 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@difrriden, 2000; Masuda et al., 2003; Ikegawa et al., 2GQ8)her,
ACSA is closely related to muscle thickness and muscle volurntieeilower (Abe et al., 1997,
Miyatani et al., 20020gawa et al., 2012; Franchi et al., 2018) #relupper extremity muses
(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
thebiceps brachii (Miyatani et al., 2004; Akagi &t 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 angl e i s cl| ossttignal areal andtfaod outpot. t h e

Morphologically, muscle is divided into parallel and pennate mushlescle fibers either lay
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paral |l el to the musclebds | ine of action or
1987). Pennation angle ihe muscle fibers' angleelative to their attachment to the deep
aponeurosis (Fukunaga et al., 1997). Attachmenh@muscle fibers at an angle allows far
greatemumber ofmuscle fibers to be packed and exeforce on the aponeurosis (Zajac, 1989;
Infantolino and Chalis, 2014). Specifically, the larger the pennation angle and muscle volume, the

greater the physiological cressctional area, and therefore, fepreducing capacity.

Fiber length refers to the length of individual muscle fibers araddsterminant of the
force-length relationship. Sinche individual muscle fibers are challenging ddferentiateand
experimentallydentify, thewhole fascicle8 | easrofteh dquantified. This measurement involves
identifying theorigin and insertion alhemuscle 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 ahe pectoralis major were investigated in cadavers and living
humans, albeit ira limited capacity. Studies in cadavers delineated the sternocostal refgion in
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 regisalaeger physiological crossectional
area, pennation angle, muscle fascame tendoriength,and volume thathe clavicular region
(Langenderfer et al. 2004; Fung et al. 2009). Additional studies quarthigqukectoralis major
muscle thickness in hity young males pré&raining (Yasuda et al., 2010; Mangine et al., 2015,
2018). In one studyhecrosssectional area and muscle thickness were evaluated using resonance

magnetic imaging and ultrasourtdowever the ultrasound measurements were limited single
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location - at the midclavicle betweenthe third and the fourth costal cartilage [(i.e.mid
sternocostal region) Yasuda et al., 2010]. In contrast, Mangine et al. evaluated muscle thickness
and crosssectional area at the second rib (2015, 20D#ferences in protocols and anatomical

landmarks resulted in crosgctional area estimates betweerBIZ7 cnA.

2.1.3. Compartment (partitional) differences in architecture

Muscle compartments or partitions, with apparently differeftiattions, exist in many
animal and human skeletal muscles. Such distinct regions appear in multiple multifunctional
shoulder muscles, suchtagsupraspinatus (Kim et al., 200#)fraspinatus (Fabrizio et al., 2014),
subscapularis (Warden et al., 201ah)d 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., 20®).

Four anatomical studies tife 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 individuapartmentgLewis, 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 varbetween partitiond’ heabdminal region has the largest lateral pennation angle
comparedto the sternocostal and clavicular regioms contrast,partition three within the
sternocostal region has the longest fiber bundle length (Fung et al. 200%)er study assessed
the wolume muscle length, and crosectional areaf each partition in male cadavers (Wickham
et al. 2004). In this study, partition one had the largest volume andsactssnal area, while

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

differential functional contributions.



Table 1: Mean + standard deviation of architectural parameters from cadaver studies. PCSA:

physiological crossectional area; S&: sternocostal partitions; €& clavicular partitions

and sternocostal
(segmented: s1
s5)

Study Muscle Pennation Fiber Length PCSA (cn?) Volume
Regions Angle (°) (mm) (cmd)
Lewis, 1901 Two: clavicular Not reported Not reported Not reported Not reported
and sternocostal
(segmented: s1
s6)
Ashley, 1952 Two: clavicular Not reported Not reported Not reported Not reported

Wolfe et al. 1992

Two: clavicular

Not reported

*measures derived

Not reported

Not reported

and sternocostal from figure
(segmented: s1 Clavicular: ~160
s2) S1: ~175
S2:~180
S3:~184
S4: ~180
S5: ~160
S6: ~140
Lee et al. 2000 Two: clavicular Not reported Not reported Not reported Not reported
andsternocostal
(segmented: s1
s2)

Langenderfer et al.
2004

Two: clavicular
and sternocostal
(not segmented)

Clavicular: 17 £ 1
Sternocostal: 25 +
5

Clavicular: 154 +
25
Sternocostal: 171
+7

Clavicular: 307 +
0.70

Sternocostal: 5.68
+0.12

Not reported

2007

Wickham et al. Two: clavicular N/A C1:14.9 *reported CSA C1: 36.3

2004 (segmented: cll C2:17.1 Cl:24 C2:50.8
c2) and S1:175 C2:3 S1:27.3
sternocostal S2:19.4 S1:1.6 S2:33.9
(segmented: s1 S3:19.2 S2:1.7 S3: 355
s4) S4:20.3 S3:1.8 S4: 26.6

S4:1.3
Holzbaur et al. One Not reported 202+2.2 159+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:
206 £2.7
S1:19.2+5.5
S2:144+5.4
S3:17.3+2.7
S4:143+3.4
S5:242+5.1
S6:25.9+9.3
S7:349+11.6

Overall: 16.1 +1.1
Clavicular: 15 +
0.8

Sternal overall:
16.4+1.2
S1:16.7+1.7
S2:165+1.2
S3:18.2+1.7
S4:17.4+2.1
S5:17.3+1.1
S6:15.4+2.7

S7:154+15

Not reported

Not reported




2.1.4. Moment arms

The length of regional moment armstive pectoralis major depeerdon the task and arm
posture and asquantified across the range of motioralsduction, flexion, and internal rotation.
In adduction, the longest moment arms were quantified time middle and inferior (i.e.
sternocostal) regions between 4060° 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 abductionit had a progressively longer abductor (negatmement arm from 60° to 120°
of arm abduction (Ackland et al. 2008).ede findingsndicate that the middle and inferior regions
have a greater mechanical advantage to produce adductor tahguethe clavicular region

throughout the abduction range obtion.

During flexion inthe scapular planghe superior pectoralis major had the longest flexion
moment arm of all three regions (~50 mm), specifically between 50° to 90° of arm abduction,
while themiddle pectoralis major haaslight flexor moment argspecifically between 20° to 60°
of arm abductio (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 clavicularegion haghe highest mechanical advantage to flex, while ififerior regions are

primarily acting as extensors.

Internal rotation moment arms changed length in both abduction and flexion. Eheing
abduction, the inferior and middle sternocostal regions had longer internal rotation moment arms
thanthe clavicuar region, particularly from 30° to 90° of arm abduction (Ackland and Pandy,
2011). During flexionthe middle and inferior pectoralis major h#tke longest internal rotation
moment arms throughout the range of motion (Ackland and Pandy, 2011). A sinlylewsiluated

compartmental or partitional moment armshaanatomical position (Wickham et al. 2004). This
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study demonstrated th#te second clavicular compartment and first and second sternocostal

compartmert have tie longest flexor and adductor momarms (Wickham et al. 2004).

2.2. Pectoralis major function

Broadly, pectoralis major assists in vertical and horizontal adduction, flexion, internal
rotation, and extension against resistariéertical adduction isthe movement of the arm
downwardstowards the torso in the vertical plamorizontal adduction ithe movement of the
arm across the torso in the horizontal plaibe sternocostal and clavicular regions contribute
differentially to arm tasks. Specifically, the sternocostagjiae assists in vertical/horizontal
adduction and internal rotation, while the clavicular region assists in horizontal adduction, internal
rotation, and flexion Jansen et al., 2005; Stek-Jansen et al., 2011eonardis et al. 2017).
However,each regiois mechanical advantaghanges throughoube arm range of motion, as

described below in the context of moment arms.

Severabktudiegdefined and classifigglectoralis majoregionsas prime movers, synergists,
or antagonistand examined their activation alongside other muscles (i.e., latissimus dorsi and
deltoid) in several tasks that require pectoralis major activdythe pectoralis major regionbget
prime moversand synergis weredefined asregionswith an agonist moment arnalthough
synergists hadr®rteragonist moment arms (Wickham et al. 20It)e prime movers also had
earlyactivations, were active for the duration of the tasidhadhigh EMG amplitudesompared
to other regionsA synergist activatedfter theprime moverand had shorter activation (Brown et
al. 2007) Lastly, an antagonist had an antagonist moment arm and typically actigatéidantly
after the prime movers/synergista adduction,the sternocostal and abdominal regions of the

pectoralis major and all regions of the latissimus dorsi activeddglto initiate a task and stayed
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active for the duration of the task (Wickham et al. 2012). Therefbeepectoralis major's
sternocostal and abdominal regicasted agprime moversalongsidethe latissimus dorsiegions
(Brown et al. 2007; Wickham et al. 2018).contrast, thelavicularregionandtheseventhregion

of the deltoid acted as synergists in adduction (Wickham 20aPR) Other deltoid regionacted

as antagonists due to their late activation and antagonist moment arms (Wickham et aln2012).
flexion, the clavicular region aghated early, actings a prime mover with the deltojBrown et

al. 2007).In comparisa, somesternocostal regi@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 flexioastly, in extensiosthe latissmus 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 thetateral (C5C7) and medial
(C8T1) pectoral nerves, which branch off from the medial and superior trunk of the brachial
plexus, respectively. Information regarding regional pectoralis major inrervest currently
inconclusive. Some studies report that the medial pectoral nerve inngheatdslominal 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 peatarervedivides into two branche3he superior branch
innervates the clavicular regipand the inferior branch innervates the superior and middle
sternocostal regions (Wickham et al., 2004; Haladaj et al. 2019). In contrast, other anatomical
studies demnstrated thahelateral pectoral nerve supplies the clavicular regidmle themedial
pectoral nerve innervates the sternocostal region (Tobin, 1985; Gardetto et al., 2003; Macchi et al.,

2007).Three pectoral nerves were identified in 15 fresh caga\@avid et al., 2012). This study
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demonstrated thdhe superior pectoral nerve innervates the clavicular region, indeniddle

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

2.4. Investigating pectoralis majo 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 taskd in some instanceshe effort level (Paton an@&rown, 1994;
Wickham et al., 2004; 2012). Specifically, isometric tasks involving vertical adduction and
extension activatéhe inferior pectoralis major regions at low or high effoctsmparedto the
clavicular, superior, and middle regions (Paton andMBrd.994). Furtherthe superior pectoralis
major regions (mainly sternocostaltivate highlyduring horizontal adductiorin contrastthe
clavicular regionsactivate highlyduring 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. 208pulder muscle activitis spatially dependerfor
example both the clavicular and superior sternocostal regions activagaty i tasks requiring
horizontal pulls (McDonald et al. 2012The clavicular regionsre also activated highly in

downward pulls (Nadon et al. 2016).

In contrastjnformation onfundamental pectoralis major activation in females is scarce. In
a singlestudy that examined sexelated differences in shoulder muscle activation, differences
between males and females emerged in horizontal flexion, whereby males had higher EMG
amplitudes than female$h comparisonfemales had significantly higher EMG ampties in

horizontal extension and internal rotation (Anders et al. 2004). Ander s ehe al
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horizontal extensigndefined as thearm's extensionn the horizontal plane from 90° of arm
elevation and 0° aheplane of elevation and axial rotatijowill be referred to as extension for the
remainder of this thesislowever, 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 examineldet activity of other shoulder muscles alongside the pectoralis
major. The activation and the contribution of these musidpendean their anatomical moment
arms, task, and arm postulglduction elicited high activations ihé latissimus dorsind deloid
(Brown et al. 2007; Wickham et al. 2012). Intarnal rotation the latissimus dorsi and
subscapularis activate highlgrookham and Dickerson, 201BIcDonald et al. 2017 In flexion
and horizontal adductiothe anterior deltoidndthelatissimus deosi have high activation®rown
et al. 2007; Rockwood Jr., 2009). Lastly, in extension, the postilimidand the latissimus dorsi
activatehighly with the pectoralis major (Ekholm et al. 1978; Rockwood Jr., ;2BB8wn et al.

2007).

2.43. Tissue effcts 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 rdm¢gween 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 sotce 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, thdd#mensional volume conductor (Clark and Plonsey, 1966;
Rosenfalck, 1969; Plonsey, 1974; Roeleveld et al., 1997a; Farina et al., 2804y, as a
temporal lowpass filter (Gath and Stalberg, 1976; Lindstrand Magnusson, 1977; De Luca,
1979). An inverse power relationship exists between the SEMG amplitude and the motor unit
action potential (Ekstedt and Stalpeif973; Gath and Stallgr1979; Roelevdl et al., 1997a)
Specifically, he 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., 2Og4&)lues the

spatial selectivityand remoesinformation 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 frgquengeneral, the
amplitude of the EMG signal decays with the inverse of tktie power of the distance from the
source (x = 1.2.4) (Ekstedt and Stalberg, 1973; Gath and Stalberg, 197%\Rlukét al., 1997;
Staudenmann et al., 2010). Overall, high@&Msimplitudes 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 € al. 2017). In addition to reductions in SEMG amplitude, mean power frequency is
reduced with increases in subcutaneous tissue thickness (Roeleveld et akati@@#t al., 2002;

Staudenmann et al., 2010).

The thickness of theubcutaneous tissue layand the distance between the SEMG
electrode and the muscle influenite 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 dischege 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 clipeiuction velocity
(Andreassen and Arendllielsen, 1987). Increases in the contraction level amplifyBNES
amplitude's cancellatiomesulting from the algebraic summation of positive and negative phases

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

Additionally, the SEMG detection distance relative to the muscle contractiorlis-€n
(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., 19&2)ough largely superficial in males, the
pectoralis major muscie located deep to the breast/subcutaneous tissue in females. The distance
betweenthe sEMG electrode and pectoralis major depends onftlkemal eds br east
including breast size and location of threast tissue distributioherefore, the ability to acquire
pectoralis major activation in females may depend on breast tissue thidkoegsxample,n
females with low breast tissue, more information regaythie pectoralis major activation may be

acquired.

2.5. Motor unit overview

The notor 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 (Sherr@gnThe
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 afgba motor neurons. From here, the
synaptic input is converted into trains of action potentlasare 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 Dudlteau, 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, 28€&)fibars
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 coomdpo themuscle 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 tependent on the concurrent motor unit recruitment and
modulation of the rate at which motor neurons discharge action potentiglsafeecoding or
discharge rate; Duchateau et al., 2006). The recruitment of motor units is progressive and occurs
accoordng t o Hennemandés principle (Henneman et al
based on size, from smallest to largest. For example, during voluntary contractions, motor units
innervating the fewest number of muscle fibers,(thee smallest, lowhreshold motor units) are
recruited first. Theefore, the ability to precisely grade force during submaximal contractions

depend®n the size and the number of low threshold motor units in the muscle.

In contrast, largehigh thresholimotor units are reaited when contractions are powerful
or rapid (Enoka and Duchateau, 20IR)erefore, at high contractigrtke recruitment of motor
units increases only if theotor neuron pool's discharge raéiigh. Hence, most motor units are
recruited during weald.e., low force) contractions, with progressively fewer recruited at moderate
and high contractions. The motor unit recruitment is modulated bglpha motor neuron pool's

inputand output of the alpha motor neuron pool to the muscle fibers (Heckm&makal, 2012).
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The electrical output generated thye 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, suchthsupper trapzius and biceps. No studies to date, however,

evaluated motor unit physiology in pectoralis major.

2.6. Methodological considerations: Advantage of higdensity surface electromyography

Global features of muscle activatianecommonly investigated using classic, lspatial
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 sch as the pectoralis major. These limitations are briefly discussed below, with an
alternative, more objective, nanvasive method presented (j.ehigh-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 E¢@ts
from active motor units located within the electrode's detection @lditrerefore, his method
typically allows for signal acquisition from a small region of the muscle. Global properties of
muscle activation are commonly investigated, such as amplituderfmgmean square (RMS)]
and power spectral components [ergeanand median pwer frequency]. However, depending
on the location of signal acquisitiamd the number of electrodes, classic EMG methods may not
represent the whole muscle's activatiparticularly in large muscles, such as the pectoralis major.
Also, the detection ofegional differences imuscleactivation may nobccur withthis method
The pickup area of low spatial resolution EMG is relatively small when consideringukele's

size.
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Further, multifunctional, compartmentalized muscles exhiaitheterogesous spétal
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 leicical 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 theural contribution to muscle activity (Martin®aldes et al. 2018),
limiting its usefulness in interpreting any changes, differences, or alterations in muscle activation.
On the other hand, indwelling EMG, which involtbginsertion of electrodes inthe muscle, is
typically used to examine motor unit physiology. However, this method is invasive, elicits slight
discomfort, only allows fotheacquisition of EMG signals from a small region of the muscle (i.e.
within the indwelling electrodaletection areajand onlya few motor unitscan bediscriminated

from these recordings (Farina and Holobar, 2016).

The nore recent development of higlensity (multichannel) surface electromyography
(HD-sEMG) systems, however, hagabled concurrent inviggation 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)-3HMG consists of an array of electrodes spaced
close to one another aptbvides a noiinvasive 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 (Falirzped,
Holobar et al. 2009; Negro et al. 2016a), 4BEMG allows forthe identification of many
concurrently active motor units. The convolutive blind source separation algorithm uses semi

automatic statistical methods to identify motor unit spike sraimd 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-s@oirce method in the abductor digiti minimi and

the tibialis anterior (Negret al. 2016) for a broad range of forcEsrther, its accuracy was also
validated in animak (Thompson et al. 2018) and healthy or compromised human muscles
(Hyngstrom et al. 2018; Martinezaldes et al. 2018; Murphy et al. 2018; Perreira et al. 2019;

Kapelneret al. 2019; Cogliati et al. 2020; Martin¥aldes et al. 2020).

HD-sEMG, therefore, combines the main advantages of classic surface and indwelling
EMG, capturing muscle activity withhigh spatial and temporal resolution, which creates unique
opportunities for pectoralis major investigatiodgquisition of EMG signals from the whole
muscle in males captur@gormation on pectoralis major activation and neural control, providing
unpardleled information on holistic neuromusculoskeletal control of this muscle. Additionally,
using HDSEMG to acquire pectoralis major activation in females has multiple advantages. First,
classic SEMG recordings can acquire signals from approximately tependent pectoralis major
locations in females prior to breast tissue affectingsigaal's quality In contrast, HBSEMG
provides a tool to capture the activity from multiple, available locations \{itele clavicular,
superior, and middle sternocostagiions), 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 siddfects of such methods breast tissue. With HBEMG, therefore, these

limitations and challenges are circumvented.

2.7. Overview of shoulder restrictions following pectoralis major injury

Insights into potential functionabatributions of pectoralis major regions to arm mobility

emerge by evaluating pectoralis mapmmorbidities 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 (EIMaraghy 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 regicitsoel average 8% to 40%
reduction invertical or horizontabdduction, internal rotation, extension, or flexion strength, as
well as extension range of motion (Pavlik et al. 198&epsis et al. 200Banna et al. 2001,
Provencher et al. 201@e Castro Pochini et al. 201Btarsh 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%; B&k2€0&; Hanna et al. 2001,
Cordasco et al. 2017) and is recommended in individuals who are young and active (Provencher
et al. 2010). Londerm reductions in vertical adduction strength (~30%) and trends towards
reductions in internal rotation strengthcac in females who undergo subpectoral breast
reconstruction surgery, which involves disinsertiomédrior sternocostal and abdominal regions

of the pectoralis major (Leonardis et al. 2019). In addition, these females also have reduced (~30%)
shoulder 8ffness 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 (Moukarkedl €010). Additionally,
pectoralis major transfers aimed at restoring scapular movement typically result in reductions in

adduction strengtficeton and Harris, 1987; Post, 1995).

2.8 Conclusion

This literature review provides an overview of (1) basmpprties of muscle architecture
and motor units; (2) a novel method to evaluhtspatial distribution of muscle activity and

extract neural properties using FHEEMG; and (3) pectoralis major architectural properties,
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broadly defined function, activatip and injury as it relates to pectoralis major functidhe

pectoralis major is morphologically complex and is commonly depreciated in typical shoulder
function and health. This is partly due to the limited understanding aforsribution and

importane in arm mobility. This dissertation addresses seweitadal methodological challenges

that currently prevent deeper insights mtepect oral i s maj ords sophi s
function. Further, it providesan unparalleled characterization of pectoralis major
neuromusculoskeletal control in males and females through holistic examinations of global muscle
activation and neural decodinlgading tcsignificant biomechanical and neuroscientific advances.

Lastly, ths dissertation's findings can be used to guide surgical decisaimg and rehabilitation

strategies following pectoralis major compromifhe purpose of the experiments thldw 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 tainderstand bettehe mecharsims behind neural components of mechanical
force production within this muscle. Each st u

2).

Study 1 examines whethethe standarghlacement of classic EMG electrodes mischaracterize

whole pectoralis majoactivation.The following hypotheses were made:

Hypothesis 1The EMG amplitudes in the lower sternocostal region derived witrs BRAG will
be larger compared to EMG amplitudes from upper sternocostal regions derived by classic EMG,

specifically in addation, internal rotation, and extension tasks.

Hypothesis 2The HDSsEMG 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 demonstratesurrent methods do not capture whole pectoralis major activitgval,

more holistic famework combining HBEMG 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

regardinghepect orali s majords neuromuscul oskel et al

Characterization of pectoralis major activity is particularly challenging in females due to
the muscle's locatiorwith respect to the breast. Currently, the effect of varying breast tissue
thickness on HBSsEMG amplitude and mean power frequency is unknown, making it challenging
to (1) determine if pectoralis major activatiaoquisition is feasiblen all females and (2) identify
the exact location (i.erow of HD-sEMG array) at which the sigl quality substantially declines
to the level of inherent noise. Therefore, the purposstudy 2 was to informmethods and data
analyses in Studies 3 and 4, as well as inform on methodological considerations in any future

studies that examine HEBEMG sgnals in females. The following hypotheses were made:

Hypothesis 1Females witlthelargest breast tissue thickness (é.0 cm) will have lower EMG

amplitudes across pectoralis major regithrefemales with low breast tissue thickness.

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

breast tissue thicknefisanthose with lowbreast tissue thickness.

Studies 3 and4 build on the findings from Study 2 and focus on characterizing regional
pectoralis major activation in females using data only from the superiosBNMBG array.
Currently, no foundational knowledge on regional pectoralis major activation exists in females.
However, this knowledge is essentiansidering sexelated 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 pectoratigjor in females isital 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 1in adduction 90, adducin 60, apprehension, extension, and internal rotation middle
sternocostal region will have higher normalized EMG amplitude tiecdlavicular and superior

sternocostal region.

Hypothesis 21In flexion, the clavicular region will have higher normalized EVamplitude than

thesuperior and middle sternocostal region.

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

higher EMG amplitude thatme middle sternocostal region.

Studies 5 and 6 examines global activiain 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 themuscle andlirectly placed several EMG electrod@sthe innervation zones (Paton
and Brown, 1994; Brown et al. 2007; Wickham et al. 2004; 20129. distance of the EMG
electrodes overlaying eacli the compartments was small (~30 mm as per Paton andnBrow
1994), increasing the possibility of capturitige activation of the surrounding regioRairther,
the authorsdid not investigate pectoralis major activity in internal rotation or abduction 90 with
adduction external 90.e., ADDER90). These two tasks are highly relevant,tlas pectoralis
major is described as an internal rotator alongside subscapularis &stniat dorsi, while
adduction external 98 typically the task in whicthe pectoralis major is injured during exercise.

Therefore, Stués5 and 6 aimed to examine the spatial distribution of the whole pectoralis major
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activation using HBSEMG, bypassig some of these limitations. The following hypotheses were

made:

Hypothesis 1:In adduction 90, 60adduction external 9QGnternal rotation (60 and 90), and
extensionlower sternocostal regions will have higher normalized EMG amplitude than clavicular

and superior sternocostal regions.

Hypothesis 2i1n flexion, the clavicular region will have higher normalized EMG amplitude than

superior and lower sternocostal regions.

Hypothesis 3:1n 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
invasivelyexplored in males and females, showing atypical motor unit baelra@aining insight
into these properties is essenttainsidering the importance of spinal motor neurons in mechanical
force generation. Across Studies 3, 4, 5, and 6, EMG activity alttlerot change or increased
across effort levels. However, the exact mechanisms behanthes in EMG amplitudmuld not
be deciphered. Thereforejdistudy aimedo complement global EMG findings and elucidate how
neural and neuromuscular properties tdbate 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 dscharge rate of motor units will increase witte effort level, indicating

reliance on motor unit rate coditgincrease the effort level

Hypothesis 2Motor unit action potential amplitude will increase witte effort level, indicating
theinfluence oftheneuromuscular properties tmesEMG amplitude.
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Study 1: A Framework for Investigating Pectoralis Major
Neuromusculoskeletal Control: Global Activity and Neural Decoding

1. Do current classic EMG electrode methods capture all
pectoralis major activity in different tasks and across effort
levels?
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Study 5 and 6: Global Pectoralis Major Activation in Males

Are there differential regional pectoralis major activations in

males across tasks, tyically requiring this muscle and effort

levels depicting daily, occupational, and exercise task activity
levels? (*focusing on whole pectoralis major*)
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1. Determine HD-sEMG array row
location (i.e. cut-off) at which signal =
inherent noise in females with
different breast tissue thicknesses

2. Are there group differences in the
above cut- off?

Study 3 and 4: Global Pectoralis Major Activation in Females
Are there differential regional pectoralis major activations in
femnales across tasks typically requiring this muscle and effort
levels depicting daily, occupational, and exercise task activity
levels? (*focusing an superiar parts of pectoralis major®)
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Study 7: Neural Control of Pectoralis Major in Males and Females
1. Characterize pectoralis major neural control in males and females

2. Does pectoralis major rely on rate coding, motor unit recruitment, or
both to increase effort?

Raw EMG

Decomposition

Motor Unit
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Motor Unit

Discharge Rate

: Dissertation experiment§tudy 1 investigated ifthe current evaluation of EMG activity using classic EMG electrodes underestithates
pectoralis major's activitgnd proposed a framework to holistically investigate its neuromusculoslaletadl using a combined HBEMG and neural
decoding approach in healthy males. Black circles on the first set of images itidicatandardocation from whichthe pectoralis major activity is
currently investigatedihe £cond set of images shows that acquiring$EMG from the whole muscle can provide more informategarding the global

activity andneural and neuromuscular properti8sudy 2 is a methodologidastudy in females, which examined the effect of varying breast tissue
thicknesses on HBEMG signal amplitude and mean power frequency in healthy females. The findings of Study 2 were used to inform methesls in stu

3 and 4 Studies 3, 4, 5, and évedigated fundamental regional pectoralis major activation in healthy females (3 and 4) and males (5 and 6) in eight tasks
across multiple effort levels. Lastigtudy 7 culminated by evaluating pectoralis major neural contral (hetor unit physiology)ri males and females.

26




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 majoassistsn several shoulder movemenis¢cluding humeral vertical and
horizontal adduction, flexion, extension, and internal rotation. Despite its involvement in
numerous dailywork, and exercise activities, its neuromusculoskeletal contnubsty unknown
and understudied. The purpose of teisdy was to outline knowledge gaps in the current
understanding gbectoralis majocontrol, challenges in acquiring relevant quantitative ,date
provide a framework to enhance functiopaictoralis majoknowledge. A novel framework is
proposed combining h-densitysurfaceelectromyography (HBBEMG) recordings wittaneural
decoding algorithm. Macroscopic and motor unit level analyses are used to invgsjatalis
majoractivation and neural control in eighsksin low (15-25%MVE) and moderate (50%VE)
effortsin healthy malesVirtually derived bipolar EMG amplitudes were quantified for clavicular
and upper sternocostal regiphsised on common locationsed to acquire EMG signals from
pectoralis major using classic EMBD-sEMG amplitudes fromhree pectoralis major regions
(i.e. clavicular, upper, and lower sternocostaBrecompared to virtually derived bipolar EMG
amplitudesfrom the upper sternocostaiegion to determine if current classic EMG methods
mischaracterizepectoralis major activity. Additionally, for the first timeéhe feasibility of
evaluating motor unit physiology the pectoralis major is presented and explored assaantial
method to decipér neural and neuromuscular contributions to the control of pectoralis major.
Current findingsdemonstratehat classic EMGmischaracterizepectoralis majoactivation in
severaltasksand effort levels highlighting the importance of acquiring signalsrin multiple

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

fundamental, exercise, and clinical sciences.

28



3.1 Introduction

The pectoralis majorfundamentally enables the mobility of the shoulder complex. It
originates from the midlavicle, sternum, true riband external oblique fascia and converges into
a bilaminar tendon that inserts into the bicipitalaye of the humerus\(olfe et al. 1992Fung et
al. 2009). It spans multiple jointsicluding the sternoclavicular, acromioclavicular, glenohumeral
andintercostaljoints and is broadly divided into clavicular, sternocostal, and abdominal regions
(Fung et al. 2009; Haladaj et al. 2019)s multipennate architecturassists in severarm
movements, including humeral horizontal and vertical adduction, internal rotation, flexion, and
extensionagainst resistanc@ hus,pectoralis majogactivation enablea vast array of daily work
and exercise activities.

However, neuromusculoskeletal conwbpectoralis majois still largely ambiguous, with
most of the extant scientific research focusing on its involvement in exddeisdo he general
lack of knowkdge o its role in upper extremity mobility various surgical procedures,
biomechanical models, and ntargeted rehabilitation and exercise programs were developed
neglecting pectoralis major regions' key contidng For example, breast and neck
reconstruction surgeries routinetgsect or disisert pectoralis major regionspmpromisng
shoulder health (sédoukarbel et al. 201Q;eonardis et al. 201¥idt et al. 202). Biomechanical
modelsoften discount key contributions of abdominal regifiisgfors et al. 1987; Dickerson et
al. 2007; Jadfer et al., 2012; Seth et al., 201®ading to potentially erroneous ergonomic and
clinical solutions Lastly, nonspecific rehabilitation programseveloped forbreast cancer
survivorscommonly do not addresgverely compromisguectoralis majomtegity (Hayes et al.
2011; Stout et al. 2012; Vidt et al. 2028% such, these issupsandateanunravelingof pectoralis
major control to enable the developmestd optimization of surgical procedureésatments,

rehabilitation protocols, and biomechanigaldels.
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Commonly pectoralis majoactivationis investigated using low spatial resolution surface
electromyography (SEMG) recordings from the clavicular and superior sternocostal (Egams
and Kasman, 1998; Hermens and Freriks, 19BTesestandardseglectto examine the activation
of the middle, inferior sternocostaind abdominal regions. Indeed, only a few studies investigated
all regions' activatiomisingclassic EMG(Paton and Brown, 1994; Wickham et al. 19B8wn
et al. 2007. The studies demonstrated that tteemalized EMG amplitudef regional activation
depended othe taskandeffort level For instance, exerting low submaximal isomegfiort in
adduction and extension activated the abdominal region to a gegtgrtthanthe clavicular and
sternocostal regiondn contrastthe superior sternocostal region activated more during forward
flexion (Paton and Brown, 1994)ifferential regional activation was attributexddistinct regional
neural control.

Theamplitude oftheinterference EMG is dependent on the nundiexctive motor units,
their discharge rateandthe amplitude of their motor unit action potentials (MUAPS). Therefore,
interference EMG is a combination tife active motor units' central andripheral properte
(Farina et al. 2004). For these reasons, EMG amplitude alone cannot identify the neural
contribution to muscle activity (MartinéZaldes et al. 2018), limiting the usefulnes$
interpreting any muscle activation alteratiohowever,this knowledge isssentialin studies
evaluating training regimens, rehabilitation, or treatment effects, as they may affect neural or
neuromuscular control of each region separately. For instance, stubiressh cancer survivors
have used mainlyclassc EMG to characterizepectoralis major activation changéslowing
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 amgifude (i.

increase or decrease) in B(hamley et al. 2007; 2012; Brookham et al. 20t & still unknown
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whether these changes are due to the disruption in neural or neuromuscular systems, or both.
Further, anatomicallythe pectoralis majoconsists 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 hehaylaies a more

in-depth and deliberate investigation into neural componemsabbralis majoactivation.

This paper aira to demonstrate current limitations in acquiring EMG signals fitwen
pectoralis major to provide future directions in investigating pecbralis major
neuromusculoskeletal control. This includes showing that:classic EMG recordings
mischaracterizeectoralis majoactivation in severahsks b) high-density SEMG recordings can
provide more information regarding the regional activatiothefpectoralis majoin different
tasks and c) the potential exists for extraction of neuromuscular and neural components from raw
EMG signals using higldensitysurfaceelectromyography (HBEMG; Figure3). The primary
hypothesis was th#te EMG amplitudes in the lower sternocostal region derived withdEMG
would be larger compared to EMG amplitudes from upper sternocostal regions derived by classic
EMG, specifically in adduction, internal rotation, and extension tasies secondary hypothesis
was that the HBBEMG and neural decoding approacbud provide additional information on

neuromuscular and neural properties related to the global EMG activation.
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Figure 3: Framework for assessirthe pectoralis major neuromusculoskeletal control fribva
experimental sety@cqusition of HD-sEMG signalsto motor unit decompositio®: Two HD-
sEMGarrayspositionedonthe pectoralis major (64 channels in each arrBlyg. siperior array is
the array cleest to the clavicleThe nferior array is the second array located right below the
superior arrayB: An example ohtrapezoidal rampeeiffort with eight channels from the superior
(i.e., top) HD-sEMG array recorded iamonopolar modelrheForce tracés overlaid in blackC-

D: Representative spatial maf®m a single participanof the pectoralis major activation
normalized tothe maximal effort in adductiofC) and adduction external 9(D) tasks Black
circles on the spatial maps depict theatiors of classic EMG electrodes from which signals are
commonly acquiredA single electrode irthe bipolar configuration is currently placexh the
clavicularregion, whilethe second bipolar electrode is placedtbe uppersternocostal region
(seeCram and Kasman, 19D&: Representative exampletbiemotor unit action potentials from
the superior arraye: Representative example of motor unit discharge rate in a submasfforal
(15%MVE).
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3.2. Methods

3.2.1. Participants

Data presented in this study is fraghteen(25 + 4.7 years) anden (25.8 = 5.3 years)
healthy, righthand dominant, young males collected as a part of two different protocols,
respectively, to avoid fatigue during the collectidhe chose sample size was selected using
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 safént power (Cohen, 1988) in both protocols. The effect size
chosenf€ = 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@t)al. 20
Males were recruited througlword-of-mouth or by postersn kinesiology, engineering,
psychology, and student centbuildings. The inclusion criteria included healthght-hand
dominant males between 180 years old All recruited maleswere recreabnally active.
Participants had no known musculoskeletal, neuromuscular, or neurological disdase low
back pain in the pasix months Each participant providednitten informedbeforethe beginning
of the study. The study was reviewed and receatbits 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 majoactivation was acquired in sevetatksin different effort levelsising two
HD-sEMG arrays each consisting of 64 electrodes in monopolar n{aderelectrode distance
(IED): 1 mm; ELSCHO064NM3, OTBioelecttronica, Torino, Italffigure 3A). Before applying

electrodesthe pectoral area was shavedleaned with abrasive paste, and gently cleansed with
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water. The electrodarayswere applied on the skin usiad mm thick twesided adhesive foams

filled with electroconductive gellhe superior array was placed ~ 2 cm inferior to the clgvicle
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 superiofTbeearrays 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 pasxlifiltered with

a cutoff frequency between 1800 Hz with a 1zbit A/D converter (5V dynamic range). Signals
were amplified between 168000 V/V. One wet reference elemiie was wrappedaround the

par ti ci pan andaseferencelrctrodewasiplaced on the right clavicle.

3.2.3. Electrocardiography (ECG)
Electrocardiography (ECG)was recorded using silwsilver chloride (AgAgCl)
disposable electrodes plaaeeer the left chest &ix costal levelapproximately along the anterior
axillary line; and medially at the sternocostalis junction in monopolar mode (Bnakzallaghan,
2006).Beforetheelectrodes' placemerihe area overlaying the anatomical landmarks was shaved
and cleaned with abrasive gel and wakereferenceelectrode was placed on the acromion. ECG
was collected using a wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon,
Arizona, USA). Rw signals were bangpass filtered from 12000 Hz and differentially amplified
with a CMRR > 100dB andni nput i mpedance of 100 Mq. Anal o

digital using a 1éit A/D card with a £10 V range. The sampling frequency was 1500 Hz.
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3.2.4. Forcemeasurement

Raw voltage was acquired concurrently with dBMG and ECGParticipants exerted
effort against a custotbuilt arm-cuff attached to a sigegree ofa freedom force transducer
(MC3A, AMTI MA, USA) mounted on a robotic arfMotoman Robotics Division, Yaskawa
America, USA). The sampling rate was set to 1500 Hz andifaed1000x) using VICON Nexus

1.7.1 software.

3.2.5. Experimental protocol

All participants underwent a brief warap and training on how to generate maximal
voluntary effort (MVE) in different tasksFollowing this, participants practiced submaximal
efforts against an attachment with visual feedback of their force output provided on a monitor.
Next, participants performed twaskspecific 5 seconIVEs in eachtaskagainst a armcuff
while sitting comfortablyon a chaimith their torso secured withgadded straprhe forearm and
upper arm were secured inside a custoade attachment. Participants performed submaximal
and maximal trials in eightasks Study 1: a) adduction from 90° of abduction (Figd#g; b)
adduction from 90° of abduction and axi&l rotation (i..adduction external 9@~igure4B); c)
adduction from 60° of abduction (Figu4€); c) internal rotation from 60° of abduction (Figure
4D); and Study 2: a) flexion at 20° of abductidfigure 4B; b) extension at 20° of abduction
(Figure 4F); c) internal rotation from 90° of abduction and 20° of internal rotation (Fi4@je
and d) horizontal adduction from 90° of abduction and 50° of flexiotheértransverse plane
(Figure 4H). During MVE's performance, participants were verbally encouraged by the
investigator. EacMVE was separated by 2 minutes of ré&iximal MVES were quantified using

a custoramade program in LabVIEW (National Instruments, version 3fihe maximal trials
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within a tak differed by more than 10 N, a third trial was performed to ensure consistency between
MVEs. Additionally, offaxis forces were monitored & custommade program in LabVIEW
(National Instruments, version 3.Barticipants were required to exert an eftbat least 80% in

the target direction. If this was not achieved, participants were provided with verbal feeatzhck
thetrial was repeatedror eachtiask the mean of twetaskspecificmaximalMVE trials was used

to scale all submaximal trials (seeldw).
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Figure 4. Experimental setup for two studidsasksincluded: Study 1A: adduction from 90° of
abduction;B: adduction from 90° of abduction and 90° of external rotatemd(ction external
90); C: adduction from 60° of abductio®;: internal rotation from 60° of abduction; StudyE:
flexion at20° of abductionf: extension at 20° of abductio: internal rdation from 90° of
abduction and 20° of internal rotation; aAdhorizontal adduction from 90° of abduction and 50°

of flexion inthetransverse plane.
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In eachtask participants performed submaximal ramped isomeffarts scaled to 1%,
25%, and 50%of taskspecific MVE Eacheffortlevel was performed twice and lasteds®0onds
60 seconds and 30seconds respectively with 3 to 5minute rest breaks provided between the
trials. Participants were encouraged to report feelings of fatigue amuked#tkfor longer rest
periods. If requested by the participant, longer rest periods were pravaieidb% and 25% MVE,
participants ramped at ~2% MVE/s, while at 50% MVE, the ramp was ~3% M~®&/sach trial,
participants were provided with visual feedkdi.e., trapezoid)of the required force output on a
monitor and live feedback of the force level they were exerting against the attachas&atwere
fully randomized between participants, as well as within a participant. Effort levels were

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

3.3. Data analysis
3.3.1. HD-sEMG signal processing (Macroscopidevel analysi3

Beforeanalyses, all data were visually inspected in a custade program in MATLAB
(MATLAB 2019b; The Mathworks, Ing. Tasks and effort levelwith low differential EMG
activity (i.e, below noise levels) were taken out from further analysessd&imcluded the
following tasks and effort levelsdduction external 98nd internal rotation 90 (15% MVE) and
extension (15% and 25% MVE).

ECG was removed from monopolar FHEMG signals. Due to the differences in sampling
frequencies between HEEMG and EG, ECG was first interpolated to 2048 Hz (iHD-sEMG
sampling frequency). Following this, HEEMG signals were cros®rrelated with the ECG,
matching the timing of the ped&-peak amplitude of each heartbeat between two signals. Each

trial was visudly inspected to ensure thadgorithm correctly recognized the ECG peakbke
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precise timing of each ECG peak surrounded byr28lisecond windows before and after the
peak was determined and used to avoid the quantification bias of the root mean shl&re (R
amplitude.

HD-sEMG signal processing involved multiple stepaw HD-SEMG data were bandass
filtered with a 3 order Butterworth filter (26600 Hz) anddifferential derivation was quantified
fromright to left(i.e., from right axilla towardghesternum)rom the monopolar recording@MS
was quantified for each differential channiéhe resultant force was used as a reference to analyze
only the first half of the hold. The most stable parthef resultant forcevas selectedybdividing
the signal into Second segments and performing the analysis on the one with the lowest
coefficient of variationin force. All submaximal data was normalized to maximal trials. For
adduction 60 and internal rotatioadduction 90and adductionexternal 90 and flexion and
extensiormaximal trials were combined as #w@n posturevas similar. To quantify the maximum,
ameanof 3 seconds of data for each channel was extracted from each maximal trial. Following
this, maximal mean value across sialas extracted for each chanrald all submaximal trials
were normalized to these values. Hence, each channel within a submaximal trial was normalized
to their maximal value achieved duriMVEs. Once the data @venormalized, the HBEMG
arrays were divided into clavicular (rows-3), upper sternocostal (rows -&3), and lower

sternocostalrows 1416) regionsand the mean for each region was quantifiachg et al. 2009)

3.3.2. Derived bipolar surface electromyography

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

compare wittHD-sEMG recordings as depicted by four circles in Figlr@snd6. These signals

39



were derived from approximate HEEMG channels wherelassicEMG electrodes argypically

placed on th@ectoralis majar

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

HD-sEMG signals were decomposed usiagconvolutive blind source separation
algorithm, which was validated in multiple musclée@ro et al 2016; Hyngstrom et al. 2018;
MartinezValdes et al. 2018; Thompson et al. 2018; Murphy et al. 2018; Kapelner et al. 2019;
Pereira et al. 2019; Cogliati et al. 2020; Martivetdes et al. 2020Y.he decomposition precis
was determined using the silhouette measure (SIL) that was shown to correlate well with the
accuracy irestimatinghe motor unit discharge patterns (Negro et al. 2016). SIL threshold was set
to 0.9Q and only those motor unit discharge patterns deg¢medve high accuracy were included
in the analysed.he individual twedimensional motor unit action potential profiles were extracted
using spike trigger averaging. motor unit tracking algorithm was implemented to determine if
tracking motor units bateen effort levels within a task is feasible. This algorithm matches motor
units with maximally similar motor unit action potential shapes (Mariviazes et al. 202),
based on twalimensional normalized cros®rrelation. The crossorrelation thresholavas 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. Forceanalysis
Acquired raw voltage data in X, Y, and Z direction was processed for suhaieand
maximal trials. Raw voltages were |gvass filtered with a'8order Butterworth filter with a cut

off frequency of 15 HzSubsequently, they werdnverted to Newtons using a customade
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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, (H®-sEMG signals analyzed above) was quantified.
Force acquired in submaximal trials was then normalized to the mean of the two maximal values
guantified in taskspecific MVEs. Nomalized 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[Aig.to issues with the
force feedback, data from all efforts for one participant in flexienewliscarded from further
analysesBeforestatistical comparisons, data&kechecked for normality and sphericity using the
ShapireWi | k t est a n of spheriaity, helspedively. Datasthaere not normally
distributed werdn transformedTo compare classic EMG derived upper sternocostal amplitudes
to HD-sEMG derived lower sternocostal amplitudes, paired-tailed ttests were performed
within each efort level in adduction 90, internal rotation 6@dduction external 90flexion,
horizontal adduction, extension, and internal rota®@nn adduction 60pairedtwo-tailed ttests
were performed in 15% and 50% MVE, and Wilcoxon Signed rank test inlN28& Further, to
clarify if differences between amplitudes existed for three regionsywagerepeated measures
ANOVA was performedn thefollowing tasks: extension (50% MVE), adduction 60 (15% MVE),
and flexion (15% MVE)with within-subject factoiRegion(clavicular (clav),uppersternocostal
(upperstern),lower sternocostaflower stern. If significant main effects were foungpsthoc
comparisonsvith a DunnBonferonni correction were performeétween lower sternocostal and

clavicular, and loweand upper sternocostal regid@ignificance was set to p < 0.05.
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3.5 Results

3.5.1. Macroscopiclevel analysegAmplitude)

In generalclassic EMG derived amplitudes ftire upper sternocostal region were lower
than HDSEMG derived amplitudefor the lower sternocostalegion inadduction external 9@t
25% and 50% MVEand adduction 90 and internal rotation 60 at 15% and 25% M¥ten HD
SEMG amplitudes were compared between clavicular, upper, and lower sternocostaliregions
extension and adduction 60 was discovered that lower sternocostal regions activate more than
the upper sternocostal regionsastly, no differences between classic EMG derived amplitudes
and HDsEMG derived amplitudes were quantified for horizontal adduction and internabmnotati

90.

3.5.1.1 Extension

No differences existed between classic EMG derived upper sternocostal region amplitudes
and HDsEMG derived lower sternocostal region amplitudes at 50% MVE (p = 0.14). When
comparing amplitudes between regiaesived fromHD-sEMG, a main effect dRegionexisted
(Fa.1,106= 28.1, p < 0.0001Figure5A), such that lower sternocostal regions activag® 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 HDSEMG lower sternocostakgion amplitudes were statisticaligherthan

uppersternocostal derived amplitudes (FigbB). Specifically, at 259MVE, lower sternocostal
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regions had4% higheramplitude tharuppersternocostatlassic EMGderived amplitudes (g
0.00). Similarly, & 50%MVE, HD-sEMG lower sternocostakgion amplitudesere 13% higher
thanuppersternocostatlassic EMCGderived amplitudes (p =@3). In general, high activity in the

lower sternocostal regions was quantified@nout of 18 participants at 25% MVE and 50% MVE.

3.5.1.3Adduction 90

Normalized HDSEMG lower sternocostakgion amplitudes were statisticaligherthan
classic EMG derived amplitudéSigure5C). Specifically, at 159MVE, lower sternocostakgion
HD-sEMG amplitudes werd5% higherthanuppersternocostatlassic EMGderived amplitudes
(p < 0.00), while at 25%dMVE, lower sternocostakgionsquantified from HBSEMG had 3%
higheramplitude tharuppersternocostatlassicEMG derived amplitudes (g 0.003. At 50%
MVE, no statistical differences between EMG lower sternocostategion amplitudes and
upper sternocostalkclassic EMGderived amplitudes existed (p =5D. However, out 0f18

participants12showed a propensifgr a greatelower sternocostakgion activationn 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 orsHBIG paired with a
representative spatial map of an example effdrtMean normalized regional pectosalinajor
activation in extensiofHD-sEMG derived amplitudesThe lower sternocostal region activated
more tharnthe clavicular andthe upper sternocostal region. A representative spatial froap a
single participantshows high activation of the lower stecostal region at 50% MVEB:
Comparison of classic EMG derived upper sternocostgbnamplitudes with HBSEMG derived
lower sternocostal region amplitudesoiduction external 9HD-sEMGderived amplitudes were
higher in 25% and 50% MVE. Representative spatial nfi@ps a single participarghow high
activation of the lower sternocostal regiamboth effortsC: Comparison of classic EMG derived
upper sternocostal amplitudes with HEMG derived lower sternocostal region amplitudes in
adduction 90. HBBEMG derived amplitudes were higher at 1886125% MVE, but not at 5%

MVE. Representative spatial mafytem a single participarghow high activations of the lower
sternocostal regiorast 15% and 25% MVEWhite 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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3.5.1.4Intern al Rotation 60

HD-sEMG derived lower sternocostategion amplitudes were statisticallygher than
uppersternocostatlassic EMGderived amplitudes at 159%9%;p < 0.00) and 25%VVE (16%;
p =0.03 Figure 6A), but not at 50% MVE (p = 0.054However, att0% MVE, 10 out of 18

participantsshoweda propensity for a greatéower sternocostakgion activation.

3.5.1.5Adduction 60

HD-sEMG derived lower sternocostal region amplitudes wetstatistically higher than
upper sternocostal clasEMG derived amplitudes at 15% £10.108 and 25% MVE (p = @7,
Figure6B). At 50% MVE, classic EMG derived sternocostal region amplitudes Wé¥ehigher
than HDSEMG derived lower sternocostal region amplituges 0.@M8).

Theinterpretation 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, compaans of clavicular, upper, and lower sternocdstagion EMG
amplitudes using HBEMG yielded a main effect &egion(F.1,10.2= 5.01, p = 0.033). Planned
comparisonsshowed that lower sternocostal region had higher EMG amplitudes than upper

sternocostal region (p < 0.00(igure6B), but not clavtular 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 orsHBIG paired with a
representative spatial map of an example effartComparison of classic EMG derived upper
sternocostal amplitudes with HEEMG derived lower sternocostal region amplitudes in internal
rotation 60. HDSEMG derived amplitudes were highef&®6 and 25% MVEbut not 50% MVE
Representative spatial mafom a single participanshow high activations of the lower
sternocostal regions dt5% and 25% MVEB: Comparison of classic EMG derived upper
sternocostal amplitudes with HEEMG derived lowesternocostal 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 HBSEMG (middle panel). Representative spatial rfram a single
participantat 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. Signifi¢i@nédces between
regions or two techniques are denoted with an asterisk (*).
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3.5.1.6Flexion
Classic EMG derived amplitudes were not different thandE MG derived amplitudes at

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

3.5.1.7Internal Rotation 90

No statistically significant differences existed between classic EMG derived sternocostal

region amplitudes and HBEMG derived lower sternocostaligion amplitudes #&5% (p = 0.58)

or 50% MVE (0.98).

3.5.1.8Horizontal Adduction
Classic EMG derived amplitudes were not different thand MG derived amplitudes at

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

3.5.2Motor unit level analyses

The decomposition of HD-sEMG signals was possible in multiple participants.
Specifically, pairing HBSEMG with neural decodingould extract motor unit discharge patier
with SIL valuegreatetthan the selected threshold of @Articularly atow efforts(i.e., 15 or 25%
MVE). The majority of motor units successfully decomposed were in the claviculaupoer
sternocostal regions (i,esuperior array). Theecomposition's succedepended on thiask as
the motor unityield was highest imdduction at 60 and 90, internal rotation at 60, flexion, and
horizontal adduction

The possibility to detect multiple motor unit#thin or acros®ffortsis presented in Figuse

7 and8. The topographical map of activationadduction a60 depicted inFigure 7, for instance,
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showsthree motor units with distinct topographical signatufdsthree motor unis arelocated

near the sternumwith two motor units (2 and 3) close to the sternoclavicular jéidditionally,
finding several motor units wittifferent topographies within different low effort levetsalso
feasible(Figure §. Figure 8also showsthe widespread activity of thesmotor 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 hownotor units in pectoralis major
contribute to an increase in effoffor example, in Figured, two motor units are shown in
horizontal adduction. In both exampl#sgmotor unit discharge rate did not change between effort

levels.
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Figure 7. Spatial map opectoralis major activatioim the superior array in a single triabm a

single participanin adduction 60 at 15% MVE with depictisnf 2D motor unit action potential
topographical distributions and motor unit discharge rates relatedntotbe 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 superiaetates

to the spatial activation magecomposedsinga convolutive blindsourceseparation algorithm.
These figures shova confined spatial distributioof motor unit action potentials without
differences irthedischarge rate.
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Figure 8: Spatial map of pectoralis majactivation in the superior and inferior array in a single
trial from a single participanh horizontal adduction at 15% MVER] 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 spteadghout the whole
muscle atl5% and 25% MVE.
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Figure 9: An example ofamotor unit matching between 15% and 25% M\ and 25% and
50% MVE @) in horizontal adductiofrom a single participantMotor units in both matched
trials show no change in discharge rate despite the increase in effort s, tvo motor units
had a crossorrelation of 0.97 and 0.95 in (A) and (B)representative otor unit action
potential spatial maps for each effort lefreim a single participardre depicted at the bottom,
showing the location and the spread of maiait action potentials.
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3.6. Discussion
This study demonstratésat pectoralis major activation is mischaracterized usiaugdard
classic EMG acquisition methods in several tasks, which rely on pectoralis major activation.
Additionally, pairing HDSEMG recordings with neural decoding provides important,
complementary information ameural control aspectontributingto this activabn. 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 highdensity surface
electromyography

Characterization of regionpkctoralis majocontrol is not trivial, ags activation is highly
dependent on thiaskandeffort level While severalseminal EMGstudiesin male participants
emphasized the importanceloWer sternocostaegionsin severalarm taskgPaton and Brown,
1994;Wickham et al. 1998rown et al. 2007)the acquisition EMG signals from these regions
did not gain momentunm the scientific communityindeed, many studies investigating pectoralis
major activitystill acquire SEMG signals from the clavicular and upper sternocostal regions, while
some record solely from a single location (typically sternocostakbexamplessee: Schwartz et
al. 2017; Dcus et al. 2018; MacLean et al. 2019; Leonardis et al. 2020; Quittman et al. 2020;
Alizadeh et al. 2020 However,presenfindings demonstrate thte acquisition of EMG signals
from twocommonsEMG locationsnischaracterizegectoralis majoactivationin at least five out
of the eightasksstudied. Additionally, eveat effort levelswhere no significant differences exist
between derived bipolar and HEEMG amplitudes, such a 50% MVE in adduction 90 and

internal rotation at 60multiple participarg activate théower sternocostaiore than theipper

51



sternocostal regions. This suggests that in s@sies high intersubject variability inpectoralis
major activation exists These variations may be due to architectural differences in pectoralis
maja between individuals (Haladaj et al. 201Bhereforeto mitigate these mischaracterizations
and capture thevhole muscle's activitysEMG shouldalsobe acquired fronlower sternocostal
regions

In some instancesampling from smalimuscle regionganlead to misestimations in
pectoralis major activity-orexampe, 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 thehole muscle activityas quantified with HESEMG,
subtle differences betweethe upper and lower sternocostal reggoemergedn support of
previous reports (Paton and Brown, 24pDifferences in activation between these twgioas
would not be revealed if sangal only from two superior locationsSimilarly, in extension,
differences between upper sternocostal (classic EMG) and lower sternocostsEKHE)
amplitudes did not exist. Howevethe acquisition of EMG from lower steocostal regions
revealed substantially larger amplitudesnthe upper sternocostal region andderestimated
regional pectoralis major activatidndeed, mechanically, lower sternocostal regions are essential
in this task (Wolfe et al. 1992)herefoe, these two examples reinforce the importance of
acquiring signals from multiple pectoralis major regions to avoid mischaractehzingehaviar
and function.

Indeed several anatomical and clinical studies have alluded to the importatmeenf
stenocostaregions inthese tasksArchitecturally,lower sternocostakgions have greater lateral
pennation angles, shorter fiber bundle lengths (Fung2@@9, and larger adductor moment arms

(Ackland et al. 2008)hanthe uppersternocostal and clasular regions. As thpectoralis major
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consists of a bilaminar tenddower sternocostakgionsattach taan independent.é., posterior)
tendon In contrastthe clavicular anduppersternocostal regions attach to the anterior tendon
(Fung et al2009. Additionally, lower sternocostakgions alsaeceive independent innervation
by the medial pectoral nerve, while the lateral pectoral nerve bratcheservatehe clavicular
anduppersternocostal region¥\(ickham et al. 20041aladajet al. 2019).

The role of pectoralis major in arm mobility is often revealed in clinical case scenarios. For
exampledirect or indirect injuries to thpectoralis majorcontributeto substantiafeductions in
adduction(vertical and horizontaljnternal rotationflexion, and extensiostrengthandinability
to perform taskgSchepsis et al., 200Bak et al. 2000Provencher et al., 2010; Marsh et al.,
2020) Additionally, surgical procedurethat resect or disinsenpectoralis major regions elicit
substantial londgermdeficitsin adduction, internal rotation, flexion, and extension (Leonardis et

al. 2019; Mourkarbel et al. 2010; Vidt et al. 2020).

3.6.2 The importance of nvestigatingneural and neuromuscular properties of motor units
The aquisition of whole pectoralis major activity with HEEMG has additional
advantages in increasing knowledge ois thuscle's intricate controPairing HDSEMG with
neural decoding can be used to gaiherwise unavailable inghts intomotor units' neural and
neuromuscular propers@ pectoralis majarin thepresenstudy, motor units with differertnotor
unit action potentiasignatures were quantified across multigglsks For exampleijn horizontal
adduction the distribution ofmotor unit action potentialgvas spread throughout athuscle
regions In othertasks such asadduction60, motor unit action potentialistribution was more
confined to themuscle's specific regionghese observationsuggesta poentially differential

topographical spread of motor unit activations with@ctoralis majoregions in differentasks
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Knowledge oftopographical information of motor undéction potentialsin healthy
individuals isessentiato delineateneuromusculaor neuraldeficitsin clinical populationsFor
example,the spatial distribution ofmotor unit action potentialsan be usedo determine the
location and number of necessary detection points on pectoralis major for improved abntrol
myoelectric prosthees (Kapelner et al. 2018) rehabilitation protocols using functional electrical
stimulation Further one of themajorchallenges irtharacterizingpectoralis majofunction isin
its multipennate architectuddence, bpographical distribution ahotorunit action potentialsay
be usedo estimate muscle fiber length and orientations across regisngas demonstrated for
complex facial musculature (Lapatki et al. 2008¢ctoralis majoalso has at least two known
innervation zonesBarbercet al. 2010Mancebo et al. 2019), which can be identified by extracting
individual motor unit action potentialsom HD-sEMG signals, but nofrom classic, lowspatial
resolution EMG

Identification ofmotor unitdischarge rates in conjunction with neoruscular information
could be leveragefbr 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 decadg can be usedo 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. Abkrdevelopment of
such models is pacularly important in cases where raw EMG data cannot be acquiredtieom
lower sternocostal regions, such agemales In thesecasesdecoded motor neuron activifiyom
the clavicular andupper sternocostal regions, for example, could be usedpitedct
neuromusculoskeletabntrol oflower 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 matheistherefore,
findings may not transfer to females, agiagclinical population. The setup did nodwe an arm
brace to fix the elbow into 90° of flexion. Howev#re investigators observed all tsab ensure
posture maintenance, and in cases whendid 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 postprocessing step&hallenges existed in acquiring FSEMG signad fromthe whole
abdominal region, specifically belade nipple and approximately over the floating ribs. This was
due to thedesign of thedD-sEMG arrays, which were not produced to accommodate the curvature
of the chest. Lastly, it is known that the fmralis major consists of at least two innervation zones
(Barbero et al. 2012; Mancebo et al. 2019). Due to the challenggemimifyingthe innervation
zones from motor unit action potentials, the exact location of the innervation zones was
challenging ¢ 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 combiningiD-sEMG with neural decoding. The framework showed: 1)
limitations in using lowspatial resolution SEMG recordings to draw inferences regard
pectoralis majoactivation; 2) improved characterizationpafctoralis majoactivation using high
density sSEMG recordings; and 3) ability to decdtle-sEMG into neural and neuromuscular

constituents, providing a more holistic representatiopeattoalis majorneuromusculoskeletal
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function. This approach has broad implicationan®emergent fundamental understanding of arm
function It can be particularly useful to investigate alterations in neural processes in clinical
populations with compromisegbectoralis majorintegrity. Additionally, improvements in

pectoralis majolEMG acquisition methods may lead to better characterizations of pectoralis
maj or 6 s atberefoneantingreasein dnderstandinghepect or al i s maj or 6s

shoulder kalth.
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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 therformance of functional tasks. Howeverakiatng
its electromyographic (EMG) activitin females is challenging due tbe breast tissueWhile
EMG amplitude and mean power frequer{tJNF) decrease witlan increase in subcutaneous
tissue, 0 existing @ta evaluated the effect of breast tissueh@EMG signal.Due to this, it is
difficult to determine the cubff point at which the estimation of EMG amplitude is no longer
advisable, particularly as it pertains to the hignsity EMG (HBSEMG) in this cohort.This
study's aimwastwofold: (1) to determine the location at which amplitude &idF significantly
declineand if differences in this location exist betwehree groups with different breast tissue
thicknessesand @) to provide guidenes for investigating pectoralis major activity in females.
Twenty healthy, righhand dominant females (22.4 + 2.2 yeavsye 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).
Pectoalis major activity was acquired using two HBMG arrays in two tasks: adduction 60 and
adduction 90, at two effort levels: 25% and 56@gled to theéaskspecific maximal voluntary
effort (MVE). The 0ot mean square was quantified at baseline and ihaliephase of the task
for each HBSEMG channel. MNF was quantified ftire hold phase of the task for each HD
SEMG channel. Subsequently, meanplitude and MNRcrossevernchannels for each rowexe
guantified andthe pectoralis major was divided infour 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 whichMNF increasd was ~ row 811, depending on the group. EMG

amplitude was not differefitetween 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 COwC/D/

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 = 0.022Lurrent findings indicate that HBEMG signals
acquired from the inferior array have low, inconsistent amplitudes and high pueeer

frequency. Thereforehe 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 healthHowever, in females, an overlying, nemenly distributedbreast tissue layer
complicates thevaluation of pectoralis major activation using surfacetelenyography (SEMG).
During a muscle contraction, electrical signals are-pass filtered and attenuated as they pass
through the medium of subcutaneous and connective tissue @@8talberg, 1977; Lindstm
andMagnusson, 1977; Lowery et al., 20@grina et al., 2004)e Luca, 1979; Fuglevand et al.,
1992; Al Harrach et al., 20).7Therefore, 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). lodeszd,
SEMG amplitudesvere quantifiedin individuals withlarger subcutaneous tissue thickness
upper trapezius (Nordaner et al., 2008ltifidus, iliocostalis (Hemingway et al., 199%nd

biceps brachii (Al Harrach et al., 2017).

In females, the tlekness distribution, and compositioof breast tissuehangesfrom
superior to inferior regions of the pectoralis majogking it challenging to acquire consistent
signals across all regiorfsor instance, the size, the composition, and the distribatitre breast
tissue vay between females (Coltman et al. 20H)wever theacquisition o6EMG signals from
multiple pectoralis major regionis essentialn fully characterizingts activity. It has differential
activationdependenbn the task andn some instance®ffort level (Paton and Brown, 189
Wickham et al., 2004)The ability to acquire pectoralis major activity in femadeslthe exact
location at which EMG signals can no longerlsquiredmay beinfluenced by cup size armteast
tissue distributiomverlying the muscléNo existing data evaluabeeast tissue's effegh the EMG

signal, increasing the difficulty in determining the-ofit point (or location) The estimation of
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EMG amplitude is no longer advisable, particularly as it pertains to thedeigbity surface
electromyography (HBEMG). Therefore, characterizing the effect of cup size on EMG
amplitude and mean power frequency grerequisite for evaluatintpe feasibility of assessing
pectoralis major activation in a female cohdrhe purpose of this study was to determine the
location (i.e, channel row) at whickthe HD-sEMG signal significantly declirsen amplitude and
mean pwer frequency (MNF) and determine if group differences, (b@sed on cup size) exist.
This study aimetb provide guidelines for investigating pectoralis major activity in females across
broad breast tissue thicknesses,(cep sizes) for different snarios.The primary hypothesis was
that females wittthelargest breast tissue thickness (.40 cm) will have lower EMG amplitudes
across pectoralis major regiottzan females with low breast tissue thickne$fie secondary
hypothesisvasthat HDSEMG mean power frequency will be significantly less in females with

large breast tissue thicknasanthose with low breast tissue thickness.

4.2. Methods

4.2.1.Participants
Twenty healthy, righthand dominant femadg22.4 + 2.2 years; weight: 61.7 £ 4.7 kg;

height: 164.3 + 7.5 cm) patrticipated in this stuBwrticipants were recruited byord-of-mouth

or using posters advertising tkimesiology, psychology, engineering, and student center building
study. The inclusbn criteria included healthy young (between4IByears old), righhand
dominant females. Females who underwent breast reconstruction or augmentation surgeries were
not included in the study. All recruited females were recreationally active. Particippotsed

no history of musculoskeletal injury to the right arm, back, or low back pain in thebpasinths

and noneurological disease presenédditionally, none of the participants showed positive signs
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of impingementas det er mi ned hbynAdp |Hawkhs stlyswasa reviewed

and received ethics clearance from the institutional office of research ethics.

Before the beginning of the study, investigators collected anthropometric @héa.
participanto6s r i bc aogvere maasuredccusiegsatmeasuring dapanRilecage n c e
circumferencenvolved 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
parti ci pawth heasuribgu ®ge, wrapped around under armpits. During breast
circumference measuremeyggira care was taken not to compress the breast tissue. Additionally,
participants were asked to se#fport their band and cup size (TaB)e All participants woe a
normal bra (i.e.no sports bra) to allovor placement of the HBEMG arraysover the muscle

without compressing the breast tissue.
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Table 2: Anthropometric and selfeported measuremexfor each participant

Participant Ribcage Chest Breast thickness | Selfreported
number circumference | circumference (cm; objective cup and band

(cm) (cm) measurement) 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-densitysurfaceelectromyography was acquired from pectoralis major inthsksat

two effort levels. Two HBSEMG arrays consisting of 64 electrodeach(ELSCHO64NM3,

OTBioelecttronica, Torino, Italy) recorded pectoralis major activation in monopolar mode (Figure
10A). Arrays consisted of electrodes in an 8 by 8 matrix with an-etémtrode distance of 10 mm.
Before applyingthe arraysthe pectoral area was cleaned with abrasive paste and water to reduce
impedance. The electrode arrays were applied on the skin using 1 mm thiskiédcadhesive

foam with holes filled witranelectroconductive gel that correspsmal the electrode surface. The

superior HBSEMG electrode was place@ cminferior tothe clavicle, with ~15% mediolateral
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distance from the sternum. The second-$HEMG electrode array was placed dired¢ttowthe

superior one (i.etouching the firstaay). The arrays were fixed with adhesive tape and connected

to a 128 channel EMG amplifier (EMGUSB2+, OTBioelecttronica, Torino, ItabBne wet
reference electrode was wr apapdamcferancesdectrode wash e par
placed orthe right clavicleAll signals were bandpass filtered with cut off frequency between 10

T 500 Hz and sampled at 2048 Hz with akldi®A/D converter (5V dynamic rangelfiD-sEMG

signals were amplified by a factor between-5000 V/V depending on the taskfort level, and
participant.The sturation level for 128 channels was monitored online by OTBioLab software
(OTBioelecttronica, Torino, Italy)in case more thaten channelswere saturatedduring task

performance, the trial was terminated, gain adplisand the trial repeated.
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Figure 10: Schematic of experimental setup and proto&ollwo 64 channel higldensitysurface
electromyography arrays were placed on the breast overlying the pectoralisThajtop array
represents the superior array, while the bottom array represents the inferior array. Each array
consists of 64 channela {otal of 16 rows for two HEBBEMG arrays). Arrays were divided into
pectoralis major regions, with rows3lrepresentig clavicular;4-8 representing first sternocostal;

9-13 representing second sternocostal; and @4epresenting third sternocostal regiorB:
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 thdransducemwas acquired simultaneously with FEEMG as
participants exertedffort against a custorauilt arm-cuff attached to a sidegree ofa freedom
force transducer (MC3A, AMTI MA, USA) mounted on a robotic afiotoman Robotics
Division, Yaskawa Ameca, USA). The sampling rate was set to 1500 Hz and amplified (1000x)

using VICON Nexus 1.7.1 software.

4.2 A. Electrocardiography measurement (ECG)

Concurrentlywith HD-sEMGmeasures, electrocardiography (ECG) was acquired for each
participant using silversilver chloride (AgAgCl) disposable electrodes in a monopolar
configuration. Three electrodes were placed over the left chibsiGitcostal levelapproximately
alongthe anterior axillary lineand medially at the sternocostalis junction (Drake and Callaghan,
2006).Beforethe placement of the electrodes, the area was shavesdlemmaédvith abrasive gel
and waterA referenceelectrode was placed on the right acromiB@G was collected using a
wireless telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals
were banepass filtered from 10000 Hz and differentially amplified with a CMRR > 100dB and
ani nput i mpedance of wdrécOnvavted.to digitalaiding gbb £/D ganda | s

with a £10 V range. The sampling frequency was 1500 Hz.

4.2.5.Experimental protocol

Experimental protocol includeglperformance of taskpecific maximal voluntary efforts
(MVE) and isometric ramped submaximal trials in two tasks at two effort leBefare the
experimental protocol, all participants underwent a brief wapnand training on how to elicit

MVE, after which theypracticed submaximal efforts against the arm cuff with-tiea visual
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force feedback provided on a monitdhis training served to precondition the museedon unit
(Maganaris et al., 2002ollowing this, participants performed two tasedfic 5-second MVEs
in thefollowing tasks: a) adduction from 60f humeral abductigrand b) adduction from 9@f
humeral abduction (FigureOB). During MVESs performance, participants were verbally
encouraged by the investigators. Each MVE was sepagt@dminutes of rest. Maximal MVE
values were quantified using a customade program in LABEW (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 perforntesubmaximal ramped isometric efforts scaled % 25d 50%task
specificMVE. Each effort level was performed twice and lasted 60 arsk80ndsrespectively,
with 3 to 5minuterest breaks implemented between the triditicipants 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,rampup, hold, and ramp dowiiFigure DC). The rate otheramp
was ~2% MVE/s for 25% MVE and ~3% MVE/s for 50% MVEor e&h trial, participants were
provided with visual feedback of the required force output on a monitor and live feedback of the
level of forceexerted to enable matchingasksand effort levelsverefully randomized between

participantswhile each effort leel wasrepeated twice consecutively.

4.3 Data Analysis
4.3.1. Breasttissuethickness (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 thazni); cup B (breast tissue thicknebstween 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 stag&efore any analyes all 128 HDSEMG
channels were inspected ftifacts using a customade MATLAB progran{MATLAB 2019b;
Mathworks, Inc.) Channel wastagged andemoved if it contained movement artifactgas
saturated or had insufficient skin contact (i,eno signal detected)These channels were
subsequently ierpolated in data analysé8.ne parti ci pantdés data coul
technical issues with HBEMG signal acquisitignand hence, their dataene excluded from
further analysed-ollowing visual inspection of the signalacquired ECQGwas interpolated to
2048 Hz The HD-sEMGsignals insubmaximatrials were crosscorrelated with th&CGdata to
match the timing of the peak amplitude of each heartbeat. Each trial was visually inspected to
ersure the heart rate peaks were correctlygeed by the algorithm (FigutElA). The precise
timing of each ECG peak surrounded by 2billisecond 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 frequey (MNF). Raw HDSEMG data were banplss filtered with a'8 order
Butterworth filter (20500 Hz) anddifferential derivation was quantified from left to right (j.e.
from axilla towards sternumRMS and MNFwere quantified for each differential charipas

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 arraysA: Electrocardiography measures were
interpolated to 2048 Hz to match FEEMG sampling frequencyfhe HDSEMG submaximal
signals were crossorrelated with the ECG to match the timing of the peak amplitude of each
heartbeat (figure on the left). Each trisdswisually inspected &rsure the heart rate peaks were
correctly recognized by the algorithm (figure on the right)Example of differential HBSEMG

signals fronthefirst and fiftieth channel of the superior array and fahiyd channel of the infesr

array for one participant in each of the three groups (all data to scale). Reductions in raw EMG
amplitude can be observed from supericrnferior arrayandbetween groups, particularly Cup
A/Cup B, in comparison to Cup C/D/DD. Note the lack of EMG signdhminferior array.
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4.3.3. HD-sEMG amplitude

Amplitude analyses involved quanfiig two measures:-8econd amplitude of the signal
at the baselin@.e., beforerampup) and 3second amplitde of the signal in the hold phase (Figure
100). For the hold phasé¢he resultant force was used to focus on the first quarter of the hold
(Figure DC). In both baseline and hold phase, the most stable part was selected by dividing the
resultant force ito 3-second segments and performing EMG analyses on the segment with the
lowestcoefficient of variationn force.

A thresholding technique was used to deternfitige hold's EMG signalas larger than
the baselineThe 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
channelto determine if the hold phase's ampliuid larger than two times thedadine noise,
yielding 112 data points across two arrdygan acrossevenchannels within each row was then
guantified for each trial and effort level within each tas&lding a total of 16 amplitude measures
corresponding to 16 rows across two4dBMGarrays Subsequently, each trial was divided into
clavicular (rows 13), first sternocostal (rows-8), second sternocostal (rowdg 4.3), and third
sternocostal (rows 146) region(Figure 10A) The overall division of the pectoralis major signals
into theclavicular and sternocostadgionwas based othelandmarks from Fung et al. 2009. The
sternocostal region's subsequent divisione three parts were performed to divide the first and
second array. fle mean of the two trials within each effort lematthetask was determinefr

each region
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4.3.4. Mean power frequency
Mean power frequency was quantified on the same 3 seconds of dataM&thenplitude
in the hold phase€Me an power frequency was quantified
estimate. Segments were windowed with a rectangulaoweriapping window. Following this,
the mean of the mean power frequency measure for each rawedfiD-sEMG array was

determired.

4.3.5. Mean power frequency cut-off for HD-sEMG arrays
The mean power frequency values were closely examined for each cup@daterinine
theexactrow of channelatwhich MNF was consistenfA changepoint statistic was implemented
in a custoramade program in MATLAB on the standard deviation within egrciupto 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 frequencyas acut-off for individual data

Similarly totheabove, the statistical changepoint was applied to individual data within an
effort, task, and group. This was performed to determitiegtatistical changepoint method can
be used on indvidual 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 jiidgedstatistical lsangepointocation
determined within an individual matched tlothe group level location plus/minus an additional

row.
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4.4, Statistical Analyses

The changepoint statistic was appliaal the standard deviation of the mean power
frequency for eaclgroupandeach 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 rowsnélsh@roup
differences in EMG amplitude were testédnonparametric Kruskal Wallis test was used to
determine differences in amplitude betw&mups(Cup A, Cup B, Cup C/D/DD) for eadkegion
(clavicular, first, second, and third sternocostal). lhgigant differences between groups existed,
the MannWhitney U test withDunn-Bonferonni correction was used as a giist 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
frequenteswas letween 57 to 87 Hz for adduction &0d63 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, theofulepended on the task aodp group but
was similar between effort levels (TaldgFigures12A-D denoted by arrows). For Cup A, mean
power frequency statistically increased after row 9, {néerior array; middle sternocostal region)
in both tasks and effort levels (denoted bywas in Figurel?). In Cup B, mean power frequency
statistically increased after row 11 (j.eferior array; middle sternocostal regioir) contrast, in

cup C/D/DD, mean power frequency increased after row 8 (last remestiperior array) and 9
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(first row of aninferior array) at 25% and 50% MVE, respectively (denoted by arrows in Figure

12).
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Figure 12: Mean power frequency in adduction 80g¢ndB) and adduction 900 andD) at 25%

and 50% MVE across three groups for each row ofdHMG superior and inferior arraylhe

first row for each group is closest to the clavicle, wtiiklast row is closest to the nipple. Mean
power frequency is constant withihe superior array irrespective of the group, task, and effort
level. However, meapower frequency increases am 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: Grouplevel analyses in mean poweeduencyfor each task, effort level, and group.
The able depicts the cudff row for EMG measuremeras determined by the changepoint
statistic for each task, effort level, and groMiNF: mean power frequenciRows 1 through 8:
superior array; rows 9 tbugh 16: inferior array.

Task Effort Group MNF row

Level number cut-off

(last accepted)
ADDG60 25% Cup A 9
Cup B 11
Cup C/D/DD 8
ADDG60 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 grougevel 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 arrayBigure 13) This pattern was defined as the mean power frequency between
50 to 100 Hz irthe superior array (rows 1 through 8) and an increase in mean power frequency
(more than ~100 Hz) in the inferior array (Supplementary Figjuia afew individuak, however,
the statistical changepoint detected on the individual level did not match that of the group (see
Figure 13D, participant 1).The mean power frequenday these participantaas high (typically
MNF > 100 Hz) in the first several rows of the stgearray. In such cases, raw EMG data should

be morethoroughly inspectetb determine the source of tbata's noise and usability
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mean power frequency changeghin an individual. Please note interindividual variability in
mean power frequency and statistical changepoint location.
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4.5.2. Group differencesin EMG amplitude

No differencesin EMG amplitude existedetween groups at 25% or 50% MVE in
adduction at 60° task (all p > 0.05; Figa4A). In adduction at 90°, differences between groups
for second sternocostal regieristed a5% MVE (p = 0.047) and 50% MVE (p = 0.045), but
not other regions (all p > 0.05; FigutdB). Second sternocostal region amplitudes Wi&&%
higherin Cup B group than Cup C/D/DD group at both 25% MVE (p = 0.022)-d08%higher
at50% MVE (p = 0.032)Further, second sternocostal region amplitudes were-aBbohigher

in Cup A than Cup C/D/DD (p = 0.046) at 50% MVE.
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4.6. Discussion
This is the first study to evalualweast tissue's influeacon HDSEMG amplitude and
mean power frequency and provide evidebased guidelines for recording and characterizing
pectoralis major activation in females using dBEMG. Further, it confirms the feasibility of

detecting HBSEMG amplitude from a superior HBSEMG aray, irrespective of the cup size.

4.6.1. Increase in mean power frequency in inferior HBSEMG 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 thickneBarina et al. 2002b; Cescon et al. 200etto 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 pireseat
study, visual inspection of the EMG amplituidethe inferior array confirmed the lack of EMG
signal anda substantial increase in internal nqiparticularly inthe bottom parts of the inferior
array (see Figurgl). Therefore, the estimate of the mean power frequency in the inferior array is

not o the EMG signal but internal noise.

Commonly, high mean power frequency as attributed to increases in muscle fiber
conduction velocity (Andreassen and Arehtglsen, 1987), motor unit recruitment, and
differences in muscle fiber type (von Tscharner &hdg, 2008). However, EMG spectral
propertiesdo not provide information regarding motor unit recruitment or muscle fiber type

(Farina, 2008). Additionally, pectoralis major regions consist of predominantly Type Il fibers
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(Johnson et al., 1973; Srinivasanal., 2007) Therefore, increases in mean power frequency in

the inferior array are not likely due tioeregional differences in muscle fiber type.

Quantification of mean power frequency across$EMGarrays overlaying the pectoralis
major in females may be used to determine the location, (o&v of channels) at which
characterization and evaluation of the EMG signal amplitside longer advisable. This applies
across cup size groups, as the meangy frequency remained consistent across rows 1 through
8, following which it increased from rows 9 through, i8espective of the grouprherefore,
caution is recommended when interpreting-BEEMG signals acquired after r@®&vSince the bulk
of the breat tissue underlies the inferior FKEMG array, changes inigharray's mean power
frequeng are expected. The breast tissue thickness progressively increases from top to bottom of
the inferior array, increasing the distance between thesHIAG electrodesnd the pectoralis

major, thus filtering and attenuating the 8EMG signals (Farina and Holobar, 2016).

Additionally, some interindividual variability in mean power frequency values existed
within each group (see Supplementary Figure 2). These differereebe due to the variability
in breast tissue composition, whighinfluenced by body mass index, hormones, and Bggd
and Steele, 1999; Vandeweyer and Hertens, 2B80%d et al, 2009; Coltman et 3l.2018).
Previous studies also demonstrated tloates 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 HBEMG amplitudes acquired from the superior-BIEMG 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% MWE second
sternocostal regioritfhe EMG amplitude was higher in Cup B28% 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 ralistribution of breast tisgy which is common between activities in healthy
females (Gibson et al. 2019). Alternatively, it is plausible that intersubject differences in activation
patterrs contributed to the differences quantified between the groups in this task. For example,
someparticipants 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. Ganshropometric measurements
were used to quantify breast tissue thickness, limiting volumetric resoldtien.ultrasound
machine limitationsiindered 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
guantify the exact orientation and location of the linear transducer with teésghe sternum in
postprocessing 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 thepple; and lastly, the low ultrasound image quality, hampering the

ability to precisdy determine the boundaries of skin and breast tissue, as well as breast tissue and
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muscle fibersFurther, skin thickness or breast tissue composition was not quamtiffegicurrent

study, although these measures may influence signal charactg@dtigarrach et al. 2017)
Additionally, crosstalk from the surrounding muscles, such as the pectoralis minor, serratus
anterior, external obliques, or intercostal musclesy imave 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
guantifying differential derivabn in the posprocessing stepginally, this study acquired signals

from healthy, young femaleand hence, the resuld® not applyto the aging population, as the

female breast changes with age (Brown et al. 1999).

4.8. Conclusions and futuredirections

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 musdfemals are commonlgxcluded from research
evaluating pectoralis major activation duaheoverlying breast tissuén the present studyyD-
SEMG signals acquired at the level of the inferior array had low, inconsistent amplitudes and
demonstrated a substaltiincrease in mean power frequency irrespective of the group in
comparison to the superior arrayhereforetheacquisition of HBSEMG signals from superior to
middle regions otthe pectoralis majoiis feasible in females, irrespective of the breast. size
Additionally, anovel methods proposedi.e., changepoint statistic) to determine the-ofitpoint
or location at whiclacquisition and interpretation of tB®G signal is not advisabl@his method
canbe applied to individuabr group level mean posv frequency data to determine the location

at whichevaluation and quantification of HEEMG signalsarenot 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 activationfemaless unknownJeadingto ineffective
recommendations for rehabilitation, as well as surgical decisions that biomechanically
compromise shoulder health. Knowledge of regigedtoralis majoactivationsis, therefore,
crucial to inform these decisions. Regional pectoralis major activatiorageasred intwenty
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%, 2%#d 50% scaled to individual tasgecific
maximal voluntary effort. Higldensity surface electromyography (HEMG) was used to
acquiretheactivation of clavicular, superior, and middle sternocostal regions. Normalized regional
mean root measquare amplitudes were quantified for each reghmtivity between regions
across effort levels was compared within each of the tBé#fsrences in regional activatiomgere
dependent on the task and effort leviéie davicularand middle sternocostedgionhad higher
EMG amplitudes thathe superior sternocostal region €16%) in internal rotation, irrespective
of the effort levelThe davicular region had higher EMG amplitudes than both sternocostal regions
in adduction 60 at 15%-19%)and 25% MVE(~17%) Middle sternocostal regions wemeore
active than clavicular (~15%) and superior sternocostal (~22%) ragids?6 MVEin adduction
90, than superior sternocostal at 25% (~15%) and 50% (~8%) MVE in adductian®@cross
all efforts inadductionexternal 90~12-44%). Lastly, in adduction 60, all three regions activated
to the same magnitude at 50% MV These findingsprovide novel concepts regarding

fundamental control capacities while also informing rehabilitation strategies.
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5.1 Introduction

Anatomically intricate pctoralis majorenablesarm mobility in multiple directions
facilitating various daily, work, and exercise tasksadsistan humeral horizontal and vertical
adduction, flexion,internal rotation, andextensim agains resistance Anatomical findings
differentiate pectoralis major into three anatomically distinct regions: clavicular, sternocostal, and
abdominal (Lewis, 1901; Ashley, 1952&/olfe et al., 1992Fung et al., 2009Bternocostal regions
also subdivide intdour anatomically divergent partitions (Fung et al. 2009), indicating possible

functional differentiatior(Paton and Brown, 1994).

Pect or al iexdensivealjloodr sugply often motivates surgical harvesting as a
myocutaneous flap, allowing resected oegi 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. Howeer, longterm functional limitations such as reductions in strength, range of
motion, and changes in pectoralis major material propemtteegequently reportad females who
underwent these surgeries (de Haan et al., 2007; Forthomme et al., 2010diseetnal., 2019).

As females comprise most breast reconstruction recipients, this establishesdémealie
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 challengesface
electromyography (SEMG&Gcquisition.However, several studies in madsmonstreed that the
magnitude ofpartitional activationdepend on the task performednd effort level(Paton and

Brown, 1994; Wickham et al., 2004; Wickham and Brown, 208@).exampleduring adduction

82



at low effors, localized activity was quantified in abdamal partitions,increasingecruitment of
additional partitions at high efforts (70% MVE; Paton and Brown, 1%drently, it is unknown

if differences in regional pectoralis major activity exist in females.

While the characterization ofmuscle activity using classicEMG provides some
informationregardingthe regional activity, itis limited to sampling from a small region of the
muscleanddoesnot allow for evaluation ahisactivity across alaccessible areas tifepectoralis
major.As inferior regions are inaccessible due to the breast tigsagquisition of EMGsignals
from available locations othe pectoralis major issentialin females.High-density surface
electromyography (HBEMG) consist of an array belectrodesIt can be used to circumvent
classic EMG limitationsas it allows for sampling of muscle activity from multiple regions of the
muscle simultaneously providing high temporal and spatial resolutigvierletti et al. 201D
Therefore, lis stud/'s purpose was to characterize the pectoralis major's spatial acsivityHD
SEMG in healthy, young females during led-moderate submaximal isometric efforts in four
arm tasks.The primary hypothesigvas 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, righhand dominant, young females participated (2242+years; Table
4). The chosen sample size was selected usipgori 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 poi@ohen, 1988). The effect size chosBrs(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. RO&O&les

were recruited usingvord-of-mouth andpostersadvertising the studyn the kinesiology,
engineering, psychology, and student eebtildings All recruited femals wererecreationally

active. The inclusion criteria included healthy young (betweerdQ8years old), righhand
dominant females. Females who underwent breast reconstruction or augmentation surgeries were
not included in the studyll participantsverefree frommusculoskeletal or neurological injuries

in the right arm or low back pain in the past months Additionally, no participantsested
positive for signs of impingement, as deter mi
test All participants wore a normal bra (i.e., no sports bra) to allow electrode placement over the
muscle without compressing the electrodaticipants were instructed by the investigator not to
consume any caffeinated drinks the morning of the session and drinkqfiergter the day before

the sessionAll participantsrefrained from engaging in strenuous physical activity for 24 hours
beforethe session. This study received ethics clearance by the institutional office of research

ethics and all participants provatl informed consent.

Initially, anthropometric measurements were collectecluding height, weight, rib cage
and chest circumference, clavicle, and sternum length (#3blRib 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 locatdd contrast,chest circumference was measured starting from the
fullest part of the participantés bust, with |
was measured from the acromion to skernal notchwhile the sternal length was measuriedm
the sternal notch to the palpated xiphoid proc€hs. davicular 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 measurementar(dard deviation) for
nineteen participants included ingdfstudy's analyses

Age (years) 22423
Height (cm) 164.4+£7.7
Weight (kg) 62+4.6

Chest circumference €m) 90.2+5.1
Ribcage circumference ¢m) 80.6 + 3.8
Breast tissuethickness at the nipple ¢m) 95+44

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 frora pectoralis major using two arrays in monopolar mode
(ELSCHO064NM3, OTBioelecttronica, Torino, Italy; Figut®A). Each array consisted of sixty
four channels in an 8 by 8 matrix with a 10 mm irgkgctrode distance. The arrays were fixed
with adhesive tapeand connected to a 12Bannel EMG amplifier (EMGUSB2+,
OTBioelecttronica, Torino, Italy)Beforeapplying the electrodes, the pectoral area was cleaned
with abrasive paste and gently cleansed with water. The electrode holes were filed with
electrocondudvte gel and the arrays were applied on the skin using 1 mm thiclsisledl adhesive
foam. Thesuperiorarray was placed ~@m inferior to the claviclewith the middle of the array
located between the sternum and the axilla and parallel to muscle Tibersferior array was
placed immediately below the superior oAd.EMG signals were bandpass filtered with a-cut
off frequency between 10 500 Hz and sampled at 2048 Hz with aldiRA/D converter (5V
dynamic range). HBEMG signals were amplified layfactor between 168000V/V, depending
on the task and effort level One wet reference band was wrapp

wrist, while onereferenceelectrode was placed on the right clavicle.
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Figure 15: Locationof HD-sEMGarrays andgchematic ofasks investigated: Two HD-sEMG
64-channel arrays were fixed over the pectoralis major whte square indicatessuperior HD
SEMG arraywhich was used for analys&uperior HDSEMG was used for analyses divided into
regiors: rows 1 to 2 clavicular; 3 to 5 superior sternocostal; and 6 to 8 middle sternd8ostal.
Tasks included adduction from 60° of abduction (ADD60), which required pulling towards the
torso; adduction from 90° of abduction (ADD90), which involved pushiwgneards; adduction
from 90° of abduction and 90° of external rotati&R@0, which involved pushing downwards;
and internal rotation from 60° of abduction (IR60), which involved medially rotating the forearm
towards the torso. Black arrows indicate thediion of effort.The figure also displays the arm

cuff and the location of the sokegreeof-freedom transducer.
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5.2.3. Force measurement

The raw voltage of exerted effovtas acquiredoncurrentlywith the HD-sEMG signals.
Participants exertedffort against a custorbuilt arm cuff attached to a sokegreeof-freedom
transducer (MC3A, AMTI MA, USA) mounted on a robotic affagure15B; Motoman Robotics
Division, Yaskawa America, USA). The sampling rate was 150@rndzamplified (1000x) using

VICON Nexus 1.7.1 software.

5.2.4.Electrocardiography (ECG)
Electrocardiography (ECG) was acquireshcurrentlywith HD-sEMG to eliminate the
heart rate contamination in pgatocessing step&£CG was recorded using silvsitver chloride
(Ag-AgCl) disposable electrodesanmonopolar configuration. Three electrodes were placed over
the left chest ahe 6" costal levelappraximately along the anterior axillary linand 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
bandpass filteredrom 101000 Hz and differentially amplified with a CMRR > 100dB ard
i nput i mpedance of 100 Mq. Anal og -bsA/Qcaa@ | s wer

with a £10 V range. The sampling frequency was 1500 Hz.

5.2.5. Additional shoulder musclemonitoring

The activity of six additional shoulder muscles vaaguiredand monitorecconcurrently
with HD-sEMG. Upper trapezius, latissimus dorsi, deltoid (anterior, micatied posterior)and
infraspinatus activity wasollected SEMG adwity was recorded using silvesilver chloride (Ag

AgCl) disposable electrodes with a 1 cm diameter and a fixeddlgetrode spacing of 2 cm in a
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bipolar configurationBefore the electrode placementhe area overlying the muscle belly was

shaved andcleansed 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 Supplementaryrable 1 (Cram and Kasman, 1998; Kelly dt,a

1996).The eferenceelectrode was placed on the acromion. SEMG was collected using a wireless
telemetered system (Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals were
bandpass filtered from 10000 Hz and differentially amplified with @GMRR > 100dB andn

i nput i mpedance of 100 Mq. Anal og -bsA/Qca@ |l s wer

with a £10 V range. The sampling frequency was 1500 Hz.

5.2.6. Experimental protocol

Participants performed taspecific maximal voluntary efforts (MVE) and isometric
ramped submaximal trials in four tasks at three effort leBalrethe experimental protocol, all
participants underwent a brief waimp and training on how to elicit MVEafter which they
practiced submaximal efforts against the arm cuff with-tiezd visual force feedback provided
on a monitor. This training served to precondition the metseidon unit (Maganaris et al., 2002)
and familiarize the participant with thask.The participant sat on a chair with an upright torso
with the trunk secured using a padded strap throughout all Flasarm was secured in the cuff
to minimize movement during task performan@articipants performed two-gecond task
specific MVEs in the following isometric tasks (Figur@é5B): a) adduction (ADD60) and b)
internal rotation (IR60) from 60° of arm abduction; c) adduction frorh &i0arm abduction
(ADD90); and d) adduction from 9@f arm abduction and 9@f arm external rotatiorafduction

external 90; ADDER9D Whilethemajority of occupational and daily tasks rely on a combination
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of arm postures and exertion directions, the tasks and k@i chosen reflect tasks whigre
typically evaluated following pectoralis major coraprise(see Brookham et al. 2018; Brookham
et al.2018; Leonardis et al. 2019; Lipps et al. 2019). During M\erformance, participants
were verbally encouragday the investigatorstach MVE was separated by 2 minutes of rest.
Maximal MVE values were qudified using a custoamade program in LabVIEW (National
Instruments, version 3.1The mean of twaonaximaltaskspecific MVEs was used to scale all
submaximal trialsvithin each taskDuring MVE performance, the e#xis forces werenonitored
in LabVIEW, such that at least 80% of &ffort generatedthad to belirected in the target direction.
If this was not achievedhe participant was provided with verbal feedback on the-spsdfic
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 isaredfforts at 1%6, 25%, and 50%
of the taskspecific MVE. Theesubmaximal effort levels reflentuscle activation levelequired
in many occupational and daily tasks. Each effort level was performed twice and lasted 60, 60, and
30 seconds, respectivelyyith rest breaksprovided betweenthe trials. Participants were
encouraged to report feelings of fatigue and the need for longer rest pHrredsiested by the
participant, longer rest periods were providedrticipants rampedp at 2% MVE/s, maintaied
the effort level, and then ramped down @86-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 t&skticipants received visual
feedback of the required force output on a monitor and live feedbaachbftrial's exerted effort

levd.
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5.3 Data Analysis

5.3.1. HD-sEMG signal processing Amplitude)

For all participants, HBBEMG data analyses focused oe sluperior array due to the effect
of breast tissue on HBEMG amplitude and mean power frequency in the inferior array, quantified
in Chapterd. Any trials with motion artifact, low skirelectrode contact, or substantial saturation
were removed from further analyses (~1.5% of total tridlechnical issues related to signal
acquisition contaminated data from one participant across tasks and one participaniasksy
prompting their removal from analysis for these taslefore processingiD-sEMG, acquired
ECG was used to remove heart rate contamination from monopolaENIS signals. ECG was
interpolated to 2048 Hand the HBSEMG signals were cros®orrelaed with the heart rate data
to match the timing ofach heartbeat's peak amplitutach trial was visually inspected to make
sure thealgorithm correctly recognized the ECG peakke precise timing of each ECG peak
surrounded by 25nillisecond windows éfore and after the peak was determined and used to
avoid the quantification bias of the root mean square (RMS) amplitude.

Raw HDSEMG data were barplass filtered with a'8order Butterworth filter (2600
Hz), and thedifferential derivation waguantified from left to right (i.e.from axilla towards
sternum) RMS was quantified for each differential chanfidéle esultant force was used to focus
on the first half of the hold. The most stable part of the hold was selected by dividing thetresultan
force into 5second segments and performing EMG analyses dottesegment with the lowest
coefficient of variationMaximal trials were combined for adduction and internal rotation at 60°
andadduction tasks at 90° as these were performed at theassanposture. For each HEEMG
channel within MVE, themean of a3-second window surroundinthe maximal force was

extracted Subsequently, ach channel's maximal valweross four MVE trials was extracted,
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following which each channein a submaximal triawas normalized to the chanrsecific

maximal value. Following EMG normalization, spatial scaling was applied for each participant to
account for differences in pectoralis major s
were scaled to the paripant with the largest pectoralis majdihe largest pectoralis major was
determined based asternal and clavicular length measuremeRtdlowing normalization, the

superior HBSEMG array was divided into clavicular (row}, superior sternocostal (13 3-5),

and middle sternocostal (rows8p region Subsequently,he mean for each regiacross all
channelsvas quantifiedFigure 15A). The regionaldivisions in the HD-sEMG arraywerebased

on the anatomical description of each regi onct

regional mean of the two trials within each task and effort level was quantified.

5.3.2. Force

Rawvoltagedataacquiredn submaximal and maximal #flswas processeaw voltages
werefiltered using a &' order lowpass Butterworth filter with a cwtff frequency of 15 Hz and
converted to Newtons using a customade program in MATLAB 2019b. Mean force data in
Newtons that matched the most stable péarhe 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 taspecific MVEs. Normalized force data was used to
confirm that all paicipants 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 taskpecific maximal MVE and submaximal trialemeprocessed.
All SEMG data was bangass filtered with a"? order Butterworth filter (3600 Hz) and RMS
was quantifiedMVE and submaximal trials were processed using the same msethdtbr the
sameforce segment for HBSEMG. For submaximal trials, this included a mearmad-second
segment with the lowest coefficient of variation in forbéaximal trials were combined for
adduction and internal rotation at 6&idadduction tasks at 90° as these were performed at the
same arm postur@dhe mean of a-8econd windovsurrourding the maximalorcewas extracted
following which maximal value across four trials was quantiffegbmaximal trials were then
normalized to musclspecific maximasEMG was normalized ttaskspecific MVES to not
underestimate EMG activity by normaitig to standard MVEs (Maciukiewicz et al. 20180)ean
across 5 seconds of normalized RMS data was quantified for each submaxin@&iisalkuently,

themean of two taslspecific submaximal trials was quantified.

5.4. Statistical Analyses

All statistical analyses were performed in SPSS (IBM, version BEfore any
comparisons, the dataenechecked for normality and sphericity using the Shaiitk test and
Mauchl yds test of Daapnhaktasksarertotynormallyedstripided and weeel vy .
In transformed Two-way repeategneasure analysis of variance (ANOVA) examined mean
normalized EMG amplitude for each task with witlsubject factorkegion(clavicular, superiqr
and middle sternocostal) aiffort (15, 25, 50% MVE)If significant interactions betwed®egion
and Effort were found, planned comparisons widinn-Bonferonni correction were performed.

EMG amplitudes quantified for additional shoulder muscles were ranked from highest to lowest
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activity based oreach task'sictivation level. Theywere used to determine which additional
shoulder muscles contributed highly to the t&sktial etas q u a r Zekam{nedphe effect sizes
related to significant differencestp? | ess t han 0. 06 wha s O00deZmsmed a:
Amodematde gr eat er t (Cahen, ID69He sgmiicanie leval Wyas et to p <

0.05.

5.5 Results

In general,middle sternocostal regions activated more than superior sternocostal and
clavicular regions in adduction withxternal rotation at all effort levels DDER9Q Figure16C).
In internal rotation, the clavicular and middle activated more than the superior sternocostal regions
across effort levels (FigudsD). Additionally, differential regional activation existedadduction
at 60° and 90° of abduction and depended on the effort level (RigAr@nd16B). All participants

received the same amount of feedback across tasks and effort levelsSjTable
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Figure 16: Scaled mean normalized (%MVC) spatial topographical maps for each task and effort
level across the whole sampke. Scaled mean normalized topographical maps for 15%, 25%, and
50% MVE in isometric adduction from 60° of abduction. Note the high activatidhe clavicular

and the middle sternocostal regions at low effort leBIScaled 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 regionat effort levels, with increases in tioavicular
region's activabn as effort increase€:: 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 actiations of the middle sternocostal regions irrespective of the effort Bv&caled

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 segiespective of the
effort level. Blue colar indicates low activation. Red caioindicates high activations.
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Table5: 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+10.7 258+ 1.5
50% 95.4+19.5 50.3+5
100% 187.9 +42.8 -
Adduction 90 15% 24.6 + 6.2 149+1.3
25% 40.9 £10.3 249+ 25
50% 83.7+18.4 51.1+1.8
100% 163 +34.9 -
Internal Rotation 15% 22.7+6.4 158+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 15% 242 +6.7 145+ 2.3
90
25% 41.4+9 249+ 2
50% 845+ 16.6 51+1.7
100% 165.4 + 30.6 -

5.5.1. Adduction at 60° ofabduction

Region by Efforinteraction existed iadduction 60{F.4, 41.2= 10.09, p < 0.0004 p=
0.37; Figurel7A). Compared to the superior sternocostal region, the EMG amplitude was 19%
higher in the clavicular at 15% MVE (pG0001). 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, additi@ shoulder musclesontributed to the
performance of this task. Specificallihe middle and posterior deltoid and upper trapezius
activatedat 15% MVE between 167% MVC (Figure18A). At 25% and 50% MVE, latissimus
dorsi, posterigrand middle deltoicactivatedbetween 2827% MVC at 25% MVE and 5®4%

MVC at 50% MVE (Figurel8A; Supplementaryable?2).
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5.5.2. Adduction at 90° ofabduction

Region by Efforinteraction existed in adduction from 90%/(F 43.9= 3.6, p = 0.027¢| p
= 0.16; Figurel7B). Middle sternocostal activated 15% more than clavicular and 22% more than
superior sternocostal region at 15% MMV&iq. sterrn> clav, p = 0.024mid. stern> sup. sterpp
< 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 = Q&»tly, at50%
MVE, EMG amplitudes in themiddle sternocostalegion were8% higher than the superior
sternocostategion(p = 0.012), but not different than the claviculegion (p = 0.21).

At 15% MVE, theupper trapezius activated with pectoralis major (~22%C), while at
25% MVE, both upper trapezius and middle deltaativatedoetween 1718% MVC (Figurel8B).
At 50% MVE, anterior deltoid, latissimus dorsi, and middédtoid activatedbetween 3436%

MV C (Figure18B; 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; supeniocsséal region
(sup. stern): grey; middle sternocostal region (mid. stern): purple. White dots in the ohelité
violin plot are mediandA: Isometric adduction at 60° abduction (ADD6Uhe davicular region
activated more than superior sternocoatal5% and 25% MVEB: Isometric adduction at 90°
abduction (ADD90).The mddle sternocostal region activated more thhe clavicular and
superior sternocostal region at 15% MVE. At 25% and 50% MN&niddle sternocostal region
activated more than super sternocostal regio@: Isometric adduction at 90° of abduction and
90° external rotation (ADER90. The mddle sternocostal region activated more than clavicular
and middle sternocostal irrespective of the effort lefzel.lIsometric internal rotatior{IR60).
Clavicular and middle sternocostal regions were more activeheauperior sternocostal region
regardles®f 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 90B). Each coloured line depicts the effort levduey 15% MVE; red:

25% MVE; and 50% MVE: greyl'he magnitude of activation is represented on tkexig, with

each additional inner circle representing an increase in 10% MVC.
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5.5.3. Adduction at 90° ofabduction and 90° ofexternal rotation (Adduction external 90)

Region by Efforinteraction existed while adducting adduction external 9task (kus,
327)= 4.1, p = 0.028¢ p= 0.18; Figurel70). At 15% MVE, middle sternocostal had 42% and
44% higher amplitudes thanasficular and superior sternocostal regions, respectivaly. Stern
> clav, p < 0.001mid. stern>sup. sterpp < 0.001). At 25% MVE, the amplitudes were 29% and
37% higher in the middle sternocostal than the clavicular and the superior sternocastal reg
respectively(mid. sterrn> clav, p = 0.001mid. sterrn> sup. sternp < 0.001). High activity in the
middle sternocostal region remained at moderate €fferts0% MVE;mid. stern> clav:12%, p
= 0.007;mid. stern> sup. stern19%, p < 0.001).

At 15% MVE, upper trapezius activatddghly (22% MVC). As the effort increased to
25% MVE, infraspinatus (23% MVC), latissimus dorsi (20% MVC), and upper trapezius (22%
MVC) had high activationsAt 50% MVE, infraspinatus (42% MVC),aktissimus dorsi (42%
MVC), middle (39% MVC), and posterior deltoid (40% MVGad high activity (Figurd9A,;

Supplementary Table)2

5.5.4. Internal rotation

In internal rotationRegion by Efforinteraction existed (Es, 43.1)= 4.77, p = 0.008] p=
0.21; Figurel7D). 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 etipr sternocostal region (p = 0.Q@lav by 14%p =
0.007;mid. sterrby 10%9. 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 tapezius activated ~15%V C to assistthe pectoralis major
(Figure19B; Supplementary Table)2in contrast, at 25% and 50% MVBghighest activity was

guantified in latissimus dor§l8-38% MVC), middle (1633% MVC), and posterior delto{d 7%

32% MVO).
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= 25% MVE
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Figure 19 Polar plots depicting mean activation for infraspinatus, latissimus dorsi, upper
trapezius, anterior, middle, and posterior deltoid alongside pectoralis major regamduction
external 90(A) andinternal rotation B). Each colouredine depicts the effort level: blue: 15%
MVE; red: 25% MVE; and 50% MVE: greifhe 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 activati@merged acrostasks and effort levs|
indicating complex task and effort interactions. The clavicular and middle sternocostal regions
activatedhighly in tasks without external rotation. In contrast,ha task with external rotation,
the middle sternocostal region activated more than the other two regions at all effort levels,

indicating a specializeable.

Regional contributions to internal rotation are unclear. While some studies demonstrated
clavicular regionnvolvement in this tas@Volfe et al., 1992; Stegk-Jansen et al., 2011), reduced
internal rotation strength occurrémllowing aninjury to thesternocostal regi@(Schepsis et al.,
2000; Provencher et al., 2010; Leonarelisal., 2019; Marsh et al., 202®owever, anatomical
studiessuggest that both regions may support internal rotation moment (Ackland and Pandy,
2011). Although both regions can internally rotate the arm, the clavicular region hds-tinee
times shater internal rotation moment arm than the sternocostal, with the longest internal rotation
moment arm in the sternocostal region at680 of abduction (Ackland and Pandy, 2p1
Additionally, & 60° of abduction, the clavicular region has an abductor mbaren (Ackland et
al., 2008). Correspondingly, the clavicular and middle sternocostal regions had similar EMG
amplitudes in this taskreflecting dual contributions to isometric internal rotation effort and

postural maintenance afm abduction.

In isomeric adduction, arm postureand 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 regiom lzage abdictor
moment at 90° than 60° of abduction when the arm is not externally rotatedmparison,

sternocostal regions hal@nger adductor moment at 60° than 90° of abduction (Ackland et al.,
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2008) Accordingly, the clavicular region activated to maintaim abduction, while the middle
sternocostal regions generated complementary isometric adduction. Differences between these
tasks emerged in spatial activity changes with increasing effds0%tMVE in 60° of abduction,

higher relative EMG amplitudes aated in the superior and middle sternocostal reglon
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 rotatiormiddle sternocostal regions had higher EMG
amplitudes than the claviculaaind superior sternocostakgion. Relatively geater EMG
amplitudeswvere previously quantifieth the sternocostah comparison to the clavicular region
isometric and dynamic taskvolving similar posturegNadon et al. 201,6MacLean et al. 2029
In contrast, nsuchregionaldifferencesexistedin stiffnessin a similartask in males (Leonardis
et al. 2017), suggestirggjuivalentegional contributionDifferences between studiggy be due
to sexrelated differences. The clavicular region is more passively stretched theterth@costal
region in this arm posture (Leonardis et al. 2017), although both regions experience ~33% strains
(StegnikJansen 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 wssential in maintaining
submaximal efforte internal rotation and adduction taskecordingly, injury to the sternocostal
regions may reduce the ability to maintain isometric submaximal adduction efforts at 90° of
abduction and external rotatigeromptingincreased compensatory activation by other addyctors

suchas latissimus dorsi dnexternal rotator muscles (Cheplurley et al., 2016). Furthesuch
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injury maysignificanty affectthe performance ofertical adduction without external rotation in
low efforts. Supportingly, individuals who underwent subpectoral breast reconstingtbring
sternocostal disinsertion could not maintain shoulder joint stiffness at 10% MMWBe
submaximal vertical adduction torquask (Leonardis et al., 2019). Reductions in vertical
adduction strength also existed in a subpectoral reconstructiop ¢jreonardis et al., 2019) and

breast cancer survivofsllowing radiation (Lipps et al., 2019).

5.6.2. Evidence of partitional activation in pectoralis major regions

Lower EMG amplitudesemergedin the superior compared to the middle sternocostal
region for multiple tasks, suggesting potential functional differentiation between sternocostal
partitions. Data on partitional sternocostal moment arakacking A single study demonstrates
variations in partitional adduction moment arms when the uppemagres at 20° of abduction
in thefrontal plane (Brown et al., 2007). However, adduction moment arms throughout the range
of motion were not evaluate@nd internal rotation moment arms were not defirizidtinct
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 existhe lateral pennation angle, with superior fibers
exhibiting greater pennation angles than middle sternocostal fibers (Fung et al., 2009). While it is
plausible thatower EMG amplitudes in superigrartitionsresulted from possible innervation zone
proximity, lover EMG amplitudes would be more prominent laterally,(icavards the axilla) as
defined previously (Mancebo et al., 2019). Further, higher EMG amplitudes in superior fibers
occurred for moderate effort levels. &tpresent resultprovide preliminary ewence 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
requiiing 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 younfemales and therefore, findings may notansfer to other cohorts.
Finally, presentresuls 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, ort@rcostal 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
guantifyingdifferential derivation in the pogtrocessing stepd.astly, 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 guantifying the innervation zones dm motor unit action
potentials, the exact location of these innervation zoneshalengingto determine. Therefore,
this study quantified the mean normalized EMG amplitudes across the innervation zones, which

may have influenced the findings.

5.8. Condusions
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 aation of the middle sternocostal

regions in tasks requiring adductiovith external rotation irrespective of the effort levid
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contrast,both clavicular and middle sternocostal regions activate in tasks involving internal
rotationand adduction without external rotatiofhese novel findings may be used to inform
surgical interventions which resect pectoralis major reggn®habilitation prtocols aimed at

pectoralis major recovery following compromise
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Chapter 6: Task and effort level influence regional pectoralis major activationn healthy
females A high-density electromyography study

6.0 Abstract

Pectoralis major activation fundamentally enables commonly performed tasks. Despite
important contributions t@rm mobility, ambiguity exists regarding its regional activation in
females Knowledge of regionactivationis criticalfor thedevelopment ofargeted rehabilitation
protocolsin compromised populations. This stuglyantifiedregional pectoralis major activation
in low-to-moderate ramped isometedfortsin nine young, healthfemalesin four arm tasks: a)
extension; b) flexion; c) horizontatlduction; and d) internal rotation; at four effort levels: 15%,
25%, 50%, and 75% scaledtteeindividual taskspecific maximal voluntary effort (MVE). High
density surface electromyography from clavicular, superior, and middle sternoeggtak was
used to computéheregional mean root mean square amplitudes (normalized to maxima). Middle
sternocostal regions had higher EMG amplitudes than clavicular and superior sternocostal regions
in extension (alp < 0.001) and internal rotation (p < 0.0001) across all effortdelrehorizontal
adduction, clavicular ha@2% and 19% higher EMG amplitudes, respectively, than middle
sternocostategionat 15% MVE (p = 0.018) and 25% MVE (p = 0.019). Additionally, clavicular
region hadl4% higher EMG amplitudes than superior steostal 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% ai@8% MVE,all three regions displayed similar EMG
amplitudes (all p > 0.025)Present findings indicate differential regional pectoralis major
activation providing foundational knowledgeegarding fundamentadctivation and informing

surgical andehabiliationinterventions.
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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 alsoallows forthe 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 mayatiact assists
in humeral horizontal and vertical adduction, flexion, internal rotation, and extension against
resistance. Indeed, its multipennate architecphamnits forvariation in regional moment arms
throughout the range of motion (Ackland et &08; Ackland and Pandy, 2011), shifting regional
activations based dhearm posturéPaton and Brown, 1994; Wickham et al. 2004; Wickham and
Brown, 2012).However, these mechanical contributions and functional divisoagven more
sophisticatedThe nost 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 multifinctional role, pectoralis major regions are commonly resected and used
as donor tissues warioussurgicalinterventionsinvolving head, neckor breast reconstruction
andrestoring functional limitations in other shoulder musclHsese surgical procecks rarely
consider the biomechanical consequences of pectoralis major disins&&veral studies
investigating the effects of pectoralis major resection shaeeédced arm strengtis{einmann
and Wood, 2003; de Haan et al. 20D&pnardis et al. 2019)estrictions in mobility (Steinmann

and Wood, 2003and changes in pectoralis major material properties (Leonardis et al. 2019).

Data on regional pectoralis major activation in females is lackliogvever,information

regarding regional pectoralis majoractivation in females isessential to resolve the
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pathophysiology of functional limitations in compromised populations deeklopimproved
surgical procedured\ limited understanding of regional activation in females motivptesise
examination of regional pectoralis major activation and function using advanced techidigbes.
density surface electromyography (FMEMG), consisting of an array of electrodes, can capture
the whole muscle's EMG activatioanabling quantificadin ofthe spatial distribution of muscle
activity. As the acquisition of EMG signals from pectoralis major in females is limited to the
superior to middle regiond)e¢ possibility to acquire EMG signals frawailablemusclelocations

is essentialTherefae, the present study aimed 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 aofangscular responses

and focus on the tasks which require pectoralis major activatienprimary hypothesiwas that

the middle sternocostal region will have higher normalized EMG tiiasuperior sternocostal

and clavicular region in internal rotati®@@ and extension. Further, in flexion, it was hypothesized
that the clavicular region will have higher normalized EMG amplitutias the superior and
middle sternocostal regions. Lastly, in horizontal adduction, it was hypothesized that clavicular
and syerior sternocostal regions will have higher normalized EMG amplitudes than middle

sternocostal regions.

6.2 Methods
6.2.1.Participants
Nine healthy, righhand dominant young females (24.5 £ 3.1 ydaegght: 165 + 3.5 cm;

weight: 61 £ 8.9 kgTable6) participated.The chosen sample size was selected usipgori
power analyses. Sample size calculations in G*Power 3.1 (Universitaeldad, Dusseldorf,
Germany) indicated that a minimum of 16 participants is required to obtain sufficient power

(Cohen, 1988). The effect size chosBr=(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. 2004he actual sample did not satisfy the quantifigatiori sample

as collections were halted due to tli&anadian government's lockdown measutaes tothe
COVID-19 pandemicFemales were recruited using warfimouth and posters advertising the
study in the kinesiology, engineering, psychology, and studenérdemtdings All recruited
females were recreationally active. The inclusion criteria included healthy young (betwé@n 18
years old), righhand dominant females. Females who underwent breast reconstruction or
augmentation surgeries were not included in the st@dyticipants reported no history of
musculoskeletal or neurological injuries in the right arm or low lackhad ndback pain in the

past six months. No participants tested positive for signs of impingement, as screened with
Hawkinds i mpi n@e meart adicipdntsAg dideenpgage in strenuous physical
activity at least 24 houtseforethe session. Participants were instructed by the investigator not to
consume any caffeinated drinks the morning of the session and drink plenty of ey tiefore

the sessionAll participants wore a normal bra (i.eno sports bra) to mitigatbreast tissue
compressiorand allow placement of HBEMG arrays over the pectoralis major. This study was
reviewed and received ethics clearance from the Itistital Research Ethics (ORE #31747) and

conformed with the Declaration of Helsinki.

Beforethe experimental protocol, height, weight, rib cageest circumference, clavigle
and sternum length were measurBib cage circumference involvedeasurementaround the
rib cage, just under the breasts, in the area where the bra band is IGbascircumference was
measurest arting from the full est part of t he
around undethe axilla. Clavicle legth was measured from acromionsternal notchwhile the

sternal length was measured from the sternal notch to the palpated xiphoid groeassiicular
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and sternal length were used to scale the normalized EMG data to account for differences in

pectaalis major size.

Table 6: Participant demographics and anthropometric measurements (+ standard deviation).

Age (years) 245+3.1
Height (cm) 165 + 3.5
Weight (kg) 61 +8.9
Chest circumference €m) 87.9+7
Ribcage circumference ¢m) 77.2+ 8
Clavicle length (cm) 16.3+ 1.2
Sternum length (m) 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 acquEG from pectoralis major in monopolar mode
(ELSCHO064NM3, OTBioelecttronica, Torino, Italifigure20A). Thesuperiorarray was placed
~2 cm inferior to the claviclewith the middle of the array located between the sternum and the
axilla, parallel tahemuscle fibersThe inferior array was placed direchglowthe superior array.
The arrays were fixed with adhesive tape and connected t®B acHahnel EMG amplifier
(EMGUSB2+, OTBioelecttronica, Torino, Italy)Before applying the electrodeshe skin
overlying the pectoralis majaras cleaned with abrasive paste and water. The electrode holes were
filled with electroconductive geand the ays were applied on the skin usiafy mm thick twe
sided adhesive foam. All EMG signals were bandpass filtered with-affciiequency between
107 500 Hz and sampled at 2048 Hz with aldi?A/D converter (5V dynamic range). HEEMG
signals were ampliéid by a factor between 1ED00 V/V and depended on the task, participant,
and effort level Saturation of théiD-sEMG signal was visually monitored during the collection
using OTBioLab softwar€OTBioelecttronica, Torino, Italy)lf more than ten channelsere

saturated during the trialhe collection of the trial was stoppete gain was adjusted, and the
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trial was repeateddne wet reference el ectrode was wrappe

while areferenceelectrodewvas placed on the right clavicle.

clavicular {
{
{

sup. stern.

mid. stern.

6 DOF Force
Transducer

Horizontal Internal
Adduction Rotation
90

Figure 20: Figure depicting théocationof superior and inferior HBEMG arrays overlaying the
pectoralis major and a schematicaofexperimental setufA: Two HD-sEMG 64-channel arrays
were fixed on the pectoralis major. The white square indieegaperior HBSEMG arraywhich
was used for analyse$he siperior array was divided into regions: row< Llavicular; 35
superior sternocostal; and 6 to 8 middle sternocd3talasks included: a) extension from 20° of
abduction (EXT); b) flexion from 20° of abduction (FLEX); c) horizontal adduction from 80° o
abduction and 50° of flexion thetransverse plane (HORADDgnd d) internal rotation from 90°
of abduction and 20° of internal rotation (IR90).
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6.2.3Force measurement

Raw voltage in X, Y, and Z directiongere acquiredconcurrentlywith the HDsSEMG
signals. Participants exertedfort against a custorbuilt arm-cuff attached to a 6 degree af
freedom force transducer (MC3A, AMTI MA, USA) mounted on a robotic éfigure 20B;
Motoman Robotics Division, Yaskawa America, USA). Tokee transducersampling rateavas

set to 1500 Hz and amplified (1000x) using VICON Nexus 1.7.1 software.

6.2.4.Electrocardiography measurement (ECG)

Electrocardiography (ECG) wagquired concurrentlywith HD-sEMG using silversilver
chloride (AgAgCI) disposable electrodes in a monopolar configuration. The purpose of ECG
collection was to eliminate heart rate contamination in-postessing steps without distorting the
EMG signals. Three electrodes were placed tveleft chest ahe6™ costal levelapproximately
along the anterior axillary lin@and medially at the sternocostalis junction (Drake and Callaghan,
2006).Beforethe 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 bapdss filtered from 10000 Hz and differentially amplified
with a CMRR > 100dB andni nput i mpedance of 100veMadto Anal o

digital using a 1ébit A/D card with a +10 V range. The sampling frequency was 1500 Hz.

6.2.5.Additional shoulder musclemonitoring
The activity of six additional shoulder muscles was recorded and monitsirgglbipolar
SEMG. Upper trapezius, latissimus dorsifraspinatus, anterior, middle, and posteredtoid

activity was monitored in the background. sSEMG activity was recorded usingsilerchloride
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(Ag-AgCl) disposable electrodes with a 1 cm diameter and a fitedelectrode spacing of 2 cm

in a bipolar configuratiorBeforetheelectrode placementhe area overlying the muscle belly was

shaved andleanedwvith abrasive gel and water. Placement of the SEMG electrodes was confirmed

with palpation while the padipant exerted a low, submaximal contraction of the muscle in
positions described iBupplementaryiable1 (Cram and Kasman, 1998; Kelly et al., 1998).
referenceelectrode was placed on the acromion. SEMG was collected using a wireless telemetered
system(Noraxon Telemyo 2400 T G2 Noraxon, Arizona, USA). Raw signals were-fessl

filtered from 101000 Hz and differentially amplified with a CMRR > 100dB aawdl input

i mpedance of 100 Mq. Anal og si gbhtaAIDDsardwithae conyv

+10 V range. The sampling frequency was 1500 Hz.

6.2.6.Experimental protocol

During the experimental protocol, participants performasttspecific maximal voluntary
efforts (MVE) and submaximal ramped isometirials in four tasks at three effort levels. All
participants underwent a brief waimp and training on how to generate maximal voluntary effort
(MVE) andramped submaximal isometti@gsks.This training served ttamiliarize the participant
with each of the tasks anpgrecondition the musciendon unit (Maganaris et al., 2002).
Submaximal tasks were performadainst the arreuff with visual feedback dhep ar t i ci pant
force outpt provided on a monitofThe participant was comfortably sitting on a chair with an
upright torsosecured using a padded strap throughout all tli@dBowing practice, participants
performed two trials of taskpecific 5second MVEsn four tasks (Figur@0B): 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 the transverse plane (HORADDand d) internal rotation
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from 90° of abduction and 20° of intermakation (IR90). These tasks were chosen as they reflect
tasksthattypically require theactivaton of the pectoralis majoandare 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
guantified using a customade program in LabVIEW (National Instruments, version 3.1). For
each task, the mean of two teshecific MVE trials was used to scale all subimeat trials within
that task. During MVE performance, the-aifis forces were controlled in the LabVIEW program,
such that participants were requirecatthieve above 80% exertion of effarta specific axis. If
unsuccessful in meeting this criterione tharticipant was provided with verbal feedhakd the
trial was repeatedidditionally, if two maxima generated in MVE trials differed by more than 10
Newtons, a third trial was performed to ensure consistency between MVESs.

Participants performed subrimal ramped isometric tasks for each tasigled to 15, 25,
50, and 75% MVE according thetaskspecific maxima defined above. These effort levels were
choserto reflectapproximate submaximaiuscle activation levelequired in daily, occupational,
and athleticactivities Tasks and effort levels weoempletelyrandomized betweeand within
participants, while each trial within an effort was performed twice consecutively. Each trial lasted
60 seconds for 15% and 25%9 seconds for 50%, and 10 seconds for 75%. Thri@estminute
rest breaks interposed trials, with more time allocated if requested by the partiegutioipants
were encouraged to report feelings of fatigue and the need for longer rest gesidts% and
25% MVE, prticipants slowly ramped up a2% MVE/s, held the effort, and then ramped down
at 2% MVE/s. At 50% MVE, participants ramped up and down 8%-MVE/s, while at 75%

MVE, the ramp was set to ~5% MVEBuring each trial, visual feedbadi the required effort
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and live feedback of theffort level they were exerting against an arm cuff were displayed on a
monitor.
6.3.Data Analysis

6.3.1. HD-sEMG signal processing

Beforeanalyses, HBBEMG signals for each channel were inspected fdiaarsi using a
custommade 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.
signal detected). These channels were subsequentlydlateg in data analyses. Further, the
differential amplitude of HBSEMG 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 malyses for these taskisastly, any trials wh substantial saturation,
artifacts, or low electrodskin contact were removed from further analyses (~1.2% of the trials).

Data analyses focused on the superior array for all participants due to the felfieztsd
tissue on HBsEMG amplitude and mean power frequency in the inferior aBafore signal
processing, ECG was used to eliminate heart rate contamination from monopeM{®
signals. ECG was interpolated to 2048 Biad the HBSEMG signals were crosorrelated with
the heart rate data to match the timinga€h heartbeat's peak ainple Each trial was visually
inspected to make sure thkgorithm correctly recognized the ECG peakise precise timing of
each ECG peak surrounded by 280lisecond windows before and after the peak was determined
and used to avoiduantifyingthe rod mean square (RMS) amplitude in these segments.

Raw HD-SEMG data were bargass filtered with a'8order Butterworth filter (2600
Hz), and thedifferential derivation was quantified from left to right (i.&om axilla towards

sternum) The 0ot mearsquare (RMS) was quantified for each differential chariried. esultant
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force was used as a reference to analyze only the first half of the hold. The most stabléngart of
resultant forcavas selected by dividing tHerce signal into 5second segmenend performing

the analyss on the one with the lowesbefficient of variation All submaximal data were
normalized to maximal trials. Maximal trials were combinedfi@ion andextensioras the arm
posture was the same. For each-8EMG channel withilMVE, a 3second mean window
surrounding the maximal force was extract&libsequentlythe maximal mean value was
guantified for each channeFollowing this, each channel within a submaximal trial was
normalized tahechannel and taskgpecific maximal @lue. 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
i ndividual 6s EidMgant dhwode alavicle anthelsternaplength wasthe longest.
Following scaling the superior HBSBEMG array was divided into clavicular (row}, superior
sternocostal (rows-8), and middle sternocostal (rows8pregionsand the mean for each region
was quantified. This division was basedtbaregional anatomical descriptiodsfined by(Fung

et al., 2009). Subsequently, the regional mean of the two trials within each task and effort level

was quantified.

6.3.2Force

Rawvoltagedata collectedn submaximal and maximal trials was low pass filtered using
a 3% order Butterworth filter with a cuff frequency of 15 Hand converted to Newtons using a
custommade program in MATLABThe neanforce that matched the most stable pairttite
resultant force (i.esame as for HBEMG analyses) was quantified fal submaximal trialand

normalized to the tasgpecific MVE. Normalized force data was used to confirm that all
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participantsreceived the same amount of feedback exelted 1%, 25%, or 50% MVE during

submaximal trials.

6.3.3. Bipolar surface electromyography

Bipolar SEMG datafor additional shoulder musclés taskspecific maximal MVEs and
submaximal trials wre analyzed All SEMG data was bangass filtered with a ™ order
Butterworth filter (36500 Hz) and RMS of the signal was quantifiacross the whole submaximal
and maximal trialSubsequentlyRMS for each muscle ithesubmaximal trialvas quantified for
the samdorce seggment as for HBSEMG (i.e., a 5-second segment with the lowest coefficient of
variation in force) In maximal trials, the mean of asgécond window surrounding the maximal
force was extractedviaximal trials were combined for flexion and extension, asethesre
performed in the same arm postusetbmaximal trials were then normalizedptosturespecific
maximafor each muscleRMS was normalized to tasipecific MVESs to not underestimate EMG
activity by normalizing to standard MVEs (Maciukiewicz et al. 20Bubsequentlfhemean for

each muscle for each effort level ahétask was quantified.

6.4. Statistical Analyses
All statistical analyses were performed in SPSS (IBM, version BEfore any
comparisons, the dataemechecked for normality and sphericity using the Shawitk test and
Mauchlyds test of s @drossalltaskaterngnot norreatlydistabutedwce |y . D
werg therefore|n transformed. Twavay repeategneasures analysis of variance (ANOM#&as
performed on EMG amplitude in flexion and horizontal adduction with w#hinject factor

Region(clavicular, superior sternocostal, middle sternocostal)Edfait (15%, 25%, 50%, 75%
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MVE). Similarly, for extension and internal rotation, twmay repatedmeasures ANOVA was

performed on EMG amplitudes with withgubject factor Region (clavicular, superior
sternocostal, middle sternocostal) dffort (25%, 50%, 75% MVE). If significant interactions
betweerRegionandEffort emerged, planned companmsowithDunn-Bonferonni correction were

performed to determine significant differences between regions within an effort EM@&.

amplitudes quantified for additional shoulder muscles were ranked from highest to lowest activity
based on the activation leMor each taskTheywere used to determine which additional shoulder
muscles contributed highly to the ta$kartial etas q u a r @ defineéddtipe effect size of the
significant differencébessn EMSn par 26070 e me d Wi

Amodemade gr eat er (Cohannl19&0)Siyficafick was seet@p < 0.05.

6.5 Results
Generally, middle sternocostal regions activated more than superior sternocostal and
clavicular regions in extension and internaflation. Regional activation dependedtbe effort
level in horizontal adduction and flexioAll participants received the same amount of feedback

across tasks and effort levels (TaB)e
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Table 7: Mean force in Newtons and as a percent of MVE (fiddiad deviation) for all tasks and

effort levels.
Task Effort Level Mean Force (N) Mean %MVE

Flexion 15% 199+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 15% 24.8+7.8 15.3 +2.04

Adduction
25% 409+ 115 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% 245 +6.12 16.1+24
25% 39.4+10.6 25.9+45
50% 81.1+19.7 53.4+8.8
100% 152.7 + 35.9 -

6.5.1. Flexion

Region by Efforinteraction existed for flexion (£7,14.1= 12.2, p = 0.001d p= 0.6; Figure
21A). Clavicular region had 22% and 21% higher EM@plitudes, respectively, than superior
sternocostategionat 15% and 25% MVEK15% MVE: p = 0.022, 7 out of 9 participants; 25%
MVE: p = 0.005; 9 out of 9 participantsih contrast, EMG amplitudes were not significantly
differentbetween the claviculamd middle sternocostakgionat either effori(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 (~120% MVC,; Figure22A; Supplementaryrable3). At 25% and 50% MVE,
anterior deltoid, infraspinatus, and middle deltoid had high act@&9MVE: ~29% MVC; 50%

MVE: 47-57% MVC, Figure22A), while at 75% MVE, high activity was quantified for anterior
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(~78% MVC) and middle deltoid~72% MVC), infraspinatug~67% MVC), and upper trapezius

(~64% MVC).

6.5.2. Horizontal adduction

Region byEffort interaction existed for horizontal adductionsds) = 28.37, p < 0.0001,

d p=0.78; Figure 2B). Clavicular region activate??% more than middle sternocostal region at
15% MVE (p = 0.018; 8 out of 9 participants). Additionally, clavicular regictivatedl4% 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 amplitudedi p > 0.025).

Additional shoulder muscleareactivated highlyin horizontal adduction. At 15% MVE,
middle deltoid (~28% MVC), upper trapezius (~25% MVC), and infraspinatus (~26% MVC;
Figure 22B;Supplementary Table) hadthe highest activationAt 25% MVE, upper trapezius
(~29% MVC), middle (~30% MVC), and posterior deltoi~29% MVC) were highly activated
alongside pectoralis majaoxhile at 50% MVE, upper trapezi¢s48% MVC) had highactivation

At 75% MVE, the upper trapezius halde highest activity62% MVC).
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Figure 21: Mean normalized EMG amplitude violin graphs with individual scatter data for
clavicular, superigrand middle sternocostal regions with mean normalized (%MVC) spatial
topographical mapacross the whole sampie 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 (midpsigrie):

White dds in the middleof each violin plot are medians. In topographical mépsred colour
indicates high activatignwhile the blue colour indicated low activatiomsterisk (*) denotes
significant differences between regiors. Flexion. The davicular regon activated more than
superior sternocostal in 15% and 25% MVE. All three regions activated the same in 50% and 75%
MVE. B: Horizontal adductionThe davicular region had higher EMG amplitudes thiaamiddle
sternocostal at 15% MVE. At 25% MVHe 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: bi%:MVE; red: 25% MVE;

and 50% MVE: greyand 75% MVE: tealThe 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 Efforinteraction existed (E£77,4.1)= 12.6, p = 0.001d p= 0.61; Figure23A).
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 inerstieiinocostal
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 highemiddle sternocostal in
comparison to clavicular (60%; p = 0.004; & ofi9 participants) and superior sternocosggion
(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 gtade pectoralis major in this task.
Specifically, latissimus dorsi and posterior deltoid displakegh activationsat 25% MVE (~20%
MVC), 50% MVE (~44% MVC), and 75% MVE (~728% MVC,; Figure 24A; Supplementary

Table3).

6.5.4. Internal rotation

A main effect olRegion(F(2.16)= 166, p < 0.0001] p= 0.95; Figur€3B) andEffort (F2,16)
=24.6, p <0.0001d p= 0.75) existed for internal rotation. Middle sternocostal region had higher
EMG amplitudes than clavicular (14%; p = 0.002; 8 outméicipants) and superior sternocostal
region @4%; p < 0.001; 9 out of 9 participants). No differences existed betalagitular and
superiorsternocostal regions (p > 0.025).

Additional shoulder muscéadisplayed high activations in this tagk. 25% MVE, all six

muscles activated ~206% MVC (Figure 24B; Supplementary Table)3 At 50% MVE,

123



infraspinatus had the highest activation (~54% @®jVwhile at 75% MVE, latissimus dorsi

displayed the highest activity (~73% NLY.
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Figure 23: Mean normalized EMG amplitude violin graphs with individual scatter data for
clavicular, superigrand middle sternocostal regions with mean normalized (%MVC) spatial
topographical mapscross the whole sampledb%, 50%, and 75% MVE in extension ane:mndl
rotation Each region is denoted in a different aslon violin graphs clavicular region: red;
superior sternocostal region (sup. stern): grey; middle sternocostal region (mid. stern): purple.
White dots in the middlef each violin plotdepictmedians. In topographical maps, red colo
indicates high activatignwhile blue ndicated low activationAsterisk (*) denotes significant
differences between region#: Extension. Middle sternocostal regions had higher EMG
amplitudes than clavicular and superior sternocostal region, across all &fdntgrnal rotation.

The mddle 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: #de:25% MVE; and 50%

MVE: grey, and 75% MVE: tealThe magnitude of activation is represented on tfexi¥, with

each additional inner circle representing an increase in 10% MVC.
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